A \

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Dynamic Simulator for Three-Phase Gravity Separators in Oil
Production Facilities

Shangfei Song,* Xuanzhang Liu, Chenxuan Li, Zhe Li, Shijia Zhang, Wei Wu, Bohui Shi, Qi Kang,
Haihao Wy, and Jing Gong*

Cite This: ACS Omega 2023, 8, 6078-6089 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

IS

ABSTRACT: In this study, a dynamic simulator for three-phase ‘

gravity separators in oil production facilities is proposed. The mass il

conservation equation is established to calculate the pressure, water ®"7*”G% oot

level, and oil level in the separator and the mass balance equation of .

the dispersed phase to calculate the oil—water separation efficiency. —=

The proportional integral controllers are applied to control the water .

level, oil level, and pressure in the separator by setting the opening of vl s T o

the three outlet valves of oil, gas, and water. The model is verified @ Bl e e (@s3

using field data by means of the given valve opening and given ! |
|

. . . |
proportional integral controller parameters, respectively. Subse- | 7””” ﬂ% -
W
{ Water outlet

quently, the verified simulator is applied to study the dynamic l

behavior of the separator filling process and the effect of pressure, oil

level, and water level setpoint changes on the separator operating

status. A detailed analysis of the changes in the liquid level, pressure, and opening of three outlet valves is presented. Then, the
effects of operating conditions such as the inlet flow, water setpoint, and weir height on the separation efficiency are discussed. This
simulator can be applied for the design of oil, gas, and water three-phase separation processes. In addition, through this simulator,
the parameters that are difficult to be measured by instruments during the operation of the separator can be calculated, providing
technical support for the construction of the digital twin of the separator.

1. INTRODUCTION control the running state of the separator. The establishment of
dynamic simulators plays an indispensable role in the digital twin
practice of three-phase gravity separators.'”

Many studies have been carried out to investigate the dynamic
behavior and separation efficiency of separators, most of which
use computational fluid dynamics (CED)."*~"* However, due to
the huge demand for computing resources, CFD-based models
cannot be applied to the practice of digital twins.'®"” Few
studies have been carried out from the perspective of
conservation of mass and first-principles.®

Sayda and Taylor'® completed the dynamic modeling of the
separator in 2007 by developing a simple phase equilibrium
model that extended the American Petroleum Institute (API)
static design criteria. On this basis, a simple proportional integral
(PI) controller was added to realize the control and level loop
process dynamics identification.'” Backi et al.® presented an

The digital twin is one of the buzzwords of the last several years
in the petroleum industry." Digital twins can provide innovative
ways of using simulations to reshape the digital transformation
of Oil & Gas 4.0,” which enable operators to respond to
potential equipment failures pre-emptively and plan remedial
measures before failures occur.” Meanwhile, real-time data can
be gathered from sensors and simulator results to know the
accurate state of the equipment.” Digital twins are believed to
help identify opportunities for process improvement, produc-
tion data improvement, operating cost reduction, and health,
safety, and environment (HSE) risk reduction.’

In the process of oil production, the produced fluid gushing
from the Christmas tree is generally a mixture of water, light
hydrocarbons, and oil,” which need to be separated before they
can be metered and exported.” Thus, the separators are an
important unit of the gas—oil separation plant, and controlling

the separator operation® is crucial to achieving the required Received: December 30, 2022
efficiency and specification of the fluids exiting from the Accepted:  January 26, 2023
separator for further processing.9 The water level, oil level," Published: February 3, 2023

pressure, and separation efficiency are the key parameters for the
operation of the three-phase gravity separator.' The digital twin
of the three-phase gravity separator can effectively monitor and
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Figure 1. Schematic of a three-phase gravity separator.
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approach for the control and simulation of the liquid level,
pressure, and oil—water separation efficiency including
simplified droplet balance calculations. Three PI controllers
were applied to control the flowrate of gas, oil, and water phase
outlets, but the valve is not taken into account. Das et al.*’
proposed a coalescence-based dynamic gravity separator model
to obtain the oil content in the water outlet and the water
content in the oil outlet. In addition, a number of mature
commercial simulators have been proposed, such as HYSYS,”!
OLGA,”” and K-spice,” which can simulate the processes of the
separator. However, the models and algorithms of commercial
software are not available to the public.

In this work, a dynamic simulator for a three-phase gravity
separator in oil production facilities is proposed. The remainder
of the paper is organized as follows. In Section 2, the model
development is shown in detail. The model verification is
presented in Section 3. The discussions about dynamic behavior
due to separator filling and setpoint change and how the
separation efficiency is affected by the operating conditions are
performed in Section 4. Finally, the conclusions are presented.

2. MODEL DESCRIPTION

The separation process is shown in Figure 1. In the separation
zone on the left side of the weir, the mixed liquid is usually
divided into three continuous phases, with a continuous water
layer at the bottom and a continuous oil layer above the water
layer. The gas phase is at the top of the separator.”* The water
level refers to the water level in the separation area on the left
side of the weir plate, and the oil level refers to the oil level on the
right side of the weir plate.

In the separation zone on the left side of the weir, the oil
droplets dispersed in the water and the water droplets dispersed
in the oil are separated from their respective bulk phase. In this
work, it is assumed that the droplets have reached the dynamic
equilibrium of aggregation and fragmentation before entering
the separation section. Therefore, the phenomenon of droplet
aggregation or fragmentation is ignored in this work. It is
assumed that neither the oil phase outlet nor the water phase
outlet contains gas; ignore the part of gas dissolved in oil or
water. Moreover, only mass conservation is considered inside
the separator, and energy conservation is ignored.

2.1. Governing Equations of the Liquid Level and
Pressure. For the calculation of the liquid level on the left side
of the weir, it is considered that the liquid is incompressible. The
volume of the fluid and water on the left side of the weir can be
obtained according to eqs 1 and 2 respectively, and the liquid
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level can be calculated according to eq 3. The first part of eq 3 is
the volume of the separator cylinder, and the second part is the
volume of the elliptical head of the separator edge.

t+1 t t t t t t
V] = VW + VO + (Q—in,w + Qin,o - Qout,w - Qout,o)

X At (1)
1
V‘t"+ = V‘:’ + (Qi;,w - Q(:ut,w) X At (2)
2
V=L D—arccos(l - E) — \DH - HZ(B — H)
4 D 2
h.| D* H— D) 3
= D—(H - 2) _H-%)y D
D| 4 2 3 12 (3)

where, V is the volume of the liquid on the left side of the weir,
m®. Qs the flowrate of liquid, m®/s. Atis the time step, s. L is the
length of the left part of the weir plate in the separator, m. D is
the diameter of the separator cylinder, m. H is the liquid level, m.
h; is the surface width of the ellipse head, m. Subscripts ], w, and o
stand for total liquid, water, and oil, respectively. Superscripts ¢
and t+1 stand for the current time step and the next time step,
respectively. Subscripts in and out stand for input parameters
and output parameters, respectively.

The pressure in the separator can be calculated according to
eqs 4 and S.

t t
t+1 _ t (Q'i“rg QOUf,g)pgAt
n =n + [Y;
g (4)
- ZRT !
p - il
g (%)

where 1 is the molar amount of gas in the separator, mol. p, is the
density of gas, kg/m>. M is the molar mass, kg/mol. P is the
pressure in the separator, Pa. z is the compression factor, which
is calculated by the Peng—Robinson equation of state.”*R is the
gas constant, 8.314 J/(mol'K). T is the temperature, K.
Subscript g stands for gas.

The outlet flow of the oil, gas, and water from the separator
depends on the pressure difference between the upstream and
downstream of the valve, the physical properties of the fluid, and
the properties of the valve. Referring to the industry standard
ISA-75.01.01-2007,°%%" the mass flowrate at the outlet of the
separator is determined by eqs 6—8
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Figure 2. Flow of each small control body in the gravity separator model; convection flow is shown in yellow and the non-convective flow of water and

oil droplets is shown in green and red, respectively.

G = 273(1 = A)E,C/p,(Buiet = Poutter)

+ 273aP1)CvY pg(Rnlet - pcvutlet)1 (6)
1 inlet gas mass fraction > 0.1
a=10 inlet gas mass fraction = 0
10Hg else )
Y=1-— Pinlet - Poutlet . 1
Rnlet 3, kXt (8)

where G is the total mass flowrate through the valve, kg/h. a is
the adjusted vapor mass fraction, dimensionless. H, is the inlet
gas mass fraction of the valve. F, is the pipe geometry parameter.
F, is a dimensionless quantity; if the diameters of the inlet pipe
and the outlet pipe of the valve are equal, F, is equal to 1. If the
inlet and outlet diameters of the valve are different, the value of
F, can be found from the valve manufacturer’s catalog. C, is the
effective flow coefficient, m. p is the liquid density, kg/m?>. P, ;.
and P, ., represent the pressure at the inlet and outlet of the
valve, respectively, kPa. Y is the gas expansion coefhicient. C,, X,
and F, are provided by the valve manufacturer.

2.2. Mass Balance Equation of the Dispersed Phase.
(N, + N,,)N, grids are generated in this section. The separator is
divided into N, column areas horizontally, N, — 1 columns on
the left side of the weir plate, and one column on the right side of
the weir plate. The oil layer and the water layer are divided into
N, and N,, small control bodies in the vertical direction, which
can ensure that the oil—water interface is not in the control body.

The flow of dispersed phase particles due to volume flow is
called convective flow, and the flow of dispersed phase particles
driven by buoyancy is called non-convective flow, as shown in
Figure 2.

For ease of calculation, the droplets in the control body are
classified according to their particle size. The number of dro}z)lets
in a unit volume is defined as the droplet number density,” as
shown in eq 9. The number density of the kth dispersed phase
droplets in the control volume (i, j) at time step t+1 is expressed
aseqs 10 and 11

ij)
o) — Ne
%= T
v )
Gk(i,i),(wl) — Gk(i,j),(t) + Ag,ff;j)'<t+l) + Aa,ff’yj)'(t“) (10)
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Aa,ff;f)’(t+l)-V(i'j)
- v]z,xAl(eifn_tj)o.k(i_l!}-)r(t)At
— LAl O

A0,y 6

ii+1) _(ij+1),
= v Abgmol VO A
i)j) i), (t
- Ii, lgo{tomo-k(i )At (11)

where ¢ is the droplet number density, m™>. N is the number of
droplets. Vis the volume of the control body, m®. v is the velocity
of the droplet, m/s. A is the area of the interface of the control
volume, m”. Superscripts i and j represent the index of the
control body. Subscript k stands for the index of the droplet
group. Subscripts x and y represent the parameter in the x and y
directions, respectively. Subscripts left and bottom represent the
left and bottom interfaces of the control volume, respectively.

Assuming that the flow above and below the oil—water
interface is an independent flow, the lateral velocity of the
droplets in the gravity separator is expressed as eq 12.

t t
Qi AVL/A

w,x T

Aleft,w

t t
Qauo T AV, /At

t

ox

Aleft,o (12)
where AV is the volume change of the oil or water phase on the
left of the weir plate, m>. A is the cross-sectional area of the oil or

water layer, m*
The velocity29 of the dispersed phase in the vertical direction

is expressed as eqs 13—15.

Apgd’
v, = P o d< d,
18u
0.153g°'714d1'143Ap0'714
Yy = ﬂ0.428 p0.286 for d,<d<d,
05
dA
v, = 1.74[u) for d>d,
P (13)
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Figure 3. Control logic flow of the PI controller.

2 \I/3
d, = 3.3[ = ]
pgiap (14)
2 \I/3
d, = 43.5[ £ )
pghip (15)

where v, is the velocity of the dispersed phase in the vertical
direction, m/s. p is the density of oil or water, kg/m>. Ap is the
density difference between the droplet and the continuous
phase, kg/m®. d is the diameter of the droplet, m. y is the
continuous phase viscosity, Pa-s. 0.153 and 1.74 are dimension-
less constants.

2.3. Controllers of the Liquid Level and Pressure. In this
work, the dynamic change process of the gravity separator is
controlled by three PI controllers,’”*" and the incremental
algorithm is applied as the control algorithm. The algorithm
model is as shown in eq 16 below

O == 1)+ KBle(0) = et = 1) + —ep(0)Ar

1

S (8) = £, = 1) + KPleq(t) — et — 1) + ——e(t)At

ol

fa® =f,(t-1) + KPwl[ewl(t) —ey(t—1)+ KILewl(t)At}

wl

(16)
where the subscripts P, ol, and wl represent pressure, oil level,
and water level, respectively. f(t) is the controller output value at
time t, dimensionless. For water level control, oil level control,
and pressure control, the output values are the opening of the
water outlet valve, the opening of the oil outlet valve, and the
opening of the air outlet valve, respectively. KP is the
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proportional gain coeflicient, and the dimensions of KPj, KP,
and KP,; are pa~', m~!, and m ™}, respectively. e(t) is the error at
time t obtained by subtracting the input value from the set point
value, and the unit is consistent with the input variable. KI is the
integration time constant, and the dimensions of KI}, KIj, and
KT, are all s.

The control logic of system pressure is shown in Figure 3a.
The difference between the pressure setting point and the
calculated pressure value at the previous time step is the input of
the PI controller. The PI controller calculates the flow rate of the
gas outlet by eqs 6—8. Then, the system pressure at the current
moment can be obtained by eq 9. Similarly, the control logic for
the oil level and water level is shown in Figure 3b,c.

3. MODEL VERIFICATION

The dynamic simulator is validated with field data obtained from
a separator running in an offshore platform. The horizontal
separator has a diameter of 2.2 m and a length of 5 m. The height
of the weir plate is 1.6 m, and the distance from the separator
inlet is 3.5 m. The components of the separator inlet fluid are
shown in Table 1. Where, components 10—14 are estimated as
unknown components. Details of estimated unknown compo-
nents are shown in Table 2.

The downstream pressure of the oil valve, gas valve, and water
valve is set to 200 kPa. The initial water level in the separator is
set to 1.547 m, the initial oil level on the right side of the weir
plate is 1 m, and the initial pressure in the separator is 1150 kPa.
The gas mole flowrate, oil mole flowrate, and water mole
flowrate at the separator inlet are 3.696, 14.88, and 1724 kmol/h,
respectively. The gas volumetric flow rate, oil volumetric flow
rate, and water volumetric flow rate at the separator inlet are
0.1936, 8.715, and 31.12 m3/h, respectively. The valve
coefficients (C,)*>** of the three valves of oil, water, and gas

https://doi.org/10.1021/acsomega.2c08267
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Table 1. Components of the Separator Inlet Fluid”

mole mole fraction % mole fraction % mole mole fraction % mole fraction %
no component fraction % (in gas) (in oil) no component fraction % (in gas) (in oil)
1 N, 0.00658 2.6485 0.08321 n-pentane 0 0 0
2 CO, 0.00136 0.2413 0.02928 9 water 98.942 2.5879 0.3125
3 methane 0.240 93911 4.8015 10 NBP275%* 0.0838 0.001 9.8174
4 ethane 0.00136 0.4059 0.05858 11 NBP443* 0.255 0 29.8992
S propane 0.000454 0.09113 0.0305 12 NBP624* 0.259 0 30.3454
6 n-butane 0.000680 0.02548 0.02024 13 NBP779* 0.168 0 19.6352
7 i-butane 0.000227 0.08763 0.05794 14 NBP958* 0.042 0 4.9088
“NBP: normal boiling point.
Table 2. Details of Estimated Unknown Components
name NBP275* NBP443* NBP624* NBP779* NBP958*
NBP (°C) 2749 443.1 6242 7792 9582
molecular weight 203.2 390.5 639.9 884.1 1121.8
density [(kg/m’)] 810.9 88822 957.1 1008.6 1060
T. (°C) 444.1 590.8 7383 859.5 995.1
P, (kPa) 1610 968 558 340 181
V.(m?®/kmol) 0.874 1.539 2.835 4.877 9.644
eccentricity 0.698 1.1031 1.488 1.7725 2.061

are 52.8215, 57.3018, and 0.3924, respectively. F,, X, and Fy are
1, 0.7, and 0.9, respectively. The particle size distribution of the
water droplets in the inlet of the separator is shown in Figure 4.

100 4

80

60

40

Cumulative volume fraction (%)

20

0+
0 50 100

150 200 250 300 350 400 450 500
Water droplet size (um)

Figure 4. Particle size distribution of water droplets in the inlet of the
separator.

3.1. Simulation with the Given Valve Opening. In this
part, the openings of the three valves of oil, water, and gas are
0.0879, 0.19, and 1. The simulation results of pressure, oil level
on the right side of the weir, water level on the left side of the
weir, and water volume fraction in oil in the outlet are compared
with the operation data of the separator to verify the accuracy of
this simulator, which are shown in Figure 5. The average
absolute deviations (AADs) for separator pressure, oil level,
water level, and water volume fraction in oil in the separator are
0.0943, 0.405, 0.139, and 17.45%, respectively.

3.2. Simulation with Given Setpoints of the Oil Level,
Water Level, and Pressure. Different from Section 3.1, in this
part, the setpoints of pressure, oil level, water level, and PI
controller parameters are given in Table 3. The openings of the
three outlet valves are controlled by the PI controllers to adjust

the pressure and liquid level at the setpoint. The openings of the
three outlet valves, the separator pressure, and the liquid level
are output by the simulator. The simulation results of pressure,
oil level, water level, and valve openings are compared with the
operation data to verify the accuracy of this simulator.

According to Figures 6—8, the AADs for the separator
pressure, water level, oil level, and water volume fraction in oil in
the separator are 0.15, 0.0022, 0.043, and 26.55%, respectively.
The AADs for valve openings for the oil phase and water phase
are 5.55 and 1.142%, respectively. According to the simulation
results shown in Figure 6, the oil level and water level can be
controlled at the setpoint, but the separator pressure is higher
than the setpoint of 1150 kPa, both from the field data and the
simulation results. This is because the flow capacity of the gas
phase outlet valve is insufficient. Even with the gas valve fully
open, the separator pressure is still higher than the setpoint, both
from the field data and the simulation results.

4. RESULTS AND DISCUSSION

4.1. Dynamic Behavior of the Separator Filling
Process. In this part, the filling dynamics of a separator with
an initial pressure of 500 kPa is simulated with the verified
simulator. The setpoints of pressure, oil level, and water level are
1150 kPa, 1 m, and 1.59 m, respectively. The boundary
conditions and PI control parameters are same with the
parameters shown in Section 3.

As shown in Figure 9, the separator pressure increases rapidly
from 500 kPa when the separator begins to be filled with the
produced fluid. Initially, since the liquid level and pressure are
lower than the setpoint, the three outlet valves are completely
closed, resulting in a rapid increase in the pressure and liquid
level. Subsequently, the pressure continues to rise, and when the
pressure is approaching the setpoint, the gas valve opening
rapidly increases to 100% under the action of the PI controller.

Similarly, as the liquid level approaches the set point, the valve
opening also increases. Water level and oil level reach the
setpoint successively and remain stable. After the oil level and
water level reached a stable level, the gas phase space in the

6082 https://doi.org/10.1021/acsomega.2c08267
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4.2. Dynamic Behavior due to the Setpoint Change. In - 1125
this section, based on the stable operation status in Section 4.1, 1120 -
the setpoints of pressure, oil level, and water level are modified, 00 doo
respectively, to study the dynamic behavior of the separator.
4.2.1. Change of the Pressure Setpoint. Figure 10 shows the 1080 ! ! . .
evolution of the separator operating parameters over time after 0 0.2 0.4 0.6 08 1
the pressure setpoint is increased from 1150 to 1350 kPa. After Time(h)

the pressure setpoint is raised due to the separator operating

pressure being lower than the setpoint under the action of the PI
controller, the gas outlet valve opening is quickly adjusted from

70% to completely closed, resulting in an increase in the
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Figure 6. Comparison of the simulation results of pressure, oil level, and
water level with the operation data of the separator.
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Figure 8. Comparison of the simulation results of valve opening with
the operation data of the separator.

separator pressure. Subsequently, the separator pressure
gradually stabilized at 1350 kPa. As the pressure in the separator
increases, the pressure before the liquid phase outlet valve
increases. In order to ensure the stability of the oil level and
water level, the opening of the oil valve and water valve is slightly
reduced.

4.2.2. Change of the Qil Level Setpoint. Figure 11 shows the
evolution of the separator operating parameters over time after
the oil level is increased from 1 to 1.2 m. After the oil level
setpoint is increased, due to the oil level being lower than the
setpoint, the oil valve is closed by the controller, resulting in the
enhanced oil level. When the liquid level approaches the
setpoint, the opening of the oil valve gradually increases, and
finally the oil level is stabilized at the setpoint by the controller.

In addition, an increase in the oil level directly leads to a
decrease in the gas space, which in turn leads to an increase in
the separator pressure. Since the separator pressure is higher
than the setpoint, the gas valve is opened by the controller, and
finally the gas pressure is stabilized at the setpoint. During the
dynamic adjustment process, the water level does not fluctuate
significantly. However, in the initial stage, due to the increase of
the separator pressure, the water flow rate out of the separator
through the water valve increases, which in turn leads to the
decrease of the water level in the separator. Under the action of
the regulator, the water level is finally stabilized at the setpoint.

4.2.3. Change of the Water Level Setpoint. Figure 12 shows
the evolution of the separator operating parameters over time
after the water level is changed from 1.547 to 0.9 m. After the
setpoint of the water level is lowered, the water level on the left
side of the weir plate is much higher than the setpoint; thus, the
water valve is fully opened by the controller. As a result, the
water level drops rapidly, causing the liquid level on the left side
of the weir to drop rapidly to 1.036 m, which is much lower than
the height of the weir (1.6 m).

The oil flow to the right side of the weir plate decreases to
zero, and the oil level at the right side of the weir decreases. In
addition, the drop in liquid level leaves vast free space for the gas,
which in turn leads to a rapid drop in pressure in the separator.
To compensate for this change, the gas valve and oil valve are
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Figure 9. Parameter changes during the separator filling process.
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Figure 11. Parameter changes due to oil level setpoint change from 1 to 1.2 m.

closed by the controller, and then the liquid level on the left side
of the weir plate and the liquid level on the right side of the weir
plate gradually rise. Finally, every parameter is stabilized at the
setpoint by the controllers.

4.3. Influencing Factors of Oil-Water Separation
Efficiency. Oil—water separation is the main function of the
separator, and efficient oil—water separation performance is
crucial to the operation of the separator.®* The core principle of
the gravity separator is that the dispersed phase, which has a
density difference with the continuous phase, escapes by floating
or sinking within a certain period.”> The longer the residence
time of the fluid in the separator, the higher the separation
efficiency, and the residence time is affected by parameters such
as the flow rate and liquid level setpoint.***” The effects of
operating conditions such as inlet flow, water setpoint, and weir
height on the separation efficiency are discussed in this section.
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Unless otherwise specified, the setting of case is the same as that
in Section 3.2.

The effect of inlet flow on separation efficiency is shown in
Figure 13. The flow rates are set from 400 to 2000 kmol/h,
respectively, and other setting conditions are the same as in
Section 3.2. It can be seen from Figure 13 that as the flow rate
increases, the oil—water separation efficiency in the separator
becomes lower. With the increase in the flow rate, the residence
time of the fluid in the separator gradually decreases and the
lateral velocity of the fluid increases. The dispersed phase does
not have enough time to escape from the continuous phase. It
can be found that with the increase of the flow rate, the slope of
the water volume fraction in oil will decrease. Assuming that the
flow rate is infinite, it means that the lateral velocity of the fluid is
infinite, and all the dispersed phase water droplets have no
chance to settle, resulting in the water volume fraction in oil
being infinitely close to the inlet volume fraction.
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Figure 12. Parameter changes due to water level setpoint change from 1.547 to 0.9 m.

The effect of water level on separation efficiency is shown in
Figure 14. The water level setpoint is set from 0.7 to 1.58 m,
respectively, and other setting conditions are the same as in
Section 3.2. It can be seen from Figure 14 that as the water level
increases, the oil volume fraction in the water outlet decreases
while the water volume fraction in the oil outlet increases. When
the water level rises, the cross-sectional area of the water phase
on the left side of the weir increases; thus, the flow velocity of the
water phase decreases, and the residence time increases. In
addition, due to the constant height of the weir, the increase in
the volume of the water phase compels the volume of the oil
phase to decrease, resulting in an increase in the flow velocity of
the oil phase in the separator and a decrease in the residence
time. The increased water level results in a reduced oil volume
fraction in water outlets and an increased water volume fraction
in oil outlets.

The effect of weir height on separation efficiency is shown in
Figure 15. The water level setpoint is set as 0.55 m, the oil level
setpoint is set as 0.5 m, the weir height is set from 0.59 to 2 m,
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respectively. The ratio of the water level to weir height is
between 93.2 and 27.5%. Other setting conditions are the same
as in Section 3.2. It can be seen from Figure 15 that with the
increase of the weir height and the unchanged water level, the oil
phase space on the left side of the weir plate increases and the
residence time of the oil phase increases, which directly leads to a
significant decrease in the water volume fraction in oil outlets. In
addition, the increase of separation efficiency in the oil phase
also leads to more free water entering the bulk water phase,
resulting in a slight decrease in the oil volume fraction in the
water phase.

5. CONCLUSIONS

In this work, a dynamic simulator for three-phase gravity
separators in oil production facilities is proposed. In this
simulator, the mass conservation equation is established to
calculate the pressure, water level, and oil level in the separator.
The mass balance equation of the dispersed phase is established
to calculate the oil—water separation efficiency. The PI
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controllers are applied to control the water level, oil level, and
pressure in the separator by setting the opening of the three
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outlet valves of oil, gas, and water. The simulator is validated
using field data with the given valve opening and given PI
controller parameters, respectively. The verification results show
that the accuracy of this simulator is within an acceptable range.

Subsequently, the verified simulator is applied to study the
dynamic behavior of the separator filling process, and the effect
of pressure, oil level, and water level setpoint changes on the
separator operating status. A detailed analysis of the changes in
the liquid level, pressure, and the opening of three outlet valves is
presented. The liquid level, pressure, and valve opening in the
separator affect each other, and the change of any parameter will
cause fluctuations in other parameters. Under the action of the
PI controller, the three parameters of the water level, oil level,
and pressure are stabilized in turn. Then, the effects of operating
conditions such as inlet flow, water setpoint, and weir height on
the separation efficiency are discussed. The increase of the inlet
flow reduces the separation efficiency, while the increase of the
weir height enhances the separation efficiency. The increase of
the water level increases the water volume fraction in oil while
reducing the oil volume fraction in water.

This simulator can be applied for the design of oil, gas, and
water three-phase separation processes. In addition, through this
simulator, the parameters that are difficult to be measured by
instruments during the operation of the separator can be
calculated, providing technical support for the construction of
the digital twin of the separator.
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B NOMENCLATURE

A, area of the left interface of the control volume (if)
(m?)

Apoiom' ™, area of the bottom interface of the control volume
(i) (m?)

Ay oy cross-sectional area of the oil layer (m?)

Alegyy Cross-sectional area of the water layer (m?)

C,, effective flow coeflicient

D, diameter of the separator cylinder (m)

d, diameter of droplets (m)

e,(t), error in oil level at time ¢ (m)

ep(t), error in pressure at time ¢ (kPa)

e (1), error in water level at time ¢ (m)

F,, provided by the valve manufacturer

FP, pipe geometry parameter

foi(t), oil level controller output value at time ¢

fp(t), pressure controller output value at time ¢

fui(t), water level controller output value at time ¢

G, total mass flowrate through the valve (kg/h)

g gravitational acceleration, 9.8 m/s*

H, liquid level (m)

H,, mass fraction of the gas phase at the valve inlet

h;, surface width of the ellipse head (m)

L, length of the left part of the weir plate in the separator (m)
M, .gas molar mass at time ¢ (kg/mol)

N, number of droplets of the kth particle in the control
volume (i,f)

n', molar amount of gas in the separator at time ¢ (mol)
P"*! pressure in the separator (Pa)

P,1ev pressure at the inlet of the valve (kPa)

P, e pressure at the outlet of the valve (kPa)

Qg inlet flowrate of gas at time ¢ (m’/s)

Qin,o, inlet flowrate of oil at time ¢t (m®/s)

Qin,» inlet flowrate of water at time ¢ (m?/s)

Qout'gt, outlet flowrate of gas at time t (m®/s)

Quuto outlet flowrate of oil at time ¢ (m3/s)

Qout Outlet flowrate of water at time ¢ (m?/s)

R, gas constant, 8.314 J/(mol-K)

T*!, temperature at time t+1 (K)
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At, time step (s)

Vi, volume of liquid on the left side of the weir at time t+1
(m’)

V.1, volume of oil on the left side of the weir at time t+1 (m?)
V.1, volume of water on the left side of the weir at time t+1
(m’)

V), volume of the control volume (ij) (m®)

AV, difference of oil volume at time t (m?)

AV}, difference of water volume at time ¢ (m®)

v, velocity of the kth particles in the x direction at time ¢
(m/s)

v,, velocity of the dispersed phases in the vertical direction
(m/s)

v, velocity of the kth particles in the x direction at time ¢
(m/s)

vs’yt, velocity of the oil particles in the x direction at time ¢ (m/
s

v,,,, velocity of the water particles in the x direction at time ¢
(m/s)

X,, provided by the valve manufacturer

Y, gas expansion coeflicient

z, compression factor

B GREEK SYMBOLS

a adjusted vapor mass fraction

o®  droplet number density of k particles in the control
volumes i and j at time ¢ (1/m?)

Aak,x("’j)(t) difference of the droplet number density of kth
particles in the control volume (j, j) at time ¢ in the x
direction (1/m?)

Aokyy("’j)(t) difference of the droplet number density of kth
particles in the control volume (j, j) at time ¢ in the y
direction (1/m?)

u continuous phase viscosity (Pa-s)

p density (kg/m?)

Pg density of the gas (kg/m?)

12 density of the liquid (kg/m®)

Ap density difference between droplets and the

continuous phase (kg/m?)

B ABBREVIATIONS

HSE
PI
API
CFD
AAD
NBP

health, safety, and environment
proportional integral

American Petroleum Institute
computational fluid dynamics
average absolute deviation
normal boiling point
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