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Abstract

In this work, we develop a model for a gravity separator, and use it together with
models from literature to study the control of a subsea separation system that separates
oil, gas and water from well fluids in hydrocarbon production. Our separation system
contains a gravity separator, hydrocyclones and compact flotation units. The main
contributions of the paper are twofold. First, we present a coalescence based dynamic
gravity separator model, which is able to predict oil concentration in water outlet and
water concentration in oil outlet. Second, we study optimal operation of the overall
separation system with an objective of maximizing water removal. We propose a simple
control structure that operates the process close to optimally, by rejecting disturbances
from upstream flows and maintaining a tight control of the quality of the purified water

leaving the system.
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Introduction

In the oil and gas industry, separation systems are used to separate hydrocarbons from
undesirable components, such as water and sand, which are inevitably produced from wells
along with the hydrocarbons. Poorly performing separation systems adversely affect the
profitability of the hydrocarbon production system. Crude oil that contains a high water
concentration sells at a lower price. Moreover, the transportation of a substandard crude
with high water content through an export pipeline may lead to corrosion related damages
to the pipeline.X Water in the transport line may also give rise to issues with flow assurance

in the riser, such as higher hydrostatic pressure drop and emulsion or hydrate formation.
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Figure 1: A subsea separation system composed of hydrocyclones (HC) and compact flotation
units (CFU). The reject streams from HC and CFU are directed to hydrocarbon export line;
slops or other facilities to process the rejects are typically not available subsea. In this figure,
we do not show pumps for reject streams and for water injection.

Figure [1| shows a schematic of the separation system we will study further in this paper.
This separation system consists of a bulk separation part, consisting of a gravity separator,

and a produced water treatment part, consisting of three hydrocyclones (HC) and four



compact flotation units (CFU). A real subsea separation system may follow a similar set-up,
albeit with a different number of units, depending on the production rate, fluid properties
and compositions.? The main operational disturbances to a hydrocarbon separation system
are changes in the inlet conditions to the bulk separation, such as pressure, and inflows and
compositions of gas, oil and water. Any control structure that aims to operate the system
optimally must handle these disturbances well, and consider the system as a whole, in order
to account for the interactions between the different components.

Control of upstream separation systems has been considered previously in the literature.
For example, Yang et al.®™® investigated plant-wide optimal control strategies to a real
pilot scale separation system. Their system included a gravity separator and a deoiling
hydrocyclone. In their work, they developed a control strategy to operate a combination
of the two separators by controlling water level in the gravity separator and the pressure
difference ratio (PDR) in the hydrocyclone to their reference values. The main contribution
in terms of separation system operation was a unified way of tuning the two controllers so
that they work together well.

Ribeiro et al.” implemented a model predictive controller (MPC) for set-point control of
oil production rate, oil in water (OiW) outlet and water in oil (WiO) outlet from a gravity
separator which receives feed from an upstream process of three gas-lifted wells and a riser.
The case study is based on well data from Campos Basin field near Rio de Janeiro, Brazil, in
which a real time optimization (RTO) layer finds optimal operating points, which are followed
and further fine-tuned by the MPC layer. The model used to compute concentrations of oil
in water and water in oil is based on polynomial correlations. The gas injection rates for the
three wells and the separator water level were used as manipulated variables for the MPC.
The results presented show that the controller reacts well to set-point changes and rejects
disturbances effectively. The lowest level controllers are PID-controllers, which track the
set-points given by the MPC layer.

To avoid the negative consequences of water in the transport system, it has been proposed



to place separation systems close to the production site, and remove the water.” This has
resulted in several subsea separation facilities, where the separation equipment has been

placed on the seabed; among them two facilities - Troll C® and Tordis?

are in Norway.
Besides water removal on the seabed, subsea separation has many other advantages. Some of
them are increased production due to reduced backpressure on the reservoir, need for fewer
flowlines/risers, reduced riser based slugging, reduced scaling and corrosion in flowlines and
hydrate prevention.”

In this paper, we study how to operate such a subsea separation system optimally. The
two main contributions in this paper are: A dynamic model for a gravity separator that
includes the coalescence of droplets dispersed in the continuous phases in a simplified way,
and a simple control structure that operates a separation system close to optimally using
simple proportional-integral (PI) controllers. The proposed control solution is easy to im-
plement on the commonly used industrial control systems, and yields good performance in
the presence of disturbances while adhering to important process constraints, such as on the
water quality.

The problem of maximizing water removal in subsea separation systems has attracted
very little attention in literature, especially using first principles models. Besides, in the liter-
ature for first-principles based gravity separator models, the phenomenon of droplet-droplet

dH 3 or modeled in a complex way.™* The droplet-

coalescence has either been neglecte
droplet coalescence is an important phenomenon in the context of gravity separation®® and
the literature is lacking a simplified way to address it. In this paper, we fill these two gaps
by presenting a control and optimization oriented model that includes coalescence inside the
gravity separator, and using it together with other models from literature to study how to
operate the overall system optimally.

This paper is organized as follows. The next section presents the gravity separator model

that we developed. Thereafter, we present a section on optimal operation of our subsea

separation system. Here we discuss a control structure design, and results from optimization



and dynamic simulation of the system under disturbances. In the discussion section, we
discuss our modeling assumptions and provide guidelines on how to include the effects that
have been ignored in our work. In the final section, we conclude the paper with some final

remarks.

Coalescence based gravity separator model

Process description

A schematic of a horizontal gravity separation process is shown in Figure [2 in which a
horizontal cylindrical vessel is used to perform a bulk separation of well fluids into three

phases - oil, gas and water. Gravity separators are quite large in size, such that they provide
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Figure 2: Schematic of a three phase gravity separator

enough residence time for the phases to separate due to gravitational forces. At the inlet of
the separator, a multiphase feed usually separates into two liquid layers - a continuous water
layer at the bottom and a continuous oil layer above the water layer, and a gas phase on
top. Within each layer, the difference in densities of the different phases causes the droplets
of dispersed phase to sediment or rise. The oil dispersed in the continuous water phase rises
and the water dispersed in continuous oil phase sediments. At the end of the separator, a
weir plate separates the oil flow from the water flow. The water is removed from an outlet
before the weir and the oil is removed from an outlet after the weir. The gas phase is removed

from an outlet at the top, typically after a mist catcher.



Gravity separators are designed to facilitate the separation of the dispersed phase i.e.
oil in water and water in oil from the respective continuous medium. Therefore, inside
the separator, breakage of the dispersed droplets is sought to be minimized, while droplet-
droplet coalescence, which makes droplets grow larger in size, is enhanced®® because larger
droplets rise or sediment faster than smaller ones. Once the droplets reach the oil-water
interface, they merge with their respective continuous medium. The nature of coalescence,
either droplet-droplet or droplet-interface, is determined by the contact time between the
coalescing entities and the rate of drainage of the thin film of the continuous phase in between

the coalescing entities. 2047

Previous work in control-oriented gravity separator modeling

For the purpose of control, models that involve complex computational fluid dynamics (CFD)

18119

calculations are generally not useful because they are computationally too expensive.

Likewise, models that describe the gravity separation phenomenon in a batch process?’ 23
are not directly transferable to industrial-size separation system, such as the one studied in
this paper.

There are a handful of works in control-oriented continuous gravity separator modeling.
A simplified three phase separator model was developed by Sayda and Taylor, ™ in which
they consider two lumped bulk liquid phases. Oil droplets of diameter 500 um are considered
to be dispersed in the water phase at the start of the separator; these droplets separate from
the water phase and move to the oil phase based on Stokes’ law. The droplets that fail to
move to the oil phase continue further into the water outflow. No dispersed water in the oil
phase is considered. Vapor-liquid equilibrium is assumed at the oil surface using Raoult’s
law. Hence, the model can predict oil and gas fractions in the oil phase and oil, gas and
water fractions in the water phase in a dynamic way.

Backi and Skogestad™® developed a dynamic gravity separator model considering a static

distribution of droplet classes, ranging in size from 50 pum to 500 pum. These droplet classes



are considered for the oil droplets dispersed in the water phase as well as the water droplets
dispersed in the oil phase. All water droplets are considered to be located at the top edge of
the oil phase whereas all oil droplets at the bottom edge of the water phase at the start of the
separator. The oil and water phases are horizontally distributed into five control volumes.
In order to calculate the droplet distribution out of each control volume, a comparison
is made between horizontal residence time and vertical residence time of a droplet within
the control volume, where the vertical residence time is calculated using Stokes’ law. The
vertical position of a droplet out of a control volume determines if the droplet merges with
its continuous phase or proceeds further horizontally. No coalescence or breakage of the
droplets is considered. The results show dynamic changes in the droplet distribution in
the two continuous phases at the separator outlet under changes in water level set-point.
This model was extended by [Backi et al.'™* by considering population balance equations to
determine the precise droplet distribution entering the separator. The population balances,
which consider both the coalescence and the breakage phenomena, are implemented on only
a small control volume just before the first of the five main control volumes, thereby ignoring
the coalescence or the breakage phenomena in those five control volumes.

Das et al.*¥ developed a simplified gravity separator model based on a three layer ap-
proximation, where an additional layer called dense-packed layer or emulsion layer is added
in between the water and the oil layers.”* The models discussed above do not consider this
third layer. This layer can occur in some cases due to surface properties imparted by some of
the chemicals, such as asphaltenes present in certain crude oils, which hinder the separation
process.“>"2% This model considers three lumped layers with no spacial distribution and can
describe the oil fraction in all these layers dynamically.

None of the models described above considers the effect of coalescence of droplets inside
the gravity separator. In this paper, we fill the gap of a simplified dynamic model for gravity
separator that includes the important phenomenon of dispersed phase coalescence inside the

gravity separator in a simplified way.



Model description
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Figure 3: Three phase gravity separator divided into control volumes V*!. The control
volumes are indexed by (k,[), where k spans from k = 1 to N, traveling from left to right,
while [ spans from [ = 1 to (N,, + N,), traveling from bottom to top. In this figure, we have
N,=9,N, =2and N, = 3.

Figure [3| shows a schematic of our proposed model and its different elements. The model
considers two zones - an inlet zone and a main separation zone. In the inlet zone, an initial
separation of the fluids into two bulk layers happens, whereas in the main separation zone
the sedimentation of the water droplets in the continuous oil layer and the creaming of
the oil droplets in the continuous water layer happens. When the dispersed droplets reach
the interface, they merge with their respective continuous phase by crossing the oil-water
interface. At the end of the main separation zone, the water layer with the remaining oil
dispersed in it adjacent to the weir exits the water outlet of the separator. The oil with
remaining dispersed water above the interface and just left of weir goes over the weir and is

collected from the oil outlet.

Inlet zone

It is assumed that an initial instantaneous separation of the fully mixed multiphase flow

happens in the inlet zone of the separator, shown by the area in rising tiling pattern in



Figure Due to the initial separation, a fraction +, of net water inflow to the separator
enters the continuous water layer. Likewise, a fraction 7, of net oil inflow to the separator
enters the continuous oil layer, as is also assumed by Backi and Skogestad|.*® The rest of the
oil remains dispersed in the water layer and enters the main separation zone. Similarly, the
water that does not form the continuous water phase remains dispersed in the continuous

oil layer and enters the main separation zone.

Control volumes

To derive the model, the main separation zone is divided into several control volumes indexed
by (k,1) as shown in Figure[3] The discretization we use ensures that the oil-water interface
is not inside a control volume. The water layer, i.e. the volume of liquid below the oil-water
interface is divided into (IV, — 1) equally spaced horizontal sections and N, equally spaced
vertical sections, leading to N, (N, — 1) control volumes. A part of the oil layer (the liquid
volume above the oil-water interface) that is below the weir height, and left of the weir is
divided into (N, — 1) equally spaced horizontal sections and (N, — 1) equally spaced vertical
sections, leading to (N, — 1)(N, — 1) more control volumes. There is one vertical section
and (N, — 1) equally spaced horizontal sections for the part of the oil layer above the weir
height and to the left of the weir plate, which lead to (N, —1) more control volumes. On the
right side of weir, there is one horizontal section and (N,, + N,) vertical sections. Therefore,
we consider a total of N,(NV,, + N,) control volumes in our model. The volume of control
volume (k, 1) is denoted by V1),

Figure [3] also introduces some important notation: F; denotes inlet gas flow, P, inlet

pressure, F! inlet liquid flow, ¢;, inlet water cut in the liquid flow, F?, gas outflow, F,;

u
oil outflow right of weir, h,; total liquid level, hyqrer water level, WCW=1) water cut in oil
outflow, Fiparer water outflow left of weir, OC®™==11 oil cut in the water outflow, P, separator

pressure as well as the outlet gas pressure, V, the volume available for gas phase above the

liquid volume, h,; oil level or total liquid level and A qter water level. The separator volume



is assumed to be a perfect cylinder, and all water and oil cuts and fractions are volumetric,

if not stated otherwise.

Flows through control volume boundaries

We assume that the flows above and below the oil-water interface can be described as inde-
pendent plug flows, largely given by the outflows F,; and F) .., respectively. To obtain the
horizontal flow out of the right edge of a control volume, the total flow out of the layer in
which the control volume exists is scaled by the cross-sectional area of the control volume
normal to the direction of horizontal flow. The horizontal flow out of the right edge of a
control volume is then back propagated to find the inflow from the left edge of the same
control volume such that the total inflow to the control volume equals the total outflow from
the control volume. A special scenario occurs when the oil outflow F,; is lower than the
downward flow through interface, this will lead to a flow in backward direction (or an outflow
from the left side), also known in this work as back flow.

The modeled flows are illustrated in Figure [df We denote convective flows as the mass
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Figure 4: Flows for each control volume in the gravity separator model. Convective flows
(due to bulk motion) are colored in orange. Non-convective (buoyancy-driven) water flows
are colored in green. Non-convective (buoyancy-driven) oil flows are colored in red.

transport due to the bulk movement, while the flows driven by buoyancy are referenced to as

10



non-convective flows. For the control volumes (1,1...(N, + N,)), i.e the ones on the most
left and adjacent to the inlet zone, the inflows from the left edge are decided by the liquid

inflows to the separator. The flow entering the oil layer F?! and the water layer F“! are

F;(;zl = 70(1 - 6in)Fz‘ln + (1 - ’Yw)einF;ln’ (1)

and

‘F?:il - ’yweinﬂln + (1 - ’70)(1 - em)ﬂln' (2)

These flows are scaled by the cross-sectional area of the control volumes normal to the
direction of horizontal flow to obtain the inflows on the left edges of each of the control
volumes (1,1...(Ny + N,)). The convective flows out of the right edge of the control volumes
just left of the weir are considered zero. The convective flows out of these control volumes
are directed downwards if the fluid is below the oil-water interface and upwards otherwise.
The settling velocity of droplets in gravity separators is described by the Stokes’ law,
which gives the terminal velocity of the dispersed phase relative to the continuous phase in
or away from the direction of gravity based on whether the dispersed phase is heavier or
lighter than the continuous phase, respectively. The terminal velocity v, from Stokes’ law is

B Apgd?

s Y 3
T (3)

where g denotes the acceleration due to gravity, d the diameter of the dispersed phase droplet,
Ap the difference between the densities of the dispersed phase and the continuous phase and
1 the viscosity of the continuous phase. From this expression, it is clear that a higher Ap, a
larger d and a smaller p are favorable for a fast separation. In particular, the diameter of the
droplets significantly affects the velocity due to the quadratic term in Eq. [3, which makes the
droplet-droplet coalescence an important phenomenon in a gravity separator. The terminal
velocity given by Stokes’ law Eq. [3]is valid for one single droplet in an infinite continuum,

which is not the case in this model. There are often other dispersed phase droplets in the
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vicinity. Especially for a control volume in the oil layer at the interface, the flow of the
water droplets crossing the top edge of the control volume downwards is given by the area
of downward transfer multiplied by terminal velocity of dispersed water. If we consider a
control volume in the oil layer near the oil-water interface, e.g. (k, N, + 1) and the mass
transfer of water through the interface is low or hindered and we use Eq. 3| to compute
non-convective flow of water downwards at the top edge, it is possible that the water content

in this control volume surpasses 1, which is unphysical (shown in Figure [3)).

l Slow l Fast Unphysical
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Figure 5: Scenarios faced by sedimenting water droplets while entering a control volume

A similar situation can occur in the control volumes just below the oil-water interface,
in which the oil content in those control volumes surpasses 1. To avoid these unphysical
scenarios, we adapted the Stokes’ equation as

wc 7WC’V‘€CE’L‘UE7‘ 3 3
v° (pT> fOl" Water in Oll
_ P

v, = , (4)

OCp—OClrecei o
v° (W) for Oil in Water
p

where v, denotes the adapted terminal velocity, and W Ci.cceiver and OCceeiver Water cut in a
control volume in the oil layer and oil cut in a control volume in the water layer, respectively.
W, denotes phase inversion point in terms of water cut and OC), in terms of oil cut. The
adapted terminal velocity v, for droplets moving out of a control volume (k, 1) is denoted by
v(gk’l). The key consideration in this adaptation is that a higher dispersed phase content in a
control volume results in a lower non-convective flow entering that control volume. Thereby,

a higher water cut in a control volume in the oil layer will have a lower non-convective flow

of dispersed water droplets entering that control volume.
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Number densities of droplet classes

There are Ny droplet classes considered in the model. The droplet classes are identified by
subscript 7. These classes are chosen such that the droplet volume of these classes are integer
multiples of the droplet volume of the smallest base class ¢ = 1, which has a droplet diameter
d4 and volume V, = (%). This choice is governed by the idea that droplets coalesce with
other droplets to become larger droplets that will have volumes in multiples of the volume of
a droplet in the base class © = 1. The droplet class ¢ indicates that the volume of a droplet
in that class is iV and thereby, the diameter of droplets in that droplet class is d4v/i. The
dispersed phases entering control volumes (1,[) are assumed to consist of droplets of the
smallest size d4 i.e. only of droplet class ¢ = 1 for both oil dispersed in water and water
dispersed in oil.

To keep notation light, we use the subscript ¢ to denote the droplet classes in both
continuous phases, that is in the oil layer, the subscript i denotes droplet class for droplets
of water, whereas in the water layer, it denotes the droplet class for droplets of oil. The total
number of droplets of class i in control volume (k,1) is given by Ni(k’l). The corresponding
number density of that droplet class in the control volume is calculated by dividing the

(ki) _ N&D

i—. The partial

densities of the droplets by the volume of the control volume as n;""" = iz

density is defined as

P = D (i) | (5)

where py is the density of the dispersed phase, which is either pure water phase density p,, or
pure oil phase density p,. The total partial density of a dispersed phase in a control volume

can be given as a summation of the partial densities for the Ny droplet classes by
=Ny

k.l k.l
Pl =" p, (6)
=1

where the subscript d denotes the dispersed phase, either water in the continuous oil layer

or oil in the continuous water layer. The vector of stacked number densities for different

13



droplet size classes starting from the smallest to the largest class is denoted by 72*% and the
same for partial densities by p*". The volume fraction of the dispersed phase in a control

volume is
p(k’,l)
W’ =" 7)
Pd

Hence, water cut in any control volume in the oil layer is given by

(k1)
Wtk - 2 (5)

and oil cut in any control volume in the water layer is given by

Droplet-droplet coalescence

The droplet-droplet coalescence is modeled using a set of N,.cqction reactions in order to result
in NV, droplet size classes. The reactions are shown below with each reaction being identified
by a subscript j. The reactions can be expressed in a general form in volume terms with

species expressed as multiples of V4 as

aVa+ BVa 24 (a+ B) Vi, (10)
where,
{a,:a,8€[l,....,(Ng—1)], (a+ B) < Ny} (11)

The reaction rate r; for reaction j is given by

(E), (12)

r; = kqn,,

where the unit of reaction rates is [ﬁ}, « and 8 both are one of the droplet classes. For
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simplicity, we assume that the droplet-droplet coalescence reaction rate constants kg are
same for all the reactions, irrespective of whether the dispersed phase is oil in water or water
in oil, but this assumption can be relaxed if necessary. The parameter k; has a unit of [m;} .
The rates for these N, cqetion reactions stacked in a Npegerion X 1 vector of reaction rates is
denoted by 7. The stoichiometry for the reactions of the Ny droplet classes is stored in a

Ny X Nyeaetion Stoichiometric matrix S using Eq. [10}

Droplet-Interface coalescence

The water droplets in the oil layer just above the oil-water interface can merge with the
continuous water layer, whereas the oil droplets in the water layer just below the oil-water
interface can merge with the continuous oil layer. We assume that there is no backmixing
through the interface, i.e. once a water droplet has entered the continuous water phase,
it remains there. Similarly, once an oil droplet enters the continuous oil phase, it stays
there. Assuming incompressible liquids, we calculate the mass transfer (in volumetric terms)

through the interface as

Qi = Wiy Al WO, (13)
and

Gy = kAL OCHED, (14)
where, qgf;gt’ | denotes water flow from control volume (k,[) across the interface downwards

into the continuous water layer. Similarly, qf,’jf}” denotes oil flow from control volume (&, )
across the interface upwards into the continuous oil layer. The terms £ and k™ denote
mass transfer coefficients with units [m/s|, and A§fj;” the interfacial area that is part of
the oil-water interface associated with the control volume (k,[). The net transfer of mass
through the interface is (qffi’il,)ltj L q(()lifl)”> in the downward direction or (q(()]z??” — qgi’igt, ¢)

in the upward direction.
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Mass balances for dispersed phases

A mass balance for mass of droplets of a droplet class i in a control volume (k,1) is

k,l)

dml(. ’ (kL kel (kL
T = mz(,in) Eou)t + z(gezz - ’E,CO’?’LS’ (15)

- (kl)

where, ml i Y denotes the inflow of mass of droplets in class i into control volume (B, 1), 172 gt

. (kD)
my ,gen

(k,0)

7,cons

outflow of mass of droplets in class i from control volume (k,[), m rate of gain of mass

due to generation of droplets in class 7 in control volume (k,[) and rate of loss of mass
due to consumption of droplets in class ¢ in control volume (k,l). The generation and the
consumption terms are due to coalescence, whereas inflow and outflow terms appear due to
convective flow in the horizontal or vertical direction and non-convective flow in the vertical

direction due to Stokes’ law. Combining Eq. for all the droplet classes in a vector, we

obtain the mass balance of the dispersed phase in control volume (k,[) as

dm®h .
M D D D, (15)
Partial densities of dispersed phase droplet classes
The left hand side of Eq. can be rewritten as
= (k,l) (k1) (k,0)
a7 e dV (17)
dt dt dt ’
which is used to rewrite Eq. as
dﬁ(k’l) 1 - (k l) ( 1) dVW)
— - ’ (k l) (kvl) — 7(kvl)—
dt - V(k’l) My, out + mgen mcons P dt . (18)
(kD) (kD)

As inflow m;, " and outflow m are both made up of convective and non-convective

out

flows, we can expand the expressions for the net flows as

16



B (k:,l) (k l) - (kl k (kD) = (k) = (k)
min out zn ,CONv 1n non—conv | mout,conv + mout,non—conv (19)

( T z(lnC f:onv — (olthl)conv> + (mgs:gon—conv - mgfl’tl,)nonfconv> (20)
= Am c];nlz} + A non conv (21)

Similarly, the terms mgz;? and mel can be related to the coalescence reaction rates as

(D — kDY = (paVa) 1o (SFVED) = RED, (22)

gen cons

where R®V is the rate of gain of mass due to coalescence reactions in control volume (k, 1)
for all droplet classes stacked in a vector, and 1 = [1,2,... ,Nd]T. Here, the operator o
denotes element wise multiplication of matrices.

Using Eq. 21 and Eq. 22]in Eq. [18] we obtain

dptF 1 AV k)
_ A > (k,l) A (k1) (k) =(kJ0)
dt - V (kD) L Lconv + mnon conv T R P —dt . (23)

. (k1)
The derivative Vd is a function of dhw‘“” and d};‘t’”, which can be found in the thesis work

of [Heggheim|

The equations for the control volumes depend on their positioning given by the seven
regions in Figure [0]

For control volumes (1...(N, —2),1...(N, — 1)) (Region I in Figure [6)): These are
the control volumes in the water layer not adjacent to the oil-water interface, excluding the
ones adjacent to the weir. Under normal conditions when no back flow is happening

(k— kil _ kil
NG :p(k 1,l)q( ) _p(k,l)q( ) (24)

conv z,left x,right

(k.1)

will hold, where g, 7., and qgf;?ght denote the rightward flows on the left and the right edges,

xz,

17



g
Gas flow FY at inlet pressure P, Gas flow, F,,

Liquid flow F}, with water cut €, [ ("
—
— P, V,
g g
ANV AN MM
T - xR TT ! é// , ® ]
Y ineegitiacs g s
>

\ ZZe

I \ AN} AN\ »
°®
Normal flow direction
> Water flow, Fgier *— — >

Oil in Water, OC'(N=—1.1) Oil flow, F;
Water in Oil, WC®e1)

Figure 6: Control volume regions with different set of equations

respectively of the control volume (k,[). The term qi’fl’é}t for control volume (1,1) is F!

scaled to the area corresponding to the control volume. The term 514 for control volume
(1,1) is the partial density vector in the feed. The feed flow to the water layer has an oil

volume fraction of
cwl — (1 - '70)(1 - Ein)Filn .
(= 70)(1 =€) FY, 4 ywein F,

(25)

During transient operation and due to disturbances, the flow directions may change, and

this is taken into account by

- —(k— k,l _ k,l _ k.l _ k,l
Amgﬁ;{z) = max (p(k Ll)chz,le)ft7 _p(k—i_l’l)qa(c,ri?qht) — nax (p(hl)q;,m’?ght’ _p(k’l)qa(c,le)ft> : (26)

For the bottom-most control volumes, the term

N _ _ﬁ(k,l)v((lk,l)A(kﬂl) (27)

non—conv top

where Aﬁ’;’,‘) denotes the area of the top surface of the control volume (k, 7). This surface is the
surface through which the droplets of oil travel upwards. There is no positive contribution

in Aﬁl,(ﬁ,’g,com because the bottom surfaces of the control volumes are the separator bottom.
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For the control volumes that are not at the separator bottom, the term

Am(k,l) _ 7(k,l—1)vt(1k,l—1)Al(€1;i)l—1) o ﬁ(k,l)v(k,l)A(kvl) (28)

non—conv a top *

For control volumes (1...(N, —2),N,) (Region II in Figure @): At is identical
to that in Eq. while the term

Aﬁl(k’l) _ ﬁ(k,l—l)v(k,l—l)A(k,l—l) —p q(k,l) (29)

non—conv a top 0Ho,int, 1"

For control volumes (1...(N, —2), (N, + 1)) (Region III in Figure[6): The term

- —(k— k,l — k,l
Amg;}fz; = p(k l’l)qg:,le)ft - p(k’l)qi,rii;ht’ (30)

where qgfl’i)ft for control volume (1, N, + 1) is F? scaled to the area corresponding to the

control volume. An adaptation similar to that in Eq. is also valid for Eq. to account
for backflow in the oil layer. The term p*~*! for control volume (1, N, + 1) is the partial

density vector in the feed. The feed flow to the oil layer has a water volume fraction of

ol __ (1 - ’Yw)einﬂln

ol _ . 31
= = )L + (1= va)enFT, (31)

The term
Al oy = pEHDEHD ATD gD (32)

For control volumes (1...(N, —2),(Ny,+2)...(Ny + N, — 1)) (Region IV in Figure
@: The term A is identical to that in Eq. . The term
Am(k,l) _ p(k,l+1)vék,l+1)A§l;];l) _ ﬁ(k,l)v(k,l)A(klfl)' (33)

non—conv a top

For control volumes (1...(N, —2), (N, + N,)) (Region V in Figure [6): The term
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AmD s identical to that in Eq. The term

Afn(k’l) _ _ﬁ(k,Z)U(k,z)A(k»lfl)

non—conv ~ a top )

(34)

(k1)

non—conv

where there is no positive contribution in Am because the top surfaces of the control
volumes have no water droplets traveling downwards from the top.

For control volumes ((N, —1),1...(N,+ N,)) (Region VI in Figure[f): All entries in
Aﬁzfl’f;ff_cm are assumed 0 as non-convective flows are negligible close to the weir as fluids
have much larger vertical convective flows in directions opposite to the non-convective flows.
The term

DQye ) = pNa2Dg (e il L) L) e (35)

(Nz—1,1
x,top

2 bottom denote top and bottom flows down-

foralll € [1... (N, — 1)], where ¢ ) and ¢
(Ne—

o—10) .
x,bottom for I =1is Fwater- The term

wards, respectively. The term ¢

A 1N = p(Ne=2iNw) g (Tl ) (Nl (e o), (36)

(V.

T (Nl‘flvl)
x,top

x,bottom

1,

In the oil layer, g Y and q flows are upwards. The terms

= (Ng—1,Ny+1) _ =(Ny—2,Ny+1) (Ne—1,Ny+1) —(Nz—1,Nyp+1) (Ne—1,Ny+1)
ATngonv ) = p( ) x,left - p( )Q:z:,top ) (37>

A Ne=10) _ ﬁ(Nm—Z,l) (Nz—1,0) +ﬁ(Nz—1,1—1) (Nz—10)

—(Ng— Nz—1,1
conv qa:,left (V=g ) (38)

q:p,bottom p qx,top )

foralll € [(Ny +2)...(Ny+ N, —1)], and

= (Ng—1,Nw+Np) _ ~(Ng—2,Nuy+No) (Nz—1,Nuw+No) | ~(Ny—1,Nyy+No—1) (Nz—1,Nuw+No)
ATn’cmfv b ’ =P ’ h ’ qm,left +p ’ Y ’ qx,bottom

(39)

Y szlyNw‘i’No
- p( )Foil'
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For control volumes (N,,1...(N, + N,)) (Region VII in Figure [6): All entries in

A B are 0. For control volume (N, N, + N,), the term

non—conv

D, = p* ) Foy — p* Foa, 40)

conv

and for control volume (N,,1...(N, + N, — 1)), the term

An®D — sk kD (41)

conv

Oil level

For the oil level equation, we write a mass balance for the total liquids in the separator.
Since we consider the liquids incompressible i.e. liquid volume is conserved, a mass balance

equation can be replaced by an equation for rate of change of liquid volume V; as

v,
— = I _Fwae’/‘_Fai‘ 42
dt in t l ( )

Using trigonometric relations for the cylindrical geometry of the separator, a relationship

between the liquid volume and the oil level can be established as

dhoil 1 d% . Filn - Fwater - Foil

At 20\ hoa(2r — hou) At 2L\/hon(2r — hog)’

where r denotes the radius of the separator and L the length of the separator.

Water level

An approach similar to that for the oil level equation can be applied to obtain the water

level equation. The rate of change of water layer volume V,, is expressed as

WV b e
e _ le — Fypater + (qi}jﬂzt& - q(()m)tT) ) (44)
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which can be reformulated as

l (k,0) (k,0)
dhwater . FZL?L; - Fwater + qw,int,¢ - qo,int,T

dt 2L (lef_:l> \/hwater (QT - hwat”)

(45)

assuming a perfectly cylindrical tank. Since the separator length for water level calculation

is on the left of the weir, the length L has been shortened by one control volume length using

Ny—1
the factor (N_z> .

Pressure

We assume that the gas phase flashes out completely at the inlet part of the separator and
no reactions take place. A mass balance on the gas then becomes equivalent to a balance on

moles of gas n, inside the separator

dn - in . ou
d_tg = ny — gt (46)

Employing the ideal gas law, we obtain

d Pg‘/g _ PL”E‘?’L PgFgut (47)
d \R,T) \ R,T R,T )’

where R, denotes the universal gas constant and 7" temperature. Since IR, and 7" are assumed

to be constant, this simplifies to

d(P,V,
L) _ (p,F5, - P2, (15)

By applying chain rule to the left hand side, we get

dp,

dV.,
9, p9
a

Vg (e

- (Ranz - PgFgut) ) (49)
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Since the total separator volume, Vi, = V; + V,, is constant, we have ddltg = —%. Inserting
this relationship, we obtain
dP, 1 dv,
— = — | P, F} — P,FS,+P,— |, 50
dt Vq( mn 90ut+ gdt) ( )
which when reformulated using Eq. [42] gives
dP, 1
—L=_ (]Dmﬂi - PgFogut + Pg (Eln - Fwater - Foil)) . (51)
dt Vy

Optimal operation of a subsea separation system

Separation system overview

In this work, we consider a subsea separation system as shown in Figure 7] The well stream

G
Bulk Separation =

Hydrocarbon export

>

Oil

Gravity separator

|

T

Water

d

Na

Well fluids —’@—’ crul| |crud jcFu
—>|HC2 |—>

—>|HC3 |—>

Produced Water Treatment

Choke

Water injection / Rejection

Figure 7: Our simulated subsea separation system.

containing water, oil and gas is fed to a gravity separator, in which a bulk separation into
gas, oil and water phases takes place. The oil and gas streams are combined and directed to

a hydrocarbon export line, while the water stream is further cleaned in three hydrocyclones
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in parallel, before being purified to the final specifications in four compact flotation units.
The purified water is then injected to the reservoir, or discarded into the sea. Below we

describe the different parts of the separation system in more detail.

Bulk separation

In the bulk separation, a multiphase mixture of oil, water and gas undergoes a preliminary
separation into gas, oil and water in a gravity separator. Since this separation is fairly crude,
the concentrations of oil dispersed in water and of water dispersed in oil are relatively high.
The water separated in the gravity separator is cleaned further in produced water treatment
section. The separated gas, the separated oil and rejects from the produced water treatment

are directed into the transport line.

Produced water treatment

In western Europe, discharging produced water containing oil concentrations above 30 ppm
into the sea is not permitted.*” Hence, in our produced water treatment, the water produced
from the bulk separation goes through additional cleaning in hydrocyclones and compact
flotation units. The hydrocyclones reduce the oil concentration in water to below 100 ppm.
Next, the water is further purified in a compact flotation unit, which decreases the oil content
below the discharge limit of 30 ppm.

Hydrocyclone: Inline deoiling hydrocyclones use a swirl element at the inlet of the
hydrocyclone to put the flow into a swirling motion. Because of the angular velocity of the
bulk fluid, the dispersed oil droplets are radially accelerated towards the center. The oil
phase accumulates near the axial center and is removed in a separate flow (overflow, foer)-
The rest of the flow continues into an underflow, finder, as shown in Figure[8] The underflow
is the purified water with an oil concentration below 100 ppm. The overflow is directed into
the export line for transport to the topside or shore.

In the literature for HC modeling, data driven models are more prevalent in comparison to
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fO’U(fT‘

SW]YI Element %Ocover
Oil Droplet
N !
ij:llc <g>‘~_—. —————— T T T ._R:O]:-.- Ri
HC
ppmy, J -
J/h » f under

HC
L PP
Underflow (cleaned water)

Figure 8: Schematic of an inline deoiling hydrocyclone, where L7¢ R,, and R; represent
dimensions. f,,. denotes overflow, f,,4er underflow, Z-ZC water feed flow, ppmﬁc oil con-
centration in water feed, ppm!¢ oil concentration in underflow and %OC,,., percentage of
oil fraction in overflow.

first principles models.”Y However, they are known to be valid in a short range of operating
conditions.” Hence, in this paper, we use a simplified first-principles based hydrocyclone
model developed by Das and Jaschke."

Compact flotation unit: The required level of 30 ppm oil concentration in water can
potentially be attained with HCs. However, it is customary to use another step of water
treatment, such as a CFU, to have added flexibility in the system to handle disturbances
and to ensure an oil concentration below 30 ppm under all circumstances. A schematic of a
CFU is shown in Figure[d] In a CFU, a water feed with dispersed oil droplets first undergoes
a swirl motion, which leads to a fraction of oil getting separated and traveling upwards. The
rest of the water with an oil concentration lower than that in the feed flows downwards and
is contacted with a counter-flowing gas dispersed from the bottom. The gas forms small
bubbles (free bubbles), attach to the downward flowing oil droplets to form loaded bubbles,
and float them to the top. At the top of the CFU, the gas, the oil and some water is removed
in a stream called reject. The purified water exits the separator from the bottom.

In this paper, we used a simplified first-principles based CFU model, developed by Das
and Jischke.®? Other control oriented models for CFUs in the literature are data driven.

Please refer to|Arvoh et al.**|Arvoh et al.’® and |Asdahl and RabeP% for an overview of data
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Figure 9: A schematic of a CFU. fSFY denotes water inflow, ppm$FY oil concentration in
water feed, f,,; processed water outflow, ppmgufU oil concentration in water outflow, ffu

flotation gas inflow at supply pressure P,, frejeet reject flow at pressure PPV having a gas

. . . t . .
volume fraction of o/ and an oil volume fraction of a,;;. The water volume fraction in the

. . t t . . . .
reject flow is anpaze, = (1 — al%% — avy). The CFU is maintained at a pressure of P*V with

a volumetric liquid hold-up of «;.
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driven models for CFUs and their uses.

Case study and set-up

For the simulations, we used the model parameters presented in Table[I} The final discretized
model for the gravity separator consists of N,(N, + N,) = 54 control volumes. Further, we
consider the same N, droplet classes for oil dispersed in water as well as water dispersed in
oil, resulting in NyN,(N,, + N,) = 540 differential equations, describing the change in the
partial densities of the dispersed phase in each discrete cell for each of the Ny droplet classes.

In addition, the equations for g, Ryater and P, lead to a total of 543 model equations for

Table 1: Model parameters for gravity separator

Parameter Symbol Unit Value
Separator length L [m)] 15
Separator radius r [m] 2
Weir height Ruweir [m)] 2
Mass transfer coefficient for water kint [m/s] 0.180217
Mass transfer coefficient for oil kint [m/s] 0.198773
Temperature T [K] 328.5
Universal gas constant R, [J/mol/K] 8.314
Fraction of water flow that enters water layer Y -] 0.602039
Fraction of oil flow that enters oil layer Yo -] 0.99995
Phase inversion point in terms of water cut W, -] 0.7
Phase inversion point in terms of oil cut 0o, -] 0.3
Acceleration due to gravity g [m/s?] 9.81
Density of pure water phase Puw [kg/m?] 1000
Density of pure oil phase Po [kg/m?] 831.5
Molecular weight of gas phase M, [kg/mol]  0.01604
Viscosity of pure water phase o [Pas] 5x 1074
Viscosity of pure oil phase Lo [Pas] 1x1073
Coalescence reaction rate constants kq [m3 /3] 1x1078
Diameter of base droplet class da [wm] 150

# of droplet classes Ny -] 10

# of droplet-droplet coalescence reactions Nycaction -] 25

# of horizontal discretizations N, ] 9

# of vertical discretizations in water layer Ny ] 3

# of vertical discretizations in oil layer N, ] 3
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the gravity separator. Other relevant outputs of the model are water quality given by

ppmigy = OCN==1D 5 100, (52)

and oil quality given by
%Wi0% = WCW=1 x 100. (53)

In accordance to Figure [7} the water flow coming out of the gravity separator is evenly

distributed to three hydrocyclones, such that

F
HC water
HCO T~ water 54
m 3 ? ( )
and

ppmfiC = ppmG. (55)

We consider three identical HCs in our HC system, hence, FI¢ = 3fHC F 10, = 3 funder,

and F,per = 3fover- The total cleaned water outflow from the HCs F),,,4e is then distributed

evenly among the CFUs;

Funder
cry - Junder, (56)

and

ppm$FY = ppmC. (57)

We consider four identical CFUs in our CFU system, hence, FSFV = 4fCFU F . = 4fou,

Freject = 4freject7 and Ffloat = 4ffloat-

Control structure design

We loosely follow the top-down plant-wide control design procedure by Skogestadf*” for
designing the control structure of the separation system. The procedure can be divided into

the following steps:
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Overall operational objective

The main objective of our subsea separation system is to maximize the flow of cleaned water
out of the system. That is, we seek to maximize the operational cost given by J = Fj,
subject to relevant operational constraints. Here, clean water refers to purified water that

adheres to the regulatory emission standards.?”

Degrees of freedom and constraints in the gravity separator

The control degrees of freedom in the gravity separator are the gas outflow FY,, the oil

ut )

outflow F,; and the water outflow Fjg,, such that u®® = [F?,

F,i Fuater]. The inlet
conditions, such as the feed flow rate and the feed water cut are considered disturbances to
the system. The weir height h,.; in the gravity separator is 2 m. Therefore, the oil level
must be above 2 m and water level below 2 m. To keep a safety margin of 0.2 m, we constrain
the oil level h,; to be higher than 2.2 m and the water level Ao to be lower than 1.8 m.
Furthermore, the oil level should be below its maximum possible value 2.5 m as a higher oil
level leads to a poor gas quality and a lower buffer volume for slug handling. We consider
that the separation system is situated around 50 m under the sea level, which translates
into a hydrostatic pressure due to sea water of approximately 5 bar in the vicinity of the
separation system. The well fluids are assumed to enter the gravity separator at a 11.07 bara
pressure. In order to ensure a natural flow to topside, the pressure in the separator should
not drop below a critical flow assurance pressure of 6 bara. Keeping a safety back-off of 2 bar

from the critical flow assurance pressure and accounting for a pressure drop of approximately

3 bar from the feed pressure 11.07 bara, we set the operating pressure P, to 8 bara.

Degrees of freedom and constraints in hydrocyclones

The total flow to the HCs and CFUs is distributed evenly to each unit, therefore the stream
splits are not considered as degrees of freedom. The control degree of freedom in HCs uf1¢

is flow split F'S = Fper/ ﬂ’,{c. The overflow valves in HC are typically designed to operate
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at flow splits in the range of approximately 1-3%.°% To keep a flow split back off of 0.5%, we

constrain the flow split between 1.5% and 2.5%.

Degrees of freedom and constraints in compact flotation units

The control degrees of freedom in CFUs are u*Y = [Fjoar Four Freject). We assume that
the CFUs in our separation system are designed to be operated above 1 bara. At a pressure
of 1 bara, solubility of methane in water is around 15-16 pme] or mg/1.* Since, in our
system, the produced gas as well as the flotation gas is methane, maintaining the CFU at a
pressure any higher than 1 bara will lead to additional losses in the gas transported to the

topside, as at a higher pressure water dissolves more gas. Hence, we choose a CFU pressure

CFU
out

of 1 bara. Further, we constrain the ppm to below 10 ppm. Thereby, we keep a 20 ppm

back-off from the 30 ppm limit, to account for fluctuations in ppmSEY due to disturbances
and imperfect control. A sensor for measuring gas fraction in the reject stream is assumed
to be available that can accurately sense gas fraction in a range of 25-75%. For a method on
gas fraction estimation in reject stream from CFU, refer to Arvoh et al.** We keep a 20%
back-off from both upper and lower limits so as to provide a larger window of accurate gas

fraction measurement around the gas fraction set-point under transient conditions. Hence,

we constrain the a7, between 45% and 55%.

'The ppm contribution of the dissolved gases, such as methane is not counted in the 30 ppm limit of oil
in water.’2?
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Optimal steady state operation

Combining the objective function and the constraints mentioned above results in the follow-

ing steady state optimization problem:

Fout

max
[uGS WHC yCFU]

s.t.  model equations
22m < hyy <2.5m

0 S hwater S 1.8 m

P, =8 bara
1.5% < FS < 2.5% (58)
PYFY — 1 bara

0 < ppmGhY <10

out

0.45 < o' < 0.55

gas

0<a'?<1

oil

0<a <1

water

We consider three different cases of inlet operating conditions. They are presented in

Table 2l Case 1 is the nominal case, which is similar to the 1988 production data from

Table 2: Cases of inlet operating conditions

Variable Case 1 (nominal case) Case 2 Case 3
Liquid inflow £%,, [m?/h] 2124.0 2336.4  2336.4
Water cut in inflow €;,, [%)] 15.0 15.0 16.5

Gullfaks-A field, used by Backi et al.."¥ In Case 2, the total liquid production increases over
that in Case 1 by 10%, which typically happens when a new well is tied-in to an existing

producing well and the entire production is routed through the existing separation system.
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In Case 3, the total production is the same as that in Case 2, whereas the water cut is raised
by 10% from 15% to 16.5%. This indicates that the oil production drops and the water
production rises, which is a typical scenario after some years of production from an oil and
gas producing field.

For each case, we solved the steady state optimization problem described in Eq. 58 The

values for important process variables for Case 1 are presented in Figure [10}

2271.08 m3/h Gas
8 bara Pressure
1641.6 m3/h Gas

2124 m3/h Liquids

3
15% Water Cut . 1852(%1 m.éh
11.07 bara Pressure’ Gravity separator 2.527 Wi .
=
=8
0.7736 m3/h G =
271.9 m3/h . mg/ as | s
264.6 ppm OIW 0.0026 m?*/h Oil |3 3
- 0.63 m®/h Water | S
1 bara Pressure
267.9 m3/h >
19.5 ppm OiW
CFU
Syste
267.235 m>/h
HC system > 10 ppm OIW
] i 4.08 m3/h

1.64% Oil Cut

Figure 10: Optimal steady state solution for Case 1. HC system contains 3 HCs and CFU
system contains 4 CFUs.

The optimal solutions for all the three cases are listed in Table [3, where separation

efficiency for a separator is given by

Purity of outgoing Water> . (59)

Separation efficiency = | 1 — - - -
Purity of incoming water

We observe that the oil level in the gravity separator is always at its lowest value 2.2 m.

As the optimization objective is to maximize the flow of cleaned water, the optimal oil level
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Table 3: Optimization results for different cases

Variable Case1l Case 2 Case 3 Comment
Gravity separator

hoi, [m] 2.2 2.2 2.2 Active constraint
hwater, [m] 1.6341 1.6217 1.5854  Not active constraint
Py, [baral 8 8 8 Constrained
ppm&s 264.56  272.80  251.86

Hydrocyclone

ppmHC 19.51 22.25 25.07

FS 1.5% 1.5% 1.5% Active constraint
Separation efficiency 92.625% 91.846% 90.046%

Compact flotation unit

P Tbaral 1 1 1 Constrained
ppmSEY 10 10 10 Active constraint
ok 0.55 0.55 0.55 Active constraint
Separation efficiency 48.750% 55.046% 60.113%

Fout, [m3/0) 267.235 289.055 319.990  Objective function

% of net water inflow cleaned 83.88%  82.48%  83.01%

is determined by three competing effects - a higher residence time due to a higher level, a
shorter vertical distance to oil-water interface due to a lower level and a higher transfer area
if the level is closer to the center of the separator. In this case considered here, the second
and the third reasons dominate. Similar competing effects are affecting the optimal water
level, but for the operating conditions considered here, the optimal water level is not at a
constraint, but is varying with changing disturbance values.

For a higher liquid inflow (Case 2) or a higher inlet water cut (Case 3), the separation
load increases, which causes the oil concentration in the HC underflow, ppm¢, to rise. The
separation efficiency of the hydrocyclones gets worse, which is then made up by an increased
separation efficiency of CFUs, due to the use of additional flotation gas.

The optimal solutions for gas hold up top in CF'U for all the three cases lie at its maximum

value 0.55. A higher gas hold up at the top in the CFU leads to a lower water hold up at

the top, and hence a lower water loss in the reject stream. At the optimal solution, the

CFU

out 18 active at its upper limit of 10

oil content in the cleaned water from the CFU ppm
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ppm. This is due to two reasons - cleaning the water to below 10 ppm will require additional
flotation gas, which will lead to a higher water loss in the reject stream, and discharging the
highest permissible concentration of oil in the processed water will increase the total flow
rate F ;.

Steady state concentration profiles inside gravity separator: For Case 1, the
optimal steady state distributions of the droplet classes in all control volumes in the gravity

separator are shown as logarithm of the number densities in Figure [I1] As the feed contains
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Figure 11: Dispersed phase number densities in all control volumes in the gravity separator
corresponding to the optimal steady state for Case 1. The weir is indicated by a black line.
The droplet sizes are [150, 189.0, 216.3, 238.5, 256.5, 272.6, 286.9, 300.0, 312.0, 323.2] um.

only the lowest droplet class, all the leftmost control volumes have a relatively high number
densities of small droplets. From left to right control volumes, we notice a reduction of small
and medium sized droplets. This trend is a combined effect of the loss due to droplet-droplet
coalescence and non-convective flow of droplets. In the medium to large droplet classes, the
loss due to non-convective flow is somewhat compensated by the gain due to coalescence.

Hence, the reduction in the number densities from left to right control volumes is not stark,
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especially in the oil layer.

In the water layer, the non-convective flows are relatively large. Hence, we see a continu-
ous drop in the number densities of the medium to large droplet classes, in particular in the
bottom two layers of control volumes. On the other hand, the number densities of the largest
droplet class are relatively high in the control volumes adjacent to the oil-water interface.
This is due to an accumulation of droplets resulting from no loss due to coalescence and a
poor mass transport across the interface. In the oil layer, the water content increases from
top to bottom control volumes due to the non-convective flow and a relatively slow mass
transport of water droplets across the oil-water interface to the continuous water layer.

A similar but inverted trend can be seen in the oil droplets in the continuous water in
the lower half of the Figure |11, However, a trend that is slightly different for the water
layer in comparison to the oil layer is relatively high number densities of the smallest droplet
class well into the rightmost control volumes. This is a result of a slower coalescence, which
happens because the oil fraction entering the water layer in the main separation zone is
much lower than the water concentration entering the oil layer. This is because we assume
that this separator is designed to produce a much cleaner water phase in comparison to
the oil phase as water cleaning is the focus of our separation system. Besides, the sizes
of the control volumes in water layer are larger than those in the oil layer, which makes
the droplets travel longer distances vertically before they cross control volume boundaries
and reach the oil-water interface. From bottom to top control volumes in water layer, the
number densities for all classes increase due to an accumulation of droplets and a relatively
slow mass transport of oil droplets across the oil-water interface to the continuous oil layer.

In the control volumes adjacent to the left of weir, we see an accumulation of the medium
to large sized droplets, as also represented visually in Figure [l This is because of the
droplet-droplet coalescence and no non-convective flows, including no mass transfer across
the oil-water interface. In all the control volumes to the right of weir, the net oil content

is the same as no non-convective flows are considered in these control volumes, however,
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coalescence is still active, as can be seen in the disappearance of the smallest droplet class

from top to bottom.

Overall control structure and suggested pairings

The proposed control structure for the entire separation system is presented in Figure (12|

The control pairings for each of the separators are explained in detail below.

S
s Gravity separator :
0% 1

:
+
;
o
&
o

IO[[OIJI0D |

Figure 12: Control structure for the separation system with decentralized controllers for
each separator. For all the regulatory controllers, it is assumed that the flow controllers are
perfect, meaning there are no dynamics from the flow controllers to the actuators.

Gravity separator: The pressure P, reflects the gas inventory and is constrained for
all conditions. It is controlled using the gas outflow F?,. The water inventory reflected in
hwater 18 NOt active constraint, and should optimally vary under operation. It is controlled
using the water outflow F ... However, to optimally update the level according to the
current operating conditions requires solving the optimization problem whenever the condi-
tions change. This is not desirable for practical applications. Therefore, we propose to keep
it at the nominally optimal set-point. This will result in suboptimal performance. We will

later show that the resulting loss is very small. The overall liquid level h,; is also an active
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constraint, and is controlled by the oil outflow F;. The resulting pairings are

Pg - Fé]uta (60)
hoil — Foib (61>

and
hwater — Fwater~ (62>

Hydrocyclones: We suggest a flow split controller with a set point of 1.5% as found in
the optimization results. This controller adjusts the overflow F,,... In practice, a pressure
drop ratio (PDR) controller with a constant PDR set point is typically implemented“* for
the same and is shown to be equivalent to a flow split controller.”d Since pressures are not
modeled in the hydrocyclone model we use, we simulate the hydrocyclones using flow split
controllers.

Compact flotation units: Based on the optimization results, we choose to control the

variables that lie active at their constraints. These variables are ppm§ /Y, a!% and P“FU.

We propose to pair PYIV and ppmSLY with Fejeqt and Fyioar, > respectively. The remaining

degree of freedom F,,; is used to control the gas hold up at the top ag‘(’};. Hence, the resulting

pairings are

ppmoCuFt'U — Ffloatu (63>
PCFU — Freject7 (64>

and
C(;Oap; — Fout- (65)
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Analysis of the proposed control structure

Adjusting the set points to their optimal values whenever the disturbances change is not
desirable in a real world application. Solving the nonlinear optimization problem in Eq.
every time the operating conditions change is impractical in most real-world applications
due to the increased complexity and necessary hardware. For the disturbances considered
here, the active constraints do not change, and therefore, controlling them at their bounds is
always optimal. As shown in Table [3| there is only one variable not active at its constraint
at the solution of Eq. b8 That variable is water level in the gravity separator, which is
controlled using water outflow from gravity separator Fiq... The optimal nominal value of

huwater 18 shown in Table [3] By keeping hyqier constant at its nominal set-point of 1.6341 m,

Table 4: Loss in objective function value as a result of using the proposed control structure
for different combinations of disturbances

Liquid inflow Filn — Nominal —10%  Nominal = Nominal +10%

Water cut in ¢, | Average loss in Foyut (mB/h)
Nominal —10% 0.0522 0.0319 0.0186 0.0342

Nominal 0.0045 0.0000 0.0033 0.0026

Nominal +10% 0.0067 0.0270 0.0556 0.0298

Average loss in Fuyt (m3/h) 0.0211 0.0197 0.0258 0.0222

we obtained an overall average loss in CFU water outflow F,,; of 0.0222 m?/h compared to
its optimal value, see Table[d] which shows loss as optimal objective function value minus the
objective function value if the set-points for the nominal case are used. Considering that the
optimal flow rate of purified water (the objective) is in the range of 218.63 to 319.99 m3/h
with an average value of 267.05 m?/h, the average loss is 0.0083% of the average cleaned water
flow rate. We consider it a very small and acceptable loss and hence, we conclude that the
control structure is self-optimizing.“?*2 That is, the additional effort required to optimally

update the water level set-point is not justified by the gain in separation performance.
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Controller tunings

We select PI controllers of the form K.(1 + %) for all feed-back control loops shown in
Figure (12, where K. denotes proportional gain for the controller and 7; integral time. The
tunings have been found using SIMC rules by |Skogestad/** and are given in Table [5

Table 5: Controller tunings using SIMC rules

Controlled variable Manipulated variable K. 71 (sec) 7. (sec)
Py [bara] Fyp [m?/s] -1935 20 5
hoit [m] Foy [m?/s] -0.6 400 100
hwater [m] Fyuater [m?/s] -0.0275 8000 2000
PG Fiioat [m3/h] 0.0665 2000 500
PCFU [baral Freject [m3/h] -9.2325 400 100
agh Fout [m® /1] -15.3846 100 25

Closed loop simulation results

In Figures|13|- we show how the system reacts dynamically to changes in inlet operating
conditions, starting from Case 1, and going to Case 2 and then to Case 3 in steps at 4 h and
18 h, respectively. Though step disturbances are unlikely in real applications, we use them
to demonstrate the behavior of the controllers. In addition, we introduce step changes in
the set-points of the oil level and the water level in the gravity separator at 35 h and 40.55
h, respectively in order to demonstrate the behavior of the gravity separator model. Below

we consider results for each separator individually.

Gravity separator

Figure [13] shows the results for the gravity separator. At 2 h, the gas inflow is raised, which
causes the pressure controller to increase the gas outflow. At the transition from Case 1
to Case 2, the throughput is raised. Subsequently, the water in oil and oil in water in the
outlets increase as a higher throughput causes a reduction in residence time for the fluids in
the separator, causing a poorer separation performance. The inverse responses in the oil in

water and water in oil on introduction of Case 2 are due to the fact that the disturbances in
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Figure 13: Closed loop results for gravity separator.

the inlet conditions cause the levels to rise beyond their set-points transiently, which makes
the control volumes to increase in size everywhere in the separator whereas the dispersed
fluids at the inlet take some time to reach the outlet. With the same dispersed phase masses
in the control volumes close to the outlet and increased transient control volume sizes, the
concentration first drops before reaching a new higher steady state later. The slow control
of oil level causes the oil flow to react somewhat slowly, whereas the response in the water
level is even slower due to an even slower control loop.

In Case 3, the inflow of water into the separator increases and that of oil reduces, which
can be seen in the respective outflows as well. This leads to a reduced residence time of
fluids in the water layer and a reduced concentration of oil into the water layer at the inlet.
Overall, we see that the latter is the dominant effect as the oil concentration in the water
outlet decreases. On the other hand, in the oil layer, the residence time of fluids is reduced
and the concentration of water entering the oil layer at the inlet increases, leading to an
increased water concentration in the oil outlet.

The increase in oil level set-point at 35 h causes the separation to get worse. The water
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content in the oil outflow increases due to fewer water droplets getting separated, having to
travel a longer distance to reach the interface. The oil content in the water outflow increases
due to reduced water transport into the water layer across the interface. The oil outflow
increases due to additional water content in it, whereas the water outflow reduces. The water
level set-point is reduced at 40.55 h, which causes the water in oil outlet to drop due to an
increased residence time in the oil layer. The oil in water outlet rises as a reduced residence
time in the water layer dominates over the increased water transport across the interface.
Concentrations profiles in selected control volumes: Figure |14 presents the results
for the concentrations of oil in the water phase and water in the oil phase in selected control
volumes in the gravity separator. For the control volumes from top to bottom in the oil
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Figure 14: Dynamic responses in oil concentration in water and water concentration in oil
in selected control volumes (k, 1) left of the weir in the gravity separator. The water level is
indicated by a blue dashed line dividing the figure in two halves, where the top half represents
the oil layer and the bottom the water layer.

layer and bottom to top in the water layer, we notice an increase in the dispersed phase
concentration. This is a result of an accumulation of dispersed phase due to a poor mass

transport of dispersed phase into its respective continuous phase - a trend that is in agreement
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with Figure [11], especially for the medium to large sized droplet classes. When the inlet
operating conditions change from Case 1 to Case 2, the total liquid inflow increases. This
causes the concentrations of water in oil and oil in water to increase in most of the leftmost
control volumes due to a reduced residence time for separation. This trend continues into
the control volumes to the right as well as in the outgoing liquid streams of oil and water.

In control volumes (4, 1), (4,2), (7,1) and (7, 2), we notice exceptionally pure water. This
is an artifact of the assumptions made. In particular, it is a result of a fast coalescence of
droplets and no droplet breakage. However, the outlet purities of the separator exhibit a
reasonable behavior, and for the purpose of designing a control structure, this is the most
important property. In future work we will modify the model to reflect the concentrations
in the interior more accurately.

On the introduction of Case 3, the water cut increases i.e. the net water inflow rises and
net oil inflow decreases, which causes more water to be dispersed in the oil phase and less
oil to be dispersed in the water phase at the inlet of the separator. Hence, we observe a
further increase in the water content in all the control volumes above the water level. Below
the water level, we observe a reduction in oil concentration in all of the leftmost control
volumes. However, the effect of an increased residence time is prominent in the increased oil
concentration in the control volumes to the right, especially close to the bottom. Overall,
the effect of the reduced oil feed to the water layer dominates, and consequently, we see a
drop in the oil concentration in the water outlet.

The oil level increase at 35 h yields an increased concentration of water in oil phase
due to a larger distance that water droplets need to travel to reach the oil-water interface
to get separated. However, closer to the interface, we notice a small reduction of water
concentration especially in the control volumes in the left. This is due to a reduced number of
water droplets coming from the top having to travel a longer distance and a higher residence
time for separation of water droplets in the oil phase due to a slightly reduced oil flow. But,

towards the right, the accumulation takes over and we see an increased water concentration.
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As a higher water concentration in the oil phase leads to a reduced water transport through
the oil-water interface down to the water layer, the oil concentration increases slightly.

The water level reduction at 40.55 h causes a reduction in the residence time in the water
layer, which causes the oil concentration in all control volumes in water layer, except the
ones at the oil-water interface, to rise due to poorer separation. Due to a higher residence
time in the oil layer, more water is transported to the water layer, resulting in a reduced
oil concentration in the control volumes in the water layer close to the interface. However,
overall, we notice an increase in oil concentration in the water outlet, thereby confirming
the dominance of the effect of the reduced residence time over other effects. As a result
of an increased residence in the oil layer, the water concentrations in most of the control
volumes are reduced. However, in the control volumes next to the interface, the water
concentration rises marginally as an accumulation of the water droplets arriving from the

top edges dominates over the increased water transport across the interface.

Hydrocyclone

Figure |15 shows the results for the HC. The introduction of Case 2 causes an increase in
feed flow as well as in feed oil concentration in water, which implies a higher load on the
HC. The overflow F,,., is adjusted such that it is equal to the product of inflow Ff,fo and
a given set-point (1.5%) for the flow split F,.,/F¢. The oil in water at the outlet rises
due to a poorer separation efficiency. The introduction of Case 3 causes an increase in feed
flow and a reduction in feed oil concentration in water. The increased feed flow causes the
overflow to increase. The resulting response of a higher oil content in the underflow despite
a reduced oil concentration in the inflow is a result of a poorer separation due to a higher
throughput.

The increase of oil level set-point in the gravity separator causes a reduction in the water
flow, with an increase in the oil concentration therein, fed to the HC. This improves the

separation efficiency of the HC and we see a reduced oil concentration in the underflow. The
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Figure 15: Closed loop results for hydrocyclones.

reduction in water level set-point in the gravity separator causes both the flow and the oil
concentration of the water feed to the HC to increase. This affects the separation efficiency

of the HC adversely and the oil content in the underflow rises.

Compact flotation unit

Figure [16| shows the results for CFU. The underflow water from the outlet of hydrocyclones
enter the CFUs. The pressure and the gas hold up top are controlled at constant set-points
using reject flow and water outflow, respectively. The set-point for the gas hold up at the
top is kept at its upper bound of 55%. The flotation gas flow is used as a manipulated
variable to control the oil content in the water at the outlet. This loop is tuned slower than
the other loops because a change in flotation gas inflow acts as a huge disturbance for the
other two loops, which are expected to react quickly to satisfy the operational constraints

on the pressure and the gas hold up at top. In other words, tight control of the pressure and

CFU

the gas hold up top under transient conditions is prioritized over tight control of ppm,,;,
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Figure 16: Closed loop results for compact flotation unit with regulatory control of pressure,
gas hold-up top and ppmSEU.

out

On transition from Case 1 to Case 2, the water inflow and the incoming oil in water
increases, causing a larger load on the CFU. Hence, the need for flotation gas flow increases.
The reject stream is a vent for the gas inventory, hence the reject flow increases too in order
to keep the pressure constant. Due to an increased gas inflow, the gas hold up at the top
rapidly increases before it is brought back to its set point of 55% with an increased water
outflow. A similar trend is observed at the introduction of Case 3 because the nature of the
incoming disturbances are similar.

The increase of the oil level set-point in the gravity separator causes a reduced separation
load on the CFU, which results in a reduced flotation gas usage and hence, a reduced
reject flow. The reduction of the water level set-point in the gravity separator increases the
separation load on the CFU, which increases the flotation gas usage and the reject flow.
Since the water level controller in the gravity separator is tuned much slower than the oil
level controller, the disturbances arriving to the CFU due to water level changes are much

slower. Hence, it takes longer to reject those disturbances in the CFU.

45



In terms of optimal operation, we noticed that the values of the objective function, the
water outflow from CFU for the different cases - 289.05 m3/h for Case 2 and 319.94 m3/h
for Case 3 - are very close to the optimal values reported in Table [3] This is in agreement

with the analysis of the control structure presented earlier.

Discussion

Necessarily, the model developed for the gravity separator has many simplifying assumptions.
The influence of thermodynamics is ignored in the model, which if considered will affect the
chemical compositions in the continuous as well as dispersed parts of the two phases - oil and
water as a function of pressure and temperature in the separator. The gas phase will have a
composition determined by fractions of components that are not dissolved in either water or
oil. Since the pressure in the separator is tightly controlled, it can be assumed constant and
the temperature is given by that of the incoming flow, which also does not change rapidly.
Hence, for most practical purposes, the compositions of the three phases at the inlet of
the separator can be considered constant if there are no fluctuations in the composition of
the incoming well fluids. The inlet compositions will then decide the physical properties,
such as viscosities and densities of the phases. If the physical properties as determined by
thermodynamics are included, the rest of the model will be valid in its current state.

The model also assumes a fixed base droplet size and a finite set of droplet classes, which
will not be true in a realistic setting. The droplet classes will be different and not discrete.
Further, in this model we used a single constant value for the droplet-droplet coalescence
reaction rate constant k;. This rate constant is inversely proportional to the coalescence time
teoar a8 kg < 1/teoq;, which means the lower the coalescence time, the higher the coalescence
rate. Many models from literature assume that the coalescence time is proportional to the

1644145

droplet size, indicating that in real systems, the k; will decrease as the droplets grow

in size. However, the k, values for all droplet classes can, in general, be raised using external
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modules, such as electro-coalescers equipped in separators, or adding chemicals, such as
de-emulsifiers. Lastly, the k; values will be different for dispersed water in continuous oil
and dispersed oil in continuous water and they need to be determined through experimental
investigations, which is beyond the scope of this work.

In this paper, we focused on developing a model that describes coalescence phenomena
in the main separation zone. The model parameters will need to be adapted to experi-
mental data as a next step in this research. Here also model adjustments may be done to
include droplet breakage terms, such that the concentration profiles in the separator are
more realistic.

In the dynamic simulation results, we noticed inverse responses in the concentration
variables in the gravity separators. This response may have been avoided if the levels in
the separator were considered to have a wave that travels through the separator in the axial
direction. However, considering the wave would have made the model much more complex,
hence, a flat level was assumed, as is commonly done in literature. ™3

We presented results for different cases of inlet operating conditions. Our analysis sug-
gests that the set-points of the controlled variables in the separation system do not need to
be changed in order to maintain near optimal operation under changes in inlet conditions.
Hence, we chose to not update the set-points when disturbances arrive. The constant set
point policy (self-optimizing control) results in a very small loss, which is supported by the
analysis of the control structure as well as dynamic simulations for Cases 1-3. Therefore, the
control structure proposed in this paper is able to maintain near optimal operation under
changing inlet operating conditions without having to change the set-points of the important

controlled variables.
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Conclusion

In this work, we developed a coalescence based gravity separator model, which can dynam-
ically predict oil content in water and water content in oil to changes in inlet operating
conditions and set-points for controlled variables. The model considers changes in gas in-
flow, total liquid inflow and water cut in the liquid inflow as disturbances, and separator
pressure, oil level and water level as controlled variables.

Further, the gravity separator model has been used with existing literature models for
hydrocyclones and compact flotation units, to model a subsea separation system that sep-
arates and then purifies water produced in the hydrocarbon production. This separation
system has been used to optimize the process and find a control structure that enables near
optimal operation, where the objective is to maximize water removal through the separation
system under varying inlet operating conditions.

In the optimization results, a detailed analysis of the evolution of dispersed droplet dis-
tribution inside the gravity separator has been presented. The optimal solution for the
nominal case also provided the set-points for the variables that are controlled by the regula-
tory control layer. Thereafter, the closed loop results for each separator are presented and
discussed in detail, along with an extended analysis of the dispersed phase concentration
profiles within selected control volumes inside the gravity separator. The proposed control
strategy has been shown to yield near-optimal operation without the need for a supervisory

RTO layer or changes to the set-points.
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