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Abstract

This work focuses on modeling and simulation of three phase compact subsea pipe separators for oil and

gas applications. Pipe separators use the same principles as that of gravity separators, i.e, the density

difference between the phases and the gravitational forces to attain separation. Although the phenomena

like coalescence and the droplet breakage are common, for the purpose of simplicity, it is assumed that

these phenomena do not occur. The main modeling principle used to describe the oil droplets rising from

the water phase to the interface and the water droplets settling from the oil phase into the interface is

given by Stokes’ law, which gives the rising and settling velocities of the droplets in the phases. It is

assumed that the gas enters the separator and immediately flashes out, and hence no liquid droplets are

assumed in the gas phase and vice versa.

Nonlinear dynamic equations were derived for the water level, total liquid level and for the pressure of

the gas in the system based on the inflow and outflow dynamics and were implemented in MATLAB

Simulink using subsystem blocks for each model. The equations were nonlinear due to the geometry of

the separator. A static droplet size distribution was assumed for a set of droplet size classes. Based on

the horizontal and the vertical residence times of the droplets in the separator, the volume of dispersed

water leaving the oil phase and the volume of dispersed oil leaving the water phase were evaluated.

Consequently, the separation efficiency was evaluated both for the removal of oil from the water phase

and for the water from the oil phase.

Three PI controllers were employed to control the level of water, total liquid level and gas pressure in

the system. The PI controllers were tuned and tuning parameters were obtained using open loop step

response method and the SIMC tuning rules.

Simulations were carried out for the gravity separator to compare the separation efficiency for different

initial separation values at the beginning and towards the end of the reservoir lifetime. The simulation

parameters were taken from [1,2]. Additionally, the separation efficiency of the horizontal pipe separators

was analysed in comparison to the gravity separators. The performance of a pipe separator for various

diameters was studied. In addition to this, the efficiency of separation was analysed for two different

cases of parallel pipe separator arrangements.

i
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INTRODUCTION

1 Introduction

The recent interest in subsea processing is mainly motivated by the advantages of reduced pumping

cost, water management cost and reduced environmental impact due to water re-injection [3]. Also

subsea processing makes it possible to use smaller or no platforms at all, due to the fact that processing

equipment is used on the seabed rather than topside [4].

An important aspect of subsea processing is the development of compact subsea technologies. Compact

separators are smaller in size compared to the conventional separators, and thus they can reduce the ex-

penditure for developments in deepwater. The parameters of the reservoir, changes through its production

cycle and the conventional large separation vessels lack the flexibility with respect to the modification

of equipment capacity and size. In deepwater applications, the conventional gravity separators have a

major disadvantage owing to its large diameter, size and weight. Installation of these huge vessels on the

seabed at greater depths is difficult. Hence, the concept of compact subsea separation is considered to be

a key aspect of subsea processing [3].

In recent years the deep water discoveries have accelerated the development of compact separation tech-

nologies. The first subsea separator system installed in the world is Troll Pilot followed by Tordis system

which was enabled for higher flow rates. Owing to the limitation of conventional huge gravity separators

in Troll and Tordis, a compact subsea pipe separator was installed in the Marlim field. This pipe separator

works on the same principle as that of the gravity separators [4].

Other than these installed subsea separators, several compact separators are being developed. Saipem

is currently developing a system called SpoolSep, a liquid separation system based on the idea of grav-

ity separation to overcome the limitation of large sized gravity separators. Here, the entering fluid is

distributed into several pipes which are placed parallel to each other. The SpoolSep can have flexible

operation and the parallel pipes can be fitted or removed independently [5]. StatoilHydro and FMC

Technologies studied a subsea pipe separator for the use of low pressure production which was tied to

the Troll B Floating Production Unit (FPU). The separator was developed by Hydro and was investigated

for the liquid-liquid separation in order to remove bulk water from the oil [6].

Recently DEMO2000, a project supported by the Norwegian Ministry of Petroleum and Energy was

executed from 2009 to 2011 aiming at compact gas liquid separation systems for deepwater applications

[7]. The work focused on compact MultiPipe slug catchers which could possibly provide subsea gas

liquid separation. The main idea of the MultiPipe slug catcher is to distribute the multiphase flow into

several pipes in order to dampen the flow disturbances and to provide short residence time for the droplets

or bubbles. This MultiPipe slug catcher has an inlet followed by a distribution header and the flow is

divided into each parallel pipe separators. The separation principle is the same as the conventional

1
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gravity separator. Several tests were conducted over wide ranges of operating conditions. The results

reveal a significant drop in separation performance and a high liquid carry over at a velocity above critical

superficial gas velocity [7]. Seabed Separation is a company currently doing its research on a dual pipe

separator. Here, many small pipes are used rather than a single large separator vessel. The pipe modules

could be installed or taken out depending on the phase of the reservoir production and that the system

can be modified for the operational conditions rather than limiting the production [8].

Along with companies actively seeking new compact separation technologies, the research community

has also started to focus on developing pipe separators. Until now not much research has been done on

the use of pipes as separators. Here, some of the existing work on this subject is summarized. [9] studied

the Liquid – Liquid Pipe Separator (LLPS) in an integrated compact multiphase Inline Water separation

(IWS) system where the pipe was tested and optimized for maximum separation efficiency. [10] carried

out experiments and theoretically investigated the developing region (water cut is non zero in the oil

phase and vice versa) in oil water flow in horizontal pipe. He developed hydrodynamic and coalescence

models to estimate the flow evolution in the developing region of Horizontal Pipe Separator (HPS). He

considered three layers each for the water continuous and the oil continuous flow. The hydrodynamic

model used momentum balance between the layers and the coalescence model considered population

balance equations to take into account the evolution of droplets. [11] proposed design methodology on

the hydrodynamic flow behaviour of oil water mixture in the HPS. He claimed that his model could be

used for prediction of water fraction at the outlet of the pipe separator.

However, these studies do not consider a dynamic and control oriented approach . Hence, in this report

control related models for pipe separators have been derived. Also, the performance of placing several

pipe separators in parallel arrangements is studied.

The rest of the report is organized as follows. Chapter 2 gives background information on the movement

of droplets in the fluid, description of horizontal pipe separators and general understanding of process

control. Chapter 3 presents the control oriented models. Chapter 4 provides the details of the controllers

that were employed and their tuning parameters. Chapter 5 describes the simulation results and finally

the last chapter provides conclusion and further work.

2
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BACKGROUND

2 Background

This chapter presents the concept of particle motion in the fluid, a brief description of the horizontal pipe

separator and an overview of process control in general.

2.1 Particle movement through the fluid

To understand the separation process, it is important to understand emulsions. An emulsion is a disper-

sion of one liquid in another liquid, both liquids immiscible with each other. The phase in which the

droplets are present is the continuous phase and the droplets are termed as dispersed phase. The main

principle of gravity separation is the separation of droplets based on density differences and gravitational

forces. The forces exerted on the droplets are the drag force, buoyant force and the gravitational forces

as shown in Figure 2.1.

𝐹𝑏 

𝐹𝑑  

𝐹𝑔 

𝐹𝑏 
m 

v 

Figure 2.1: Forces acting on a droplet settling through a continuous phase.

The drag force also known as the frictional force will be exerted on the droplet in the viscous fluid. This

force is always in the direction opposite to the velocity of the droplet and is given by

Fd =
CD v

2 ρAp
2

, (2.1)

where CD is the drag coefficient, v is the relative velocity of the droplet with respect to the surrounding

fluid, ρ is the density of the surrounding fluid and Ap is the reference area of the droplet.

The droplet experiences an upward force which opposes the weight of the particle and is termed the

buoyant force given by

Fb = Vp ρ g, (2.2)

where Vp is the volume of the droplet and g is the acceleration due to gravity.

3
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In addition to the drag and the buoyant force, the particle is exposed to the gravitational force given by

Fg = Vp ρp g, (2.3)

where ρp is the density of the droplet.

The drag coefficient CD depends on the Reynolds number and it can be defined for several flow regions.

For laminar flow, Stokes’ law is applied and the drag coefficient is given by

CD =
24

NRe
, (2.4)

where the Reynolds number NRe is given by

NRe =
dp v ρ

µ
, (2.5)

where dp is the diameter of the droplet and µ is the viscosity of the medium in which the droplet is

present.

At equilibrium, gravitational force on the particle is equal to the drag force and the buoyant force. Ex-

amining equations (2.1), (2.2), (2.3) for the forces acting on the particle, yields the terminal velocity of

the particle in the laminar flow, assuming Stokes’ law valid and is given by

v = gd2p
(ρp − ρ)

18µ
. (2.6)

2.2 Horizontal Pipe Separator Description

This project focuses on three phase pipe separator for the removal of gas from oil and water phase in

addition to the separation of oil and water. The pipe separator utilizes one or many small diameter pipes

for the separation of oil, gas and water for subsea applications. The concept of pipe separation is based

on the principle of density difference between the phases and the gravitational forces as introduced in

section 2.1. The three phase mixture enters the separator and separates into the oil, water and the gas

phase. The level of water is controlled using the valve at the water outlet, the liquid level comprising of

both oil and water is controlled using the oil outlet and the water outlet valve, and the system pressure is

controlled using the valve at the gas outlet. Figure 2.2 shows the schematic of three phase pipe separator.

4
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Water 

Oil 

Gas Inlet 

Gas Out 

Oil Out 

Water Out 

Figure 2.2: Schematic of three phase horizontal pipe separator.

2.3 Process Control

Chemical processes are designed and operated for producing value added products. The processes need

to be operated to meet the production objectives including the process safety, environmental regulations,

increased profitability. This can be achieved by continuously measuring process variables like level, flow,

temperature and by taking actions so that the variables remain at the desired set points. It is necessary

to meet the production objectives when the process is subjected to disturbances like the change in the

feed flow rate, change in the surrounding temperature etc. and thus necessitates the use of automatic

process control. The main objective of process control is to maintain a process at the desired operating

conditions in a safe and efficient manner such that the environmental and product quality specifications

are satisfied.

The two fundamental control principles under the closed-loop system are the following.

• Feedforward Control: It measures the disturbances and takes corrective action before they disturb

the process. However, it requires the disturbance variables to be measured online which is not

practical in many applications. It also requires an approximate process model and achieving perfect

control in this case may not be realizable.

• Feedback Control: This controller takes action only after the disturbance has upset the system and

a non zero error signal is generated. In this case, a good and a fast measurement of the output

signal is required.

The desirable characteristics provided by the feedback control system are the following [12].

• Disturbance rejection: The ability of the controller to keep the controlled variable at its desired
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set-point in spite of the occurrence of disturbances.

• Set-point tracking: The ability of the controller to move the process variable from one set-point to

a new desired set-point.

The general process control system can be viewed as in Fig. 2.3.

Controller 
Final Control 

Element 
Process 

Measurement 

Device 

Set Point Error 

Control 

Signal 

Manipulated 

Variable 

Controlled 

Variable 

Measured Signal 

Disturbance 

Variable 

Figure 2.3: Generalized schematic of process control system.

The controller interprets and adjusts for the deviation between the set-point and the measured variable

and sends signal to the final control element (e.g control valve) which provides an input to the process to

return the controlled variable to the desired set-point.

2.3.1 PID Control

Apart from the on-off control, Proportional Integral Derivative (PID) control is the dominant type of feed-

back control used in the industry [13]. It is the combination of proportional, integral and the derivative

control modes.

The PID control algorithm in its ideal form is given by

u(t) = ū+Kc

[
e(t) +

1

τI

∫ t

0
e(t)dt+ τD

de(t)

dt

]
, (2.7)

where e(t) is the error between setpoint and measured variable. The constants Kc, τI , and τD correspond

to the controller gain, integral time and the derivative time respectively.

The corresponding transfer function is given by

U(s)

E(s)
= Kc

[
1 +

1

τIs
+ τDs

]
. (2.8)
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The Proportional part (P-term) is the main part of controller. However, it gives a steady state offset. The

addition of integral part (I-term) facilitates the elimination of offset after the change in set point. Al-

though, it is very important to have the offset eliminated, the integral controller is rarely used alone since

little control action takes place until the error signal continues to exist. On the other hand, proportional

control takes instant corrective action the moment the error is detected. As a result, integral control is

usually used together with the proportional control as a PI controller. The derivative control predicts the

future behaviour of error signal by considering the change in the derivative of error.

In practice many variations of PID control are being used. The most common forms being the parallel

form, the series form and the expanded form of PID control [13].

The Series (cascade) form of PID controller is given by

c(s) = Kc

(τIs+ 1

τIs

)
(τDs+ 1), (2.9)

where Kc, τI and τD are the settings for the series form of PID controller.

The Parallel (ideal) form of PID controller is given by

c′(s) = K ′c

(
1 +

1

τ ′Is
+ τ ′Ds

)
, (2.10)

where K ′c, τ
′
I and τ ′D are the settings for the parallel form of PID controller. These can be derived easily

by comparing (2.9) with (2.10) and the following translation laws apply:

K ′c = Kc

(
1 +

τD
τI

)
; τ ′I = τI

(
1 +

τD
τI

)
; τ ′D =

τD
1 + τD

τI

.

2.3.2 SIMC - PID Controller Tuning

Although the PID controllers have three parameters, it is difficult to find good settings without using

a systematic procedure. Sigurd Skogestad derived the SIMC (Skogestad Internal Model Control) rules

[14] for PID controller tuning that are simple and yield good closed-loop behavior. The tuning rules

developed by him are model based and can be derived analytically.

Previously, there were quite a few scholars who worked on tuning of PID controllers. The disadvantages

of Ziegler - Nichols tuning was that the settings were aggressive, there was no tuning parameter and that

the performance was poor for processes with large time delay. The IMC- PID (Lambda tuning) settings

by Rivera et al. [15] gave poor disturbance response for integrating process. The SIMC tuning rule works
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well for integrating processes, pure time delay processes and for the setpoints and load disturbances. This

rule has just one tuning parameter τc which is called the desired closed - loop response time.

As stated earlier, the SIMC rule requires a model for tuning. Hence, the first step is to obtain an approx-

imate first or second order time delay model. The first order time delay model is given by

g1(s) =
k

τ1s+ 1
e−θs. (2.11)

Therefore it is necessary to estimate the model information such as plant gain (k), dominant lag time

constant (τ1) and the dead time (θ). This can be obtained from many ways like the open loop step

response, closed loop setpoint response with P-controller or approximation of effective delay using half

rule.

In the open loop step response experiment, step change in the manipulated variable (MV) is done one at

a time and the output or the controlled variables (CV) are recorded.

For series (cascade) form of PID controller, the SIMC controller settings are given by

Kc =
1

k

τ1
τc + θ

, (2.12)

τI = min{τ1, 4(τc + θ)}, (2.13)

where k, τ1 and θ are obtained from Figure 2.4.

Resulting Output, y 

Step in Input, u 

y(t) 

u(t) 

Ɵ τ1 

∆𝑦(∞) 

∆𝑢 

0.63 

𝑘 =  
∆𝑦(∞) 

∆𝑢 
 

Figure 2.4: Open-loop step response experiment to obtain model parameters for a first order model.
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y(t) 

u(t) 

∆𝑦 

∆𝑡 Ɵ 

∆𝑢 

𝑘′ =  
∆𝑦 

∆𝑢. ∆𝑡
 

Figure 2.5: Open-loop step response experiment to obtain model parameters for an integrating model.

Since integrating processes have a large time constant, the first order model given by (2.11) can be

approximated as

g′(s) =
k′e−θs

s
, (2.14)

where k′ = k
τ1

. The slope of integrating response is k′ and is obtained as shown in Figure 2.5.
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3 Modeling of the process

This section describes the models for the horizontal pipe separator and the assumptions that are made to

simplify the model.

3.1 Assumptions

• Absence of emulsion layer in the separator which means that the droplets will either rise or fall

from the interface to disperse in the continuous phases.

• Plug flow model for both the oil and the water phase.

• Absence of coalescence and breakage of the droplets.

• Stokes’ law is applied for the rising and the settling velocity of the water and oil droplets.

• There are neither water nor oil droplets dispersed in the gas phase and no gas droplets dispersed in

the water and oil phases respectively.

3.2 Mathematical Models

This section describes the models for the horizontal pipe separator. The simplified schematic of the pipe

separator is illustrated in Figure 3.1. The liquid enters the separator with molar flow rate qL,in and the

gas flow rate into the separator is qG,in. The incoming liquid is a mixture of water and oil and the volume

fraction of water in the liquid is termed water cut α, whereas the volume fraction of oil is termed oil

cut β = 1 − α. As the liquid enters the separator, some of the water droplets disperse into the bulk

oil phase which is denoted by φwo. It follows that out of inflowing water, the fraction of water entering

the water homogeneous phase is φww = 1 − φwo. Similarly, some of the oil droplets will disperse into

the bulk water phase which is denoted by φow. Therefore, the fraction of the inflowing oil entering the

homogeneous oil phase is φoo = 1− φow.

The objective is to control the levels of water, oil and the system pressure and to calculate the amount

of dispersed phase in the bulk phase outlets. The variables in the model are classified as state variables

x = [hL hW p], manipulated variables u = [qW,out qO,out qG,out] and the disturbance variable d = [qL,in].

Sections 3.2.1 through 3.2.6 have been implemented in MATLAB/Simulink to calculate the level of

liquid and water, horizontal and vertical velocities, residence times in order to reach the interface and the

bulk outlet, and to calculate the separation efficiencies in both oil and water phases.
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3.2.1 Inventory Models

In this section, non-linear dynamic models are derived representing the change in water level, total liquid

level, which includes the oil and the water level, as well as the system pressure. Figure 3.1 illustrates the

simplified schematic of the separation process indicating the water level, the total liquid level, the inlet

and the outlet sections.

Water 

Oil 

Gas 

𝑞𝐺,𝑜𝑢𝑡  

𝑞𝑂,𝑜𝑢𝑡  

𝑞𝑊,𝑜𝑢𝑡 

𝐴𝐿  

𝐴𝑊 

𝑞𝐿,𝑖𝑛 
𝑞𝐺,𝑖𝑛 

ℎ𝐿 

ℎ𝑊 

Figure 3.1: Schematic of the three phase horizontal pipe separator indicating heights of inventory.

A. Rate of change of water level

The mass balance for the water phase is given by

dmW

dt
= ρinqW,in − ρoutqW,out.

Assuming the constant water density, the rate of change of water volume is given as

dVW
dt

= qW,in − qW,out. (3.1)

The inflowing water contains dispersed oil droplets, and hence qw,in is given by

qW,in = qL,in(αφww + βφow).

Hence, the rate of change of water volume is

dVW
dt

= qL,in(αφww + βφow)− qW,out.

The volume of water contained in the separator is VW = AWL, where L is the length of the separator,

AW is the cross sectional area of the circular segment containing water with water height hW as

indicated in Figure 3.1.
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Therefore the change in area is given by

dAW
dt

=
1

L

dVW
dt

.

The cross sectional area of the circular segment filled with water AW is calculated as

AW =
r2

2

[
2 cos−1

(r − hW
r

)
− sin

(
2 cos−1

(r − hW
r

))]
. (3.2)

In order to obtain the differential equation for the height of water level, the time derivative of (3.2) is

given by

dAW
dt

=

[
r2

(
1− cos

(
2 cos−1

(
r−hW
r

))√
hW (2r − hW )

)]
dhW
dt

. (3.3)

Therefore the differential equation for the height of water level is

dhW
dt

=

√
hW (2r − hW )

r2L

(
1− cos

(
2 cos−1

(
r−hW
r

))) dVWdt . (3.4)

B. Rate of change of total liquid level

The rate of change of liquid volume in the separator is given by

dVL
dt

= qL,in − qL,out. (3.5)

The total outflow is the amount of oil and water leaving the separator. Therefore the equation is

rewritten as

dVL
dt

= qL,in − qW,out − qO,out.

The volume of the segment in which the liquid is contained is given by VL = ALL where AL is the

cross sectional area of the cylindrical segment containing total liquid.

The above equation can be rewritten as

L
dAL
dt

= qL,in − qW,out − qO,out.

The rate of change of liquid cross sectional area is

dAL
dt

=
1

L
(qL,in − qW,out − qO,out).

The cross sectional area of the circular segment containing the total liquid AL is calculated as

12
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AL =
r2

2

[
2 cos−1

(r − hL
r

)
− sin

(
2 cos−1

(r − hL
r

))]
. (3.6)

In order to obtain the rate of change of liquid level, (3.6) is differentiated with time,

dAL
dt

=

[
r2

(
1− cos

(
2 cos−1

(
r−hL
r

))√
hL(2r − hL)

)]
dhL
dt

. (3.7)

Therefore, the differential equation for height of the liquid is

dhL
dt

=
dVL
dt

√
hL(2r − hL)

r2L

(
1− cos

(
2 cos−1

(
r−hL
r

))) . (3.8)

C. Rate of change of system pressure:

As mentioned previously in the Section 3.1, the gas phase of the separator is modeled by taking the

ideal gas law into account. The ideal gas law is given by

p̄VG = nGRT, (3.9)

and VG = VSep − VL, where Vsep is the total volume of the separator and VG is the volume of the

separator containing the gas phase both measured in cubic metres, p̄ is the system pressure measured

in pascals, nG is the number of gas moles, R is the universal gas constant, T is the temperature

measured in Kelvin.

The ideal gas law given by (3.9) is differentiated, yielding

VG
dp̄

dt
+ p̄

dVG
dt

= RT
dnG
dt

+ nGR
dT

dt
.

Assuming isothermal compression, the above equation reduces to

VG
dp̄

dt
+ p̄

dVG
dt

= RT
dnG
dt

.

Since the volume of the gas phase in the separator is inversely proportional to the total liquid phase

volume, volume change of the gas phase is given by

dVG
dt

= −dVL
dt

= qL,in − qW,out − qO,out. (3.10)

The component balance for the gas phase is given by
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dnG
dt

= − ρG
MG

(qG,in − qG,out). (3.11)

Using (3.10) and (3.11) the gas pressure dynamics is written as

VG
dp̄

dt
= RT

ρG
MG

(qG,in − qG,out) + p̄(qL,in − qL,out), (3.12)

and p̄ = p ∗ 105, where p is measured in bars.

The scaled form of (3.12) is thus given by

d(p̄ ∗ 10−5)

dt
=
RT

VG

ρG
MG

(qG,in − qG,out) + (p ∗ 105)(qL,in − qL,out). (3.13)

3.2.2 Droplet size distribution

As stated in section 3.1, it is assumed that there is absence of coalescence or breakage of the droplets

in the separator. Therefore a fixed droplet size distribution is assumed. Droplet sizes of 10 classes were

defined as shown in Table 3.1.

Table 3.1: Droplet size distribution.

Droplet size class
Droplet size

µm
Number of droplets

1 50 1e8

2 100 5e8

3 150 1e9

4 200 5e9

5 250 1e10

6 300 1e10

7 350 5e9

8 400 1e9

9 450 5e8

10 500 1e8
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3.2.3 Horizontal Velocity

As the mixture enters the pipe separator, it is divided into the water continuous phase and the oil con-

tinuous phase, each of these phases containing dispersed oil and water droplets respectively. As the

continuous phase moves in the horizontal direction towards the outlet, the dispersed droplets move rela-

tive to its continuous phase. Therefore the horizontal velocity of the droplets is assumed to be equal to

the continuous phase in which they are present.

Water 

Oil 

Gas 

𝑞𝐺,𝑜𝑢𝑡  

𝑞𝑂,𝑜𝑢𝑡  

𝑞𝑊,𝑜𝑢𝑡 

𝐴𝐿  

𝐴𝑊 

𝑞𝐿,𝑖𝑛 
𝑞𝐺,𝑖𝑛 

𝑣ℎ  

𝑣𝑣 

Figure 3.2: Schematic of the three phase pipe separator indicating velocity components on the droplets.

A. Horizontal velocity of the water droplets

vwaterh =
qO,in
AO

, (3.14)

where qO,in is the flow rate of the oil into the oil continuous phase and AO is the area of the circular

segment containing the oil phase in which the water droplets are being dispersed.

The area of the segment containing oil is obtained using (3.2) and (3.6) and is given by AO =

AL −AW .

The total flow rate of the oil qO,in is the sum of the oil entering the oil continuous phase and the oil

dispersed into the water phase

qO,in = qL,in
(
βφoo + αφwo

)
.
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B. Horizontal velocity of the oil droplets

voilh =
qW,in
AW

, (3.15)

where qW,in is the total flow rate of the water into the water continuous phase and the water dispersed

into the oil phase and AW is the area of the circular segment containing the water phase in which the

oil droplets are being dispersed.

The area of the segment containing water AW is given in (3.2).

The flowrate of liquid into the water continuous phase qW,in is the amount of water entering the water

phase and the amount of dispersed oil entering the water phase

qW,in = qL,in
(
αφww + βφow

)
.

3.2.4 Vertical Velocity

The terminal velocity for the dispersed particles is given by Stokes’ Law

vv =
gd2p(ρp − ρ)

18µ
, (3.16)

where dp is the diameter of the particle for every droplet class as mentioned in section 3.2.2, ρp is the

density of the particle, ρ is the density of the continuous phase and µ is the viscosity of the continuous

phase. The particles can be either water or oil droplets dispersed in their continuous phases.

Stokes’ Law assumes that the particles are spherical in shape, the flow of the droplet is laminar and that

the droplet movement is not hindered by the other droplets or the surface of the separator.

3.2.5 Horizontal and vertical residence time

In order to understand if the dispersed phase is being separated or is carried along with the bulk phase, it

is important to understand the horizontal and the vertical residence times. The horizontal residence time

for the droplets in their respective bulk phase can be defined as the amount of time the droplets spend in

the separator before reaching their outlets.
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Path A 
Water 

Oil 

Gas 

𝑞𝐺,𝑜𝑢𝑡  

𝑞𝑂,𝑜𝑢𝑡 

𝑞𝑊,𝑜𝑢𝑡 

𝑞𝐿,𝑖𝑛 
𝑞𝐺,𝑖𝑛 

Path B 

Figure 3.3: Illustration of the horizontal and the vertical residence times.

The horizontal residence time is given by the equation:

th =
L

voil,waterh

. (3.17)

The dispersed particles are considered to be separated from the continuous phase, if they rise or fall

vertically to reach the interface well within the time it takes for the dispersed phase to move horizontally

along the length of the separator.

The vertical residence time is derived from the terminal velocity

tv =
hW,O
vv

, (3.18)

where hW,O is the height of water layer and the oil layer, and vv is the vertical velocity of the droplets

(see section 3.2.1 and 3.2.4).

Using these residence time comparisons, the number of droplets entering their respective homogeneous

phases were calculated. Consequently, the total volume of the droplets leaving the bulk phase can be

calculated.

It is understood that if the time taken by the droplets to reach the interface is less than the horizontal

residence time, the droplets will reach their homogeneous phase before reaching the outlet. This is

illustrated by the path A in Figure and if the time taken by the droplets to reach their outlet is lesser than

the vertical residence time, the droplets will appear at their outlet and is illustrated by path B in Figure

3.3.
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3.2.6 Separation Efficiency

In section 3.2.5, the time taken by the droplets to reach their homogeneous phase or remain in the

continuous phase was described. Based on this, the number and volume of oil droplets entering into

their homogeneous phase or dispersing in their continuous phase was estimated using a code scripted

in MATLAB (see Appendix E.1) and similar calculations were made for the water droplets as well (see

Appendix E.2).

Separation efficiency is an important factor in order to measure the performance of the pipe separator.

Separation efficiency of oil is defined as the fraction of initially dispersed oil being removed from the

water phase and is given by

ηO = 1− Volume of oil droplets contained in water outlet
Initial volume of oil dispersed

. (3.19)

Similarly, separation efficiency of water is defined as the fraction of initially dispersed water being re-

moved from the oil phase and is given by

ηW = 1− Volume of water droplets contained in the oil outlet
Initial volume of water dispersed

. (3.20)

This means an efficiency value of 98% indicates that 2% of initially dispersed volume is contained at the

outlet.
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4 Controller Design

The three phase separation process is controlled to keep the operating point at their design value. The

manipulated variables are u = [qW,out, qO,out, qG,out] and the controlled variables are y = [hW , hL, p].

The separation process is controlled by using three PI controller loops. The water height in the separator

is maintained at its nominal value by manipulating the valve at the water outlet line of the separator. The

liquid level is maintained at the desired value by manipulating the oil outlet and the water outlet valve

and the system pressure is maintained at a constant value by adjusting the valve at the gas outlet line.

The oil and the water levels including the system pressure are maintained at their respective setpoints

using the PI Controllers. The controllers were introduced in Simulink using the PID blocks contained

in the Simulink library and by setting the D term to zero. The PI controllers were tuned using open

loop simulations and the SIMC tuning rules (see Appendix D.1, D.2) to obtain the tuning parameters as

discussed in section 2.3.2.

The inbuilt PI controller block uses the expression

C(s) =

[
P +

I

s

]
. (4.1)

By comparing the above expression to the transfer function in (2.8), the P and I terms can be obtained as

P = Kc,

I =
Kc

τI
,

where Kc and τI are the SIMC PI settings given by (2.12) and (2.13) respectively.

Table 4.1: Parameters for three PI controllers for gravity separator of length = 10 m and radius = 1.65 m.

P I

Water Level - 6.16 - 0.31

Oil Level - 5.86 - 0.29

System Pressure - 0.36 -0.18

19

Kandidat 10003

TKP4580 1 Kjemisk prosessteknologi, fordypningsprosjekt Page 32 av 71



CONTROLLER DESIGN

Table 4.2: Parameters for three PI controllers for pipe separator of length = 108.9 m and radius = 0.5 m.

P I

Water Level -21 -1.05

Oil Level -20 -1

System Pressure -0.39 -0.19
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5 Simulation

In this section, all the models (see section 3.2) implemented in MATLAB Simulink will be described.

The results for the gravity separation and pipe separation systems are studied and interpreted in sections

5.2 and 5.3 respectively. The simulation parameters are taken from [1, 2] and included in Appendix A.

5.1 Implementation in MATLAB Simulink

Simulink is a programming environment developed by MathWorks for the purpose of simulation. There

is a close integration between the Simulink and MATLAB environment.

Figure 5.1 represents the models drawn directly into Simulink using the subsystem block for each model.

As the complexity of the model increased due to the total number of model equations and also the

nonlinear term being involved in almost every equation, all the model equations were grouped as separate

blocks into individual subsystems. The main advantage of using subsystem blocks in simulink model

was to reduce the number of blocks that could be shown on the model window.

Since each subsystem in simulink has its input and the output ports connected to the other subsystems,

the simulink interface was made as generic as possible by scripting a code in MATLAB. This code was

scripted to programmatically simulate the model using sim function. This was done in order to make

the models in simulink as generic as possible so that simulation parameters could be changed directly in

MATLAB.
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Figure 5.1: Schematic representation of the model introduced in MATLAB Simulink.
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5.2 Horizontal Gravity Separator

The simulations for the three phase gravity separator is examined for two conditions.

• Simulations for initial production rates

• Simulation towards the end of the reservoir lifetime

5.2.1 Initial production rates

In this Section, the simulations are described based on the Gullfaks-A production rates. Gullfaks-A

platform started its production during 1986-1987 [1, 2]. Table 5.1 presents the simulation parameters

during the start-up of the well for a low water cut.

Table 5.1: Simulation parameters during the start-up of the well.

Parameter Value

L 10 m

r 1.65 m

VSep 85.5 m3

qL,in 0.59 m3s−1

α 0.135

β 0.865

φwo 0.3, 0.5, 0.7

φwo 0.3, 0.5, 0.7

psp 68.7 bar

hW,sp 1.2 m

hL,sp 2.5 m
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Figure 5.2: Controlled variables hW , hL and p with their respective manipulated variables qW,out, qO,out

and qG,out.

In Figure 5.2, the plots on the left side show the variables to be controlled or in other words the state

variables hW , hL and p. The three plots on the right side show their corresponding manipulated variables

qW,out, qO,out and qG,out. It is observed from the Figure that the controlled variables are kept at their

set-point values by the PI controllers where the set-point values are displayed in red.

As it is understood from the models described in section 3, the interface height has an influence on the

horizontal velocity of the droplets and in turn influences the separation efficiency. Therefore, in order to

analyze the overall separation efficiency of oil removal from the water phase and vice versa, the interface

height was changed and hence the water height was varied in steps of +0.1 m for every 200 s, starting at

an initial value of 1.1 m.
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Figure 5.3: Efficiencies of oil (red) and water (blue) removal from their respective dispersed phase.

Based on the change in set-points of the water level as depicted in Figure 5.2, the efficiencies of oil

removal from the water phase and the water removal from the oil phase are shown in Figure 5.3. Addi-

tionally, the separation efficiency was calculated for different initial separation values φow = φwo = 0.3,

φow = φwo = 0.5 and φow = φwo = 0.7.

It can be observed from the Figure that, as the initial amount of dispersed oil in the water phase φ

increases, large amount of oil will appear at the water outlet, and hence the efficiency of the removal

of oil from the water phase decreases. However, as the amount of water increases in the oil continuous

phase, it can be observed that the efficiency of water removal from the oil phase increases. Therefore, it

can be understood that the removal of dispersed oil from the continuous water phase is easier compared

to the removal of dispersed water form the continuous oil phase.
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Figure 5.4: Number of oil droplets leaving at the water outlet for φow = φwo= 0.3 (top) , φow = φwo = 0.5

(center), φow = φwo = 0.7 (bottom)

In Figure 5.4, the amount of oil droplets leaving the water outlet for the corresponding droplet size and

time are shown for different values of the initial separation factor. At the top, the amount of oil droplets

leaving the water phase is shown for φow = φow = 0.3. The plot at the center depicts the amount of oil

leaving the water phase for φow = φow = 0.5 and the plot at the bottom shows the amount of oil droplets

present at the water outlet for φow = φow = 0.7. The dark blue color in these plots indicate that all the oil

droplets are being removed from the water phase.

It can be observed that with the increase in initial amount of oil entering the continuous water phase, the

amount of oil droplets at the water outlet of the separator increases. The cut-off droplet size (minimum

size above which the dispersed droplets present at the outlet is zero) of 250 µm is observed in case of

φow = φow = 0.3 and 0.5, and 300µm for φow = φow = 0.7.

As the water height was increased by making step change of +0.1m every 200 s, the amount of oil

droplets leaving the separator reduced.
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5.2.2 Final production rates

This section describes the simulation for higher water cut and liquid flow rate for the same set-points and

set-point changes as that of the initial production rates Table 5.2 shows the simulation parameters for the

future production condition of the well.

Table 5.2: Simulation parameters for the end of the reservoir lifetime.

Parameter Value

L 10 m

r 1.65 m

VSep 85.5 m3

qL,in 0.73 m3s−1

α 0.475

β 0.525

φwo 0.3, 0.5, 0.7

φwo 0.3, 0.5, 0.7

psp 68.7 bar

hW,sp 1.2 m

hL,sp 2.5 m
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Figure 5.5: Controlled variables hW , hL and p with their respective manipulated variables qW,out, qO,out

and qG,out.

In Figure 5.5, the plots on the left side show the variables to be controlled or in other words the state

variables hW , hL and p. The three plots on the right side show the corresponding manipulated variables

qW,out, qO,out and qG,out. It is observed from the Figure that the PI controllers keep the controlled

variables at their set-point values by adjusting the manipulated variables. However, as a result of the

increased value of water-cut α = 0.475 compared to the initial production, where α = 0.135, the outflows

are different. The water level was varied in steps of +0.1m for every 200 s, starting at an initial value of

1.1 m.
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Figure 5.6: Efficiencies of oil (red) and water (blue) removal from their respective dispersed phase.

Figure 5.6 depicts the separation efficiencies for removal of oil droplets from the water phase and the

removal of water droplets from the oil phase. The separation efficiency was compared for different initial

separation values φow= φwo = 0.3, 0.5 and 0.7.

It can be observed from the Figure that with the increase in water cut α, the separation efficiency of

removal of oil droplets from the water phase is poor (for α = 0.135 and φow = φwo= 0.3, the separation

efficiency of oil is observed to be around 98%, and for the increased α = 0.475, for the same φ value,

the separation efficiency is around 95%). In addition to this, as the amount of dispersed oil in the water

phase increases, the efficiency of the removal of oil from the water phase decreases. Nonetheless, as the

water level set-point increases, the removal of oil increases further.

From the Figure, it can be seen that the removal of water from the oil phase is almost uniform for increase

in initial separation factors φow and φwo and also for the change in set-point of the water level. Moreover,

it can be observed that the increase in the initial separation values φwo and φow do not influence the

separation efficiency in this simulation case.
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Figure 5.7: Number of oil droplets leaving at the water outlet for φow = φwo= 0.3 (top) , φow = φwo = 0.5

(center), φow = φwo = 0.7 (bottom).

Figure 5.7 depicts the amount of oil droplets contained in the water outlet for the corresponding droplet

size and time and also for the different initial separation values of φow and φwo. The top plot shows

the amount of oil droplets leaving the water phase for φow = φwo = 0.3, the plot in the center shows the

amount of oil droplets contained in the water phase for φow = φwo = 0.5 and the bottom plot shows the

number of droplets leaving at the water outlet for φow = φwo = 0.7. The dark blue color in these plots

indicate that all the oil droplets are being removed from the water phase.

It can be seen that all the three plots look alike since there is very small increase in the amount of oil

droplets leaving the water phase as the initial separation values φow and φwo increase unlike in Figure

5.4 where there is a significant increase in the oil droplets at the water outlet. The cut-off oil droplet size

is at 300 µm for all the three plots and as the water level is increased in step size of +0.1m every 200 s,

the oil droplets at the water outlet is reduced.
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5.3 Horizontal Pipe Separator

This section describes the simulation results for a three phase horizontal pipe separator. Since the aspect

ratio for the pipe separator is much higher than for the gravity separator, the length and the radius of the

pipe separator were varied for a constant volume corresponding to that of the gravity separator.

Table 5.3 refers to the simulation parameters for the pipe separator.

Table 5.3: Simulation parameters for the horizontal pipe separator.

Parameter Value

L 108.9 m

r 0.5 m

VSep 85.5 m3

qL,in 0.59 m3s−1

α 0.135

β 0.865

φwo 0.3, 0.5, 0.7

φwo 0.3, 0.5, 0.7

psp 68.7 bar

hW,sp 0.375 m

hL,sp 0.75 m
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Figure 5.8: Efficiencies of oil (red) and water (blue) removal from their respective dispersed phase.

Figure 5.8 shows the separation efficiencies for removal of oil droplets from the water phase for different

initial separation values φow = φwo = 0.3, 0.5 and 0.7. In addition to this, water level was varied in step

size of +0.05m for every 200 s, starting at an initial value of 0.37 m.

It is observed that for a pipe separator having a shorter radius and a much longer length, the efficiency

of removal of oil from water phase as well as the efficiency of removal of water from the oil phase is

very high for the same water cut α, in comparison to the separation efficiency of the gravity separator as

illustrated in Figure 5.3.

It can be observed from the Figure, that the separation efficiencies for the removal of oil from the water

and vice versa, is almost uniform both for the case of increased initial separation values φow and φwo,

and also for the step increase in the water level.
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Distribution of oil droplets at the water outlet
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Figure 5.9: Number of oil droplets leaving at the water outlet for φow = φwo= 0.3 (top) , φow = φwo = 0.5

(center) , φow = φwo = 0.7 (bottom).

Figure 5.9 illustrates the number of oil droplets leaving the water outlet of the pipe separator for the

respective droplet size, time and for the different initial separation values φow and φwo. The plots at

the top, center and the bottom show the amount of oil droplets contained in the water phase for initial

separation values of φow = φwo = 0.3, 0.5 and 0.7, respectively.

It is observed that with an increase in initial separation values φow and φwo the number of droplets

remaining at the water outlet is insignificant in comparison with that of the gravity separator. As the

water level is increased in step of +0.05m for every 200 s, the oil droplets leaving the water outlet is

negligible. Additionally, the cut-off droplet size of 150 µm is observed for all the three plots which is

much lesser when compared to the gravity separator in Figure 5.4, where the cut-off droplet size was 250

µm. All droplets above the size of 150 µm are separated since the pipe separator has a smaller radius

and a longer length.
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5.3.1 Pipe Separator: Effect of change in radius

From the previous sections on simulation of gravity and pipe separators, it was observed that for a smaller

diameter and a longer length of the pipe separator, the separation efficiency for removal of oil droplets

from the water phase and for the removal of water droplets from the oil phase was high. Consequently,

the number of oil droplets at the water outlet was observed to be fewer in contrast to the gravity separator.

Therefore, in this section the volume of oil droplets at the water outlet is calculated for a pipe separator

for a constant length to investigate the effect of varying diameter on the separation efficiency.
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Figure 5.10: Volume of oil droplets at the water outlet for the pipe separator Length = 108.9 m.

In Figure 5.10, the volume of oil droplets remaining at the water outlet for the pipe separator with dif-

ferent radius is illustrated where radius r ∈ {0.165, 0.25, 0.5, 0.75, 1, 1.2, 1.4, 1.65} and the remaining

parameters are constant as shown in the table. It can be observed that there is an exponential decrease

in the volume of oil contained at the water outlet as the diameter of the pipe increases. For a small pipe

diameter, there is a substantial volume of oil present at the water outlet in contrast to the larger diameter

pipe where only negligible amount of oil are present.
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This nature of the plot is due to the fact that for a small diameter pipe, the horizontal velocity of the

droplets is higher. Therefore the droplets take less time to reach the outlet in comparison to the time it

takes to reach its interface. Hence the droplets move to the outlet before reaching their homogeneous

phase.
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Figure 5.11: Efficiencies of oil (top) and water (bottom) removal for the pipe separator of Length = 108.9

m.

In Figure 5.11, the top plot illustrates the separation efficiency for the removal of oil droplets from the

water phase and the bottom plot illustrates the separation efficiency for the removal of water droplets from

the oil phase for a pipe separator of constant length and varying radii r ∈ {0.165, 0.25, 0.5, 0.75, 1, 1.2, 1.4, 1.65}.

It is observed that as the radius of the pipe separator increases, the efficiency of removal of oil and water

droplets increases.

5.3.2 Parallel pipe Separators

Case I: Effect of change in length
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In section 5.3.1, a single pipe separator was studied for a range of diameters to observe the effect of pipe

diameter on the separation efficiency. In this section, parallel pipe separators are studied to investigate

their effect on the volume of oil droplets at the water outlet for all the pipes combined.

In Figure 5.10, it can be seen that for the radius of pipe separator larger than 0.75m, the volume of oil

droplets at the water outlet is almost constant and negligible. Hence, Case I considers the minimum

radius for which the volume of droplets is the least in Figure 5.10.

Table 5.4: Flow and the number of droplets entering each parallel pipe separator.

qL,in = 0.59 m3s−1

A B C D

Number of pipe separators in parallel One Two Three Four

Flow into each pipe separator qL,in
1
2qL,in

1
3qL,in

1
4qL,in

Number of droplets entering each separator n 1
2n

1
3n

1
4n
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Figure 5.12: Combined total volume of oil droplets at the water outlet over all the parallel pipes each

with radius = 0.75 m.

Figure 5.12 displays the volume of oil droplets at the water outlet over their respective pipe lengths and

the flow rates into each parallel pipe separator having a radius of 0.75m. As seen, point A corresponds

to a single pipe, and points B, C and D corresponds to two, three and four pipe separators placed in a

parallel arrangement respectively. Table 5.4 refers to the liquid flow rate and the droplet distribution into

each parallel pipe separator.

From the Figure, it can be observed that for a single pipe separator having a length of 10m, the volume

of oil droplets at the water outlet is large and as the length of the pipe increases, the volume of oil at the

water outlet decreases. In addition to this, the volume of oil decreases by utilizing several pipe separators

in parallel.

In this case for a single pipe 30m long, the volume of oil droplets at the water outlet was same as that for

three pipes each 10m long placed parallel to each other. Similarly, for two parallel pipes each 75m long,

the volume of oil droplets at the water outlet was found to be the same as having three parallel pipes each

50m long (see Appendix C).
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Case II: Effect of change in radius
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Figure 5.13: Volume of oil droplets at the water outlet for the pipe separator Length = 108.9 m.

Table 5.4 gives information about the liquid flow rate distributed into each parallel pipe separator and the

number of droplets entering the separator. The droplets entering each parallel pipe separator are assumed

to be equally distributed. In total, four cases have been considered as indicated by A, B, C, D in Figure

5.13. Point A corresponds to a single pipe separator whereas points B, C, D correspond to two, three and

four pipe separators placed parallel to each other respectively . In addition, all the separators are studied

for a constant length of 108.9 m.

From the Figure, it is observed that for a single pipe separator with a radius of 0.5m, the volume of oil

droplets at the water outlet is relatively higher compared to the volume for an increase in radius of the

pipe separator. As the number of parallel pipe separators increases, it can be observed that the volume of

oil decreases at the common outlet of all the parallel separators.

In this case, it was seen that for two parallel pipes each with radius of 1m, the volume of oil droplets at

the water outlet was observed to be same as that for four parallel pipes each with a radius of 0.5m . A

similar observation was made for two parallel pipes each with a radius of 0.75m, the volume of oil at
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the water outlet was observed to be same as that for three parallel pipes each with a radius of 0.5m (see

Appendix B).
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CONCLUSION

6 Conclusion

A three phase gravity and pipe separation system has been analysed in this report and model parameters

have been taken from [1, 2]. The objective of the gravity separator study was to analyse the effect of

different heights of water levels and the degree of initial separation at the inlet on the overall separation

efficiency. The simulation results indicate that larger water levels are favourable for the quality of the

water at the outlet of the separator. However, there was not much effect on the quality of oil outlet

stream; in fact a decrease in oil quality with increase in water level was observed. It was also seen that

with smaller initial separation factors (φow and φwo), meaning for better pre-separation of oil and water

phases, better overall separation efficiencies were noticed for both oil and water phases.

The simulation was conducted for a small diameter pipe separator having the same volume as the grav-

ity separator. It was observed that the volume of oil droplets at the water outlet was much smaller in

comparison to the gravity separator since the droplet traveling distance to the liquid interface is much

shorter.

Since the pipe separator gave better efficiency in comparison to the gravity separator in terms of droplet

removal from their respective phases, the simulation was carried out for pipe separators but various

diameters. In this case it was seen that there was an exponential decrease in the volume of oil droplets

at the water outlet. This is because even though the vertical residence time for the droplets is shorter in

case of pipe separators, due to the reduced diameter of the pipe, the horizontal velocity of the droplets

is much higher. This allows for a very short horizontal residence time in comparison to the vertical

residence time.

Finally, the performance of parallel pipe separators was evaluated for two cases: constant length pipe

separators of varying diameters and constant diameter pipe of varying lengths. In both cases, the volume

of oil at the water outlet for all the pipe separators combined was estimated. It was noticed that with

the increase in number of pipes placed in a parallel arrangement, the total volume of oil droplets at the

water outlet was reduced. However, it could be observed that for a fixed pipe length, placing many equal

diameter pipe separators in parallel was equivalent to a single large diameter pipe in terms of volume of

oil droplets at the common water outlet. Similar observations were made for constant diameter parallel

pipe separators, where placing several equal length pipe separators in parallel was equivalent to single

pipe separator of longer length in terms of volume of oil droplets at the water outlet for all the pipes

combined. The parallel configuration of pipe separators gives flexibility of operation in a real time

setting rather than using a single large separator because the same system can be used throughout the

lifetime of the reservoir in various configurations. Also having separators in parallel enables to operate

at different processing capacities.
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FUTURE WORK

6.1 Future work

The fluid dynamics inside the separators involve a lot of complexity, and hence it is necessary to study

the phenomena like droplet breakage and coalescence. In actuality, there exists an initial distribution of

droplet size at the inlet of the separator, and the size distribution changes inside the separator due to non-

uniform flow patterns and factors such as coalescence and droplet breakage. This evolution of the droplet

size distribution can be estimated by the use of Population Balance Equations (PBE) and incorporating

these models can further improve the exactness of estimation [16].

For the absence of droplet breakage and coalescence, only Stokes’ law is sufficient to determine the ter-

minal settling velocity of the droplets which has been considered for the purpose of modeling. However,

while considering the coalescence and the break up of droplets which exists commonly in the separators,

the velocity is hindered and the Stokes’ law for settling will need to take into account the correction

factor.
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APPENDIX

A Simulation Parameters

Table A.1: Simulation Parameters [1, 2].

Parameter Description Value

MG Molar mass of the gas 0.01604 kgmol−1

R Universal gas constant 8.314 kgm2 s−2mol−1K−1

T Temperature 328.5 K

g Gravitational acceleration 9.8 ms−2

qG,in Volumetric gas inflow 0.456 m3 s−1

µO Viscosity of oil 0.001 kg (ms)−1

µW Viscosity of water 0.0005 kg (ms)−1

ρG Density of gas 49.7 kgm−3

ρO Density of oil 831.5 kgm−3

ρW Density of water 1030 kgm−3
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B Volume of oil at water outlet for constant length parallel pipes: L =

108.9 m

Table B.1: Combined total volume of oil droplets at the water outlet over all the parallel pipes each with

Length = 108.5 m

Length = 108.9 m, qL,in = 0.59 m3s−1

Radius
Volume of oil droplets

at the water outlet
Flow into each separator Number of separators

1.65

1.2

1

0.75

0.5

2.21e-6

3.39e-6

3.91e-6

4.56e-6

55.2e-6

qL,in One

1.65

1.2

1

0.75

0.5

0

0.24e-6

1.28e-6

2.59e-6

3.91e-6

1
2qL,in Two

1.65

1.2

1

0.75

0.5

0

0

0

0.61e-6

2.6e-6

1
3qL,in Three

1.65

1.2

1

0.75

0.5

0

0

0

0

1.28e-6

1
4qL,in Four
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C Volume of oil at water outlet for constant radius parallel pipes: R =

0.75 m

Table C.1: Combined total volume of oil droplets at the water outlet over all the parallel pipes each with

radius = 0.75 m

Radius = 0.75 m, qL,in = 0.59 m3s−1

Length
Volume of oil droplets

at the water outlet
Flow into each separator Number of separators

10

30

50

75

108.9

38500e-6

624e-6

122e-6

49.14e-6

4.56e-6

qL,in One

10

30

50

75

108.9

3400e-6

92e-6

4.73e-6

3.82e-6

2.59e-6

1
2qL,in Two

10

30

50

75

108.9

624e-6

5.29e-6

3.82e-6

2.46e-6

0.61e-6

1
3qL,in Three

10

30

50

75

108.9

154e-6

4.36e-6

2.91e-6

1.1e-6

0

1
4qL,in Four
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APPENDIX

D Controller tuning

Three PI controllers were employed to control the water level, total liquid level and the system pressure at

their desired set-point values. In order to obtain the parameters for PI controller, tuning of the controllers

was done using open-loop step response method to obtain the model information and the SIMC tuning

rules. Section D.1 shows the calculations of the PI controller parameters for the gravity separator of

length = 10m and radius = 1.65m and section D.2 shows the calculations for the pipe separator of length

= 108.9m and radius = 0.5m.

D.1 Tuning of a gravity separator with open loop step responses

TUNING OF THE WATER LEVEL

In order to tune the water level in the gravity separator, a 10% step change was performed. The plot of

open loop step response of the water level is shown in Figure D.1.
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Figure D.1: Open loop response of the water level for a given setpoint change in manipulated variable

qW,out.

46

Kandidat 10003

TKP4580 1 Kjemisk prosessteknologi, fordypningsprosjekt Page 59 av 71



APPENDIX

From the Figure, it can be seen that it is an integrating process with time delay of θ = 0 s. A desired

closed loop time constant τc = 5 s is assumed. The FOPTD parameters are calculated as described in

section 2.3.1.

k′ =
∆y

∆u∆t
=

(1.065− 1.1)

0.021(57− 5)
= −0.0321

Kc =
1

k′(τc + θ)
= −6.15

τI = 4(τc + θ) = 20

Therefore PI parameters are given by

P = Kc = −6.15

,

I =
Kc

τI
= −0.31

.

TUNING OF THE TOTAL LIQUID LEVEL

In order to tune the total liquid level, a 10% step change was made in outlet oil flowrate qO,out. The plot

of open loop step response is shown in Figure D.2.
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Figure D.2: Open loop response of the water level for a given setpoint change in manipulated variable

qO,out.

From the Figure, it can be noticed that it is an integrating process with time delay of θ = 0 s. A desired

closed loop time constant τc = 5 s is assumed. The FOPTD parameters are calculated.

k′ =
∆y

∆u∆t
=

(2.432− 2.5)

0.038(57− 5)
= −0.0344

Kc =
1

k′(τc + θ)
= −5.86

τI = 4(τc + θ) = 20

Therefore PI parameters are given by

P = Kc = −5.86

;

I =
Kc

τI
= −0.29
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.

TUNING OF THE SYSTEM PRESSURE
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Figure D.3: Open loop response of the water level for a given setpoint change in manipulated variable

qW,out.

In order to tune the system pressure, a 10% step change was made in outlet gas flowrate qG,out. The

plot of open loop step response is shown in Figure D.3. A desired closed loop time constant τc = 5 s is

assumed. The FOPTD parameters are calculated as follows.

k′ =
∆y

∆u∆t
=

(54.92− 68.7)

0.05(57− 5)
= −5.32

Kc =
1

k′(τc + θ)
= −0.36

τI = 4(τc + θ) = 2
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Therefore PI parameters are given by

P = Kc = −0.36

,

I =
Kc

τI
= −0.18

.

D.2 Tuning of a pipe separator with open loop step responses

TUNING OF THE WATER LEVEL

0 20 40 60 80 100 120 140 160 180 200

0.34

0.35

0.36

0.37

h
W

 [
m

]

0 20 40 60 80 100 120 140 160 180 200

Time [s]

0

0.005

0.01

0.015

0.02

0.025

q
W

, 
o

u
t [

m
3
 s

-1
]

Figure D.4: Open loop response of the water level for a given setpoint change in manipulated variable

qW,out.

In order to tune the water level in the pipe separator, a 10% step change was performed on its manipulated

variable qW,out. The plot of open loop step response of the water level is shown in Figure D.4.

From the Figure, it can be seen that it is an integrating process with time delay of θ = 0 s. A desired
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closed loop time constant τc = 5 s is assumed. The FOPTD parameters are calculated as described in

section 2.3.1.

k′ =
∆y

∆u∆t
=

(0.331− 0.37)

0.0213(197− 5)
= −0.0095

Kc =
1

k′(τc + θ)
= −21

τI = 4(τc + θ) = 20

Therefore PI parameters are given by

P = Kc = −21

,

I =
Kc

τI
= −1.05

.

TUNING OF THE TOTAL LIQUID LEVEL

In order to tune the total liquid level, a 10% step change was made in outlet oil flowrate qO,out. The plot

of open loop step response is shown in Figure D.5.
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Figure D.5: Open loop response of the water level for a given setpoint change in manipulated variable

qO,out.

From the Figure, it can be noticed that it is an integrating process with time delay of θ = 0 s. A desired

closed loop time constant τc = 5 s is assumed. The FOPTD parameters are calculated.

k′ =
∆y

∆u∆t
=

(0.68− 0.75)

0.038(197− 5)
= −0.01

Kc =
1

k′(τc + θ)
= −20

τI = 4(τc + θ) = 20

Therefore PI parameters are given by

P = Kc = −20
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,

I =
Kc

τI
= −1

.

TUNING OF THE SYSTEM PRESSURE
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Figure D.6: Open loop response of the water level for a given setpoint change in manipulated variable

qW,out.

In order to tune the system pressure, a 10% step change was made in outlet gas flowrate qG,out. The

plot of open loop step response is shown in Figure D.6. A desired closed loop time constant τc = 5 s is

assumed. The FOPTD parameters are calculated as follows.

k′ =
∆y

∆u∆t
=

(19.9− 68.7)

0.05(197− 5)
= −5.08

Kc =
1

k′(τc + θ)
= −0.39
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τI = 4(τc + θ) = 2

Therefore PI parameters are given by

P = Kc = −0.36

,

I =
Kc

τI
= −0.19

.
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E MATLAB code

In order to estimate the amount of oil droplets present in the water phase and vice versa, a code is scripted

in MATLAB based on the horizontal and the vertical residence times of the droplets and position of

droplets in the separator. Section E.1 presents the code to estimate the amount of oil droplets contained

in the water phase and section E.2 presents the water droplets contained in the oil phase.

E.1 Calculation of oil droplets contained in water continuous phase

1 function [noil_new, Voil_new, lpp_oil_new] = oildroplets_in_water(

v_horizontal, h_water, n, L)

2

3 % v_horizontal is the horizontal velocity of oil droplets.

4 % h_water is the height of the water.

5 % n is the vector of initial oil particles size distribution.

6 % L is the length of the pipe.

7 % d is the vector of diameter of all the oil particles.

8 % s is the vertical velocity of the droplets.

9 % V is the volume of oil droplets

10 d = zeros(1,10)';

11 V = zeros(1,10)';

12 s = zeros(1,10)';

13 lpp_oil_new = zeros(1,10)';

14 noil_new = zeros(1,10)';

15 Voil_new = zeros(1,10)';

16 density_oil = 831.5;

17 density_water = 1030;

18 dyn_visc_water = 0.5e-3;

19

20 for i = 1:10

21 d(i) = 50*10ˆ(-6)*i;

22 V(i) = 4/3*pi*(d(i)/2)ˆ3;

23 s(i) = abs(((d(i))ˆ2)*9.81*(density_oil-density_water)/(18*

dyn_visc_water));

24

25 if (L/v_horizontal)>= ( h_water/s(i))
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26 noil_new(i) = 0; % number of oil droplets present in the

water phase

27 Voil_new(i) = n(i)* V(i); % volume of oil droplets leaving

the water phase

28 lpp_oil_new(i)= h_water; % position of the oil particles

29 else

30 lpp_oil_new(i)= (L/v_horizontal)*s(i);

31 noil_new(i) = (1-(lpp_oil_new(i)/h_water))* n(i);

32 Voil_new(i) = n(i) * V(i)*(lpp_oil_new(i)/h_water);

33 end

34 end

E.2 Calculation of water droplets in oil continuous phase

1 function [nwater_new, Vwater_new,lpp_water_new] =

waterdroplets_in_oil(v_horizontal, h_liquid, h_water, n, L)

2

3 % v_horizontal is the horizontal velocity of water droplets.

4 % h_water is the height of the water.

5 % n is the vector of initial water particles size distribution.

6 % L is the length of the pipe.

7 % d is the vector of diameter of all the water particles.

8 % s is the vertical velocity of the droplets.

9 % V is the volume of water droplets

10

11 h_oil = h_liquid - h_water;

12 d = zeros(1,10)';

13 V = zeros(1,10)';

14 s = zeros(1,10)';

15 lpp_water_new = zeros(1,10)';

16 nwater_new = zeros(1,10)';

17 Vwater_new = zeros(1,10)';

18 density_oil = 831.5;

19 density_water = 1030;

20 dyn_visc_oil =1e-3;

21
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22 for i = 1:10

23 d(i) = 50*10ˆ(-6)*i;

24 V(i) = 4/3*pi*(d(i)/2)ˆ3;

25 s(i) = abs(((d(i))ˆ2)*9.81*(density_oil-density_water)/(18*

dyn_visc_oil));

26

27 if (L/v_horizontal)>= (h_oil/s(i))

28 nwater_new(i) = 0; % number of water droplets present in the

oil phase

29 Vwater_new(i) = n(i)* V(i); % volume of water droplets

leaving the oil phase

30 lpp_water_new(i)= h_water; % position of the water particles

31 else

32 lpp_water_new(i)= (L/v_horizontal)*s(i);

33 nwater_new(i) = (1-(lpp_water_new(i)/h_oil))* n(i);

34 Vwater_new(i) = n(i) * V(i)*(lpp_water_new(i)/h_oil);

35 end

36 end
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