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Abstract

In this work, we introduce a simple model for a gravity separator based on first principles.

It can be used for controller design to control the levels of oil, water and the gas pressure as

well as observer design to estimate unmeasurable parameters and disturbances. Evaluation of

separation efficiencies for the respective water- and oil-continuous phases are part of the model

in addition. The model incorporates three dynamic state equations describing the levels of the

overall liquid (water plus oil) and water as well as the gas pressure subject to the in- and outflow

dynamics. Furthermore, algebraic equations calculating simplified droplet distributions for

each continuous phase are introduced in order to determine the exchange of water and oil

between the two continuous phases. The controllers are of PI-type and control the outflows

of the separator. Additionally, we introduce a virtual monitoring approach for the inflows of

gas and liquid as well as the effective split ratio of oil and water entering the continuous water

phase. Measurements for these variables are either expensive, unreliable or even impossible to

take (as for the split ratio). We demonstrate the results in simulations.
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Introduction

The composition of well streams from petroleum reservoirs typically consist of different phases,

such as liquid hydrocarbons (heavy oil and condensate), liquid water and gas. It is crucial and

beneficial to separate these phases early in the processing stage in order to obtain as pure single-

phase streams as possible for further distribution via pumps and compressors. This is usually

achieved by utilizing not only one, but several separation stages in series. A first rough separation

of gas, oil and water can be obtained in gravity separation devices. Further purification of the

gas phase can be achieved in gas-scrubbers, which remove remaining liquid droplets from the gas.

This is essential in order to avoid damages to upstream compression systems. The respective oil

and water phases are treated in e.g. hydrocyclones and coalescer membranes.

In this work, we aim for a rather simple, control-oriented model of a three-phase gravity sep-

arator for bulk separation of oil, water and gas from a well stream. The main driving force for

separation is the gravitational force due to differences in the specific densities of the different

phases / media. A significant modeling principle is thereby Stokes’ law, which characterizes the

respective vertical settling or rising velocity vv of a droplet dispersed in a continuous phase:

vv =
gD2(ρd−ρc)

18µc
. (1)

Here, g ≈ 9.8 m s−1 is the gravitational acceleration, D [m] denotes the droplet diameter,

ρd and ρc [kg m−3] are the densities of the dispersed and continuous phases, respectively, and

µc [kg m−1 s−1] indicates the dynamic viscosity of the continuous phase. For small particles

(small D), where the rising velocity vv is too small, we may not get separation (liquid phase) or we

may get entrainment (vapor phase). Despite being able to describe separation processes in a simple

manner, the underlying dynamics and physical phenomena can be very complex in principle. Many

different phenomena can occur in addition to sedimentation (settling of droplets) and creaming

(rise of droplets), which are described by (1), such as coalescence (fusion of small droplets to
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a bigger droplet) and breakage (a big droplet breaks into smaller droplets), which in turn affect

the sedimentation and creaming phenomena. In addition, droplets can accumulate at interfaces

between particular phases, hindering the transfer between phases and ultimately slowing down

separation. These accumulation phenomena include the dense-packed / emulsion layer between

the oil and water phases as well as the foaming layer between the oil and gas phases.

When it comes to previous work on modeling of gravity separator devices, most of these models

lack a dynamic, control-oriented approach. Sayda and Taylor 1 suggest a modeling approach and

conclude that simulations in combination with an oil production facility deliver acceptable results,

despite the model’s simplicity. A simulation model based on CFD (computational fluid dynamics)

calculations is introduced in Hallanger et al. 2 for three-phase gravity separators. The authors come

to the conclusion that entrainment of droplets depends heavily on the droplet diameter. This is not a

surprise, since the separation velocity is almost proportional to the square of the droplet diameter,

see (1). In his thesis, Arntzen 3 investigated an experimental pilot gravity separator subject to

increasing water feeds. In addition, the author provides a detailed introduction to gravity separator

functional principles. In a series of studies, Hansen et al. 4 and Hansen et al. 5 explored the fluid

flow inside gravity separators divided into different zones utilizing numerical tools. The result

of these simulation studies was a better understanding of the fluid flow fields in specific zones,

which can be used to improve future layouts since e.g. backflows can be minimized. Laleh et al. 6

investigated the flow fields inside the Gullfaks-A three-phase gravity separator using a combined

approach consisting of volume of fluid (VOF) and discrete phase model (DPM) techniques. The

aim was to capture the macro- and microscopic phenomena of phase separation and the authors

concluded that their study, compared to the study of Hansen et al. 5 , demonstrated a realistic and

reasonable overall picture of phase separation in the separator.

The present article is a contribution towards the development of more sophisticated, yet control-

oriented gravity separator models, closing the gap between e.g. the work of Sayda and Taylor 1

and the aforementioned computationally demanding CFD models. By including classes of droplet

sizes, we postulate that the model could reflect the sedimentation and creaming dynamics in a
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separation device in a more accurate way. Control-oriented models must deliver trustworthy re-

sults to design controllers for the dynamic variables (water and overall liquid levels as well as gas

pressure). Like in Backi and Skogestad 7 , the present work utilizes simple PI control algorithms

to operate the gravity separator within specified, safe limits. These controllers rely on level- and

pressure-measurements, where the challenge does not lie in obtaining pressure measurements, but

in the determination of oil and water levels. In Jaworski and Meng 8 , a single-electrode capaci-

tance probe is suggested assuming clear interfaces. However, there exist disadvantages in spatial

resolution for this method and hence an array of identical probes consisting of different segments

can be utilized. An ultrasonic-based device for accurate measurement of oil, emulsion and wa-

ter levels is introduced by Meribout et al. 9 with the conclusion that ultrasound is reasonable both

from a physics as well as from an integrated electronics point of view. Industry often uses so-called

nucleonic level measurements. These provide density measurements enabling the determination

of interface locations together with phase levels, as presented by e.g. McClimans and Fantoft 10 .

Overviews over level measurement techniques are provided in Bukhari and Yang 11 and Hjertaker

et al. 12 .

In addition to enabling controller design, the developed control-oriented gravity separator

model should also reliably predict purities of the respective continuous phases, especially since

the measurements of oil in water and water in oil are often not reliable or even not available. A

method to measure the droplet size distributions in water-in-oil emulsions has been proposed in

van der Tuuk Opedal et al. 13 , which relies on low-field nuclear magnetic resonance (NMR). The

authors conclude that a comparison between an optical microscope reference technique and the

NMR method showed good correlation and that an advantage of the NMR method was the mea-

surement of the droplet size distribution without making assumptions on its shape. However, this

method is sample-based and not available for on-line measurement. Generally, no reliable meth-

ods exist for on-line measurement of droplet size distributions. The measurement of compositions

of multiphase flows can be achieved by so-called electrical resistance tomography (ERT), as de-

scribed and applied in e.g. Bennett and Williams 14 , Durdevic et al. 15 and Pedersen et al. 16 . The
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functional principle underlying this method is the difference in electrical resistance of different

substances. However, this method only works for certain flow regimes and additionally calibra-

tion might be difficult. Another method is a differential dielectric sensor model as introduced in

Li et al. 17 , who conclude that it agrees very well with test data, however, only for specific, well-

mixed, homogeneous fluids. In a brief article, Luggar et al. 18 describe energy dispersive X-ray

scatter for measurement of oil/water ratios and conclude that the methodology has great potential

for multiphase flow measurement and on-line monitoring. In general, multiphase flow meters are

expensive, require high maintenance and are only partially reliable. An overview on multiphase

flow metering technology can be found in e.g. Thorn et al. 19 .

High restrictions on the measurement and monitoring devices introduced above are imposed

due to measurement noise, sensor drift and bad calibration. Therefore, not only the control-oriented

modeling part is crucial for controller performance, but also the integration of measurement devices

and soft sensors / virtual measurement devices.

For safe operation, it is beneficial to obtain information about different process conditions and

potential disturbance variables, such as the inflows of gas and liquid as well as the split ratio of

oil and gas entering the continuous water phase. Hence, a state- and parameter-observer will be

designed to estimate these values for process monitoring purposes and, in addition, to obtain less

noisy signals of the measured variables for control purposes. Due to its simplicity and robustness

properties, a suitable algorithm for such an observer is the Extended Kalman Filter (EKF), which

has been and is still used in a broad variety of applications. The rather poor accuracy of multiphase

flow meters as well as of measurement devices to determine the fraction of oil in water or water in

oil are good reasons to investigate the possibility of designing an observer to determine the inflows

of liquid and gas as well as the (effective) split ratio.

The paper is structured as follows: First we introduce the mathematical model, which is derived

from first principles. Thereafter the controller design is presented, followed by simulation results.

The paper is closed with concluding remarks and an outlook on future work.
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Mathematical Model

This paper introduces a simple modeling approach based on Stokes’ law (1) for different classes

of droplet sizes as a static, algebraic part of the model. This means that only sedimentation and

creaming will be regarded. Coalescence and breakage will potentially be included in later stages,

ideally incorporating population balance equations (PBEs). Furthermore, no dense-packed (emul-

sion) layer is considered at the oil-water-interface and the droplets are assumed to directly leave

into their respective bulk phases at this interface. An assumption of this type makes it necessary

that the rate of interfacial coalescence is less than the flux of droplets to the interface between

phases by sedimentation or creaming. It can be regarded reasonable under operating conditions,

where an effective demulsifier is properly dosed to the separator inlet stream. Besides the above

assumptions, the following simplifications are adopted:

• No gas droplets are found in the liquid phases as well as no liquid droplets in the gas phase

(no entrainment)

• Plug flow inside the separator with a different velocity for each phase in the horizontal di-

rection, including droplets

• Instant levelling of water and liquid levels with respect to changes of in- and outflows, that

is, friction loss is neglected in the horizontal direction

The dynamic part of the model regards changes of the gas pressure as well as the overall liquid

level (water plus oil) and the water level. Mainly due to the cylindrical shape of the gravity sepa-

rator, these parts of the model are nonlinear. The volumetric three-phase inflow into the separator

depicts a disturbance variable, whereas the outflows for gas, oil and water are the manipulated vari-

ables. The algebraic part of the model consists of a simple calculation of the droplet distribution

inside the active separation zone. Thereby, distributed and static particle size classes are assumed.

The purpose of the model is to control the pressure of the gas as well as the levels of liquid and

water and to predict the amounts of water in oil and oil in water for each of the two respective bulk

phase outflows.
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In Figure 1 a simplified schematic of the gravity separator is displayed, including a cross sec-

tional view on the left side. It illustrates the liquid and water levels, the different cross sectional

areas and the dimensions of the separator as well as the positions of the in- and outlets. It should

be mentioned that there exist several different types of equipment for the inlet in order to achieve

a first rough separation of the incoming multiphase stream. These include, but are not limited to,

dish-heads (shown here), cyclonic devices, diverter plates or vane-inlets as described in e.g. Both-

amley 20 . Before the gas is released through the outlet, typically a preceding demister removes

liquid droplets from the gas stream. In between the dashed lines in Figure 1, we define the ac-

tive separation zone with length L. After a first rough separation in the turbulent inlet zone of the

separator, the flow is assumed uniform in each phase when it enters the active separation zone,

where we consider continuous water and oil levels to have formed such that droplet balances can

be calculated for each phase. The liquid inflow enters the separator with a water cut α and an oil

cut 1−α , which denote the respective fractions of water and oil in the inlet stream. However, not

all the water is found in the bulk water volume as it enters the separation zone, but a fraction of it

will disperse into the bulk oil volume. The same holds for the inflowing oil, which will partly end

up in the bulk water phase. Therefore, we define four fractions, namely φo, which is the fraction

of inflowing oil going into the oil phase, φw representing the fraction of inflowing water going into

the water phase, 1−φo giving the fraction of inflowing oil going into the water phase and 1−φw

defining the fraction of the water going into the oil phase. Hence, the inflow into the continuous

water phase can be described as

qW,in︸︷︷︸
total inflow into

continuous water phase

= qL,in(αφw)︸ ︷︷ ︸
total water into

continuous water phase

+qL,in(1−α)(1−φo)),︸ ︷︷ ︸
total oil into

continuous water phase

= qL,in (αφw +(1−α)(1−φo)) ,︸ ︷︷ ︸
γ

(2)

where the split ratio γ is the fraction of total liquid inflow qL,in entering the continuous water phase.
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The geometrical specifications of the considered gravity separator correspond roughly with those

of the Gullfaks-A separator, see Laleh et al. 21, Figure 1.

hW

hL

qWout
qOout

qLin

qGin

L

qGout

AW

AL

y

x

Figure 1: Simplified schematic of the gravity separator

Note that the water outlet is assumed to be a mixture of all liquid in the water-continuous phase

leaving the active separation zone. In effect, this means that there is no dead volume in the outlet

zone. The same applies to the oil-continuous phase at the outlet.

Total liquid level rate of change

We assume constant liquid density and hence can express the rate of change in the separator liquid

volume as

dVL

dt
= qL,in−qL,out ,

with qL,out = qW,out +qO,out ,

(3)

where qi denote the in- or outflows of liquid (L), water (W) or oil (O). We have AL =
VL

L
and

hence
dAL

dt
=

dVL

dt
1
L

with L being the length of the active separation zone. AL defines the area of a

circular segment with sagitta (height) hL, which can be calculated as
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AL =
r2

2

[
2arccos

(
r−hL

r

)
− sin

(
2arccos

(
r−hL

r

))]
, (4)

with r denoting the radius of the separator. Differentiating (4) with respect to time yields

dAL

dt
=

dhL

dt

r2

1− cos
(

2arccos( r−hL
r )
)

√
hL(2r−hL)

 ,
which ultimately leads to a differential equation for the liquid level hL

dhL

dt
=

dVL

dt

√
hL(2r−hL)

r2L
(

1− cos
(

2arccos( r−hL
r )
))

=
dVL

dt
1

2L
√

hL(2r−hL)
.

(5)

Water level rate of change

The in- and outflow of the water phase can be calculated following the calculations for the total in-

and outflow of liquid in (3), which gives

dVW

dt
= qW,in−qW,out

where qW,in is defined in (2). The determination of the differential equation of the water level

follow the same principles as presented before, namely by defining
dAW

dt
=

dVW

dt
1
L

with

AW =
r2

2

[
2arccos

(
r−hW

r

)
− sin

(
2arccos

(
r−hW

r

))]
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and its time-derivative

dAW

dt
=

dhW

dt

r2

1− cos
(

2arccos( r−hW
r )
)

√
hW (2r−hW )

 .
This leads to a differential equation for the water level

dhW

dt
=

dVW

dt

√
hW (2r−hW )

r2L
(

1− cos
(

2arccos( r−hW
r )
))

=
dVW

dt
1

2L
√

hW (2r−hW )
.

(6)

Pressure rate of change

We assume ideal gas behavior pVG = nGRT for constant temperature. The mass balance for the

gas phase yields

dnG

dt
=

ρG

MG

(
qG,in−qG,out

)
(7)

and the change in gas volume is given by the negative change in liquid volume

dVG

dt
=−VL

dt
=−(qL,in−qL,out) . (8)

The time-derivative of the ideal gas law yields

d p
dt

VG + p
dVG

dt
= RT

dnG

dt
,
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where VG = VSep−VL. Here, VSep denotes the volume of the active separation zone and VL =

ALL is the volume of the liquid in the active separation zone. From the gas mass balance (7) and

the change in gas volume (8), the pressure dynamics can be written as

d p
dt

=
RT ρG

MG

(
qG,in−qG,out

)
+ p(qL,in−qL,out)

VSep−ALL
, (9)

where R is the universal gas constant, T denotes the temperature, ρG indicates the gas density,

MG is the molar mass of the gas and qG,in and qG,out give the respective in- and outflows of gas.

Simplified Droplet Balances

In order to develop a more accurate droplet balance calculation and to render the model ready for

future implementations of coalescence and breakage, the volume of the active separation zone is

divided into NS volumetric segments along its x-direction. Thereby, (5) and (6) are calculated for

each segment and averaged over the number of segments. In the same fashion, the respective in-

and outflows are divided by the number of segments and added to / subtracted from each segment’s

dynamic equation. This has the consequence that there exist no delays concerning the increased or

decreased throughput of liquid along the separator’s length. In Figure 2, a simplified schematic of

the evolution over five volumetric segments is depicted.

L

. . . . .

... ..

. . . . .

. . . . .

. . . . .

. . . . .

y

x

Figure 2: Simplified schematic of the assumed droplet distribution and evolution over the length
of the active separation zone
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For now, due to the fact that the model doesn’t consider any coalescence and breakage of

droplets, we base the calculations on a static droplet size distribution. We define 500 classes

of droplet sizes, evenly distributed between 0 and 1000 µm, hence ci = {2,4,6, . . . ,1000} µm,

i = 1,2, . . . ,500. The droplet balance calculations are now based on the following assumptions

• The horizontal velocity of the droplets is equal to the velocity of the respective phase (volu-

metric inflow divided by the respective cross sectional area)

• The velocity of the droplets in vertical direction is determined by Stokes’ law (1) without

regarding a decelerating correction factor as introduced in e.g. Richardson and Zaki 22 .

• The droplets present at the end of the final volumetric segments (right hand side) leave the

separator directly through the respective outlets of the bulk phases.

The horizontal residence times th of a droplet size class in each volumetric segment of the

separator can be calculated as

thW =
L

NS

AW

qW
,

thO =
L

NS

AO

qO
,

(10)

where
L

NS
defines the length of a volumetric segment, A j represent the areas of the circular

segments of water or oil, respectively, and q j are the volumetric inflows into the respective con-

tinuous phases. Ultimately, the horizontal residence times in (10) will be compared to the vertical

residence time derived from (1)

tvi =


hW
vvi

= 18µO
gc2

i (ρW−ρO)
hW for oil droplets in the continuous water phase

hO
vvi

= 18µW
gc2

i (ρO−ρW )
hO for water droplets in the continuous oil phase

12



where h j indicate the levels of water or oil, respectively (hO = hL− hW ), and ci denotes the

diameter of droplet size class i. If a droplet size class reaches the water-oil-interface before reach-

ing the next volumetric segment, the respective volume is added to its respective bulk phase and

subtracted from the phase it was dispersed in.

The calculations for the respective droplet classes are modeled in terms of their positions rel-

ative to the water-oil-interface. Based on these positions compared to the positions of the same

droplet class in the previous volumetric segment, the number of droplets and consequently the

volume leaving the continuous phase can be calculated as a sum over all droplet classes. The

calculations are based upon simple if–else statements, in the following presented for dispersed oil

droplets in the continuous water phase (the calculations are the same for dispersed water droplets

in the continuous oil phase):

Let the segment of interest be segment m ∈ NS

for i = 1 : 500

if thW < tvi

possegment m
i = thW vvi + possegment m−1

i

ninto segment m+1
i = n f rom segment m−1

i

(
1− thW vvi

hW − possegment m−1
i

)

V into oil phase
i = n f rom segment m−1

i V droplet
i

thW vvi

hW − possegment m−1
i

else

entire volume of droplet class i goes into its bulk phase

end

end

where possegment m
i gives the position of droplet class i at the end of segment m, thW vvi describes
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the vertical distance droplet class i travels in one segment of length
L

NS
and ninto segment m+1

i depicts

the amount (number) of droplets of class i that leave segment m into segment m+1, but remain dis-

persed in the continuous phase. Accordingly, n f rom segment m−1
i represents the droplets that have not

been separated in segment m−1, and hence remain dispersed in the continuous phase in segment

m. V into oil phase
i is the volume of droplets of class i that leave segment m into their bulk (oil) phase

and V droplet
i = π

6 c3
i defines the volume of one droplet of class i. A volumetric flow is obtained by

dividing the respective volume by the residence time, in this case thW .

Initial distribution The droplet size distributions of the oil- and water-continuous layers in the

inlet zone of the separator represent the boundary condition of the model presented above at x =

0. In a real separator, well fluid streams containing gas, oil and water enter a gravity separator

through an inlet section characterized by high turbulence and mixing. This turbulent inlet section is

usually isolated from the main separation chamber by the installation of an internal flow dampener.

The extent of turbulence and mixing in the inlet section depend on many factors such as design

geometry, flow regime (dispersed flow, stratified flow, etc.), pressure, etc. An advanced CFD

simulation2,23 of the turbulence and mixing would be too cumbersome for the purposes of the

model presented above. Consequently, we idealize the inlet section of the separator as a “flash”

separation followed by two continuous stirred-tank reactors (CSTRs) as shown in Figure 3.

. . . . .

... ..

. . . . .

. . . . .

. . . . .

. . . . .

Complete Gas Separation

”Flash”

Separator

�w

�o

�wc
qwc

qoc

�ocqL,in

qG,in

Figure 3: The inlet zone of the gravity separator with the considered CSTRs for each continuous
phase

In this abstract idealization, the three phase well fluid with water cut α is fed into a “flash”

separator where the gas is considered to completely separate and exit to the active separation zone.
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The oil and water streams mix and partition in the “flash” separator and the mixing of oil-into-

water and water-into-oil are characterized by the initial separation factors φw and φo, respectively.

It should be noted that φw and φo will most likely be functions of the inlet flow rate, flow regime,

and inlet section geometry. Along with the gas stream, a water continuous dispersion (index wc)

and an oil continuous dispersion (index oc) with known dispersed phase volume fractions

φwc =
(1−α)(1−φo)

(1−α)(1−φo)+αφw
,

φoc =
α(1−φw)

α(1−φw)+(1−α)φo
,

exit the “flash” separator. Each stream is fed into a CSTR, which represent the turbulent water-

and oil-continuous layers in the inlet section. The CSTR layers are characterized by their volumes,

Vi (i = wc,oc), which are determined from the current total liquid level hL and water level hW ,

along with their turbulent kinetic energy dissipation rate, εi (i = wc,oc). The turbulent kinetic

energy dissipation rate εi along with the dispersed volume fraction in each CSTR, φi, will be the

main factors in establishing the droplet size distribution in each layer of the inlet section.

It should be noted that the "flash" separation is simply an idealization of how the inlet flow is

distributed to the oil and water continuous layers. By considering that the inlet gas is separated

from the liquid phase, the purpose of the "flash" conceptualization is to determine the inlet flow

rates, qO,in and qW,in, and compositions, φoc and φwc, to the oil- and water-continuous layers in

order to solve the population balance model for the droplet size distribution in each layer. There-

fore, for a given inlet liquid flow rate, qL,in, water cut, α , and split factors φo and φw, the volume

fractions φoc and φwc of droplets in each layer is determined and the population balance model for

the inlet section is solved. We consider qL,in, α , φo and φw, to be constant for each simulation case,

so these calculations are done once to establish the boundary conditions for the dynamic system

model, but are not dynamically solved in the controller and observer models.

Assuming that the volume Vi of each CSTR layer is effectively constant during the droplet
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residence time and that the turbulence in each CSTR layer is isotropic, in the inertial sub-range of

the energy spectrum, and uniform throughout the volume Vi, a dynamic population balance for this

system can be written as follows (Jakobsen 24 , Grimes 25 , Grimes et al. 26):

∂ fn,i(t,r)
∂ t

=
∫ r

3√2

0
rc,i(r′,r′′) fn,i(t,r′) fn,i(t,r′′)dr′︸ ︷︷ ︸

coalescence birth term

− fn,i(t,r)
∫

∞

0
rc,i(r,r′) fn,i(t,r′)dr′︸ ︷︷ ︸

coalescence death term

+
∫

∞

r
2gi(r′)β (r,r′) fn,i(t,r′)dr′︸ ︷︷ ︸

breakage birth term

− gi(r) fn,i(t,r)︸ ︷︷ ︸
breakage death term

, ∀t > 0, Vi, i = wc,oc
(11)

where r′′ = (r3− r′3)
1
3 , t is the time variable [s], r denotes the droplet radius coordinate [m]

and fn,i represents the droplet number density distribution for layer i [m−4]. The droplet number

density distribution is defined such that integrating the product of fn and the corresponding drop

volume will yield the inlet dispersed phase volume fraction for each layer

φi =
∫

∞

0

4π

3
r′3 fn,i(t,r′)dr′, ∀t > 0, Vi, i = wc,oc

The function rc,i(r,r′) in (11) represents the swept volume rate of coalescence [m3 s−1] (Jakob-

sen 24 , Grimes 25 , Grimes et al. 26) between two droplets of size r and r′ in CSTR layer i. Typically

(see e.g. Jakobsen 24 , Grimes 25 , Grimes et al. 26 , Prince and Blanch 27 , Chesters 28 , Coulaloglou

and Tavlarides 29 , Vankova et al. 30), rci is determined by the product of a droplet collision rate

function, ωi, and a probability of coalescence for each collision, Φi. The collision rate function,

ωi, considers collisions to occur mainly through the fluctuating turbulent velocity of the liquid

phase as given in Prince and Blanch 27 . The probability of coalescence for each collision, Φi, is

obtained from the ratio of the film drainage time to the droplet contact time as given in Chesters 28 .

The equations composing the swept volume rate of coalescence, rc, for two droplets of size r and

r′ are given by
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rc,i(r,r′) = ωi(r,r′)Φi(r,r′), i = wc,oc

ωi(r,r′) = kc1,i4
3
√

2ε
1
3
i (r+ r′)2

[
r

2
3 + r′

2
3

] 1
2
, i = wc,oc

Φi(r,r′) = exp

−kc2,i
ρ

1
2
c,iε

1
3
i

2
1
6 σ

1
2

(
1
2

rr′

r+ r′

) 5
6

 , i = wc,oc,

where εi denotes the turbulent kinetic energy dissipation rate per unit mass in CSTR layer i

[m2 s−3], ρc,i represents the density of the continuous phase in CSTR layer i [kg m−3], and σ

denotes the interfacial tension between the oil and water phases [N m−1]. The proportionality

constants kc1,i and kc2,i are constants used to fit experimental data or tune the model for CSTR

layer i. The function gi(r) in (11) represents the breakage rate for a droplet of size r in CSTR layer

i. The breakage rate function used in this work is taken from Coulaloglou and Tavlarides 29 and

considers breakage to occur when the turbulent energy supplied to a droplet by an eddy exceeds

the droplet’s surface energy. The function β (r,r′) in (11) denotes the probability of obtaining a

droplet of size r when a droplet of size r′ breaks and is taken from the expression developed by

Vankova et al. 30 . It should be noted that the function β will be the same for both CSTR layers

since it does not include any physical constants. The breakage kernel functions are as follows

gi(r) = kb1,i
ε

1
3

2
2
3 r

2
3

√
ρd,i

ρc,i
exp

−kb2,i
σ

2
5
3 ρd,iε

2
3
i r

5
3

 , i = wc,oc

β (r,r′) = 7.2
r2

r′3
exp

[
−4.5

(
2r3− r′3

)2

r′6

]

with ρd,i representing the density of the dispersed phase in CSTR layer i [kg m−3], while kb1,i

and kb2,i are constants used to fit experimental data or tune the model for CSTR layer i.

The proportionality constants, kc1, kc2, kb1 and kb2, are used to tune the droplet collision rate

function, ωi, the probability of coalescence for each collision, Φi, and the breakage rate function,
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gi, to specific crude-oil water systems. Therefore, the nominal values of these proportionality con-

stants are very important to provide the link between the idealized physical mechanisms used to

derive ωi, Φi, and gi and the real dynamic behavior of crude-oil water emulsions. Selection of the

appropriate functional forms for ωi, Φi, and gi along with the determination of their correspond-

ing proportionality constants, kc1, kc2, kb1 and kb2, for six different crude-oil water systems is the

subject of ongoing research and will be reported in the near future. Specifically, we are currently

performing batch CSTR experiments on oil-in-water emulsions using six different crude oils and

following the dynamic evolution of the droplet volume density distribution online with a Master-

sizer attached to a closed sampling loop. Regression strategies for the dynamic data sets along

with analysis of parameter correlation and the error associated with the estimation of the turbulent

kinetic energy dissipation rate, εi, will be the main focus.

An arbitrary initial distribution is chosen for each CSTR layer i and the systems are simulated

over the residence time of each CSTR layer, t f i =
Vi

qi
, where qwc = qW,in and qoc = qL,in− qW,in.

Numerous simulations have shown that the steady state number density distribution of a dispersion

in a CSTR is independent of the initial condition, and thus, this approach should apply if the

dynamics of coalescence and breakage are sufficiently fast compared to the CSTR residence time.

The equations are solved by orthogonal collocation of the radial (droplet size) domain and time

integration with Gear’s BDF method, see Grimes 25 , Grimes et al. 26 .

For constant water cut α and initial separation factors φw and φo, the shape of the initial distri-

bution does not change. That means that, if the levels of oil and / or water change, or if the liquid

inflow changes value, also the residence time in the inlet zone will change, which will cause the

initial distribution to be scaled by a factor in order to account for the longer or shorter hold up in

the inlet zone.

These factors can be calculated via the relation

18



FW = t inlet
hO

[α (1−φw)]qL,in
1

VW
,

FO = t inlet
hW

[(1−α)(1−φo)]qL,in
1

VO
,

(12)

where t inlet
hO

and t inlet
hW

are the residence times of droplets in the inlet zone of the separator in the

respective water- and oil-continuous phases, and VO = ∑i nO
i V O

i as well as VW = ∑i nW
i VW

i are the

volumes calculated by solving the PBE.

Controller and Observer Design

We here describe the controllers and observer used to control the gravity separator’s dynamic

states, namely the liquid and water levels, hL and hW , as well as the pressure p. The observer also

estimates the disturbance variables qL,in, qG,in and the parameter γ .

PI Controller

We apply three PI controllers to control the three dynamic states. The PI control algorithms are

defined in the form

K(s) = Kp +TI
1
s
,

where the parameters Kp and TI are shown in Table 1. The parameters of the PI controllers

were found by applying the SIMC (Skogestad-IMC) tuning rules, as suggested in Skogestad 31 .

The chosen values of the tuning parameter τc for the three PI controllers are also shown in Table 1.

The states can be interpreted as pure integrating processes without time delay. Hence, an open loop

step response investigation gave the controller parameters listed in Table 1.

The PI controllers do not directly use the noisy measurements of the state variables, but rather
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the filtered ones from the observer, which will be introduced in the observer design section fol-

lowing this section. The outputs of the PI controllers correspond directly to the desired volumetric

flows of oil, water and gas, respectively. To render this more realistic, the controller outputs are

upper and lower bounded as well as limited in its rate of change. The lower bounds for all con-

trol signals are set to 0 m3 s−1, as only flows out of the separator are allowed, whereas the upper

bounds are set to 1 m3 s−1. The rates of change are set to ±0.05 m3 s−2 to regard for actuation

dynamics. Because of the bounds, anti-windup is used for the three controllers.

Table 1: Parameters for the three PI controllers

τc KP TI

water level 5 s 6.49 0.325
liquid level 5 s 5.063 0.253

pressure 5 s 0.0541 0.0027

The oil-in-water and water-in-oil fractions at the respective outlets can be controlled indirectly

by the levels of liquid and water in the separator. It holds that for a decrease in volumetric inflow

the horizontal velocity will decrease (assumed that the respective level is constant) and thus the

residence time will increase, such that the outlets of water and oil will become purer. However,

throttling the inflow to the separator is not desired since it will limit production and is also not part

of this investigation.

Observer design for virtual inflow monitoring

We aim for an observer design that delivers less noisy signals of the measured state variables and,

in addition, estimates the disturbance variables (inflows of gas and liquid) as well as the split ratio

if oil and water entering the continuous water phase, γ . The design presented here is an extension

to the one already presented in Backi and Skogestad 32 . We introduce a cascaded dual observer

design, where we utilize two Extended Kalman Filters. If we look at the system dynamics , we can

see that the liquid level does affect the gas pressure, but not vice versa. Therefore, we can decouple

the estimation of hL and qL,in from the estimation of hW , p, qG,in and γ leading to two observer
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designs for each of the aforementioned sets of variables.

In Figure 4, a schematic of the cascaded observer design is demonstrated together with the

model of the plant representing the real system.

hL

hW

p

ĥL

q̂L,in

ĥW

p̂

q̂G,in

�̂

qO,out

qW,out

qO,out

qW,out

qG,out

Plant

Observer 1

Observer 2

Figure 4: Schematic of the cascaded observer design in combination with the plant model

The block ’Plant’ is composed of equations (5)–(9). The block ’Observer 1’ is an Extended

Kalman Filter and its schematic can be seen in Figure 5.

-1/s ⇥qO,out

qW,out

hL

CO1

KO1

ĥL

q̂L,in

Model

Observer 1

Jacobian

Observer 1

Riccati

Observer 1

Figure 5: Schematic of Observer 1

The block ’Model Observer 1’ contains the following model equations
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dĥL

dt
= f1,O1 =

q̂L,in−qW,out−qO,out

2L
√

ĥL(2r− ĥL)
+w1,O1(t),

dq̂L,in

dt
= f2,O1 = w2,O1(t)

(13)

and hence the state vector is x̂O1 =

[
ĥL q̂L,in

]T

with the output vector CO1 =

[
1 0

]
and the

dynamics of Observer 1

dx̂O1

dt
= fO1 (x̂O1 ,u)+KO1(t)(yO1−CO1 x̂O1).

The partial derivatives of the observer state equations (13) with respect to the state vector x̂O1

are computed and updated at every time iteration and included in the block ’Jacobian Observer 1’.

The single entries in the matrix AO1 give quite complex terms and the details are omitted, but its

shape is

AO1(t) =
(

∂ fi,O1

∂ x̂ j,O1

)
i=1,...,2; j=1,...,2

=

A11
O1
(t) A12

O1
(t)

0 0

 (14)

The Jacobian (14) is used to solve the differential Matrix-Riccati-Equation in the block ’Riccati

Observer 1’ at each time instant to calculate the time-varying Kalman observer gain matrix KO1(t)

dPO1(t)
dt

= AO1(t)PO1(t)+PO1(t)A
T
O1
(t)−λO1PO1(t)C

T
O1

R−1
O1

CO1PO1(t)+λO1PO1(t),

KO1(t) = λO1PO1(t)C
T
O1

R−1
O1
,

(15)

where RO1 = cov{v(t)vT (t)}= rO1 is a scalar representing the covariance of the measurement

noise vO1(t). We do not assume covariance between process and measurement noises, which enter

the system in the following way
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dx̂O1

dt
= f (x̂O1,uO1)+wO1(t),

yO1 =CO1 x̂O1 + vO1(t),

where uO1 is the vector of manipulated variables qO,out and qW,out . It must be mentioned that

(15) is not of standard kind, but an implementation of a Riccati differential equation with a forget-

ting factor. The principles behind this design were introduced as a least squares observer including

a forgetting factor in Johnstone et al. 33 with further developments in the works of Hammouri and

De Leon Morales 34 and Haring 35 . An advantage of this design is that the number of tuning vari-

ables can substantially be reduced since the process noise covariance matrix QO1 is not used, but

just a sole scalar parameter λO1 .

The observability condition states that the observability matrix OO1 =

 CO1

CO1AO1(t)

must have

full rank for all t. For the matrix AO1(t) with structure in (14), rank(OO1) = 2 and hence full

observability is ensured. A further investigation of the matrix AO1(t) at steady-state conditions,

meaning that inflows equal outflows, leads to the Jacobian

Asteady
O1

(t) =

0 A12
O1
(t)

0 0

 , (16)

which still leads to rank(OO1) = 2. The only cases that could potentially lead for any of the

remaining entries in (16) to be zero, are hL ≡ 2r. However, the model is not designed for this

case and it is unlikely to happen in normal operation. Hence, it can be concluded that Observer 1

provides full observability for any feasible operational setpoint.

Just like the block ’Observer 1’, the block ’Observer 2’ is an Extended Kalman Filter with its

schematic in Figure 6.
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Figure 6: Schematic of Observer 2

The block ’Model Observer 1’ contains the following equations

dĥW

dt
= f1,O2 =

q̂L,inγ̂−qW,out

2L
√

ĥW (2r− ĥW )
+w1,O2(t),

d p̂
dt

= f2,O2 =
RT ρG

MG

(
q̂G,in−qG,out

)
+ p̂(q̂L,in−qL,out)

VSep−V̂L
+w2,O2(t),

dq̂G,in

dt
= f3,O2 = w3,O2(t),

dγ̂

dt
= f4,O2 = w4,O2(t),

(17)

where ĥL and q̂L,in are inputs delivered from ’Observer 1’ and V̂L = ÂLL is the liquid volume cal-

culated with the estimated level ĥL, compare (4). The process noise wi,O2(t) is assumed to be white

noise and hW as well as p are assumed measurable. The state vector is x̂O2 =

[
ĥW p q̂G,in γ̂

]T

with the output matrix CO2 =

1 0 0 0

0 1 0 0

 and hence the dynamics of Observer 2 can be ex-

pressed as follows

dx̂O2

dt
= fO2 (x̂O2 ,u)+KO2(t)(yO2−CO2 x̂O2).

Just as for ’Observer 1’, the partial derivatives of the observer equations (17) with respect to the

24



state vector x̂O2 are calculated and updated at every time iteration in the block ’Jacobian Observer

2’

AO2(t) =
(

∂ fi,O2

∂ x̂ j,O2

)
i=1,...,4; j=1,...,4

=



A11
O2
(t) 0 0 A14

O1
(t)

0 A2
O2
(t) A23

O2
(t) 0

0 0 0 0

0 0 0 0


. (18)

The differential Matrix-Riccati-Equation defined in block ’Riccati Observer 2’ is solved at each

time instant to calculate the time-varying Kalman observer gain matrix KO2(t) using the Jacobian

(18)

dPO2(t)
dt

= AO2(t)PO2(t)+PO2(t)A
T
O2
(t)−λO2PO2(t)C

T
O2

R−1
O2

CO2PO2(t)+λO2PO2(t),

KO2(t) = λO2PO2(t)C
T
O2

R−1
O2
.

It is defined in the same fashion as already introduced in (15), where now RO2 = cov{vO2(t)v
T
O2
(t)}=

diag
(
rO,k
)
, k = 1,2, is the covariance of the measurement noise vO2(t). Again, no covariance is

assumed between process and measurement noises, which enter the system in the following way

dx̂O2

dt
= fO2(x̂O2,uO2)+wO2(t),

yO2 =CO2 x̂O2 + vO2(t),

with uO2 denoting the vector of manipulated variables qO,out , qW,out and qG,out .
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Again, the observability matrix OO2 =


CO2

...

COAO(t)3

 must have full rank for all t. For AO2(t)

as in (18), rank(OO2) = 4. In steady-state conditions, meaning that inflows equal outflows, the

Jacobian (18) becomes

AO2(t)
steady(t) =



0 0 0 A14
O1
(t)

0 0 A23
O2
(t) 0

0 0 0 0

0 0 0 0


(19)

which still leads to rank(OO2) = 4 for CO2 . The only cases that could potentially lead for

any of the remaining entries in (19) to be zero, are hW ≡ 2r and VL ≡ VSep ⇒ VG ≡ 0. But as

mentioned above, the model is not designed for these cases and they are unlikely to happen in

normal operation. Hence, it can be concluded that the model is fully observable for any feasible

operational setpoint.

The static part of the model introduced before is not included in the block ’Observer Model’

in order to account for some plant-observer-mismatch in simulations and since this information

would not be available from a real plant.

Simulations

The gravity separator model is a differential algebraic equation (DAE) system, and is solved and

simulated using MATLAB Simulink. As mentioned before, most simulation parameters, such as

the geometry and production rates, are taken from Laleh et al. 21 . In simulations, the pressure

state (9) is scaled to be in the unit bar and hence the equation used for the plant as well as for the

observer model is
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d p
dt

= 10−5

(
RT ρG

MG

(
qG,in−qG,out

)
+105 p(qL,in−qL,out)

VSep−VL

)
.

Simulations for initial production rates

The simulations presented in this section are based on the 1988 Gullfaks-A production rates and

cover the case for the startup of the well with a water cut α = 0.135, gas production rate qG,in =

0.456 m3 s−1, liquid production rate qL,in = 0.59 m3 s−1, initial water level hW = 1 m and liquid

level hL = 2.5 m.

Figure 7 shows the initial distributions (blue) and the distributions at the respective outlets (red)

for oil droplets (left plot) and water droplets (right plot) for three different initial separation factors,

namely φw = φo = 0.9 (solid lines), φw = φo = 0.8 (dashed lines) and φw = φo = 0.7 (dashed-dotted

lines). The levels of water and oil are held constant at their initial values (see above). As expected,

for better pre-separation, meaning large values of φw and φo, the initial distributions are smaller.

This can be expected, since fewer amounts of oil and water are dispersed in the respective water-

and oil-continuous phases. The distributions of oil droplets at the water outlet follow the same trend

for large values of φw and φo, namely that they shift towards smaller droplet diameters, meaning

that the number of overall droplets and that the droplet cut-off diameter size decrease. For water

droplets dispersed at the oil outlet, however, the behavior is somewhat different, where the droplet

diameter cut-off size increases for better pre-separation. The reason for this lies in the residence

time of droplets, which decreases for oil droplets in water with a decrease in φw and φo. In contrary,

the horizontal residence time for water droplets in oil increases with a decrease in φw and φo. This

can be seen in Figure 10, where the first 200 s of simulation time hold for the case presented here.

Simulations for future production rates

The following simulations cover the case of progressed lifetime of the well with a higher water cut

α = 0.475, the same gas production rate qG,in = 0.456 m3 s−1, slightly larger liquid production
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Figure 7: Initial droplet distributions (blue) and droplet distributions at the respective outlets (red)
for oil droplets in water (left plot) and water droplets in oil (right plot) for three different initial
separation factors (φw = φo = 0.9 (solid lines), φw = φo = 0.8 (dashed lines) and φw = φo = 0.7
(dashed-dotted lines)), low water cut

rate qL,in = 0.73 m3 s−1 and the same initial values as presented in the previous section.

Just like in Figure 7, Figure 8 shows the initial (blue) and outlet (red) distributions for oil

droplets (left) and water droplets (right) for the same respective values of φw and φo as shown in

the previous section. The same trend as before can be seen, namely that the initial distributions are

smaller for better pre-separation, meaning large values of φw and φo. The oil droplet distributions

at the water outlet follow the same trend as in the left plot in Figure 7, but the droplet diameter

cut-off size is now almost constant. The latter is also the case for the distribution of water droplets

dispersed at the oil outlet, but the distributions with respect to changes in the values of φw and φo

follow now the same trend as shown in the left plot, and not the ones demonstrated in the right

hand plot in Figure 7. The higher water cut clearly has an effect on the water droplet distributions

at the oil outlet. The reason for this is that the horizontal residence times have almost the same

value for all values of φw and φo, respectively.

Change in water level

In this section we will only present simulations for the initial production rates with low water cut,

but with a change in the level of the continuous water phase. Figure 9 displays three consecutive
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Figure 8: Initial droplet distributions (blue) and droplet distributions at the respective outlets (red)
for oil droplets in water (left plot) and water droplets in oil (right plot) for three different initial
separation factors (φw = φo = 0.9 (solid lines), φw = φo = 0.8 (dashed lines) and φw = φo = 0.7
(dashed-dotted lines)), high water cut

steps in the desired value of the water level, while the pressure and liquid level are held constant.

It can be seen that the three PI controllers are able to control the state variables to their nominal

values.

In Figure 10, the efficiencies η of oil and water removal from their respective dispersed phases

are displayed. The efficiency is calculated as

η = 1− number of droplets at the respective outlet
initially dispersed droplets at the inlet

.

It can be seen that the increased water levels are beneficial for the efficiency of oil-removal from

the water phase, whereas the efficiency of water-removal from the oil phase is nearly constant and

no general trend can be recognized. Better pre-separation is beneficial for oil-removal from the

water phase, but for water-removal from the oil phase the opposite is the case. Increasing the water

level and holding the overall liquid level constant leads to a decrease in oil level and volume and

an increase in water volume. With constant inflows, this leads to an increase in velocity of the

continuous oil phase and a decrease in velocity for the continuous water phase.

In addition to the efficiency plots, we here present ppm-values for the cases with low water cut

α = 0.135 in Table 2 and high water cut α = 0.475 in Table 3. For both of these cases, the initial
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Figure 9: Left: State variables hW (blue), hL (red) and p (black) together with their desired values
(green). Right: manipulated variables qW,out (blue), qL,out (red) and qG,out (black).

separation factors φo and φw as well as the water level hW and oil level hO = hL− hW are subject

to changes. The overall liquid level hL is held constant.

Table 2: ppm-values for oil in water (left) and water in oil (right) at the respective outlets and for
different levels as well as different pre-separation factors, α = 0.135

φo = φw
0.9 0.8 0.7

hW

1 m 5643 38584 599999
1.2 m 5081 35557 607083
1.4 m 4734 33683 617540
1.6 m 4534 32751 633140

φo = φw
0.9 0.8 0.7

hO

1.5 m 110379 192335 342895
1.3 m 95298 165821 295452
1.1 m 80839 140781 250581
0.9 m 66720 116520 207100

Generally, performance of oil removal from the water-continuous phase is increased for better

pre-separation, meaning large values of φo and φw. Also larger water levels hW are beneficial for

oil removal. Performance for water removal from the oil-continuous phase gets better for better

pre-separation, just like in the case for oil removal from water. However, ppm-values decrease for

a decrease in oil level hO. The reason for this lies in the introduced factors, FW and FO, in (12),
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Figure 10: Two top plots: Efficiencies of removal of oil from water (red) and water from oil (blue).
Third plot from top: Velocities for the continuous water (blue) and oil (red) phases. Bottom plot:
Horizontal residence times for droplets in the continuous water (blue) and oil (red) phases. It holds
φw = φo = 0.9 (solid), φw = φo = 0.8 (dashed) and φw = φo = 0.7 (dashed-dotted).

Table 3: ppm-values for oil in water (left) and water in oil (right) at the respective outlets and for
different levels as well as different pre-separation factors, α = 0.475

φo = φw
0.9 0.8 0.7

hW

1 m 1075 2350 28487
1.2 m 930 2032 26362
1.4 m 840 1839 25024
1.6 m 787 1723 24339

φo = φw
0.9 0.8 0.7

hO

1.5 m 1031251 1987107 3936158
1.3 m 892215 1719243 3411630
1.1 m 755771 1456238 2884677
0.9 m 620688 1195801 2356246

which have an influence on the initial droplet distribution. For all simulations it holds that the most

realistic values are obtained for large pre-separation factors.

It must be stated that the values in Tables 2–3 highly depend on the chosen pre-separation

factors φo and φw, which act as tuning parameters in the model. Furthermore, the initial distribution

as calculated by the solution of the population balance model has a large influence on the ppm-

values. The latter, however, is a mere assumption, since the droplet distributions can neither be
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known a priori nor be measured. This leads to the conclusion that the initial distribution must be

seen in context with the initial separation factors φo and φw, and the water level hW .

Figure 11 shows the number of oil droplets in the water outlet, which are a function of the

droplet diameters and time. The plot on top shows results for φw = φo = 0.7, the one in the center

represents φw = φo = 0.8 and the bottom one depicts the case φw = φo = 0.9. It can be seen that by

increasing the water level, both the number of droplets as well as the droplet diameter cut-off size

decrease. The overall number of droplets decreases with increasing values of φw and φo, as already

shown in the steady-state simulations before.
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Figure 11: Number of oil droplets leaving through the water outlet for φw = φo = 0.7 (top), φw =
φo = 0.8 (center) and φw = φo = 0.9 (bottom)

In Figure 12 we demonstrate the distribution of water droplets leaving through the oil outlet.

The arrangement of subplots corresponds with that in Figure 11 and hence, for decreasing φow

and φwo, the overall number of droplets decreases, but not as strongly as in Figure 11. Due to the

increased horizontal velocity of the continuous oil phase by an increase in water level, the number

of water droplets as well as the cut-off size increase. These results correspond with the steady-state
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plot on the right hand side in Figure 7.
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Figure 12: Number of water droplets leaving through the oil outlet for φw = φo = 0.7 (top), φw =
φo = 0.8 (center) and φw = φo = 0.9 (bottom)

Observer

We next present some simulation studies demonstrating the capabilities of the disturbance estima-

tion. Again, only simulations for initial production rates are considered, as well as fixed values for

initial separation factors, namely φw = φo = 0.7. It will be shown that robustness with respect to

particular disturbances in the form of white Gaussian noise can be handled satisfyingly. The simu-

lations include the same changes in water level as introduced before. Furthermore, at t = 400 s and

t = 600 s, additional step changes of +0.1 m3 s−1 for the liquid and gas inflows are introduced,

respectively.
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Results without added noise

In this section, results without any added noise are presented. Figure 13 demonstrates that the

water level hW can be brought to the new nominal states and that the other states are held at their

desired values after a short settling time in the beginning of the simulation. The control action can

be seen in the bottom plot of Figure 13. All manipulated variables can be estimated correctly at

steady state, since they are assumed to be measurable. The respective step changes in the inflows

of liquid and gas at t = 400 s and t = 600 s are handled well by the controllers.
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Figure 13: Top three plots: real (blue) and estimated (red) state variables together with setpoints
(dashed blue); bottom plot: outflows for water (black), oil (blue) and gas (red) over time

Figure 14 shows the estimated inflows and the fraction of oil and water going into the contin-

uous water phase. The estimated inflows q̂L,in and q̂G,in reach the respective nominal values of the

inflows. One can see an essential difference between the estimated and real value of the parameter

γ in the bottom plot, which is caused by the static droplet calculations. This static part is included

in the real plant, but not in the observer model. In the simulations, the volumetric flow of oil

droplets leaving the continuous water phase is larger than the volumetric flow of water droplets

34



leaving the continuous oil phase and hence, in steady-state, the estimated value for γ is smaller

than the real value as there is a net outflow from the continuous water phase.
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Figure 14: Top plot: real (dashed) and estimated (solid) variables, liquid inflow (blue) and gas
inflow (red); center plot: zoom of top plot; bottom plot: real (blue) and estimated (red) split ratio γ

Results with added measurement, process and disturbance noise

In this section we present results for white Gaussian noise directly added to the measured vari-

ables, to the nominal values of the inflows qL,in and qG,in as well as to the time-derivatives in the

observer model to regard for modeling uncertainties. Figure 15 clearly shows the added noise in

the measurements, but it can be seen that the observer is able to track the real values and provide

filtered signals to the controllers. As demonstrated in Figure 13 the states are held at their nominal

values, again after a short settling time in the beginning of the simulation.

Figure 16, like Figure 14, shows the estimated liquid and gas inflows. Adding the measurement

noise can clearly be seen in the disturbance estimates. The observer is able to track the nominal

inflows correctly, despite the noisier behavior. The estimated parameter γ̂ can be seen in the bottom
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Figure 15: Top three plots: real (blue) and estimated (red) state variables together with setpoints
(dashed blue); bottom plot: outflows for water (black), oil (blue) and gas (red) over time

plot and shows the same deviation from the real value as already shown in Figure 14.

Concluding Remarks

In this paper, we have presented a control- and estimation-oriented modeling approach for a

three-phase gravity separator including simplified droplet balance calculations. The separator was

thereby divided into three different zones, namely an inlet zone, where an instant pre-separation of

oil and water occurs, an active separation zone, where droplets settle and rise due to sedimentation

and creaming, and finally an outlet zone, where the gas phase as well as the continuous oil and

water phases leave the separator. The latter two include dispersed water or oil droplets, which

could not be removed from the bulk phases.

The dynamic states are the levels of liquid, water and the gas pressure, while the positions and

the number of droplets in each volumetric segment are algebraic states. One aim of this study is to
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investigate the influence of different levels of water on the overall separation efficiency for water in

oil, which constitutes a trade-off between horizontal and vertical residence times. The simulation

results show that larger water levels are beneficial for the quality and hence purity of the water

outlet stream. However, the quality of the oil outlet stream is hardly affected by changes in the

oil level (which decreases as the water level increases). Initial separation in the inlet zone of the

separator has a large influence on the overall quality of both outlet streams. It is demonstrated that

better initial separation (large φw and φo) leads to better overall efficiencies for oil-removal from

water.

The cut-off droplet sizes at the water outlet as shown in Figures 7, 8 and 11 correspond some-

what to the investigations conducted by Arntzen 3 , who states that all droplets larger than roughly

210 µm are removed. This, of course, depends highly on the dimensions of the gravity separator.

In order to prove its value, this study should be compared to real data. Especially the determination

of the degree of initial separation in the inlet zone is very difficult to perform. Hence, the initial
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separation factors φw and φo could serve as tuning parameters to fit the model to real data.

Furthermore, we presented a virtual monitoring approach for the developed gravity separator

model in this paper. A cascaded dual observer design based upon two Extended Kalman Filters in

an alternative formulation with forgetting factor was used to filter the signals of the measured state

variables and to obtain estimates for the disturbance variables (liquid and gas inflows) acting on

the process as well as the effective split ratio of oil and water entering the continuous water phase.

The performance of the Extended Kalman Filter together with PI controllers is presented for

different simulation cases. These include tracking of step changes in the desired water level as

well as step disturbances in the inflows of liquid and gas. In addition, white noise was added to

the three measured state variables, to the disturbance variables and as process noise to the state

derivatives. The simulation results show that the proposed control and estimation structure is

capable of estimating smoother values of the state variables and utilize these in the controllers. In

addition, the nominal values of the disturbance variables are estimated correctly.

One drawback of the estimation and control structure is that the split ratio γ of oil and water

entering the continuous water phase cannot be estimated correctly. This is caused by the fact that

there is a net outflow of oil leaving the continuous water phase into the continuous oil phase due

to steady-state separation calculations. This static part of the model is included in the plant, but

not in the observer. Hence, the estimated value γ̂ represents the effective split ratio in steady-state

conditions including separation.

The suggested estimation and control structure is not limited to separation systems in the oil

and gas industry, but can be implemented in all kinds of in- and outflow systems. Nevertheless, in

order to prove its value and implementability, it should be tested on a real plant, preferably for a

single-phase application in the beginning.

Future work can include further investigation of the deviation between the split ratio γ and its

estimated value γ̂ and how to utilize this information in a real application. The split ratio itself is not

determinable, but a qualitative interpretation of its estimate could lead to a better understanding of

the separation inside the separator. In addition, more sophisticated control structures incorporating

38



the disturbance estimates in a feedforward-manner with disturbance compensation by e.g. state-

feedback control could be designed.

Appendix A: Parameters

L Length of active separation zone 10 m

MG Molar mass of the gas 0.01604 kg mol−1

NS Number of segments 5

r Radius of the separator 1.65 m

R Universal gas constant 8.314 kg m2

s2 mol K

T Temperature 328.5 K

VSep Volume of active separation zone 85.53 m3

g Gravitational acceleration 9.8 m s−2

qG,in Volumetric inflow of gas 0.456 m3 s−1

qL,in Volumetric inflow of liquid 0.59, 0.73 m3 s−1

α Water cut of the liquid inflow 0.135, 0.475

β Oil cut of the liquid inflow 0.865, 0.525

γ Split ratio 0.354

µO Dynamic viscosity oil 0.001 kg (s m)−1

µW Dynamic viscosity water 0.0005 kg (s m)−1

ρG Density of gas 49.7 kg m−3

ρO Density of oil 831.5 kg m−3

ρW Density of water 1030 kg m−3

φw Initial separation factor for water 0.7, 0.8, 0.9

φo Initial separation factor for oil 0.7, 0.8, 0.9

Observer tunings: RO1 = 100 , λO1 = 10−1

RO2 = diag
(
100, 104) , λO2 = 10−1
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Appendix B: Sensitivity analysis

In this section we investigate how the solution converges with respect to the chosen discretization of

the droplet size classes for one case example with φo = φw = 0.9. We conducted this investigation

with 5, 10, 20, 50, 100, 250 and 500 droplet size classes (see Figure 17) and a metric, where

the fractions of oil and water at the respective water- and oil-continuous outlets (see Figure 18) are

compared. As can be seen, from around 50−100 droplet size classes there are no big improvements

with respect to solution accuracy and hence we believe that by choosing 500 droplets size classes

we obtain a sufficiently accurate solution.
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