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Abstract

The purpose of this project was to get an overview of the possibilities there are for subsea
separation of oil and water and establish models for appropriate separators. The aim was
to make the models suited for optimization and control purposes.

Models for a horizontal gravity separator and a co-current, in-line swirl separator
was established and implemented in MATLAB. The models are based on characteristic
droplet sizes and the separation rate is given by the the terminal velocity determined by the
density difference between the dispersed and continuous phase and the frictional force given
by Stoke’s law. The swirl separator is modeled with an inner forced vortex and an outer
free vortex, which determines the centrifugal force on the dispersed droplets as a function
of the radial position.

In addition to oil and water, the models include asphaltene as a third component.
The asphaltene distributions are modeled as simple, linear functions in the direction of
separation. The influence of the asphaltenes on the oil-water separation rate is not included,
but the models are meant to give an estimate for the accumulation of asphaltenes through
a separation system.
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1 Introduction

There is an increasing demand for subsea separation in the oil and gas industry. Subsea
separation allows fields with lower economic potential (e.g. lower reservoir pressures,
deeper waters etc.) than earlier to be used or considered for oil production. The operating
costs are reduced by avoiding the use of energy to pump the produced water to the
surface and rather pump it back down into the reservoir or release it into the sea.
Reduced operating costs prolong the period of time in which production is economically
favorable and thus increase the recovery and economic potential of the field. The need for
large platforms is also reduced and the oil from several smaller reservoirs can be separated
on the seabed before being pumped up to one common topside facility (e.g. platform, FPSO).

With the benefits of subsea separation comes several challenges. The reduced accessibility
leads to difficulties in maintenance and changing out equipment parts. The subsea separators
also have stricter limitations when it comes to size compared to topside separators. The
separators have to be lowered down to the seabed by ship cranes in moving, and sometimes
deep, waters, which makes large processing units undesirable to use. The small sizes of the
separators lead to control challenges due to short residence times and optimization becomes
more vital because of the reluctance to oversize the equipment. In addition, changes in
operating conditions during the lifetime of the field needs to be dealt with, which makes
automation important.

To deal with the separation challenges, it is important to have a good model of the
separation process. For control purposes, this model needs to be simple, but at the same
time accurate. The objective for this project was to develop a model for a oil-water
separation system that can be used for further work regarding optimization and control of
these kind of systems.



2 Separation Theory

This section covers the basic physical principles behind the separation of emulsions and a
short overview of some available compact separation units for subsea oil-water separation.
In addition, a short introduction to how liquid-liquid separators can be modeled by the use
of population balances is included.

2.1 Principles of Separation Theory
2.1.1 Sedimentation

When the dispersed liquid in an emulsion has a density that differs from the density of
the continuous phase, it will sediment or cream due to gravitational forces. A droplet with
density pg and volume V,; in a medium with density p will be exposed to the gravitational
force [6];

Fy = Va(pa—p)g (2.1)

where g is the gravitational acceleration which can be replaced by a greater value if the
driving force is something else than gravity (e.g. swirl separators). The frictional force, F},
on a small sphere moving through a viscous fluid can be expressed by Stoke’s law [6];

Fy = 6murqv (2.2)

where p is the viscosity of the continuos phase, r; is the radius of the droplet and v is the
velocity of the droplet. By combining equation 2.1 and 2.2 the terminal velocity of a single
droplet relative to the medium can be expressed as:

2r2(pa — p)yg (2.3)

v = o

The assumption for Stoke’s law is relatively robust for small volume fractions, ¢g, of the
dispersed fluid, but at higher volume fractions, the interactions between each droplet will
become more dominant and the terminal velocity will be reduced. This can be compensated
for by multiplying the right hand side of equation 2.3 by a correction factor, F(¢g). A
theoretical calculation of this factor is very complicated, but relatively good estimations can
be found experimentally [6] for a given system.

2.1.2 Diffusion

As soon as the separation process starts due to sedimentation there will arise concentration

gradients in the direction of separation. This again will lead to diffusion by Brownian motions

which will have an opposing effect on the separation. The diffusion in an emulsion with a

concentration difference in the x-direction can be expressed by Fick’s 2. law;
dC(t,x) D82C(t,x)

(2.4)

dt 0x?

where D is the diffusion constant for the given system and C(¢,z) is the concentration of
the dispersed phase.



2.1.3 Coalescence

Different droplets will have different velocities caused by sedimentation (i.e. they have
different sizes) and diffusion. This again leads to collisions which may cause them to
coalesce dependent on the kinetic energy of the droplets and the attractive and repulsive
forces between them. The coalescence rate will therefore depend of the nature of the two
phases and will decrease significantly by the presence of surfactants (see section 2.1.4).

It is possible to derive a theoretical expression for the coalescence efficiency [4] for a
given system. This does, however, depend on the interfacial tension of the emulsion which
gets quite complicated for a crude oil-water emulsion as the crude oil composition varies
from one system to another.

2.1.4 Asphaltenes in Crude Oil

Asphaltenes are defined as the fraction of a crude oil that is soluble in toluene and insoluble
in heptane [14]. The insolubility in alkanes will cause the asphaltenes to act as surfactants
in water-oil emulsions, Figure 1, which lowers the interfacial tension and leads to a reduced
coalescence rate. The time required to separate an oil-water emulsion will therefore depend
on the concentration of asphaltenes in the crude oil.

) .
Continuous

water phase

Surfactants

Oil droplet

Figure 1: Surfactants on an oil droplet in a continuous water phase

The asphaltene concentration in a separator will increase with the droplet concentration,
i.e. it will peak at the interface between the continuous oil and continuous water phase as
illustrated in Figure 2. This may lead to accumulation of asphaltenes in the separator as
the out flows are located at the top and bottom of the separator. This is and undesirable
behavior as it leads to reduced separation.

Figure 2: Gravity separator with a oil-in-water emulsion. The red curves represent the qualitative
surfactant concentration through the separator.



2.2 Types of Separators for Subsea Separation

Many types of separators can be used for subsea oil-water separation. Normally there are
several units combined to maximize the degree of separation. This section is meant to give
a short introduction to some of the different types of separators and the pros and cons of
each alternative.

2.2.1 Gravity Separtion Vessels

Traditional gravity separators require large volumes compared to the other alternatives for
a given separation quality. They are therefore not very suitable for doing a large share of
the separation in a subsea separation systems. They are, however, robust and can handle
large amounts of gas together with oil and water. A possible usage of gravity separators
subsea, is letting it do the bulk separation and then use more advanced alternatives to
remove the remaining impurities of the outlet streams.

A second alternative is to have another type of separator (e.g. a pipe separator, see
section 2.2.2) do the majority of the separation first and then use the gravity separator
to complete the separation. A possible reason for doing this is that you cannot have level
control directly on a pipe separator and it therefore becomes difficult to split the oil from
the water even if you have two separate phases. This application of a gravity separator is
used for the SSAO Marlim Project |7].

2.2.2 Pipe Separators

Pipe separators do gravity driven separation of oil and water. They differ from traditional
gravity separators in that they are much longer and thinner. This results in shorter distances
for each droplet to travel in that the interface between the bulk phases is closer to the pipe
wall and thus the separation rate is significantly increased. The small pipe diameter also
lead to an increased relative interfacial area between the bulk phases for the droplets to
pass through [3].

Pipe separators can have turns like the illustration in Figure 3. This leads to a
centrifugal force being introduced in parts of the separator which again leads to an increased
separation rate in these regions.

@ - )

Figure 3: Pipe separator with two turns with radius R; and Ry resulting in centrifugal forces being
introduced.

The short diameters of the pipe separators result in higher Reynolds numbers and a greater
tendencies to turbulent flow. Increased turbulence counteracts separation and can therefore
be a problem for pipe separators. It is thus critical to keep the gas content as low as possible
, e.g. have a gas/liquid separator upstream of the separation pipe.



2.2.3 In-Line Swirl Separators

There exists many types of separators using centrifugal forces as the main driving force.
Centrifugal forces can be introduced by external work, the flow entering tangential on an
arched wall or with a static swirl element in the pipe. In-line swirl separator use the latter
technology. The flow enters the separator and passes a static swirl element equipped with
vanes that deflect the flow so it gets a swirling flow pattern 9] as illustrated in Figure 4.
The centrifugal force introduced can easily be a hundred times larger than gravity [9] and
will therefore increase the separation rate significantly.

Figure 4: Swirl element. The flow enters the separator and a static swirl element introduces an
angular velocity causing the fluid to have a swirling flow through the separator.

In-line swirl separators can be divided into two main categories. Counter-current swirl
separators [1, 13| have the light- and heavy phase exiting in the opposite directions, while
co-current swirl separator [11, 9] have both phases exiting in the same direction. This is
illustrated in Figure 5.

oil 1
Oil-Water Water Oil-Water _
Emulsion g Emulsion

Figure 5: In-Line Swirl Separators. Left: Co-current. Right: Counter-current.
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2.2.4 Electrostatic Coalescer

Electrostatic coalescers are used to increase the size of the water droplets in a continuous oil
phase and are typically applied on the oil outlet of upstream separation units to treat the
remaining water. There is an electrostatic field across the unit, which causes the the water
droplets to coalescence by migration and dipolar coalescence [10]. Migration is a process
where charged droplets are pulled by the applied electric field causing them to colloid.
The droplets can possess electric charges due to preferential adsorption or contact with
the electrodes. Dipolar coalescence takes place as a result of the droplets being polarized
by the electric field. This gives rise to attractive forces between them which pull them
together and hence increase the coalescence rate. These coalescence principles requires a
dielectric continuous phase and a polar dispersed phase, which means it can only be applied
for emulsions where the oil is the continuous phase.

The electrostatic coalescer increases the droplet size which makes further separation
much easier. It is typically the smallest droplets that remain unseparated after the initial
separation and in order to achieve very low water concentrations without using enormous
volumes, a electrostatic coalescer might by necessary. The coalescer will typically be placed



upstream of a gravity separator that separates the enlarged water droplets out of the
emulsion [2].

2.3 Separation Models Based on Population Balances

The principles of separation described in section 2.1 can be combined to make a model for
any given separator. Most real emulsions are polydisperse (i.e. they have non-uniform drop
size distributions) which leads to different sedimentation velocities and affects the diffusion
and coalescence. The drop size distribution will change during the residence time in the
separator due to coalescence and this again makes it necessary to use a population balance
in order to get an accurate model.

A model based on a population balance for water-oil separation in a gravity driven,
batch separator has been developed by Grimes, B. [4]. The model requires the basic physical
parameters of the emulsion (e.g. densities, viscosity etc.), the interfacial tension, the
physical dimensions of the separator and the initial drop size distribution of the dispersed
phase. In addition, it has four tuning parameters that can be used to fit the model to
experimental data. The model shows good agreement with experimental data even with
minimum use of the fitting parameters [5]. The simulation time is, however, 6-10 hours and
it is reasonable to believe that this time will increase for more complicated systems (e.g.
continuous processes, swirl flow etc.). It is therefore desirable to have a simplified model for
these kinds of separation systems.

3 Model Description

This section describes models for a gravity and a co-current swirl separator by the use of
characteristic drop sizes. These models are significantly simplified compared to models based
on populations balances. This reduces the accuracy of the models, but may be useful for
applications where lower simulation times are desirable.

3.1 Horizontal Gravity Separator

The model for the horizontal gravity separator is based on the method described by Sayda
and Taylor [8]. It is assumed that the inlet flow is a continuous water phase with oil droplets
and that the flow pattern is plug flow through the separator. The oil droplets move upwards
and join the continuous oil phase before exiting through the top outlet and the purified water
exits through the bottom outlet, see Figure 6. There is left an empty space in the upper part
of the separator where a gas-model and a gas outlet can be added if desirable. Or, the oil
level can be sat as the total hight of the separator if there is no gas content in the incoming
flow.

P de
o Oil phase
Water phase
‘ } G

Figure 6: Horizontal gravity separator



The horizontal velocity of the oil droplets, vy, is assumed to be equal to the surrounding
water phase and can be described by;

_ (ijsep (31)

where V,, is the volume of the water phase, ¢, is the volumetric flow rate of the bottom outlet
and Ly, is the length of the separator. The vertical velocity, v,, is assumed to follow Stokes’
law as described in section 2.1.1, hence it is given by;

_ 29(po - pw)r?i (3 2)
T '

where g is the gravitational acceleration (~-9.8 m/s?), p, and p,, are the densities of the oil
and water phase, p,, is the viscosity of water and r, is the characteristic droplet radius.

Uy

Complete separation occurs as long as the vertical velocity is sufficiently large compared
to the horizontal velocity, see Figure 7. The angle, ¢, of the longest droplet path to the
oil-water interface is defined as:

Q= arctan(v—v) (3.3)
Un

Vh
Water phase

LseD

Figure 7: Horizontal gravity separator with complete separation. The diagonal line between the
pure water and oil-in-water emulsion represent the longest distance an oil droplet has
to travel to the oil interface.

If the volumetric flow rate is increased from the situation in Figure 7, some of the oil will still
be unseparated when it reaches the end of the separator. By doing a hypothetical extension
of the separator, complete separation would occur at a length L; > L., as illustrated in
Figure 8.

Figure 8: Left: Horizontal gravity separator with incomplete separation. The three sections are
pure oil/ oil-in-water emulsion/ pure water as in Figure 7.
Right: Cross section of the separator at the length L.



The section with oil-in-water emulsion i Figure 8 is represented by S1 = S2 + S3. The
volume of this section is given by the difference between the cylinder segment defined by R,
Ly and h and the cylindrical wedge defined by R, L; and ¢;. The volume of section S1 can
be expressed as;

(3.4)

. _ _ . 3
Ve = R2L, [9 — 0.5sin(20) — 3sin(f) — 30cos(0) — sin (9)}

3(1 — cos(0))
where R is the radius of the separator and Lq,  (equation 3.6) and ¢; (equation 3.3) are

defined in Figure 8. Similarly, the volume of section S2, Vg», is the difference between the
cylinder segment given by R, L and h and the cylindrical wedge given by R, L and ¢;.

, 3sin(6y) — 301cos(0y) — sin3(6)
_— 2L$6 0 - . 20 - .
Vo = R*Lge, [ 0.5sin(26) 30— cos(0))) (3.5)
The angles, 6 and 6; are defined by;
0; = arccos |1 — ha (3.6)
T R .
and L; and h; are given by:
hy = Lgeptan(ey) (3.7)
h
= — 3.8
' dan(e) )

The volume of the unseparated emulsion Vg3 = Vg1 — Vg, This leads to an explicit expression
for the volume fraction of the unseparated emulsion, ¢, as shown i equation 3.9. Hence, the
flow rate of oil droplets crossing the oil-water interface, ¢s, (i.e. the separation rate) is defined
in equation 3.10.

- sz Ly > Lse
€= Vet e (3.9)
07 Ll S Lsep
Gs = (1 = €)dojn = (1 — ) (1 — we)din (3.10)

Where ¢,y is the inlet flow of oil and we is the water volume fraction of the inlet flow.
The unseparated emulsion at the end of the separator has a volumetric flow, ¢,s defined in
equation 3.11 and a water volume fraction equal to the one in the inlet flow. This flow will
undergo turbulence at the end of the separator and exit through the outlets as illustrated
in Figure 9. If the bottom outlet is located at the hight 2, and the top outlet at z;, the
fraction of ¢,s exiting through the top outlet,f;, is assumed to be given by equation 3.12.
The quality of this assumption depends on the geometry and structure of the outlets, but it
gives a reasonable estimation of the composition of the out flows as a function of the level
of the oil-water interface, h.

hi — z

ft - (Zt — h) + (hl —Zb>

(3.12)
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Figure 9: Horizontal gravity separator with incomplete separation. The three sections are pure
oil/ oil-in-water emulsion/ pure water as in Figure 7.

It is assumed that that the asphaltene concentration increases lineary from the bottom of
the of the separator to the oil-water interphase due to the increasing amount of droplets (see
section 2.1.4). Tt is also assumed that a given fraction, «, of the asphaltenes will go into the
continuous oil phase. Hence, the volume fraction of asphaltenes in the oil, z,,, and water,
Zqw are defined by equation 3.13 and 3.14 as illustrated in Figure 10.

v,
Lago = O 3.13
Sag 319

Tow(2) = (1 — a)a’ 22 (3.14)

h VZiq

Where V;, is the total volume of asphaltenes in the separator, Vj;, is the total liquid volume
and h is the height of the water phase. The constant a scales the expression so the average
volume fraction of asphaltene in the water phase is (1 —«a)V,/V,,. If h = R, then a ~ 3. The
asphaltene model is included in order to make it possible to track the asphaltenes through
a separation system. It is, however, not very accurate and should be improved for further
work with the model.

An optional, third outlet stream, ¢,,, is included in order to make it possible to
control the the surfactant concentration in the separator. See Figure 10. For this stream
to have any effect, it is essential that the oil-water interface is located close to the middle
outlet.

Figure 10: The red curve represent the asphaltene concentration as function of the height at the
end of the separator. The three sections are pure oil/ oil-in-water emulsion/ pure water
as in Figure 7.

If the unseparated liquid flow , ¢, is large than the third outlet flow, ¢,,, the unseparated
flow going out of the top and bottom outlet, ¢/, will be defined as:



The mass balance for the continuous water phase can then be formulated as the volumetric
balance in equation 3.16. The assumption made here implies that the density of the inlet
flow is equal to the density of the combined outlet flows. Note that this is not a component
balance, but a balance for the entire water phase, including the dispersed oil droplets.

dVy,

BV i — s — fol. — Gon — G 3.16
o = din—d fedis — Gm — @ (3.16)

Where V,, is the volume of the water phase, ¢;, is the total inlet flow rate, ¢, is the
separation rate (equation 3.10), ¢, is the unseparated flow rate (equation 3.15) of which
the fraction f; (equation 3.12) exits through the top outlet and ¢,, and ¢, are the flow rates
out of the separator through the middle and bottom outlet, respectively.

Similarly, the volumetric balance of the continuous oil phase can then be expressed
as;
av, ,
=qs — |G — f1q 3.17
o = s = de — frdus] (3.17)
where V, is the volume of the continuous oil phase and ¢; is the flow rate through the top
outlet.

3.2 Swirl Separtor

The model for the co-current, in-line swirl separator is based on similar principles as the
gravity separator. The main difference is that the gravitational force is replaced by a
centrifugal force caused by the swirling flow. The model is described for oil droplets in a
continuous water phase, but only small changes are needed for the opposite situation (i.e.
water-in-oil emulsion).

The inlet stream passes the swirl element and flows through the separator with a
swirling flow pattern. The density difference between the oil droplets and the continuous
water phase causes the droplets to be pushed in towards the center of the separator. See
Figure 11. At the end of the separator there is light phase outlet (LPO) with radius R; < R
where the inner fraction of the flow is extracted while the the liquid outside of this radius
continues and exits through the heavy phase outlet (HPO).

Swirl Element

Oil droplets - j

Inlet Flow — :
In water

—

Pure water

Figure 11: The inlet flow is separated by centrifugal forces to the light phase outlet (LPO) and
heavy phase outlet (HPO).

The droplets are assumed to have an axial velocity equal to that of the surrounding
continuous phase and the axial flow pattern is assumed to be plug flow. The axial velocity,

10



Vg, of any droplet in the separator is then defined as;

Qin
Vg =

- TR?

(3.18)

where ¢;, is the inlet flow rate and R is the radius of the separator. The residence time of
the droplets in the separator, t,, is given by;

ty=— (3.19)

where L is the length of the separator. The radial velocity, v,(r), of any droplet can be
found by replacing the gravitational acceleration, g, in equation 2.3 with the centrifugal
acceleration a.. It is assumed that a. >> ¢ so that the gravitational acceleration can be
neglected. The radial velocity is then given by;

2(po — puw)raac(r)
I

v (1) = (3.20)

where r is the distance from the droplet to the center of the separator, p, and p, are the
densities of the oil and water, u,, is the viscosity of water and r4 is the characteristic droplet
radius. The centrifugal acceleration is defied as;

a.(r) = (3.21)

where v; is the tangential velocity of the fluid. The initial assumption is that the swirl flow
has a solid body rotation which means that the angular frequency w is independent of the
radial position, r. It is also assumed that the angular frequency just downstream of the swirl
element, wy, is proportional to the axial velocity at the swirl element and therefore also the
volumetric flow, as stated in equation 3.22. This implies that the drag force is assumed to
be proportional to the velocity of the liquid. This assumption should be robust when the
Reynolds number is low, but can get inaccurate if the Reynolds number is too high.

Where k is a constant determined by the geometry of the swirl elemen. It is reasonable to
assume that the angular frequency will decay down the separator. Slot [9] has modeled the
angular frequency, w(z), as a function of axial position as in equation 3.23. For this work,
however, the decaying factor, Cgecqy, is neglected. The angular frequency is then independent
of the axial position as in equation 3.24.

w(z) = wye ™ Cdecav/2R (3.23)

w(z) = wo (3.24)

Where 7z is the axial coordinate.

The initial assumption of the tangential velocity was that the entire swirl flow had a
solid body rotation. However, the drag force from the pipe wall causes the tangential
velocity of a swirling pipe flow to have a distribution similar to that of the Rankine vortex
[9], see Figure 12. The initial assumption can then be improved by dividing the tangential
velocity into two regions;
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(3.25)

2mrw, 0<r<R,
vy(r) =
2rRw, R.<r<R

where R, is the radius of an imagined core with solid body rotation. Experimental data for
oil-in-water emulsions give a rough estimate for R, ~ 0.25R [9].

Vt(r) -

-1 -R | R RI R 1
c/R 0 c/ r/R

Figure 12: Tangential velocity , v, as a function of radial position r in a swirl separator with
radius R. Solid line: Used approximation, Dashed line: No drag from wall, Dotted
line: Rankine vortex.

Considering a droplet entering the separator at the radial position » = r;, and axial position
z = 0 and exiting the separator at r = r.,q and z = L. By setting the axial residence time,
t, equal to the radial residence time, t,, this can be written as:

Tend d ta

/ - / dt (3.26)
Tin UT(T) 0
If r;;, > R, and r.,q < R, it can be rewritten as:
R, T

< dr end
— =1, 3.27
[ et wm (320

An explicit expression for r;, can be derived by combining equation 3.27 with equation 3.20,
3.21 and 3.25:

2(po — pu)r? 2 _ pe
Tin(Tena) = Reexp (—%(Zmﬂ%a + %;—RQC) (3.28)

If the axial flow pattern is plug flow, the flow rates out of the separator are simply functions
of the radius of the inner- and outer pipe;

. Ri\* .
qLro = (E) Yin (3.29)

qupo = (1 — (%>2> in (3.30)

where ¢rpo and ¢gpo are the volumetric flow rates at the light- and heavy phase outlet,
respectively. R; and R are the radius of the inner- and outer pipe, while ¢;, is the volumetric
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flow rate at the inlet of the separator. The variables are shown in Figure 11.

If repg = R; in equation 3.28, all the droplets that were inside of the radius r;, at
the inlet, will be inside of the radius R; at the end of the separator and thus be located in
the LPO. This is, however, only valid if the cylindrical continuous oil phase that is formed
in the center of separator has a smaller radius than the inner pipe. When the the continuous
oil phase is wider than the inner pipe, the redundant oil will exit through the heavy phase
outlet. The two situations are illustrated in Figure 13.

Figure 13: Cross section of the pipe separator at z=L. The separated oil droplets have formed a
continuous oil phase (grey) in the middle of the separator. The inner pipe (red) has
a radius R;. Left: The radius of the inner pipe is sufficiently large compared to the
continuos oil phase so that all the separated oil exits through the LPO. Right: The
radius of the inner pipe is too small compared to the continuous oil phase, resulting in
some of the separated oil exiting through the HPO.

It is assumed that the volume fraction of oil is homogeneously distributed at the inlet of
the separator, z = 0. By setting r.,q = R; in equation 3.28, the volumetric flow rate of oil,
do.LP0, in the LPO can be expressed as;

2 2
Tm(Rz')] 1 — - [M} 1 — ;. ; — g
QO,LPO — |: R ' ( wC)Qma R ( wc)Qm < grpro Ga,LPO (331)
qrLPO — Ya,LPO; else

where ¢, 1po is the volumetric flow rate of asphaltenes in the light phase outlet.

A very simple model for the asphaltene distribution has also been implemented. It is
assumed that the concentration of asphaltenes decreases linearly with the radius and reaches
zero at the pipe wall as shown in Figure 14. The volume fraction of asphaltenes at the
outlet 4 ¢nq(r) is therefore given by;

Taend(T) = 3Tain (1 - %) (3.32)
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Figure 14: The red curve represent the asphaltene concentration as a function of the radial position
in the separator at the length z = L.

The volumetric flow rate of each of the three components can now be defined for both outlets.
The volumetric flow rates of asphaltenes ¢, rpo and ¢, mpo are derived by integrating the
volume fraction in equation 3.32 and are given in 3.33 and 3.34, respectively.

. R;| .
da,LPO = ZLaq,in [3 - QE} qrro (3.33)
Ja,HPO = TainGin — qa,LPO (3.34)

The volumetric flow rate of oil exiting through the LPO is already defined in equation 3.31.
The redundant oil, ¢, gpo, will exit with the heavy phase and is defined by:

QO,HPO = (1 —we — xaﬂn)din - QO7LPO (335)

The water exiting through the light-, ¢, rro, and heavy phase outlet, ¢, mpo, is simply
defined as the difference between the total flow rates and the flow rates of oil and asphaltenes:

Guw,.PO = 4L.PO — Go,LPO — {a,LPO (3.36)

Guw,HPO = qHPO — Go,HPO — (a,HPO (3.37)

It is worth noting that unless the ratio (%)2 is equal to the oil/water ratio in the inlet
flow, you will reach a maximum value for the purity of either the LPO or the HPO even at
complete separation. This problem can, however, be fixed by manipulating the ratio between

the two outlet flows by introducing a pump or a valve on one of the outlet flows.

4 Results

This section is meant to give an overview of how the modeled separation performance is
affected by different disturbances. Both models are discussed separately and in a combined
system. The models are described in section 3 and the corresponding Matlab codes are given
in Appendix A.

4.1 Gravity Separator

The performance of the separator is highly dependent on the nature (e.g. densities,
viscosities, interfacial tension etc.) of the incoming fluid. There are also a significant
variations in the physical properties of reservoir fluids for different oil fields and several
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parameters must be known or assumed in order to do a simulation. The parameters in Table
1 are used in the simulations performed for this work and is meant to represent a typical
crude oil-water emulsion from an oil field. The characteristic droplet size is the value that
has the most influence on the performance of the separator. Typical initial droplet radiuses
for crude oil-in-water emulsions are found in literature to be in the magnitude of 25 um
[9, 13]. The characteristic droplet radius is a parameter that gives a good estimation of the
separation rate and will be greater than the average initial droplet radius due to coalescence
of droplets in the separator. The characteristic droplet radius used for the simulations in
this work i sat to 250 pm, which is also used for similar simulations performed by Sayda et
al. [8]. This value might be high compared to a typical system and will therefore lead to
low residence times required for good separation. The impact of changing the characteristic
drop sizes is discussed further in section 4.1.1.

Table 1: Physical properties of the emulsion in the gravity separator

Symbol Description Value  Unit
rq Characteristic droplet radius 250 m
Do Oil density 900  kg/m?
Pu Water density 1000 kg/m?
Lo Viscosity of water (60 °C') 0.467 mPa-s

Tqin Volume fraction of asphaltene in crude oil 0.025 —
we Volumetric water cut 0.5 —
« In equation 3.13 & 3.14 0.1 —

The physical dimensions of the separator are listed in Table 2.

Table 2: Physical dimensions of the gravity separator

Symbol Description Value Unit
R Radius of separator 0.75 m
L., Length of separator 4.6 m
2 Top outlet location 1.3 m
Zm Middle outlet location 1.0 m
2 Bottom outlet location 0 m

The system was simulated with the nominal state described in Table 3. The levels of the two
phases was controlled by Pl-controllers paired with the top and bottom out flows to make
the system stable. The flow rate of the middle outlet is set manually, but have been changed
by the same factor as the feed rate for the simulations described below (i.e. manuel ratio
control).

Table 3: Nominal state of gravity separator

Symbol Description Value Unit
Gin Feed rate 0.47 m3/s
G Top outlet volumetric flow rate 0.24 m3/s
Gm, Middle outlet volumetric flow rate  0.01  m?3/s
b Bottom outlet volumetric flow rate  0.22  m?/s
h Water phase hight 1 m
hs Hight of total liquid 1.4 m
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A 5 % step change in the feed rate (and middle outlet flow rate) was introduced at the
time t = 10 s. The modeled impurities of the outlet flows are shown in Figure 15. As
expected, the impurities of top and bottom outlet increases with the increased feed rate.
This is caused by the increased horizontal velocity of the droplets, while the vertical velocity
(i.e. sedimentation velocity) is unchanged. The water content of the middle outlet stream
is unchanged. That is a consequence of the model regarding the unseparated section of
the water phase, referred to as S1 in section 4.1, as a homogenous emulsion and does
not consider accumulation of droplets on the oil-water interface. The real behavior may
therefore differ from the simulated response shown in Figure 15.

There is a rapid change in the asphaltene content of the top- and bottom outlet.
The increased flow rate causes the droplets near the interface to be pushed out through
the outlets and with them comes the asphaltenes that are adsorbed on the interfaces. This
causes the total amount of asphaltenes in the separator to be reduced, which again leads to
less asphaltenes solved in the oil phase and the system slowly approaches a new steady-state.
The modeled behavior of the asphaltenes is greatly simplified, but the response seems to
agree with the initial idea about asphaltene accumulation in the separator for high degrees
of separation.

Water in Top Outlet

Asphaltenes in Top Outlet

0.06
—_ —  0.02f 1
L 0.04 J L
= — 0.018} 1
2 <
<~ 0.02 * 0.016} 1
0 : : ‘ ‘ 0.014 ‘ ‘ ‘
0 10 20 30 40 50 0 50 100 150 200
time [s] time [s]
Water in Middle Outlet Asphaltenes in Middle Outlet
1 ‘ ‘ ‘ ‘ 0.12 ‘ ‘ ‘
X X
€ 05 g 0.1
><g ><m
0 ‘ ‘ ‘ ‘ 0.08 ‘ ‘ ‘
0 10 20 30 40 50 0 50 100 150 200
time [s] time [s]
Oil in Bottom Outlet x 10~ Asphaltenes in Bottom Outlet
0.03
T 0.02 T J
o o 4}
=° 0.01 =<®
0 ‘ ‘ ‘ ‘ 2 ‘ ‘ ‘
0 10 20 30 40 50 0 50 100 150 200
time [s] time [s]

Figure 15: Simulated response of a 5 % increase in feed rate. The left hand side are the water and
oil impurities of the outlet streams. The right hand side show the asphaltene content
of each outlet stream.

Another simulation was performed by doing a 5 % reduction in the feed rate. The degree of
separation is improved, see Figure 16, due to the increased residence time of the droplets.
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The improved separation leads to an increased asphaltene content near the oil-water interface
as can be seen from the composition of the middle outlet flow. The asphaltenes will in reality
increase the stability of the emulsion and hence reduce the separation rate. The stabilizing
effect of the asphaltenes is neglected in the model and this may lead to an overestimation of
the degree of separation. In order to get an accurate model for this phenomena, experiments
on the effect of asphaltenes on the separation rate is required.
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Figure 16: Simulated response of a 5 % decrease in feed rate. The left hand side are the water and
oil impurities of the outlet streams. The right hand side show the asphaltene content
of each output stream.

The model shows a behavior that seems reasonable, but it needs verification in form
of comparison with experimental data. The main questions to be answered is how the
characteristic droplet size can be correlated to known properties of the inlet emulsion, and
how the asphaltenes are distributed in the separator, and how they affect the separation
rate.

4.1.1 Impact of Characteristic Drop Size

As mentioned earlier, the choice of the characteristic drop size has a huge influence on the
modeled performance of the separator. To demonstrate this, the steady state values of
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the unwanted phase in the top and bottom outlets are presented in Table 4 for different
characteristic drop sizes. The separator is modeled as described by Table 1, 2 & 3, except
for the declining characteristic droplet radius, r4. The separation decreases significantly
with 74 and there is almost no separation when r4 = 100 pm (the inlet water cut i 50 %).
Keep in mind that 100 um is not a very small radius for a droplet in this kind of system.
Having a method for predicting the characteristic drop size therefore becomes vital in order
for the model to accurately predict the separation performance. The effect of other physical
parameters on the separation efficiency is listed in Appendix B.

Table 4: Impact of characteristic drop size on separation

Char. droplet radius [gm] Oil in bottom outlet [vol%] Water in top outlet [vol%)]

250 2 4
200 12 17
150 29 27
100 42 35

4.2 Swirl Separator

The physical parameters of the swirl separator are listed in Table 5. The dimensions of
the separator are chosen based on being able to handle the bottom outlet of the gravity
separator described in section 4.1. The proportionality constant, k, between the angular
frequency and the volumetric flow rate is sat to 160 ;j;f ;j This corresponds to a maximum
angular velocity of about 6 times the average axial velocity, and is based on the same ratio
measured by van Campen et al. in a similar experimental setup [?].

The desirable ratio between the inner pipe, R;, and the outer pipe, R, depends on
the operational objective of the separator. It is assumed that the main objective for the
separator is to purify the water phase in the heavy phase outlet, HPO. It is then necessary
to have a split ratio between the LPO and HPO (Split Ratio—(R;/R)?) that is greater then
the maximum inlet volume fraction of oil. This is to avoid that the cylindrical continuous
oil phase is wider than the inner outlet pipe. The concept is explained with Figure 13 in
section 3.2. The split ratio is sat to 0.03, which means that the HPO can be completely free
of oil for inlet flows with oil volume fractions up to 3 %.

Table 5: Physical parameters of the swirl separator

Symbol Description Value Unit
L, Length of separator 4.6 m
R Radius of separator (outer pipe) 20 cm
R; Radius of inner pipe (LPO) 3.5 cm

k Proprtionality constant (equation 3.22) 160 j;j;i //j

It is reasonable to believe that the oil droplets in the bottom outlet of the gravity separator
is in the lower section of the droplet size distribution. The characteristic droplet radius of
the swirl separator is therefore sat to 10 % of the value used for the gravity separator. The
properties of the inlet fluid are listed in Table 6, the properties that are unchanged from to
the gravity separator can be found in Table 1.
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Table 6: Physical properties of the emulsion in the swirl separator

Symbol Description Value Unit

Td Characteristic droplet radius 25 wm
Tain Volume fraction of asphaltenes in inlet 0.0038  —
Zo,in Volume fraction of oil in inlet 0.02 -

The swirl separator was simulated for an increasing inlet flow rate. The oil volume fractions
in the two outlets are presented in Figure 17. The degree of separation increases as a
result of the increasing centrifugal acceleration. The centrifugal acceleration is highest at
the radius of the "solid body rotation" core, R., and increases from about 50 times the
gravitational acceleration, g, for the lowest flow rate to about 300 g for the highest. This is
in the expected magnitude for this kind of separator [9].

The LPO flow reaches a maximum oil content at 0.22 m3/s as a result of the fixed
split between the two outlet flows. This unwanted behavior, motivates the desire to
manipulate the ratio between the LPO and HPO flow rates. This implies that there will be
a gradient in the axial velocity field around the radius of the inner pipe and the behavior of
the fluid will become even harder to predict.

LPO HPO
0.8 T T 0.018 T

0.016¢

0.014¢

0.012¢

0.01¢

0.008 ¢

0.006 ¢

Oil volume fraction [-]
Qil volume fraction [-]

0.004

0.002¢

0.1 0.15 3 0.2 0.25 0.1 0.15 3 0.2 0.25
q, [mss] 4, [mss]

Figure 17: The volume fraction of oil in the light- (left) and heavy- (right) phase outlet versus the
inlet volumetric flow rate.

4.2.1 Effect of the Flow Rate on Separation

The model gives increased separation for increasing inlet flow rates. This seems reasonable
as the swirl flow is driven by the flow through the swirl element. It is, however, likely
that there will be a point where the damaging effect of the high flow rate becomes more
dominant than the positive effects. This section discusses how deviations from the model
assumptions can effect the predicted separation.
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The model assumes a linear relationship between the volumetric flow rate and the
angular frequency (equaltion 3.22). The linear relationship corresponds to the drag
coefficient being inversely proportional to the Reynolds number. A Moody diagram, which
verifies this assumption for low Reynolds numbers, is attached in Appendix C. This
correlation is, however, not valid for high Reynolds numbers. It is hard to determine the
behavior of the fluid around the swirl element, but an investigation of how a non-linear
relationship would affect the separation has been executed.

The red curve on the left hand side in Figure 18 shows the relationship between the
angular frequency and inlet flow rate with the original assumption. The blue curve shows a
constructed relationship where the constant , k, in equation 3.22 is replaced by a decaying
factor. The right hand side shows the relative radius r;,/R, from equation 3.31, which is a
measure for the degree of separation. The simulations show that the degree of separation
reaches a maximum for the non-linear situation. Complete separation can still be reached,
but the length of the separator will have to be increased. Which of the two cases that
represent reality best for the respective flow rates is hard to say, but could be determined if
the right experimental data becomes available in the future.

40 " " 1 SK—k—k
% .
*  Linear * *  Linear *
. ] 0.9 )
35 - Non-linear " * - Non-linear |
* 0.8f *
= *
% 30 » T *
g * c 07 *
3 25 . * = *
* 0.6} . *
20 ¥ 05} " *
e S S R
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15 : : 0.4% : :
0.1 0.15 3 0.2 0.25 0.1 0.15 3 0.2 0.25
q,, [m™/s] q,, [m™/s]

Figure 18: Effect of angular velocity on degree of separation. Left: Linear and non-liner
relationship between angular frequency and volumetric flow rate. Right: All droplets
that are within the radius r at the separator inlet will exit at the LPO. r/R is thus a
measure for the degree of separation.

4.3 Combined System

A simulation was done were the two separators described above were combined by having
the bottom out flow of the gravity separator as the inlet to the swirl separator. The flow
diagram is presented in Figure 19. This configuration is meant to remove as much oil and
asphaltenes as possible from the produced water in order to make it suitable for re-injection
or release. Since the gravity separator is designed only to do the bulk separation, the oil rich
product will contain significant amounts of water. This impurity can be reduced by having
another swirl separator on the top and middle outlet of the gravity separator, but is not
included for these simulations.
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Figure 19: The bottom product from the gravity separator is sent to the swirl separator where
the remaining oil is removed and recombined with the light phase.

The same 5 % step change in the inlet flow as in section 4.1 was introduced to the combined
separation system. The response can be seen in Figure 20. The increasing separation
capacity of the swirl separator for increasing flow rates counteracts the decreasing
performance of the gravity separator. This results in an oil free heavy phase product, see
graph of oil volume fraction versus time in Figure 20. This result is highly dependent on
the correctness of the assumption about the linear relationship between the angular velocity
and the inlet flow rate. If this assumption is inaccurate, it may result in a decreased purity
of the heavy phase product as discussed in section 4.2.1.

The two bottom graphs show that most of the asphaltenes exit with the combined
light phases, which seems reasonable as it contains most of the droplets. Low asphaltene
concentrations in the produced water will in many cases be desirable to avoid re-injecting
or releasing large amount of asphaltenes to the sea.
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Figure 20: The response of the system for a 5 % increase in inlet flow rate. Left: Combined oil
rich product, qr. = ¢ + g¢m + qr.po. Right: Water rich product, g po.
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5 Conclusion

The modeled separators give reasonable responses to changes in the input parameters (e.g.
flow rate, droplet size etc.). They do, however, require that these parameters are known
for that particular system. The characteristic drop size is hard to estimate and other
parameters (e.g. viscosities, densities etc.) will change during the life time of the oil field.
Considering the simplicity of the models, they seem to give plausible predictions of the
behavior of the respective separators.

The swirl separator model gives increased separation for greater inlet flow rates. This seems
reasonable as the rotation is driven by the flow through the swirl element. On the other
hand, it is likely that the separation efficiency will reach a maximum where the damaging
effect of the high flow rate becomes more dominant on the separation than the increased
centrifugal force. Finding this turning point is vital for optimization purposes and should
be possible to do through experiments.

Both models are rather simplistic estimations of the real world and the accuracy will

have to be evaluated based on experimental data, or through comparison with a more
advanced model with known robustness and accuracy.
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A MATLAB Code

A.1 DMain Script

The main script solves the system of differential and algebraic equations given by the function
separation.m for the desired input variables and plots the calculated response of the system.

clear all
clc

$Notation for variable a:

%a —Fixed value, da/dt=0 (M=1)

%a0 — Guess for variable,0O=x(j)—a (M=0)
%$ai — Initial condition ,da/dt=eq. (M=1)

% Gravity Separator
Vwi=5.76; Voi=1.21; L10=1; L20=1.4; Llsp=1l; L2sp=1.4;

elinti=0; e2inti=0;gin=0.335;eps0=1; gtO0=gqin/2—0.005;gb0=gin/2—0.005;
Vob0=0;Vwt0=0;gqm=0.01; Vwm0=0; Vai=0.1;Vab0=0;VvVat0=0.003;Vam0=0.1;
$——Swirl separator for bottom outlet
Vol0=1;Voh0=0;9g2h0=0.06;9210=0.03;Vai0=0.001;Vao0=0.001;

[
°

x0=[Vwi,Voi,L10,L20,Llsp,L2sp,elinti,e2inti, gin, eps0,qgt0, go0,Vob0,Vwt0, ...
qm, Vwm0, Vai, Vab0,Vat0, VamO. . .
Vol0,Voh0O,g2h0,9210,Vai0,VvVaoOl];

M=zeros (length (x0));

M(1,1)=1;

options = odeset ('Mass',M);

%$Calculate steady state at complete separation
[T,X]=0del5s (@separation, [0 10000],x0,options);
x0=X (end, :);

%$New nominal steady state

x0(1,9)=0.47;

[T,X]=0odel5s (@separation, [0 1000],x0,options);
x1=X(end, :);

clc

[T1l,X1]=0delb5s (@separation, [0 10],x1,options);
x2=X1 (end, :);

%$Introducing a step

x2(1,9)=1.05%x2(1,9);

x2(1,15)=1.05%«x2(1,15);

[T2,X2]=0delb5s (@separation, [10 200],x2,options);
X=[X1;X2];

T=[T1;T2];

gin=X(:,9);9t=X(:,11);gb=X(:,12) ;gqm=X(:,15) ; Vwm=X (:,16) ;Vam=X(:, 20) ;
Vwt=X(:,14);Vat=X(:,19);Vob=X(:,13);Vab=X(:,18);
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wc=0.5;

gHPO=X (:,23) ;qLPO=X(:,24) ; VOLPO=X(:,21) ; VoOHPO=X (:,22) ;VaLPO=X(:,25);
VaHPO=X (:,26) ;

figure (1)

subplot (321)

plot (T, Vwt)

ylabel ('x_{w,t} [—]")

xlabel ('time [s]"'")
title('Water in Top Outlet ")
axis ([0 50 0 0.07 1)

subplot (323)

plot (T, Vwm)

ylabel ('x_{w,m} [—]")

xlabel ("time [s]')

title('Water in Middle Outlet ")
axis ([0 50 0 1 1)

subplot (325)

plot (T, Vob)

ylabel ('"x_{o,b} [—]")

xlabel ('time [s]"'")

title('0Oil in Bottom Outlet ")
axis ([0 50 0 0.03 1)

subplot (322)

plot (T,Vat)

ylabel ('x_{a,t} [—]")

xlabel ('time [s]")
title('Asphaltenes in Top Outlet ')
axis ([0 200 0.014 0.0221)

subplot (324)

plot (T, Vam)

ylabel ("x_{a,m} [—]")

xlabel ('time [s]"'")

title('Asphaltenes in Middle Outlet ')
axis ([0 200 0.08 0.121])

subplot (326)

plot (T, Vab)

ylabel ('x_{a,b} [—]")

xlabel ('time [s]"'")

title('Asphaltenes in Bottom Outlet ')
axis ([0 200 0.002 0.0067])

figure (2)

subplot (221)

$Combined light phases: gL

glL=gt+gqm+gLPO;
gol=(l—-Vwt—Vat) . xgt+ (1—Vwm—Vam) . xqm+VoLPO . gLPO;
gal=Vat.xgt+Vam.xgm+VaLPO. *gLPO;

VolL=qgoL./qL;

Val=gal./qL;

subplot (321)
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112 plot (T, glL)

113 xlabel ('time [s]')

114 ylabel ('Flow rate [m"3/s]"'")

115 title ('Combined light phases, g L')

116 subplot (322)

117 plot (T, gHPO)

118 xlabel ('time [s]'")

119 ylabel ('Flow rate [m"3/s]"')

120 title('Heavy phase, g_{HPO}")

121 subplot (323)

122 plot (T, VoL)

123 xXlabel ('time [s]')

124 ylabel ('Oil volume fraction [—]")

125 subplot (324)

126 plot (T, VoHPO)

127 xlabel ('time [s]')

128 ylabel ('Oil volume fraction [—]")

120 subplot (325)

130 plot (T,Val)

131 Xlabel ('time [s]')

132 ylabel ('Asphaltene volume fraction [—]")
133 subplot (326)

134 plot (T, VaHPO)

135 xXlabel ('time [s]')

136 ylabel ('Asphaltene volume fraction [—]")
137 %%

138 clc

139 [T1l,X1]=odel5s (@separation, [0 10],x1,options);
140 x2=X1 (end, :);

141 x2(1,9)=0.95%xx2(1,9);

142 x2(1,15)=0.95%x2(1,15);

143 [T2,X2]=0del5s (@separation, [10 200],x2,options);
144

145 X=[X1;X2];

e T=[T1;T2];

147

148 gin=X(:,9);gt=X(:,11);gb=X(:,12) ;qm=X(:,15) ;Vwm=X(:,16) ;Vam=X(:,20);
149 Vwt=X(:,14);Vat=X(:,19);Vob=X(:,13);Vab=X(:,18);
150 wc=0.5;

151

152 figure (3)

153 subplot (321)

154 plot (T, Vwt)

155 ylabel ("x_{w,t} [—]")

156 xlabel ('time [s]')

157 title ('Water in Top Outlet ')

158 axis ([0 50 0 0.07 1)

160 subplot (323)

161 plot (T, Vwm)

162 ylabel ('x_{w,m} [—]")
163 xlabel ('"time [s]")

164 title('Water in Middle Outlet ')
165 axis ([0 50 0 1 1])

166

167

168 subplot (325)

169 plot (T, Vob)

170 ylabel ("x_{o,b} [—]")
171 xXlabel ('time [s]')
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title('Oil in Bottom Outlet ')
axis ([0 50 0 0.03 1)

subplot (322)

plot (T,Vat)

ylabel ('x_{a,t} [—]")

xlabel ("time [s]')
title('Asphaltenes in Top Outlet ')
axis ([0 200 0.014 0.022])

subplot (324)

plot (T, Vam)

ylabel ("x_{a,m} [—]")

xlabel ('time [s]"'")

title('Asphaltenes in Middle Outlet ')
axis ([0 200 0.08 0.127)

subplot (326)

plot (T, Vab)

ylabel ('x_{a,b} [-]1")

xlabel ('time [s]')

title('Asphaltenes in Bottom Outlet ')

axis ([0 200 0.002 0.006])

clc

[T1l,X1]=o0delb5s (@separation, [0 10],x1,options);
x2=X1 (end, :);

x2(1,9)=1.0%x2(1,9);

x2(1,15)=1.0%*x2(1,15);

[T2,X2]=0delbs (@separation, [10 200],x2,options);
X=[X1;X2];

T=[T1;T2];

gin=X(:,9);9t=X(:,11);gb=X(:,12);gm=X(:,15) ;Vwm=X(:,16);Vam=X(:,20);
Vwt=X(:,14);Vat=X(:,19);Vob=X(:,13);Vab=X(:,18);
wc=0.5;

gqHPO=X (:,23) ; qLPO=X(:,24) ; VoLPO=X(:,21) ;VoOHPO=X(:,22);ValPO=X(:,25);
VaHPO=X (:,26) ;

figure (1)

subplot (321)

plot (T, Vwt)

ylabel ('x_{w,t} [—]")

xlabel ('time [s]"'")
title('Water in Top Outlet ')
axis ([0 50 0 0.07 1)

subplot (323)

plot (T, Vwm)

ylabel ("x_{w,m} [—]")

xlabel ('time [s]"'")

title('Water in Middle Outlet ')
axis ([0 50 0 1 1)

subplot (325)
plot (T, Vob)
ylabel ('x_{o,b} [—]")
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232 xlabel ('time [s]"'")

233 title('Oil in Bottom Outlet ')

234 axis ([0 50 0 0.03 1)

235

236 subplot (322)

237 plot (T, Vat)

238 ylabel ('x_{a,t} [—]")

239 xlabel ('time [s]'")

240 title('Asphaltenes in Top Outlet ')
241 axis ([0 200 0.014 0.022])

242

243 subplot (324)

244 plot (T, Vam)

245 ylabel ('x_{a,m} [—]")

246 xlabel ('time [s]'")

247 title ('Asphaltenes in Middle Outlet ')
248 axis ([0 200 0.08 0.12])

249

250 subplot (326)

251 plot (T, Vab)

252 ylabel ('x_{a,b} [—]")

253 xlabel ('time [s]"')

254 title('Asphaltenes in Bottom Outlet ')
255 axis ([0 200 0.002 0.006])

256

257 figure (2)

258 subplot (221)

250 %Combined light phases: gL

260 gL=gt+gm+gLPO;

261 gqol=(l—-Vwt—Vat) .xqgt+ (1-Vwm—Vam) . xgm+VoLPO. xqLPO;
262 gal=Vat.xgt+Vam.xgm+VaLPO.xgLPO;

263 VoL=qgoL./qL;

264 Val=qgaL./qL;

265

266 subplot (321)

267 plot (T, glL)

268 xlabel ('time [s]"')

260 ylabel ('Flow rate [m”3/s]')

270 title('Combined light phases, g L")
271 subplot (322)

272 plot (T, gHPO)

273 xlabel ('time [s]')

274 ylabel ('Flow rate [m”3/s]')

275 title ('Heavy phase, g_{HPO}")

276 subplot (323)

277 plot (T, VoLl)

278 xlabel ('time [s]'")

279 ylabel ('Oil volume fraction [—]")
280 subplot (324)

281 plot (T, VoHPO)

282 xlabel ('time [s]'")

283 ylabel ('Oil volume fraction [—]")
284 subplot (325)

285 plot (T,Val)

286 xlabel ('time [s]'")

287 ylabel ('Asphaltene volume fraction [—]")
288 subplot (326)

289 plot (T, VaHPO)

200 xlabel ('time [s]"'")

201 ylabel ('Asphaltene volume fraction [—]")
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A.2 Separation System Function: separation.m

The function separation.m contains the equations of the models for the gravity- and swirl

separators.

function DXDT=separation (t, x)
%$Notation:

%Vi: Total volume of phase i

%Vij: Voulume fraction of i1 in stream j
$x13=Vi]

$Subscript: t=top outlet, m=middle outlet, b= bottom outlet

Q

% a=asphaltene, w=water, o=o0il

[

5 Gravity Separator

%$Gravity separator dimension
lsep=4.6; %m

Rsep=0.75;
Vsep=pi*Rsep”2*lsep;

%$Defining variables

Vw=x (1) ;

Vo=x(2) ;

h=x(3) ; $Level 1
L2=x(4); $Level 2
Llsp=x(5)
L2sp=x(6)
elint=x (7
e2int=x (8
gin=x(9);
am=x (15) ;
Va=x(17);

5);
6);

)i
).

4

$Physical parameters

rd=250%«10"—6; $m” 3
rhoo=900; $kg/m”3
rhow=1000;

muw=0.467+«10"—3; S%SPaxs

qin0=0.335; $m”*3/s
qt0=0.5* (gin0—qgm) ;
gb0=gin0—qt0;

wc=0.5;

sc=0.025;

vv=(2/9)*9.81* (rhow—rhoo) *rd”2/muw;
vh=lsepxwcxgin/Vw;

phil=atan (vv/vh);
hl=lsepx*tan(phil);
ll=h/tan(phil);
theta=acos (1—h/Rsep) ;

thetal=acos(1—hl/Rsep) ;
VS1l=Rsep”2x1lx (theta—0.5%sin (2xtheta)—. ..

(3*sin(theta)—3*thetaxcos (theta)—sin (theta)"3).

/ (3* (1—cos (theta))));
VS2=Rsep”2xlsepx* (theta—0.5xsin (2+theta)—. ..
(3*sin(thetal)—3*thetal+cos (thetal)—sin(thetal)
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/(3% (1—cos (thetal))));
if 11>1sep

eps=1-VS2/VS1;
else

eps=0;
end

%$Controller

el=Llsp—h;

Kcl=—1;

tauil="70;

e2=L2sp—L2;

Kc2=—1;

taui2=70;

qb=gqb0+Kclx (el+elint/tauil);
qt=qgt0+Kc2+* (e2+e2int/taui?2) ;

ft= (hl —B) / (h1-B+T-h) ;
if h>T

display ('Unseparated in top outlet')

return
end

%$Mass balances
gol=epsx* (1l—wc) xgin;
gwl=eps*wcx*qgin;

go2=(l—eps)* (l—wc) xgin;
if (gol+gwl) <gm
qol=0;
qwl=0;
else
gol=gol— (1-wc) xgm;
awl=gqwl—wcx*gm;
end

dvwdt=gin—gb—qo2—gm—ft* (qol+qwl) ;
dVodt=go2— (gt—ft* (gol+qwl)) ;

xab=0.9x3%xVa/Vw;
xat=0.9%«3*Va/Vw;
qaot=0.1x (Va/Vo) *
gam=0.9*3*Va/Vwxqgm;
dvadt=scx (1—wc) rgin—qgam. . .
—qaot—xabx (1—ft) x (gol+gwl)

resl=(Rsep”2/2)
* (2xacos (1— h/Rsep
—(Vw) /1lsep;
res2=(Rsep”2/2)
* (2xacos (1— L2/Rsep)
—(

Vo+Vw) /1lsep;

%$Purities
Vab=xab* (1—ft)  (qol+gwl) /gb;
Vat= (xatxft* (qol+gwl) +gaot) /qt;
Vam=0.9x3*Va/Vw;

(gt—ft* (gol+qwl));

%$Continouos water phase

%$Continouos oil phase

$A in unsepatated oil to bottom
%A in unsepatated oil to top

%A solved in oil phase

$Assuming h=M
%$Asphaltenes (A)
—xat*xftx (gol+gwl) ;

in— A in gm

—sin (2+«acos(l—h/Rsep))) ...

sin(2+xacos(1—L2/Rsep))) ...
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Vob=(1—ft) xgol/gb;

Vwt=ft*qwl/qt;

if (gol+gwl) <gm
Vwm=1—Vam;

else
Vwm=wc;
end
$———Swirl separator for bottom outlet
R20=0.2;
Lsw=2;
Split=0.03; $glightpase/qgin

R2i=sqrt (Split) *R20;
rds=0.1xrd; %25+x10"—6;

Rc=0.25%*R20;
va=gb/ (pi+*R20"2) ;

k=20;

w=kx*va; %angular frequency of core
g2i=Split=*qgb; %$Light phase out flow
gzo=gb—qg2i; %$Heavy phase out flow
%$Asphaltenes

Vai=(3—2xR21i/R20) *Vab;
Vao= (Vabxgb—Vai*g2i) /q20;

%$Separation

ta=pixR20"2+Lsw./gb;

alpha=2/9* (rhoo—rhow) *rds”"2/muw;

r=Rc*exp (—alphax (2+pixw) "2+xta+ (R21"2/Rc™2—-1)/2);

if r>R2o0
r=R20;
end
%011
Voi=(r/R20) "2+Vob*gb/q2i;
if Voi>1
Voi=1l—Vai;
end

Voo= (Vob*gb—Voixg2i) /q20;

oe

% Gravity Separator

DXDT (1)=dVwdt; DXDT (2)=dVodt; DXDT (3)=resl; DXDT (4)=res2;
DXDT (5)=0; DXDT(6)=0; DXDT (7)=el; DXDT (8)=e2; DXDT(9)=0;
DXDT (10)=x(10)—eps; DXDT(11l)=x(1l1l)—qgt; DXDT (12)=x(12)—qgb;
DXDT (13)=x(13)—Vob; DXDT (14)=x(14)—Vwt;DXDT (15)=x(15)—qm;
DXDT (16)=x(16)—Vwm; DXDT( 7)=dVadt; DXDT (18)=x(18)—Vab;
DXDT (19)=x (19)—Vat; DXDT (20)=x (20)—Vam;

—— Swirl separator for bottom outlet

DXDT (21)=x(21)—Vo0i;DXDT (22)=x(22)—Vo00;DXDT (23)=x(23)—g20;
DXDT (24)=x(24)—g21i;DXDT (25)=x(25)—Vai;DXDT (26)=x(26)—Vao;
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DXDT=DXDT"';

A.3 Swirl Separator Script

The swirl separation script was used to calculate the separation efficiency for different flow

rates.

%% Swirl Separator

R20=0.2;

Split=0.03; $glightpase/qgin
R2i=sqgrt (Split) *R20; %$Inner Radius

L=2;

gb=0.1:0.01:0.25; $Flow rate, m™3/s
Vob=0.02; $Inlet volume fraction
Vab=0.0038;
rd=25+«10"—6; m” 3
rhoo=900; $kg/m”3
rhow=1000;

muw=0.467x10"—-3; $Paxs

o
5

Rc=0.25%R20;

va=gb/ (pi*R20"2) ;

k=20;

w=k*va; $Correlation used in model
w2=27Txva.xexp (—2.8*gb) ; $Alternative correlation

ac=(2+pixw*Rc) ."2/Rc;
vtmax=2*pi*wxRc;

o

g2i=Split«qgb; $Light phase outflow
g2o0=gb—q21i; %$Heavy phase outflow

o

ta=pi*R20"2*L./gb;

alpha=2/9«% (rhoo—rhow) »xrd"2/muw;

$Inlet radius of separated droplets

r=Rc*exp (—alphax (2+pixw) . "2.xta+ (R2i"2/Rc"2—-1)/2);
%$Inlet radius for alternative w(q)

r2=Rcxexp (—alpha* (2«pi*w2) ."2.xta+ (R21"2/Rc*2—-1)/2);

for i=1l:length(r)
if r(i)>R2o0
r (i)=R20;
elseif r2(i)>R2o0
r2 (i) =R20;
end
end
Voi=(r/R20) ."2%Vob.*gb./q21i;
Vai=Vabx* (3—2xR21/R20) ;
for i=1:1length (Voi)
if Voi(i)>1
Voi (i)=1—Vai;
end
end
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Voo= (Vob.*gb—Voi.*qg2i) ./q20;

%% Plotting Separation Efficiency

subplot (121)

plot (gb,Voi)

xlabel (' _{in} [m"3/s]")
ylabel ('0Oil volume fraction
title('LPO")

subplot (122)

plot (gb, Voo)

xlabel (' _{in} [m"3/s]")
ylabel ('0Oil volume fraction
title ('HPO'")

%% Separation Efficiency fo Alternative w(qg)

subplot (121)

plot (gb,w, "rx");

hold on

plot (gb,w2,'.");

ylabel ('"\omega [rad/s]")
xlabel ('q {in} [m"3/s]")

[=1")

[=1")

legend ('Linear', '"Non—linear')

subplot (122)

plot (gb, r/R20, "r+"');
hold on

plot (gb,r2/R20,"'.");
ylabel ('r/R [—]")
xlabel (' _{in} [m"3/s]")

legend ('Linear', 'Non—linear')
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B Effect of Fluid Parameters on Separation

The effect of changing the physical parameters of the incoming fluid to the gravity separator
on the quality of the top and bottom outlet flows are summarized in Table B.1-B.3. These
parameters will differ from field to field and may change during the life time of a specific oil
field. The bold rows represent the values used in the simulations in section 4.

Table B.1: Impact of characteristic drop size on separation

Char. Droplet Radius [um| Oil in Bottom Outlet [vol%| Water in Top Outlet [vol%|

250 2 4
200 12 17
150 29 27
100 42 35

Table B.2: Impact of density on separation

Pw — Po |kg/m?3| Oil in Bottom Outlet [vol%| Water in Top Outlet [vol%|

50 20 22
80 6 11
100 2 4
120 0 0

Table B.3: Impact of water viscosity (temperature) on separation

Water Viscosity (Temp.)[mPa-s] Oil in Bottom Outlet [vol%]| Water in Top Outlet [vol%)|

1.0 (20 °C) 22 23
0.65 (40 °C) 9 14
0.47 (60 °C) 2 4
0.36 (80 °C) 0 0
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C Moody Diagram

The Moody diagram shows the relationship between the friction factor, wall roughness and
Reynolds number for a pipe flow and is presented in Figure C.1. The non-linearity at high
Reynolds number can have an impact on the angular velocity in swirl separator.
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Figure C.1: The Moody diagram gives the relationship between the friction factor and the

Reynolds number for a flow through a pipe. Adapted from a Virginia Tech homepage
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