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Preftace

This thesis is submitted in partial fulfilment of the requirements for the degree of philo-
sophiae doctor (Ph.D.) at the Norwegian University of Science and Technology (NTNU).

This thesis presents the results of my doctoral studies carried out at the Department
of Mechanical and Industrial Engineering (MTP), NTNU, from November 2017 to July
2021. The research is part of Subsea Production and Processing (SUBPRO), a Center for
Research-based Innovation (SFI) and is supported by the Research Council of Norway
and several major international oil companies and subsea system suppliers. The research
was carried out under the guidance of Assoc. Prof. Christian Holden, MTP, NTNU, as

the principal supervisor, along with Prof. Sigurd Skogestad, Department of Chemical
Engineering, NTNU and Prof. Olav Egeland MTP, NTNU, as co-supervisors.
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Summary

Produced-water is a non-lucrative by-product of oil and gas production, and the quant-
ity increases as the field ages. Produced-water is either discharged into the sea or re-
injected into the field to enhance pressure. As per the Norwegian Environment Agency,
126.4 million m® of produced water was discharged into the Norwegian sea in the year
2020. The discharge of produced water has to meet the OSPAR criteria, where the amount
of dispersed oil is limited to 30 mg per litre of discharged water, on a monthly average. In
addition, an efficient produced-water (PW) treatment system must meet environmental
regulations before discharging the PW to the sea. De-oiling hydrocyclones, compact float-
ation units (CFUs), or their combination are commonly used for produced water treat-
ment. Maintaining the efliciency of this compact equipment at varying process conditions
is always a challenge.

This thesis focuses on de-oiling hydrocyclones, which are commonly used produced-
water treatment equipment on the Norwegian Continental Shelf. The compact and light
nature of these hydrocyclones, which do not require any additional chemicals or gases to
be injected for the operation, makes them attractive for subsea processing.

The main problem with hydrocyclones is the low residence time, which makes them
more susceptible to upstream variations such as changes in inlet oil concentration, changes
in inflow rate and changes in droplet distribution. Typically, control schemes that use
pressure drop ratio (PDR) to control the separation, are implemented to handle these
disturbances. However, since this is an indirect way of controlling the hydrocyclones, this
option can reduce their efficiency significantly and result in violations of the environ-
mental regulations.

This thesis is divided into two parts; a theoretical analysis part and an experimental
analysis part, both with the aim of improving the control aspects of de-oiling hydrocyc-
lones.

In the theoretical analysis part, a control-oriented mathematical model of the hydro-
cyclones is developed. This model has a static pressure-to-flow relationship which can
estimate the flow-rates and the pressures at the outlet of the hydrocyclones when the in-
let conditions are known. The separation inside the hydrocyclone is approximated using
a polynomial derived from droplet trajectory analysis. A simple mass-balance model is
formulated to capture the dynamics, and is used for the control. This model was used
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Summary

for studying new control schemes for de-oiling hydrocyclones.

In the experimental analysis part of this thesis, a test rig is constructed, with industrial-
scale hydrocyclone liners and other auxiliary systems, to support the testing of the novel
controllers. The test rig can emulate the first stage gravity separator and generate dif-
ferent disturbances at the inlet of the hydrocyclones installed in the rig. Drawbacks of
traditional PDR control schemes were studied at the test rig. Then, new control schemes
such as cascade, feed-forward, and direct control schemes were verified at the test rig.

The research carried out during the course of the doctoral studies has been presented
as a series of articles in various conferences and journals. These are now grouped together
to constitute the body of this thesis.

The second chapter gives the background theory of hydrocyclones and a brief review of
the mathematical models of hydrocyclones, their control strategies, constructional details,
and features of various experimental test-rigs of hydrocyclones available in the literature.
The subsequent chapters cover the theoretical and experimental analysis performed.

Vil
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Chapter 1

Introduction

Ever-expanding energy needs are demanding more and more oil and gas production. The
burning of these fossil fuels, without a doubt, is causing severe environmental damage.
Also alarming is the offshore production process of oil and gas, causing severe impact to
the ocean environment. Figure 1.1 shows the different sources of pollution from offshore
oil and gas production facilities. One of the primary sources of oil pollution during the
production is produced-water- the water by-product produced by an oil or gas well |11].
Produced-water includes naturally occurring water in the hydrocarbon deposits, and the
water which is injected into the reservoir to enhance production. The amount of produced-
water increases as the oil fields matures. The daily output of produced-water from all oil
and gas fields across the world is ~ 250 million barrels (/= 39 million m?), and more than
40 % of it is discharged into the environment [24|. Figure 1.2 shows the historical data

and projections of discharge of produced-water on the Norwegian continental-shelf from
19842024 [1].

Region-wise regulations are placed by different governmental organisations to reduce
the environmental impact caused due to discharge of produced water into the sea. For
example, the Norwegian continental shelf (NCS) comes under the regulation of OSPAR
and according to the OSPAR criteria, ‘produced-water shall contain a maximum of 30 mg
of dispersed oil per liter of water discharged, as a weighted monthly average |29|.” Thus,
the treatment of produced water and regular quality checks of the treatment process is
necessary to protect the environment.

An overview of a typical water treatment process in the oil and gas industry, based
on the type and the size of contaminating particles is given in |8]. Here, the treatment
is divided into three main stages. The first is pre-treatment, where the bulk of oil, gas
and coarse particles are removed using dehydration vessels, storage tanks, strainers, de-
sanders, etc. This is followed by the primary stage of the main treatment, where tiny
droplets and particles are removed using skim tanks and API separators. In the second-
ary stage, smaller droplets are removed using de-oiling hydrocyclones, compact flotation



1. Introduction

Turbine exhaust Fuel exhaust

Cuttings piles

Figure 1.1: Sources of pollution |11].

units, centrifuges, etc. After the secondary stage, dispersed oil content in the produced
water goes below the regulation specified by authorities such as OSPAR (30 mg/1). Fur-
ther polishing can bring the oil concentration levels below 10 mg/1 using dual media filters
and membranes.

The processing of offshore oil-and-gas can be broadly classified into three categories
based on the processing location. The first and most common processing is ‘offshore’ using
fixed platforms, or floaters [10]. The second one is where a tie-back is provided from the
seabed to an onshore processing facility [6]. The third and the most recent advancement
in the oil and gas industry is ‘subsea processing’. Equinor calls these processing facilities
‘subsea factories’ or ‘invisible platforms’ |2|. Figure 1.3 shows a pictorial representation
of a subsea factory, as envisioned by Equinor. The Marlim field in Brazil is an example
of a subsea processing installation at 800 m water depth |28|.

The size and type of process equipment depends on the location of processing. An
onshore processing plant has the liberty of space and can hence have bigger processing
equipment. For offshore processing, equipment size needs to be reduced to fit inside a
confined space such as a platform or FPSO. For subsea processing, as shown in Figure
1.3, the equipment needs to be even more compact.

The main task of oil and gas processing facilities is to separate the monetary compon-
ents, oil and gas, from the remaining fluids, and clean the by-products such as produced
water and dispose of/re-use them in adherence with governmental regulations. A typ-
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Figure 1.2: Historical data and projection of amount of discharged produced water at the
Norwegian continental shelf [1].

Figure 1.3: Pictorial representation of ‘Subsea factory’ or ‘Invisible Platforms’ as envi-
sioned by Equinor.

ical process flow for oil and gas processing in an offshore/onshore facility is shown in
Figure 1.4. The fluid from the reservoir comprises of oil, gas and water (and also other
solid substances). The reservoir fluid enters the first stage bulk separators (can be more
than one), such as gravity separators, which separates out most the oil and gas. The
oily water from the first stage is then sent to the produced-water treatment process.
Equipment such as de-oiling hydrocyclones or compact flotation units (CFUs) are used
for produced-water treatment. Later, the cleaned water can be discharged into the sea if
it meets the environmental regulations or re-injected into the reservoir.

Processing at seabed requires more compact separation equipment. Here, bulky grav-
ity separators are replaced with compact pipe separators |28, 32|. The compact nature

7
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of de-oiling hydrocyclones, with no moving parts, make them a good choice for subsea
produced-water treatment. A typical process flow of subsea oil and gas processing is

shown in Figure 1.5.

GAS

OIL

FROM THE
RESERVOIR

THREE PHASE SEPARATOR

WATER (OILY WATER)

INLET

-

WATER REJECT
(underflow)
%’
DISCHARGE/

OIL REJECT
HYDROCYCLONE RE-INJECTION

(overflow)

Figure 1.4: Typical topside separation process with a three-phase gravity separator as a
first stage separator and de-oiling-hydrocyclones for produced-water treatment.
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SEPARATOR
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(UNDERFLOW) DISCHARGE/
RE-INJECTION

Figure 1.5: Typical seabed separation process with a pipe separator as a first stage
separator and de-oiling hydrocyclones for produced-water treatment.



1.1. DMotivation

1.1 Motivation

This PhD project is part of the SUBPRO research program that started in the third
quarter of 2015. This program’s primary focus is to accelerate subsea o1l and gas industry
innovations in order to increase production with cost-effective and environmental friendly
solutions. This project also addresses the present challenges faced in the oil and gas
industry, and is performed in close collaboration with the industry partners.

One such problem suggested by the industrial partners was regarding the challenges
in maintaining the efficiency of de-oiling hydrocyclones in the produced-water treatment
system. Since about 90% of the Norwegian continental shelf (NCS) process facilities
use de-oiling hydrocyclones for produced-water treatment (PWT) [23|, maintaining the
efficiency of the PWT is critical in reducing the environmental impact caused due to
discharge of PW into the sea. A primary objective of this PhD work is to understand
the challenges in maintaining efficiency of the de-oiling of hydrocyclones and then, to
propose solutions to mitigate or reduce these challenges, thereby contributing to a more
significant cause of environmental safety:.

The compact nature and low residence times make the control of de-oiling hydro-
cyclones challenging. The traditional control scheme of hydrocyclones uses an indirect
pressure drop ratio (PDR) method to control the separation of hydrocyclones. The PDR
control scheme can handle upstream disturbances in the total inflow rate |23, 25|. How-
ever, changes in inlet oil concentration and droplet distribution cannot be detected by the
PDR control scheme, which reduces the separation efliciency of the hydrocyclones during
such scenarios. The changes in inlet oil concentration and droplet distribution may not
be drastic in the case of bulk first stage separators at offshore/onshore processing facilit-
ies. However, in seabed processing, the first stage separation is more compact with small
buffer tanks which can cause more frequent changes in oil concentration and droplet
distribution at the inlet of the hydrocyclones. Hence, the need for control algorithms
capable of handling these disturbances motivated us to focus the research on developing
new control schemes for de-oiling hydrocyclones.

To design and analyse new control algorithms, we need to have models describing the
input-output relationship of the system. Many mathematical models are available for de-
oiling hydrocyclones where inflow rate, inlet oil concentration, and droplet distribution
are the inputs and the output is the separation efficiency. [13, 14, 35| developed different
mathematical models to predict the efficiency based on the droplet trajectory analysis of
fluids inside a hydrocyclone. [16] presented a control-oriented model for de-oiling hydro-
cyclones with a swirl element.

In this thesis, we are analysing de-oiling hydrocyclones without a swirl element and
this necessitates the development of a control-oriented model to develop new control
algorithms. Chapter 3 describes the control-oriented model that we developed in this
project work. It is also based on droplet trajectory analysis, but with an additional
mass-balance formulation of oil fraction and water fraction at the inlet and the two
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outlets of the hydrocyclone, respectively:.

Measuring or estimating the oil concentration at the water reject outlet (Figure 1.4)
can make the control system design more robust to changes in inlet oil concentration or
the droplet distribution. Estimating the oil concentration at the water reject is possible
using the developed control-oriented model. Also, the latest advances in sensor technolo-
gies have enabled the online measurement of oil-in-water |26, 30|. The online oil-in-water
analysers give a direct measure of the separation efficiency ot hydrocyclones.

The motivation for building a new experimental test rig was to analyse the effective-
ness of an online oil-in-water analyser for controlling the hydrocyclones and testing the
new control schemes. The new experimental test rig is equipped with instruments for
measuring pressure, flow, and temperature parameters. We have installed online oil-in-
water analysers with a stabilising time of 1s, which can be included in control schemes.
Pumps and control valves are connected to the control system which enables autonomous
operation. The test rig can emulate the first stage gravity separators and give the correct
input to the hydrocyclones. Changes in inflow rate, oil concentration, and oil droplet
distribution are the disturbances generated by the test setup.

1.2 The arrangement of this thesis

The remainder of this work is arranged as follows:

Chapter 2 describes the separation theory of hydrocyclones and the different factors
that contribute to the separation efficiency of hydrocyclones. It also describes the
operational and control philosophy of hydrocyclones followed in the industry. This
is followed by a brief literature review pertaining to control and experimental test
rigs of hydrocyclones.

Chapter 3 presents articles describing a control-oriented model for de-oiling hydrocyc-
lones. A simple PI controller is used to verify the model and its control properties.

Chapter 4 presents articles describing control schemes and their simulation study. This
chapter discusses two simple control schemes: a cascade and a feed-forward con-
troller, and three model-based control schemes: feedback linearization, sliding mode
control, and model predictive control.

Chapter 5 presents an article dealing with the construction of the new experimental
test setup. It also describes the procedure to generate different disturbances at
the inlet of the hydrocyclones, which ensure proper testing and validation of new
control schemes.

Chapter 6 presents articles describing the implementation of the three control schemes:
a cascade, a feed-forward and a direct feedback at the test rig

Chapter 7 concludes the work done in this thesis and presents some ideas for optimal
control of hydrocyclones in the future.

10



1.3. Publications

Appendix A presents the details of the experimental setup used in this thesis along

with test setup photographs.

Appendix B presents preliminary data collected from the laboratory for calculating

the internal separation of hydrocyclones.

Appendix C presents a generic introduction to process control and automation in prac-

1.3

1.4

tical implementation perspective.

Publications

Vallabhan K.G. M., Holden, C., and Skogestad, S. (2020). A First-Principles Ap-
proach for Control-Oriented Modeling of De-otling Hydrocyclones. Industrial & En-
gineering Chemistry Research, 59(42), 18937-18950. https://doi.org/10.1021/
acs.lecr.0c02859

Vallabhan K.G. M., Holden, C. Non-linear control algorithms for de-oiling hydro-
cyclones, 2020 28th Mediterranean Conference on Control and Automation (MED),
2020, pp. 85-90.

Vallabhan K.G. M, Matias, J., and Holden, C. (2021) Feedforward, cascade and
model predictive control algorithms for de-oiling hydrocyclones: Simulation study.
Modeling, Identification and Control, 42(4) pp. 185-195, . https://www.mic- jour
nal.no/ABS/MIC-2021-4-4.asp/

Vallabhan K. G., Mishiga, Dudek, Marcin, and Holden, Christian. FEzrperimental
Test Setup for Deoiling Hydrocyclones Using Conventional Pressure Drop Ratio
Control. SPE Prod & Oper (2022;): https://doi.org/10.2118/208608-PA.

VVallabhan K G, Mishiga, Holden, Christian, and Skogestad, Sigurd. Deoiling Hy-
drocyclones: An Experimental Study of Novel Control Schemes. SPE Prod & Oper
(2022): https://doi.org/10.2118/209576-PA.

Contributions

A control-oriented mathematical model based on first principles was developed for
de-oiling hydrocyclones. This model can be used for studying the control properties
of hydrocyclones and for developing robust control algorithms to handle different

disturbances from upstream systems. The article describing this model is given in
Chapter 3.

The drawbacks of traditional PDR control schemes were analysed theoretically
using the model and this is given in Section 4.1. Experimental results to show the
drawbacks of traditional PDR control is given in Section 5.1.

11


https://doi.org/10.1021/acs.iecr.0c02859
https://doi.org/10.1021/acs.iecr.0c02859
https://www.mic-journal.no/ABS/MIC-2021-4-4.asp/
https://www.mic-journal.no/ABS/MIC-2021-4-4.asp/
https://doi.org/10.2118/208608-PA
https://doi.org/10.2118/209576-PA

1. Introduction

e New controllers were developed to mitigate the drawbacks of the traditional PDR
controller. Theoretical study of new controllers are given in Chapter 4.

e Three controllers: Cascade, Feedforward and Direct control schemes were validated
using experiments. The results of this validation are given in Chapter 6.

¢ A Pump and tank system module capable of emulating the first stage gravity
separator was constructed and commissioned during this PhD study. This test
setup can be used as an input system to any produced water treatment equipment.
Details of the experimental setup is given in Chapter 5 and in Appendix A.3.

12



Chapter 2

Background theory

In the year 1968, the need for compact separating devices for the ofishore oil and gas
industry triggered research in the use of hydrocyclones for liquid-liquid separation; in
1978, the patent for the first liquid-liquid hydrocyclone was filed |33|. Commercial testing
of hydrocyclones first happened in 1975 at the Murshim platform [25]|. At present, more
than 90 % of the NCS uses de-oiling hydrocyclones for produced-water treatment [19].

2.1 Hydrocyclones

A hydrocyclone, or to be more precise a ‘hydrocyclone liner’, is a passive device with no
moving parts. It has one (can be two as well) tangential inlet and two outlets, as shown
in Figure 2.1. A hydrocyclone liner has four sections: first, a cylindrical part where the
liquid enters; second, a tapered conical section where the fluid is accelerated due to the
reduction in the diameter; third, a longer tapered conical section where the majority of
the separation occurs, and fourth, a parallel tail section where slower-moving droplets
can be recovered.

High-pressure oily water entering the tangential inlet generates a swirling flow pattern
inside the hydrocyclone liner. The swirling motion of the fluid generates centrifugal force,
which flings out the heavier water particles towards the hydrocyclone walls while the

lighter oil particles move towards the center of the cyclone.

The clean water comes out at the water reject (underflow) outlet and the oil-rich
stream comes out at the oil reject (overflow) outlet. There exists a reverse flow zone
inside the hydrocyclone; upon entering, the oil droplets, reverse their flow direction and
comes out through the oil reject outlet thus getting separated (shown in Figure 2.1).
Some water will also be present in the reverse flow zone and leave the liner with the
overflow. The geometrical structure of a liner comprises of a cylindrical section, followed
by two conical sections of reduced diameters and another cylindrical section much longer
than rest of the three sections.

13



2. Background theory

According to the pattern revealed by the laser Doppler anemometry in [34], the reverse
flow zone extends near the end of the last cylindrical section of the liner. However,
maintaining suflicient opening of the oil reject valve prevents the separated oil from
coming out through the water reject. The reverse-flow zone is assumed to have the same
shape of the hydrocyclone, but with a reduced radius [35].

Tangential
Inlet

Water Reject
(Underflow)

Oil Reject
(Overflow)

Figure 2.1: Diagrammatic representation of a hydrocyclone liner. Note that radius is
oreatly exaggerated. Example oil trajectory is yellow, example water trajectory is blue,
forward flow zone is gray and reverse-flow zone is red.

The flow inside a hydrocyclone can be described using three velocity components:
tangential, axial, and radial. The continuous phase (water) and the dispersed phase (oil)
is assumed to have the same velocity profile for axial and tangential components. On
the other hand, radial velocity for the dispersed phase has an additional factor due to
the drag force experienced by the oil droplets, due to the density difference between the
phases. Therefore, the separation inside the hydrocyclone liners can be analysed based
on these velocity components.

2.1.1 Tangential velocity

The tangential velocity of hydrocyclone follows a Rankine vortex type behaviour. The
velocity near the walls behaves as a free vortex, and velocity towards the centre has a
forced vortex behaviour. A simple diagrammatic representation of the free and forced
vortex in Rankine vortex is shown in Figure 2.2. Here wg; represents the tangential
velocity at the free vortex region and wvgy represents the tangential velocity at the free
vortex region.

We can define some basic terms for better understanding of the Rankine vortex type
behaviour:

e The angular velocity can be expressed in terms of tangential velocity vg as

w="0 (2.1)

e The moment of inertia I with respect to specific axis of rotation is defined as
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Figure 2.2: Rankine vortex type profile for tangential velocity.

I:mr2,

(2.2)

where m 1s the mass and the r is the radial distance of the mass m from the axis
of rotation.

Angular momentum of a rotating object is defined as the product of the moment
of inertia I and the angular velocity w given as

e

L =1w=mruvyg.

(2.3)

I'hen, conservation of angular momentum states that when there is no external

torque acting on the system, the angular momentum of the system remains con-
stant.

I = Ckl‘/mel .

The conservation of angular momentum applies to the fluid in the free vortex region.
We can calculate the velocity of the fluid at any radial position when the initial angular
momentum is known. At the inlet of the hydrocyclone, the tangential velocity near the
wall will be equal to the inlet velocity [35]. Then, based on the inlet velocity and initial
radial position of the fluid, we can calculate the angular momentum as

(2.4)
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2. Background theory

Here, o is an empirical factor added to compensate for the lack of perfection at
the tangential inlet. As the angular momentum is conserved, we can find the tangential
velocity at any radial position r in the free vortex region as

a1 VinRi =vgir=1. (2.5)

In the forced vortex region the fluid rotates as a solid body with a constant angular

velocity,
Vo2

= Constant . (2.6)
”

Combining the above with (2.1), gives Constant = w and w remains constant in the
forced vortex region, so the tangential velocity decreases as the radial position decreases.
Furthermore, the tangential velocity component of the continuous phase vg ,, and the
dispersed oil phase vy, in the free vortex region are assumed to be same. Thus we have

Vg1 — Vg w — Vho - (27)

2.1.2 Axial velocity

The axial velocity profile inside the hydrocyclones has two parts: the forward flowing
region and the reverse flowing region. A reverse-flow zone exists inside the hydrocyclone,
reaching which, the axial low of the fluid reverses its direction. The radial position at
which the axial velocity becomes zero is called a locus of zero axial velocity. The forward
Howing region is a part of the free vortex, and the reverse flowing region is a part of
the forced vortex region. Figure 2.3 shows a rough sketch of the axial velocity based on
the laser Doppler anemometry image shown in |34|. The locus of zero axial velocity, the
forward flow region and the reverse flow region are marked in Figure 2.3. In Chapter 3,
we calculate the average axial velocity profile of the forward flowing region (marked with
pink in Figure 2.3) using the two-dimensional pipe-flow model, where we fix the locus of
the zero axial velocity as an empirical constant. The continuity of the axial flow needs to
be maintained when droplets moves from one section of the liner to another. This is done
by initialising the present section with the last value of the previous section. Equations
(11)—(15) in Chapter 3 models the axial flow maintaining continuity between different
sections of the liner.

Bram et al. [13], Caldentey et al. |[14|, Wolbert et al. |35| considered an axial profile
as shown in green in Figure 2.3 for their analysis. This profile is mainly valid for the
second conical section of a cyclone liner. Wolbert et al. |35 modelled this profile using a
polynomial approximation, and the locus of zero axial velocity in this model was fixed
based on the experimental data. Caldentey et al. [14] calculated the polynomial constants
dynamically, based on boundary conditions such as zero axial velocity near the walls,
zero axial velocity at boundaries of the reverse-flow zone, symmetrical axis flow and the
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Figure 2.3: Axial velocity profile of flow inside a hydrocyclone.

conservation mass (ignoring the reverse flow). Using these boundary conditions, an axial
velocity profile depending on the swirl number S' was derived.

Bram et al. [13]| modified the polynomial approximation of Caldentey et al. [14], by
including an additional boundary condition of reverse flow direction, and updated the

polynomial constants. The polynomial approximation model for the axial velocity as
given in [13, 14, 35] , with 7 = ' :

R(z) -
v, = Vo(2)(ao + a1 7 Ao’ agf?’) . (2.8)
Vo(z) = TR2(2) (2.9)

Similar to the tangential velocity, the axial velocity of the continuous phase v, ,, and the
dispersed phase v, , are assumed to be the same, and we have

Vy = Upp = Vso - (2.10)

2.1.3 Radial velocity

The radial velocity of the hydrocyclone aids the oil droplets in moving towards the
center of the cyclone and get separated from continuous phase. The radial velocity of the
continuous phase (v, ,,) needs to satisfy the continuity equation (%”; | %”T?“ - = ().

Hence, v, ,, will vary with the axial velocity v,.

OR r2pvrvz dr

R T 2 po. dr where R is the radius of the pipe [15].

1Swirl number S =
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2. Background theory

The radial velocity of the dispersed phase (v,,) has an extra component (v, ), called
the terminal /settling velocity, due to the drag force and the density difference,

Vr.o = Upw + Vtr - (2.11)

Due to the swirling motion inside the cyclone, the oil droplets experience a force F,, caused
by the centripetal acceleration, which is much higher in magnitude than gravity, [25],
pulling the droplets towards the reverse-flow oil core. Another counteracting frictional
force that acts on the droplet is the drag F; between water and the oil droplets. The
frictional force can be expressed in terms of Stokes’ drag |35| or quadratic drag [14]. In
this thesis we use a quadratic drag for our analysis. The buoyancy force Fj is equivalent
to the centripetal force, but in the opposite direction. Figure 2.4 shows the different forces
acting on the droplet.
The force due to centripetal acceleration is

2 2

v T v

F,=m-¢ =2-D3p -2 . 2.12
m- = = <D po (2.12)

The force due to quadratic drag is expressed as

1 2 2

Fy = §CD,007T7“ Vi (2.13)

The force due to buoyancy (displaced weight) is

T3 U

Here, D is the diameter of the oil droplet, p, and p,, are the densities of oil and water,
respectively, r is the radial distance of the droplet from the axis of rotation, Cp is the
drag coefficient and, v is the terminal/settling velocity.

When the terminal velocity is reached, we have

Fy—F, = F, (2.15)
zDg,o Y% 7TDS,O v_g — 1CD,O Tl (2.16)
6 “r 6 “r 2 7 tr |
4 0w — Po ng
R b | 2.17
. \/3 po 1Cp (217)

2.1.4 Separation

Two factors that significantly influence the separation of oil from the water inside the
hydrocyclones are: the terminal velocity and the residence time. The bigger droplets
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Figure 2.4: Forces acting on an oil droplet inside a hydrocyclone.

experience a higher terminal velocity and reach the reverse-flow zone, and get separated.
Furthermore, the droplets getting enough residence time will reach the reverse-flow zone
and get separated before exiting the hydrocyclone. Small droplets and droplets with short
residence time do not get separated.

Increasing the inflow rate (inlet velocity) increases vg, and further increases the ter-
minal velocity. This can help smaller droplets to reach the reverse-flow zone faster, and
get separated. However, increasing v;, increases the axial velocity v,, which in turn re-
duces the residence time of the droplet. As a result, the droplet may not have time to
reach the reverse-flow zone before exiting through the water reject. Thus, an increase
in the inflow rate has two contradicting effects on separation. Therefore, it is essential
to select the correct inflow rate that gives sufficient residence time for the droplets and
enough terminal velocity to move towards the reverse-flow zone. (The presence of the
long cylindrical section is to extend the residence time, but at some point the losses are
too great to maintain swirl and thus separation.)

The separation efficiency of a hydrocyclone is given by

n = 1 6(],0
ﬁin,o ’

(2.18)

where B, is the oil fraction at the water-reject (underflow) and By, is the inlet oil
fraction.

For a specific hydrocyclone, the vendor gives the relationship between separation
efliciency and the inflow rate. This relationship gives the minimum inflow rate, Qin min,
and the maximum inflow rate, Qin maz, between which the hydrocyclone operates at
optimum efficiency. Figure 2.5 gives an example of separation efficiency vs. inflow rate.
Here, we can see that when the inflow rate is below Q)i min, then the tangential velocity
is not enough to generate the centripetal acceleration needed for the droplets to move
towards the reverse-flow zone. When the inflow rate is above Qin maz, then the axial
velocity reaches the higher limit and reduces the residence time of the droplets. In this
thesis, we are focusing mainly on By, the oil fraction at the water reject, rather than
on the separation efficiency 7.
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Figure 2.5: Relationship between efficiency and inflow rate of a hydrocyclone [23].

2.1.5 Hydrocyclone liner and chamber

De-oiling hydrocyclones are compact compared to solid-liquid hydrocyclones, and hence,
individual hydrocyclones liners are stacked inside a chamber to form a single unit. Figure
2.6 shows the chamber of a hydrocyclone with the liners stacked inside, and Figure 2.7
shows an individual liner. Based on the throughput, the number of in-use liners inside
the chamber is increased or decreased.

The trajectory analysis and the separation analysis discussed in the previous section
was about the individual hydrocyclone liner. However, the individual hydrocyclone liner
and a liner’s behaviour inside the chamber, is fundamentally the same. The key difference
is that using more liners for the same volumetric flow rate decreases inlet speed V;,, as
the flow is split into multiple liners

2.2 Control of hydrocyclones

Operational control is necessary for operating hydrocyclones at an optimum separation
efficiency. The two control schemes used in the industry to achieve this are ‘flow rate
control’ and ‘flow split control’.

For example, Figure 2.8 shows a simple P&ID of a typical separation unit, consisting
of a first-stage gravity separator and a hydrocyclone with the ‘low rate control’ (LICO01)
and ‘flow split control’ (PDRCO01) loops. The goal of a flow rate control loop is to maintain
an inflow rate in the efficiency plateau (shown in Figure 2.5). Here, the level controller
LICO1 controls and maintains the level of the upstream gravity separator by adjusting
the water-reject (underflow) valve and thereby maintaining the required inflow rate to
the hydrocyclones.

The flow split control helps in maintaining the separation in the hydrocyclones, and
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2.2. Control of hydrocyclones

Figure 2.7: Picture of hydrocyclone line from eProess Technologies used at the test rig
described in Chapter 5.

also ensures the reverse oil core stability. The term ‘flow split’, and ‘reject ratio’ are used
interchangeably in literature and is defined as

Qo

Qin 7
where (), is the flow rate at the oil reject outlet, and ();;, is the inflow rate. The main goal
of this control loop is to ensure that the oil concentration at the water reject is meeting
environmental regulations. The clean water coming from the hydrocyclones is discharged
into the sea, and therefore has to meet the regulations to reduce the environmental
footprints. The NCS follows the OSPAR criteria, which has set a performance standard
for dispersed oil of 30 mg/1 (~ 30 ppm) of discharged water.

The manipulated variable (MV') in the flow split control loop is the opening of over-
flow oil reject valve Z,, and the controlled variable (C'V') is the oil concentration at the
water reject (underflow) Bi7,. In many cases, there is no measurement available for Sy,
and hence a flow split F is taken as an alternative controlled variable (C'V5). However,
the reliable and cheaper pressure measurements made the pressure drop ratio (PDR) a
better candidate for the C'V5. Also, [25] calculated a linear relationship between the flow
split and the PDR, based on experimental data, giving empirical ground to replace the

Fy

(2.19)
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Figure 2.8: Typical control scheme of hydrocyclone representing low rate and flow split
control.

flow split control with PDR control. The PDR can be defined as

P — P
PDR = 2.20

where P, P>, P53 are the pressures at the inlet, overflow and underflow, respectively.

It is essential to keep the overflow valve at the right opening to maintain optimum
separation. Correct flow split or PDR needs to be given as a setpoint to the controller
to maintain a right overflow valve opening. A higher flow split can send more water
into the oil reject stream, and takes the water back to the upstream system. Lower flow
split increases the oil concentration at the water reject, in case of an increase in inlet oil
concentration. Figure 2.9 shows an experimental result showing the relationship between
flow split and Sy, when there is an increase in the inlet oil concentration. Here, we can
see that when the inlet oil concentration is 300 ppm, a flow split of 2.6 % is enough to
malntain a By, of 30 ppm, but when the inlet oil concentration is increased to 550 ppm,
then a flow split of 3.8 % is required to keep By, at 30 ppm. Also note that Sy, plateaus
beyond a certain Ff.

2.3 Literature review

2.3.1 Mathematical model for hydrocyclones

There are many types of models for liquid-liquid hydrocyclones discussed in the liter-
ature. Computational fluid dynamics-based models are instrumental in predicting the
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Figure 2.9: Experimental result showing the flow split Vs By, for two inlet oil concen-
trations.

flow patterns and separation efficiency, and they are mainly used to improve the design
aspects of hydrocyclones. Hargreaves and Silvster |21|, Motin [27|, and Saidi et al. [31]
discussed CFD-based models, and they use these models to enhance the dimensions and
structure of hydrocyclones inorder to improve their separation efficiency. In this thesis,
we briefly review the simple mechanistic and semi-empirical models available in the liter-
ature. These types of models are used in this thesis to develop a control-oriented model
for hydrocyclones.

Wolbert et al. |35| developed a droplet trajectory-based model to predict the separa-
tion efficiency. Three velocity components — axial, radial and tangential — were used to
track oil droplets inside the hydrocyclones. They used the Rankine vortex behaviour to
represent the tangential velocity, where the tangential velocity was a function of radial
position. Axial velocity (at the low cone section) was defined using a polynomial approx-
imation. The radial position of the locus of zero axial velocity was fixed in this model, as
the polynomial constants were empirical values calculated based on experimental data.
The radial velocity has two components, one of which was obtained from the continuity
equation. The other part was the droplets’ settling velocity, which was calculated based
on Stokes’ law. They calculated the digg diameter (the minimum diameter of a droplet
which has a 100 % separation efficiency), found by considering a droplet entering the
hydrocyclone at the wall and reaching the locus of zero axial velocity just before the
bulk flow leaves the final cylindrical section of the hydrocyclone. They assumed that if
this droplet reaches the locus of zero axial velocity, the oil droplet gets separated and
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will come out through the oil reject. They also calculated the separation efficiency for
a droplet diameter based on the initial position of that droplet, and then the grade
efliciency with a known inlet droplet distribution.

Caldentey et al. [14] also proposed a droplet trajectory-based model for predicting the
separation efficiency. In the paper, the tangential velocity was expressed as an empirical
relationship that relates to the droplet’s radial position and the swirl intensity. The axial
velocity was defined by a polynomial approximation, where the polynomial constants
were calculated based on a set of boundary conditions. With this, the axial velocity
profile turned out to be a function of swirl intensity. They obtained the first part of
the radial velocity from the continuity equation. Then, they used quadratic drag to
express the second part of the radial velocity. In the paper, the pressure drop from inlet
to underflow was calculated using Bernoulli’s equation. The paper also estimates the
separation efficiency for individual droplet size categories, and grade efficiency based on
the inlet droplet distribution.

Bram et al. [12]| developed a flow resistance model for hydrocyclones to predict the
underflow and overflow rates when the upstream pressure of the oil reject valve and the
downstream pressure of the water reject valve are known. This flow resistance model
was combined with the droplet trajectory model developed by Wolbert et al. [35], and
the variation of separation efliciency for changes in overflow and underflow flow was
predicted. The flow resistance model also predicted the pressure drop ratio (PDR). Later,
Bram et al. [13]| modified the droplet trajectory model by considering various boundary
conditions as given in Caldentey et al. [14]. One extra boundary condition considered in
this paper was to add the volume balance in the reverse flow zone, which was missing in
Caldentey et al. [14]. Bram et al. [13| experimentally verified the combined flow resistance
and droplet trajectory model for the prediction of separation efficiency. The author also
gives a detailed discussion about the experimental setup to validate the model, and
the methods to prepare the inlet for the hydrocyclones such that a well-mixed oil-water
mixture representing the first stage separation is given to the hydrocyclones. The authors
validated the model using the experiments, and the efficiency predicted by the model
had a close match with experimental data. However, the inlet droplet distribution of the
hydrocyclone was unknown, and the model assumed a droplet distribution with a mean
of 15 pm to 20 pm. Hence, as future work the authors suggested model validation using
different droplet distributions.

2.3.2 Control

In this section, a brief literature review of hydrocyclones focusing mainly on their control
aspect 1s given.

Meldrum |25| discussed the results from the first commercially tested hydrocyclones
at the Murchison platform and the Hutton tension leg platform and different factors
influencing the performance of the hydrocyclone. This paper considers the reject ratio
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(flow split) and the inflow rate as the two critical means of efficiently controlling the
performance of a hydrocyclone over a specific range of operation. Two-phase low meters
were not eflicient in measuring the flow split, especially in the presence of gas. Hence, they
proposed a pressure drop ratio (PDR) control scheme, which used the pressure drop ratio
across oil-reject and water-reject to maintain the required flow split. Meldrum calculated
a linear relationship between flow split and PDR experimentally. Later in the paper,
he mentions that the relationship between flow split and PDR would not be universal.
It depended on the specific field’s crude characteristics. This paper also discussed the
need to increase the flow split when there is an increase in the oil concentration above a
specific range to maintain optimum efficiency.

Husveg et al. |23| studied the performance of de-oiling hydrocyclones for varying
inflow rates. First, they experimentally calculated the PDR to achieve the maximum
efficiency for an operating inflow rate. Later, they found the relationship between the
flow split and the PDR. A PDR of 1.7, mapped to a flow split of 6.5% to 7%, was used
as a setpoint for the PDR scheme. The hydrocyclone liners with the PDR control scheme
were subjected to linear increase, linear decrease and sinusoidal variations in the inflow
rate. The experimental results indicated that the PDR control scheme was able to handle
the disturbances in the inflow and maintain the efficiency of the hydrocyclones. Inlet oil
concentration and droplet distribution were kept constant for their experiment.

Durdevic and Yang |17| considered the upstream gravity separator and the hydro-
cyclone as a single system, and analysed the interaction of the flow-rate control and the
How-split control. This analysis is relevant when the change in the inflow rate is more
drastic, in scenarios such as slugging. They used a level controller to maintain the level of
the upstream separator and thereby maintain the required inflow rate. Next, they used
a PDR controller for the flow-split control. Experimental results showed that using a
simple PID controller for PDR control was ineffective in disturbance rejection (frequent
inflow rate changes). In some cases, the oil reject control valve was saturated. Then,
a MIMO model for the process was developed and based on that a robust H., con-
troller was designed and tested. The H,, controller showed better disturbance rejection
and smooth changes in the water reject (underflow) valve in cases of drastic inflow rate
changes. Later, Durdevic and Yang [18], analysed the combined system (gravity separ-
ator and hydrocyclone) with an oil-in-water measurement at the inlet and water reject
of the hydrocyclones. Online measurement helped them directly measure the efficiencies
of hydrocyclone when subjected to frequent changes in inflow rate. Also, they compared
a simple PID control and a robust H,, control scheme for the combined system for the
hydrocyclone efficiency. The PID control solution of combined system showed better per-
formance in terms of efficiency while the H,, control scheme of the combined system
were able to maintain a lower oil concentration at the underflow.

Orlowski et al. |28| described the control system details of the subsea separation
system installed at the Marlim Field at a water depth of 870 m. The subsea separation
system has a gas harp, a pipe separator, a desander and hydrocyclones. The authors
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discuss the practical details of the control scheme for hydrocyclones implemented at
the subsea installation. They proposed logic-based controllers with delays and operation

bands to keep the flow-split between 2 % to 6 %, instead of a traditional PID based PDR
control scheme.

2.3.3 Experimental test rig

In this section, a brief literature review of the different experimental setups for testing the
de-oiling hydrocyclones available in literature are given. These setups emulate the first
stage gravity separator and generate different inlet disturbances for the hydrocyclones.
Changes in inflow rate, oil concentration, and oil droplet distribution are the disturbances
that need to be generated by the test setup.

Here, we describe four experimental test rigs, described in Bram et al. 12|, Gomez
et al. [20], Husveg et al. |23|, Young et al. [36]. Proper mixing of oil and water is crucial
to get the right droplet distribution, and to get a mixture that represents output from
the first-stage separator. Figure 2.10a shows the flow diagram for an inline mixing of oil
and water before being fed into the hydrocyclone. Figure 2.10b shows the batch mixing
of oil and water in a tank before being fed into the hydrocyclone.

There are different techniques of mixing oil and water inline. Young et al. [36] used
a homogeniser with a bypass mixing loop, where the frequency of the homogeniser is
adjusted to vary the droplet distribution. Gomez et al. |20| used a static mixer followed
by a mixing loop. The desired droplet distribution was achieved by choosing a specific
static mixer; passing the mixture through the mixing loop created smaller oil droplets.
Husveg et al. [23] used a dynamic water-oil mixer (a pump), and varying the pump speed
varied the droplet distribution. Bram et al. [12] mixed oil and water in a tank and created
the mixture in batches. The speed of the mixer in the tank was adjusted to create the
desired droplet distribution.

In batch and inline test setups, the flow rates of water and oil can be controlled using
the variable speed drive connected to the respective pumps. Well-mixed oil and water is
sent into the hydrocyclone, and the clean water comes out as water reject (underflow)
and the oil-rich stream comes out as oil reject (overflow).

Different measurements such as flow, pressure, and temperature are monitored and
logged using suitable data acquisition systems in the test setups. Gomez et al. [20], Young
et al. [36] did not implement any control schemes. Bram et al. |[12]|, Husveg et al. |23]
implemented a pressure drop ratio (PDR) control scheme to control the oil reject valve
PCVO01 (Figure 2.10) and to maintain the separation in the hydrocyclones. The underflow
(water reject) control valve PCV02 was kept at a constant opening.

A sampling point at the inlet and water reject can be used to measure oil concentration
and droplet distribution. Gomez et al. |20|, Husveg et al. [23|, Young et al. [36] used offline
techniques such as IR absorbance for measuring the oil concentration. A light scattering
instrument was used to measure the droplet distribution and Dv50. Dv50 is defined as

26



2.4. New test rig: constructional and operational details

Sampling
point /
Bypass line

g Mixer
Sampling
point /
Water Bypass line
Variable Pump Z
Speed
@ ® X
@ QilReject  pryvo1 PCV0?2 Water Reject
! (Overflow) (Underflow)

Q Hydrocyclone

Variable Pump

Speed
Drive

(a) An experimental test rig setup where oil is injected into water line and mixed inline before
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(b) An experimental test rig setup where oil and water is batch mixed and pumped into the
hydrocyclone.

Figure 2.10: General test rig setups.

the median (by volume) droplet size; half the droplets are of greater volume and half of
lesser volume. In Bram et al. [12], a special side-stream was constructed, parallel to the
main pipe line at the main inlet and the water reject. Then, online fluorescence-based
oil-in-water analysers were placed in these side-streams to measure the oil concentration.
Table 2.1 summarises the key aspects of the various rigs.

2.4 New test rig: constructional and operational details

This section gives the constructional details of the test rig used for the experiments in
this thesis. The main goal of this test rig is to test the novel and advanced control schemes
for hydrocyclones, which also necessitates the ability to emulate first-stage gravity separ-
ators and generate different inlet disturbances to the hydrocyclones. The test rig is also
equipped with instrumentation sufficient to test these new control schemes for hydrocyc-
lones, which can be used along with the typical PDR control scheme. A simplified P&ID
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Table 2.1: Features of experimental test setup for hydrocyclones available in literature.

Test Type of | Vary oil Vary droplet dist. Measure oil conc. Control system
Setup mixer conc.
o Yes ;iTJ?:ment o No control system
|36] Homogeniser | Online o Varying speed of : : o Flows and pressures
homogeniser © Using analytical are logged
method (IR analysis)
o Yes o No control system
o Static mixer with a o Offline o Data acquisition of
120] Static Online bypass loop is used measurement analog signals
mixer o Varying the duration | o Infrared (flow, pressures
of the fluid in the spectroscopy temperatures)
bypass loop are done using NI
: o PDR controller
o Offline
Dyvnamic o Yes measurerment o Pressures, flows and
|23] Y Online o By varying the speed temperatures are
et of dynamic mixer ° Infracal logged and used
Y TOG/TPH Analyser | .
in control system
o PDR controller
o No o Online side stream o Pressures, flows and
12] Batch Batch o Because of batch measurement temperatures,
mixing mixing the distribution | o TD-4100XDC oil concentration are
remains constant fluorescence-based logged and used
in control system
o PDR controller
o Pressures, flows and
o Yes : - temperatures,
: o Online (inline ) : :
Control : o Varying the pressure oil concentration are
Present Online : measurement
) Valve drop across the inlet logged and used
Test Rig o Ultrasound-based :
control valve in control system
o Possibility to test new
control schemes.

of the test rig with a PDR control scheme is shown in Figure 2.11.
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Figure 2.11: Simplified P&ID of the new experimental test rig.

HC-01 in Figure 2.11 represents the hydrocyclones in the test rig. Here we use two
DO15 hydrocyclone liners from eProcess Technologies. These two liners are placed parallel
in a chamber with a common inlet and two common outlets. The clean oil from the two
liners goes into a common oil reject part of the chamber and later taken out through a
normal pipe. The cleaner water from the the two liners goes into a common water reject
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part of the chamber and later taken out through a normal pipe. According to the data
sheet provided by the vendor, a single liner needs a minimum inflow rate of 1.44m?/h and
can handle a maximum inflow rate of 4.53 m?/h. As two liners are placed in a chamber,
the total inflow rate during the operation has to be greater than 2.88 m? /h.

The main water reservoir T-01 is a 5000 liter PVC tank with tap water. We use Exxsol
D60 for testing, and it is directly pumped from the oil barrel (T-02). The main water line
is 1.25inches and the oil line is 0.25inches in diameter. A check valve CHV-01 prevents
water from entering the oil line. The main water pump P-01 is a centrifugal pump with a
rated flow rate of 5m?/h and a maximum discharge pressure of 25 bar. The oil pump is a
piston pump with a low dampener to smooth out the pulsating flow. The maximum flow
rate of the piston pump is 151/h with discharge pressure of 25 bar and 100 strokes/min.
The minimum flow rate of the oil pump is 11/h. The flow of 1 to 15 1/h enables a variation
of inlet oil concentration from 250 to 3000 ppm. The pumps have variable speed drives
V-01 (P0O1) and V-02 (P01), controlled by 4 to 20 mA signal from the control system to
regulate the speed. Both of the speed drives also require an additional digital signal to
start the pumps, which is also given tfrom the the control system.

The pressure transmitter PT-01 with a pressure range of 0 to 30 bar monitors the
discharge pressure of the oil pump. The pressure transmitter PT-02 with a pressure
range of 0 to 70 bar monitors the downstream pressure of the FV-01 and the pressure
transmitter PT-03 measures the upstream pressure of the FV-01. A Coriolis flowmeter
F'T-01 measures the total flow (oil and water) and the range of the flowmeter is adjusted
to 0 to 5 m?/h using the optical switch in transmitter’s display panel.

A pneumatically operated 1inch control valve FV-01 is placed after the oil injec-
tion point. The pressure-drop DP-01 across F'V-01 affects the droplet distribution. The
opening and closing of F'V-01 can be controlled using a 4 to 20 mA analog signal.

The inlet line and the underflow outlet (water reject) of the hydrocyclone is 2 inch, as
most of the flow into the hydrocyclones comes out through the underflow. A pneumatic-
ally operated 2inch control valve PV-02 at the underflow controls the total throughput
of the cyclones. The overflow line of the hydrocyclone is 1inch, and a pneumatically op-
erated 1inch control valve PV-01 is used to control the separation of the hydrocyclones.

Two differential pressure transmitters DPT-01 and DPT-02 measure the pressure
drops across the inlet to overflow and inlet to underflow, respectively. Both of these
pressure transmitters are configured in the range of 0 to 8 bar using the switches in
their display panel. A magnetic flowmeter FT-02 at the underflow (water reject) is also
configured in the range of 0 to 5 m?/h using the optical switches in the transmitter
display panel.

The inlet oil concentration and the water reject oil concentrations can be measured
online and offline. Specially designed sampling points SP-01 and SP-02 helps to take out
the samples by preserving the droplet distribution. Samples are measured oflline using
light scattering measurement technique (Mastersizer 3000, Malvern Instruments). Mir-
morax ultrasound-based oil-in-water analysers OIW-01 and OIW-02 are used to measure
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oil concentration online. These two sensors have a stabilisation time of 1s, which enables
these sensors to be used in the control system.

All the transmitters, control valves and variable speed drives are connected to the
LabVIEW programming environment using NI DAQ cards. A graphical user interface
is built using LabVIEW to log the data from the instruments and give control signals
or manual commands to equipment (valves and pumps). The oil-in-water analyser com-
municates with the LabVIEW programming environment via MODBUS RTU signals.
All the analog signals are sampled at 1000 Hz. Appendix C, describes the practical im-
plementation of the flow split control scheme in the new experimental rig along with
different components of process control and automation.

The various articles that present the research done as part of this project follows in
the subsequent chapters.
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Chapter 3

Control oriented model for de-oiling
hydrocyclones

The article presented in this chapter describes a control-oriented model for hydrocyclones,
which can help in the development of robust control algorithms for de-oiling hydrocyc-
lones. The model is developed based on first principles and has three parts: a droplet
trajectory model for calculating the separation efficiency, a pressure flow model based on
Bernoulli’'s equation for calculating the pressure at the overflow and underflow outlets,
and a mass-balance dynamic model for calculating the fraction of oil and water coming

out of two outlets.

3.1 A first-principles approach for control-oriented
modeling of de-oiling hydrocyclones.

The citation of the published article is given below:

Vallabhan KG, M. V., Holden, C., and Skogestad, S. (2020). A First-Principles Ap-
proach for Control-Oriented Modeling of De-oiling Hydrocyclones. Industrial & Engineer-
ing Chemistry Research, 59(42), 18937-18950. https://doi.org/10.1021/acs.iecr.0
c023859

Errata:

Note that Equations (11), (18) and (21)in this paper are incorrect and it needs to be
changed to the following
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o 4 Pw — Po Ug,wD
rer (1) = 3 0 rCp

The postprint version of the paper follows.
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trajectory analysis is done for calculating the separation, and 2 @~ L= ek A conro-oriented moel for

dynamic mass balance is used for control purposes. A simple PI

control algorithm tuned using the SIMC tuning rules is used to

verify the model and its control properties.

B INTRODUCTION lightweight, compact nature of hydrocyclones along with low

maintenance costs makes it attractive for the subsea environ-
ment as well. The Brazilian Marlim field at 870 m water depth
has subsea oil—water separation with a hydrocyclone for

Produced water is a common waste product in oil and gas
production. The amount of produced water typically increases

TANGENTIAL produced water treatment.”* This is the only one currently in
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other fluids. In the 1970s, trials began on the possibility of using
hydrocyclones to separate oil—water mixtures. By modifying
certain geometry and design parameters, the conventional
hydrocyclones achieved adequate separation of oil—water

z

Figure 1. Hydrocyclone liner connected to two outlet chambers (not
drawn to scale). The red lines represent the reverse-flow zone.

mixtures.
with the age of the oil field. Two common methods for produced The first experimental results were given in ref 6, and in that
water treatment are reinjection into the reservoir and discharge paper, it is mentioned that the efficiency of cyclones largely
to the sea. Reinjection of produced water increases the reservoir depends on the oil droplet size. Design guidelines and

pressure and hence may enhance recovery. Discharge of
produced water to sea has to meet local governmental
regulations. The Norwegian continental shelf comes under the

advantages and disadvantages of de-oiling hydrocyclones used
in offshore platforms are given in ref 7. Details about the

regulation of the OSPAR commission, which has set a limit of 30 —
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mg/L of oil (approximately 30 ppm) in produced water
discharged to the sea." Hydrocyclones, compact floatation units
(CFUs), and membrane filters are equipment used for produced
water treatment.

Almost 90% of the offshore produced water treatment
facilities are based on hydrocyclone technology.” Simple,
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construction and principle of operation of the first full-scale
commercial de-oiling hydrocyclone are given in ref 8. Reference
9 gives details about factors such as separation efficiency, feed
characteristics (inflow rate, oil water ratio, etc.), pressure drop,
and operation.

There are two difterent types of de-oiling hydrocyclones: one
has a swirl element inside the cyclone (called inline hydro-
cyclones), whereas the one studied in this paper is without a
swirl element. A control-oriented modeling of an inline
hydrocyclone is given by ref 10.

This paper focuses on hydrocyclones without a swirl element
as shown in Figure 1. The geometry itself induces swirling in
these types of cyclones. There have been numerous studies on
modeling of de-oiling hydrocyclones without a swirl element. A
model to calculate the efficiency of liquid—liquid hydrocyclones
based on droplet trajectories is presented in ref 11, where the
three velocity components (tangential, axial, and radial) are used
for trajectory analysis. Later, ref 12 developed a mechanistic
model for liquid—liquid hydrocyclones where the separation
efficiency is determined based on swirl intensity and droplet
trajectory analysis. They also present a model to predict the
pressure drop from the inlet to the underflow outlet. Most
recently, CFD-based studies on the velocity distribution and
separation performance have become popular, for example, refs
13 and 14.

Most of the models developed for de-oiling hydrocyclones, for
example, CFD models, are too complicated and not suitable
from a control perspective. One approach for control-oriented
modeling of a hydrocyclone is given in ref 15, where
experimental data was used to derive transfer function models.
Later, ref 16 developed a gray-box model based on flow
resistance and droplet trajectory analysis for determining the
separation efliciency of hydrocyclones. However, more simple
first principles-based models have not been investigated. In this
paper, a control-oriented model for a hydrocyclone is derived by
combining droplet trajectory analysis, pressure-flow relation-
ships, and a dynamic mass-balance model.

B HYDROCYCLONE MODELING: INTRODUCTION

De-oiling hydrocyclones have a cluster of cyclone liners, which
can be added or removed in order to meet flow rate
requirements. Each liner has a tangential inlet and two outlets
(see Figure 1). The heavy purified water comes out through the
underflow outlet, and the lighter oil-rich stream comes out
through the overflow outlet. The outflows from all of the liners
enter into the two outlet chambers at the overflow and
underflow ends. Figure 1 shows a single liner connected to
two outlet chambers.

A hydrocyclone liner has four sections: first, a cylindrical part
where the liquid enters; second, a tapered conical section where
the fluid is accelerated due to the reduction in the diameter;
third, a longer tapered conical section where the majority of the
separation occurs; and fourth, a parallel tail section where
slower-moving droplets can be recovered.

Separation occurs due to centrifugal forces, which are much
larger in magnitude than the ones in a conventional gravity-
based separator.® The tangential inlet section aids in generating
the centrifugal force, and the narrowing section of hydro-
cyclones further accelerates the fluid. The low-density oil
droplets move toward the center of the cyclone and form the
reverse oil core, which exits at the overflow outlet. At the same
time, the higher-density water is pushed toward the walls of the

Figure 2. Tangential velocity profile inside a hydrocyclone liner.
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Figure 3. Variation of oil in underflow and water in overflow with flow
split. The figure was obtained using the model presented later in this
paper (here f, ,=1500 ppm).

cyclone and carried away as the continuous phase to the
underflow outlet.

There exists a reverse-flow zone inside a hydrocyclone liner.
The oil droplets entering the reverse-flow zone get separated
from the continuous phase and form an oil-rich reverse core at
the center of the cyclone liner.

According to ref 12, the location of the reverse-flow zone
depends on the swirl intensity. Thus, it is a function of cyclone
geometry, the mean axial velocity, and the tangential velocity. In
ref 11, the reverse-flow zone is calculated based on the axial
velocity profile, which varies with the sections of the
hydrocyclone. Hence, we can say that depending on the sections
L, to L, (in Figure 1), the size of the reverse-flow zone varies.
Also, while, the reverse-flow zone extends to the underflow,” oil
present in the reverse-flow zone does not go out through the
underflow outlet:

R, ,.(2) = R;,(2)R(2) (1)

where R(z) is the radius of hydrocyclone at different axial
positions z. From refs 12 and 11, we can say the factor Ry, has
four different values at four sections L, L,, L;, and L,. As the
separation mainly takes place in L and L, we assume two values
for Ry, i.e., R,y when itisin sections L; to Ly and Ry, , when it is

https://dx.doi.org/10.1021/acs.iecr.0c02859
Ind. Eng. Chem. Res. 2020, 59, 18937—-18950
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in L, where 1 > Ry, | > Rg, 5. R, 1 and Ry, , are tuning parameters
in the model, and we will use values of 0.3714 and 0.27.

The flow pattern inside a hydrocyclone can be described using
three velocity components: tangential (), axial (z), and radial
(r). The tangential velocity shows a Rankine vortex-type
rotational behavior as shown in Figure 2.'' Starting from the
hydrocyclone wall, the velocity increases and reaches a
maximum. The point where the tangential velocity reaches its
maximum is the starting point of the reverse-flow zone for the
axial velocity.'” This is called a locus of zero axial velocity.
Further away from this point, the tangential velocity starts to
decrease and it approaches zero at the center of the
hydrocyclone. The radial velocity distribution depends on the
Stokes drag.

A hydrocyclone separates inlet feed into two products, so
there are two operational quantities of interest: the fraction of oil
in the underflow (water reject), fy; , (which is our main
concern), and the fraction of water in the overflow (oil reject),
Po, . Reference 7 defines the separation in terms of two
parameters. One is the separation efliciency, defined as

U,o
Bino (2)

where fi; , and [, , are the fraction of oil in the underflow and
the inlet, respectively. Here, the subscript o denotes oil, U
denotes underflow, and O denotes overflow.

The second parameter is the flow split, defined as

k= 2o
Qin (3)

n=1-

where Qg is overflow rate and Q,, is the inflow rate. A high-
performing hydrocyclone should have a high separation
efficiency and a small flow split. However, there is a trade-oft
between the two parameters. This is seen from Figure 3, where
we see that to reduce f; , to get a high separation efliciency
(desired), we need to increase the flow spilt (F,) (undesired).
From the lower plot, we see that an increase in the flow spilt also
increases the fraction of water in the overflow. We also see that
the overflow (“o0il”) contains mostly water, about 80—95% in
this case.

In this paper, the hydrocyclone modeling is focused on the
control aspects. The flow between the inlet and the two outlets is
modeled based on Bernoulli’s equation assuming laminar flow
(Pressure-Flow Relationship section). The separation and
separation efficiency are calculated based on a droplet trajectory
model (Oil Droplet Trajectory Analysis and Modeling of
Internal Separation sections). The flow and droplet trajectory
models are steady-state in nature. Dynamics, which may be
required for control purposes, are incorporated in the mass
balances by dividing the hydrocyclone into two main control
volumes (Dynamic Mass-Balance Model section).

B PRESSURE-FLOW RELATIONSHIP

This section derives a static relationship between pressures (P,
P,, P;) and volumetric flow rates (Qy, Q) (marked in Figure
4a) assuming:

Al. The size of the reverse-flow zone is fixed, and the reverse-
flow zone extends through the length of the hydrocyclone.
In other words, a Rankine vortex flow pattern exists from
the inlet to the underflow.

N\ e

2Ry
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(a) Streamline from inlet to underflow outlet
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(b) Streamline from inlet to overflow outlet

Figure 4. Different streamline considered for calculating the pressure-
flow relationship of a hydrocyclone.

Table 1. Parameters Used for Simulation

parameter value unit
P, 6 bar
P, 1.01325 bar
Po 910 kg/m’
PU= Pu 1000 kg/m’
p 989 kg/m’
R, 0.0035 m
R, 0.001 m
Ry 0.005 m
Vi 2.0896 x 107% m?>
Vo 52239 x 107" m?>
Cp 20
C,; 5.0671 x 107 m”
C,, 2.5335 x 107 m>

A2. The radial velocities at the exit points are negligible.

A3. The frictional losses inside the cyclones are neglected in
Bernoulli’s equation.

First, consider a water streamline between a point at the
tangential inlet and a point at the underflow. This is marked in
blue in Figure 4a. Then, from Bernoulli’s equation, with no
friction loss (Assumption A3), we get:

p(Qin

2
P+ — = P, + KE_;, + KE

1 2 Ain ) 3 Uz uo
Here, KEj, is the kinetic energy contributed by the axial velocity
of the fluid we have

2
KE,, = Py &

where Ay is the underflow cross-sectional area and Qy; is the
underflow volumetric flow rate. The kinetic energy contributed
by the tangential velocity is given KEj,. The tangential velocity
profile at the underflow is a combination of free and forced
vortexes. The detailed derivation of the KEyy is given in
Appendix A. Inserting into Bernoulli’s equation gives

2 2
P Qin 'OU QU SpU ((IlQian)2
R e I B I
2| A, 2(Ay) 4R} R

in in

(4)

https://dx.doi.org/10.1021/acs.iecr.0c02859 35
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Figure S. Geometrical details of a hydrocyclone liner used in the model (not drawn to scale).
Next, a second oil streamline is considered between a point at Q. =Q,+Qy (8)

the tangential inlet and a point at the overflow as shown by a red
line in Figure 4b. From Bernoulli’s equation and Assumption A3,
we get

B+
A.

p Qin
2 in

2
) = P, + KEy, + KE

where the kinetic energy in the axial direction is

2
KEg, = Yo &
2\ Ay

The tangential velocity profile at the overflow has only forced
vortex, and hence the forced velocity component contributes to
the kinetic energy KEq4. The detailed derivation for this term is
given in Appendix B. The Bernoulli’s equation can then be

In the five (eqs 4—8), there are six unknowns (Q,,, P, Qp, P,,
Qu, P;). TThen, either the inlet flow Q,, or the inlet pressure P,
is assumed as a known boundary condition and the other
unknowns can be found by solving the equations.

As an example, consider that we know P, = 600 kPa and the
valve positions are Z;; = Z, = 0.4. Then with data in Table 1, we

2
get, P, = 470 kPa, P; = 539 kPa, g(i“> = 132 kPa, Q, = 2.88
X —5m’/s, Qy=5.99 X 10~*m>/s, KE;, = 29 kPa, KE;y = 163
kPa, KE,, = 38 kPa, and KE,y = 224 kPa.

B OIL DROPLET TRAJECTORY ANALYSIS

The separation efliciency of the hydrocyclone depends on the
centrifugal force acting on the two fluid components (oil and

rewritten as 0.02
5 5 N 0.015 - -
Pl Qi o[ Lo po (@QR)"
B+ — =B+ —|—| + o1 RO 0.01 - 1
2 Ain 2 AO 4 (nRin) RU,rev
( 5) . 0.005
Next, consider the pressure at two exits of the liner, thus can Q"% 0
be modeled using a standard valve equation for turbulent flow. " 0,005 ! ]
This gives
-0.01 ]
2(P, — P,
oo T
Pu (6) -0.02 ' '
0 0.2 0.4 0.6 0.8 1 1.2
< 1m
2(P2 B Po)
Q, = (2o Figure 6. Simulated trajectory of 50 um oil droplet (green), which is
Po (7) separated as its enters the reverse-flow zone (marked in red), and 5 ym

Here, C,; and C,, are the valve constants of the underflow and
overflow valves (incorporating frictional losses), P, is the
pressure at the overflow outlet, P; is the pressure at the
underflow outlet, Z; € [0,1] and Z, € [0,1] are the valve
positions, and py and p, are the densities of liquid at the
underflow and overflow outlets, respectively. P, is the
downstream pressure of the overflow valve, and Py is the
downstream pressure of the underflow valve . This paper
assumes that Py and Py, are known and equal to the atmospheric
pressure (P,,,).
Finally, from the overall mass balance:

(blue), which is not separated and comes out as underflow. The black
marking represents the walls of the hydrocyclone. The picture shows a
two-dimensional view of the simulation, and this is why the green line
does not reverse immediately when it crosses the red line.

water) and the frictional (drag) force acting on the dispersed oil
particles. We divide our analysis into two parts: continuous
phase (water) and dispersed oil phase. Two simplifying
assumptions for this analysis are as follows:

A4. Axisymmetric flow.
AS. The tangential velocity is not zero at the walls.

https://dx.doi.org/10.1021/acs.iecr.0c02859
Ind. Eng. Chem. Res. 2020, 59, 18937—-18950
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Continuous Phase (Water). The three velocity compo- (Vo ifz <a

nents of the continuous water phase are the tangential velocity .

Vg, w» the axial velocity v, ,, and the radial velocity v, . Here, the Yo ifta<z<b

subscript w denotes the water phase, whereas we will use o to (b — a) )

denote the oil phase. V(z) = 4 Vo(l + ifb<z<c
Tangential Velocity. The tangential velocity profile inside the 0 Ly )

hydrocyclone exhibits a Rankine vortex-type behavior (as shown \

e (b — a) (c—0b)| .

in Figure 2), where the free vortex occurs near the cyclone wall Vo(l + (1 + J ifc<z<d

and the forced vortex occurs near the axis of the hydro- L, ) L,

cyclone.'"'* Hence, the tangential velocity is a function of radial \

position; the velocity decreases as the radial position increases in (14)

the free-vortex region, and in the forced-vortex region, the (0 ifz < a

velocity increases as the radial position increases. Then, based on

the conservation of angular momentum, the following a ifa<z<b

expression holds for the tangential velocity: Z=\b ifb<z<c
no_ tant c ifc<z<d

vp,,(r)r" = constan \ (15)
Here, vy ,,(r) is the tangential velocity at the radial position r. v = Qy
The value of n varies between —1 (forced vortex) and 1 (free 0= T RZ (16)
vortex). As most of the separation takes place near the semi-free :
vortex region, ' we will for simplicity use one value for #, in the Here, R, is the radius of the first cylindrical part of the
region from 0.5 to 0.9.'" The constant can be found from the hydrocyclone and Qy is the volumetric flow rate toward the
known inlet velocity and inlet radius. underﬂc.)wt . o .

A tuning factor a; < 1 is introduced to enable the calculation The limits used in eqs 13—15 are marked in Figure 5. The axial

of the tangential velocity of the fluid at any given radial position flow described above is from the inlet to the undertlow.
based on the inlet velocity v, and the radius of the first However, there is a reverse-flow toward the overflow outlet, and
mn

hence the actual axial velocity will be higher than the one
described by eq 16 as the total cross-sectional area is slightly
smaller. Rewriting the initial velocity after considering the

cylindrical part of the cyclone R; (see Figure 5). Hence, the
tangential velocity is given as

Q. reverse-flow zone with a fixed radius of Ry, gives
Vo w(r)rn — (’zlvin‘Rl’1 — al_len
| Ay (9) Vo= L
0= % 2 2
. . — " (1= Rge)" 7R, (17)
Axial Velocity. The axial velocity of the fluid in the low cone
section is given as a polynomial approximation in refs 12 and 11. where a tuning parameter @, > 1 has been added to the initial
In our paper, the axial velocity of the continuous phase is velocity to capture higher tangential velocity at the inlet.
modeled as a flow through a pipe of changing diameter. A Radial Velocity. From eq 11, the radial velocity of the water is
standard flow model for a two-dimensional converging nozzle given as
. 17
is
r
Y w(r) Z) — _‘/O(Z)( )
! L(z) (18)

0 (2) = UO(I ; i)

L (10) Dispersed Phase (QOil). The droplet trajectory analysis for

the dispersed oil phase is done using the three velocity

r components v, ,, vy ,, and v, ,. The oil tangential velocity vy ,
v (r) = _UOE (11) and the axial velocity v, , are assumed to be same as for the
continuous water phase, i.e.
Here, v, is the axial velocity, v, is the radial velocity, L is the Yoo = Vg (19)
length of the converging nozzle, and U, is the initial axial
velocity. With this simple flow model, the axial velocity profile of Yo = Vzw (20)

a hydrocyclone is given below: In the radial direction, the oil drops move relative to the

continuous water phase because of the difference in the
v (2) = Vi(2)|1 + z—2 centrifugal forces, as given by the density difterence p, — p,.
oY 0 L(z) (12) In addition, the oil droplets have a frictional (drag) force acting
on them. In our analysis, we consider this to be a quadratic drag
as in ref 12. The combined effect of these forces makes the oil

oo ifz<a droplets achieve a terminal/settling velocity relative to the water
L, ifa<z<b phase, given as
L(z) =« | .
L, ifb<z<c B 4 —p)vy,D
] vter(r) Al 54
oo ifc<z<d (13) 3 5 rCp (21)
18941 https://dx.doi.org/10.1021/acs.iecr.0c02859 3 7
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where D is the diameter of oil droplet, r is the radial position of
oil droplet, p, is the density of the oil, p,, is the density of water,
and Cp is the drag coeflicient. Then, the total radial velocity of
the dispersed oil phase is given as

(2

r,o vr,w + 1}ter

(22)

Numerical values of the hydrocyclone dimensions used in the
simulations are given in Figure S. Figure 6 shows the simulation
of droplet trajectories using eqs 19, 20, 21, and 22. The black
color marking in the figure represents the physical boundary of a
hydrocyclone liner, the red dashed marking represents the
reverse-flow zone. Here, average axial velocity v, , is primarily
used for calculating the residence time of the droplets in the
forward-flow zone. The radial velocity v, , is used for checking
the droplets reaching the reverse-flow zone.

Oil droplets that enter the reverse-flow zone are considered to
be separated from the water, see the green trajectory in Figure 6,
which represents a 50 ym droplet. It is not necessary for our
approach to calculate the internal separation (Modeling of
Internal Separation section) to track the droplets after entering
the reverse-flow zone, Hence, the trajectory in the figure stops
abruptly after entering the reverse-flow zone. The blue marking
in Figure 6 represents a trajectory of a S um droplet, and this
droplet is not separated as it is not able to enter the reverse-flow
zone.

The simulation of droplet categories from S to 60 ym using
trajectory models 19, 20, 21, and 22 resulted in separation of oil
droplets greater than 10 pm.

B MODELLING OF INTERNAL SEPARATION

In this paper, a droplet trajectory analysis is used for calculating
the separation inside the cyclone. Using eqs 19—22, if an oil

§ T T
w 15

+~

=

(@

o

—

e

s 10

>

=

:5

<

$ 5| f
—

o,

D]

=, N ]
Z CUD
=

5 1213141516202530354045505560
Droplet diameter [pm]

Figure 7. Sample droplet distribution at the inlet of the hydrocyclone.

droplet reaches the reverse-flow zone before exiting through the
underflow, then it is assumed to be separated. The separated oil
moves toward the oil-rich reverse core and comes out as

pubs.acs.org/IECR
1
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Figure 9. Internal separation as a function of overflow rate Q. with

in,0

fixed underflow valve opening.

underflow. However, there can also exist situations where the
entire oil-rich core gets filled by oil and the overflow opening is
not large enough to take it out; and the excess oil has to come out
through the underflow outlet. In the Dynamic Mass-Balance
Model section, a simple approach to capture this scenario is
described.

The oil droplets at the inlet of a hydrocyclone are assumed to
range from S to 60 pum.''® We will assume that we know the
inlet oil droplet distribution.

It is not feasible to simulate all the droplets entering the
cyclone one by one (as there are too many), so we simulate a
single droplet from each size category and find where it ends up.
If the droplet enters the reverse-flow zone before reaching the
end of the cyclone, then we assume that all droplets in that
category are separated.

We make the following assumptions:

A6. A mixture with 1000 ppm oil with a droplet distribution as
shown in Figure 7 enters the hydrocyclone.

A7. Droplets of 15 different diameters: 5 ym, 12 ym, 13 um,
14 ym, 15 pm, 16 um, 20 um, 25 um, 30 um, 35S pum, 40 um, 45
pm, S0 ym, SS pum, and 60 pum.

A8. All the droplets have the same starting position, and
droplet trajectories are tracked using eqs 19—22.

A9. Droplets reaching the reverse-flow zone are separated.

Summing up the volume fraction of droplet categories
entering the reverse-flow zone gives the total fraction of the
separated droplets. The separation in the hydrocyclone varies
with the inflow rate; this can be either due to the variation in
residence time or due to the variation of the drag force acting on
the oil droplets. It is clear from eq 17 that the axial velocity is
influenced by the inflow rate, and thus if the inflow rate is
reduced, then the droplets get more residence time and this
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Figure 10. Pictorial representation of a hydrocyclone liner. The red lines represent the reverse-flow zone, yellow represents oil, and blue represents
water.

increases the separation. However, a decrease in the inflow rate can be varied by either changing the overflow rate or the

decreases the drag force (from eqs 9 and 22) and this decreases underflow rate. We can vary the overflow rate Q, with a fixed

the separation. Hence, these two effects counteract each other, underflow valve opening to change the inflow rate and calculate

and careful analysis needs to be done based on the region of the separation. Figure 8 summarizes the method used for

operation. . _ , . o

The separation can be expressed in terms of volumetric flow as calculating the internal separation. We derive an empirical
Q. . . . . . Q. .

2, where Q,, is the volumetric flow rate of the separated oil relationship between the overflow rate and I which can be
inside the cyclone and Q,, , is the volumetric flow rate of the used in a control-oriented model. We use a second-order
incoming oil. According to eq 8, the inflow rate of the cyclone polynomial approximation:

18943 https://dx.doi.org/10.1021/acs.iecr.0c02859 3 9
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R =pQl+pQ,+p
Qin,o 2 0 1 >0 0 (23)

To generate the data, the overflow valve opening is changed
from 1% to 100% with inlet pressure P, at 6 bar, fixed underflow
opening at 40%, inlet oil concentration as 1000 ppm, and the
droplet distribution as shown in Figure 7. The resulting data are
shown by the diamonds in Figure 9. Here, Q, = 0.222 m>/h
corresponds to 100% overflow valve opening. A least-squares
curve fit gives p, = —4.821 X 10, p; = 5190, and p, = 0.8414.
Here, it is an approximation to consider that the internal
QL

depends only on Q, but the other factors (e.g.,

separation

in,0

Qu) affecting the separation are kept constant. The approx-
imation can be expected to be valid with minor changes to these
other factors.

B DYNAMIC MASS-BALANCE MODEL

This section gives a mass-balance control-oriented model of a
hydrocyclone. The hydrocyclone is divided into two virtual

Qin QU
(INLET)%‘ WATER-RICH VOLUME % (UNDERFLOW)
Vi

U
lsep /l\ Ezx,o \I/QEac,w
%

OIL-RICH VOLUME

Qo

(OVERFLOW) Vo

Figure 11. Simplified representation of the model.

control volumes. First, the volume V, at the center of the
hydrocyclone is the “oil-rich volume” related to the overflow.
This volume is assumed to have the same shape as the
hydrocyclone as shown in Figure 10a. A second volume outside
V, is the “water-rich volume”, V;. Most of the V; is filled with
water as the expected inlet oil fraction is less than 5% of the total
inflow rate. The total hydrocyclone volume is V., and the
water-rich volume is thus given as Vi; = Vi — V. V, is always
wholly within the reverse-flow zone, while Vi, is predominantly
in the forward-flow direction and partially in the reverse-flow
zone. V, and Vi are time-varying, while Vo = Vi + Vjyis a
constant.

Figures 10b—d shows how the separation of oil (yellow) and
water (blue) depends on the overflow rate. Note that the
hydrocyclone liners and the oil core are magnified in Figure 10
for the purpose of demonstration; in reality, they are longer and
thinner. Also, the dimensions of underflow and overflow pipe
section and the control valves in Figure 10a are bigger than the
underflow and overflow outlets of the hydrocyclone liners. The
oil droplets entering the reverse-flow zone (marked by the red
color in Figure 10a—d) get separated and move toward the oil-
rich volume. The droplets that are not separated remain in the
water-rich volume and come out with underflow (the thin yellow
line in V7, represents oil droplets that are not separated).

In Figure 10b, the overflow radius is large and the oil-rich
volume V is not completely filled up by oil. Thus, some excess
water (Qg, ,,) flows from Vi, to V, to fill up the remaining space
in V. During this period, the overflow outlet will have both
water and oil. As the overflow decreases, at some point, the
entire V, is filled with oil as shown in Figure 10c. Further
reduction forces separated oil into Vy;, and we assume that this

separated excess oil flows back to V; (marked with green arrows
in Figure 10d). This excess flow of oil (Qg,, ,) (back-flow) enters
the water-rich volume and comes in the underflow. It is assumed
that the back-flow of oil never re-enters the oil-rich volume.
For the mass balance analysis, we consider separately the oil

and the water inside the two volumes V,, and V; and get (see
Figure 11)

dvg ,

dt _ Qsep - QO,O - QEx,o (24)
dVy ,

dt _ Qin,o o Qsep o Q—U,o + QEx,o (25)
dvs ,,

dt _ QEx,w N QO,W (26)
dV

dt _ Qin,w - QEx,w - QU,W (27)

Here, V, , is the volume of oil in V,, Vi, , is the volume of the
oilin V¢, Vj , is the volume of water in V5, Vi; , is the volume of
water in Vi, Q,, is the flowrate of the separated oil entering V,,
Qp, , is the flowrate of oil at the overflow, Qy; , is the flowrate of
oil at the underflow, Q,, , is the inflow rate of oil, Qg, , is the
excess flow rate of oil (entering into V), Qg,, ,, is the excess flow
of water (entering into Vy), Qp ,, is the flowrate of water at the
overflow, Qy , is the flowrate of water at the underflow, and
Q,,, . is the inflow rate of water.

Iff,, ,and Q;, are the volume fraction of oil in the feed and the
total inflow rate (oil and water), respectively, then

Qin,o = ﬂin,oQin (28)
Qin,w = (1 - 'Bin,o)Qin (29)
The internal separated oil is from eq 23

Q. = Qo1 Qs+ 1r,Q,+1,) (30)

where Q is the overflow rate. The volume fractions of oil and
water in the two volumes V, and V; are defined as

VO,o
’ Vo (31)

ASS
S
Il

1 =4, (32)

>
|

’ 55 (33)

'BU,W =1- ﬁU,o (34)

The excess oil entering Vy; is

Q . Qsep - QO’ if Qsep - QO >0
Ex,0
0, otherwise (35)
The excess water entering V, is
Q _ QO - Qsep’ if Qsep - QO <0
Ex,w
0, otherwise (36)

Assuming for simplicity that the internal volumes V and V7,
are well mixed so that the compositions in the outflows Q. and
Qy are the same as inside, we get from definitions 31—34:

https://dx.doi.org/10.1021/acs.iecr.0c02859
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L, = 'Bo,oQo (37)
QU,o = 'BU,OQU (38)
Qo = ﬂo,on (39)
Q. = 'BU,WQU (40)
Rewriting eqs 24—27 in terms of volume fractions gives
d'BO 0 1
dt _ ?O(Qsep N 'BO,OQO o QEx,o) (41)
d’BU 0 1
) —_ . _ _ +
dt VF (Qm,o Qsep 'BU,OQU QEx,o) (42)
dﬂO w 1
dt — ?O(QEx,w - 'BO,WQO) (43)
Ur = 2(Q, = Q= By Q)
dt VF in,w Ex,w Uw U (44)

The two outlet flows are given from eqs 6 and 7. Here, from
eqs 31—34, we can also choose the pair 41—42 or the pair 43—44
as model equations.

B SUMMARY OF THE MODELS

The model in this paper can be divided into three parts. The first
part gives a static relationship between the pressures and the
flows using Bernoulli’s equations. If we know the inlet pressure
and the inlet oil fraction, then the static relationship described in
the Pressure-Flow Relationship section (eqs 4—8) gives the two
outlet pressures (P, and P;) and the two volumetric outflows
(Qu and Q).

The second part of the model is given in the Modeling of
Internal Separation section. Here, the separation of oil droplets
inside the cyclone liner is determined. A polynomial
approximation of the separation as a function of overflow
volumetric flow rate for use in the control-oriented model is
given in eq 23. The calculation of the separation uses the droplet
trajectory analysis described in the Oil Droplet Trajectory
Analysis section and the pressure-flow relationship described in
the Pressure-Flow Relationship section.

The third part of the model is a control-oriented dynamic
mass-balance relationship of the oil fraction inside a hydro-
cyclone liner, and this is given in the Dynamic Mass-Balance
Modelsection, see eqs 41—42. The pressure-flow relationship
and the separation are used in the dynamic model for calculating
the volumetric flow rate of oil. This dynamic mass-balance
relationship gives the fraction of oil and water at the underflow
(water) outlet (By ,, fu ) and the overflow (oil) outlet (S ,,

ﬁO, w)'
B VALIDATION OF MODELS

The different parts of models are here validated against
experimental data from the literature.

Validation of Pressure-Flow Relationship. The exper-
imental results from ref.8 shows that the pressure drop from the
inlet to the underflow (dP,) is less than that from the inlet to the
overflow (dP,) and increases as the flow rate increases. Figure 12
shows the experimental result (dP,(Exp) and dP,(Exp)) from ref
8 and the simulation results (dP,(Sim) and dP,(Sim)) of eqgs
4—8 in normalized axes. The simulation is done with boundary

pubs.acs.org/IECR
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Figure 12. Pressure drop versus flow rate relationship using the
experimental results (ref 8) and the simulation results of eqs 4—8.
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Figure 13. Experimental results (ref 8) and simulation results for
efficiency 7 as a function of Q;, of de-oiling hydrocyclone with a

constant overflow valve opening.

condition P; = 6 bar. From the plots, it can be seen that the
behavior of experimental results and the simulation results is
similar.

Validation of Droplet Trajectory Model. The exper-
imental data for the separation efliciency # from ref 8 are shown
in Figure 13. The separation efhiciency 7 is defined by eq 2. We
use the method described in the Modeling of Internal Separation
section and summarized in Figure 8 (i.e., combining the droplet
trajectory model and pressure-flow relationship) for calculating
the internal separation. Here, the overflow valve is kept constant,
the inlet pressure P, is set at 6 bar, inlet oil concentration as 1000
ppm, and the droplet distribution as shown in Figure 7. The
resulting simulated separation efficiency is also shown in Figure
13. This separation efliciency is calculated using a static model
without considering the excess oil flow (Qg, ,). Including this
effect would make the efficiency drop more sharply. The
separation efficiency increases with flow rate, then it remains
constant for certain range of flow rate and then decreases
sharply. It can be seen that the simulation results match the
behavior of the experimental results.

B DYNAMIC SIMULATION OF THE MODEL UNDER
CLOSED-LOOP CONTROL

For the dynamic simulation, the underflow valve is kept at a fixed
opening of 50%. (This value is not an optimal one; further
investigation needs to be done to maximize the underflow rate

https://dx.doi.org/10.1021/acs.iecr.0c02859 4 1

Ind. Eng. Chem. Res. 2020, 59, 18937—-18950



3. Control oriented model for de-oiling hydrocyclones

42

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

0.4
N
o35t 1
—~
=
0.3 ' ‘
0 3} 10 15 20
time [s]
E70) %
>
365" 1
Q
601 i
=N
© 5. ‘
0 5 10 15 20
time [s]

Figure 14. Dynamic effect of MV (Z,) on the CV (§y ,).

and keeping the oil fraction at the underflow at a minimum.)
The overflow valve is used as the manipulated variable (MV) to
control the oil in water (B ,) setpoint of 30 ppm (we assume
that 30 ppm = 30 mg/L). We assume that we can measure the
oil-in- water concentration ff; , online (e.g, ref 19). Also, the
results from ref 20 are promising in terms of using the oil-in-
water sensor for control purposes.

Figure 14 shows the dynamic effect of a step change in the MV
(Zy) on the CV (fy ,). This shows a first-order response with
the process gain k = —1.82 X 107 process time constant 7; =
0.28 s, and time delay 7, = 0.002 s. If we choose the closed-loop
response time 7, = 1.5 s, then, based on SIMC rules,”’ we have
the proportional-integral (PI) controller of the form

Kc(l + Tl ), where K. = — 1012 and 7; = — 0.285 s.

5

There are no experimental results to validate the dynamic
model in the literature because most of the available data is
based on pressure difference ratio (PDR) control and not giving
the outlet purity fy ,. Figure 15 shows the block diagram
representation of the plant model and the controller used for the
simulations. Values of different parameters used in the
simulation are listed in Table 1 (we have considered a Colman
and Thew’s type hydrocyclone liner' "**), and the tuning factors

Table 2. Values of Tuning Factors Used in the Model

tuning factor value
a 0.175
a, 2.67
n 0.63
R 0.3714
Rpo 0.27

used in the simulation are given in Table 2. Here, we take inlet
pressure P, = 6 bar as the boundary condition.

The proposed controller is tested in closed-loop simulations
in seven plausible scenarios as shown in Figures 16—. The
simulation results are also summarized in Table 3. Note that, in
scenarios 1—6, all cases are operating with excess water in the oil
overflow as shown in Figure 10b. Scenario 7 operates with excess
oil flow to Vy;. The results are discussed next.

For Scenario 1, we have an increase in the inlet oil
concentration f;, , from 1000 to 1200 ppm. To separate this
additional oil, the centrifugal force has to be increased. An
increase in the inflow rate Q;, increases the centrifugal force and
hence the separation. To increase Q;,, we have to increase Q,
(the underflow valve opening Z;; is fixed in the simulation).
Indeed, the controller opens the overflow valve and the overflow
rate increases; thus, the purity of the underflow outlet is
maintained at 30 ppm.

A decrease in the inlet oil concentration (Scenario 2) naturally
causes a decrease in the oil concentration in the underflow. The
controller reduces the overflow opening to maintain the 30 ppm
setpoint.

For Scenario 3, an increase in the underflow valve opening
causes a sudden decrease in the overflow rate, which makes the
separation less eflicient. The controller opens the overflow valve
to maintain the 30 ppm setpoint.

In the case where the underflow valve opening is decreased,
the underflow rate decreases and causes a sudden increase in the
overflow rate (Scenario 4). This improves separation; however,
the controller reduces the overflow opening to maintain the 30
ppm setpoint.

PLANT
[
|
: Py :
|
: [ o @
\ Zy=0 dSp———————— I J/ \I/ :
| [
= Qu.o o, :
: Zo :)‘ VALVE 2 presSURE | | o CE CV= Pu,q
! | | MopEL P, P MODEL ﬁ MODEL !
| | | |
o ' '
'V T T T T =77 . :
| [

PI CONTROLLER

.<

T

SETPOINT

Figure 15. Control structure.
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Figure 16. Simulation of control system in Figure 15 for Scenarios 1, 3,
and §; an increase in inlet oil fraction at ¢t = 50, increase in underflow
rate at t = 150, and decrease in setpoint at t = 200.

Finally, Scenarios 5 and 6 consider the closed-loop response
to a setpoint change. The controller tracks the setpoint change
with a response time of S s.

In the above simulations, we have no oil back flow (Qg, ,=0).
Hence, to test the effect of excess oil flow to Vi, we start the
simulation with a setpoint of 100 ppm and later at £ = 50 increase
the setpoint to 200 ppm. Figure 18 shows the simulation result
of this scenario (Scenario 7). Here, the controller closes the
overflow valve to attain the setpoint. Due to the small overflow
opening, the excess oil flow back to V; as demonstrated in Figure
10d and the fraction of water f,, ,, at the overflow becomes zero.

For Scenario 8, we do an open-loop simulation with the
overflow valve at 12% opening and the underflow valve at 50%
opening. The inlet oil concentration is increased from 1600 to
15,000 ppm at t = 50. Due to the increase in the inlet oil
concentration, more oil flows in to V, and fraction of water
(Po, ) becomes zero. The overflow opening is not large enough
to take excess oil. Hence, the oil flow backs to V;and Qg, , > 0.
Figure 19 shows the simulation result of this scenario (Scenario
).

An industrial control system controls the pressure drop ratio
(PDR) to maintain the efficiency of the hydrocyclones. PDR
control is an indirect way of achieving the specified criteria. If
there is an increase in the inlet oil concentration, then it is
required to manually change the setpoint of the PDR controller
to maintain the efficiency.® One of the future works to improve
the PDR control strategy is to adjust the PDR setpoint in a
cascade manner. More specifically, we propose to use the oil

Figure 17. Simulation of control system in Figure 15 for Scenarios 2, 4,
and 6 ; a decrease in inlet oil fraction at t = 50, decrease in underflow
rate at t = 150, and increase in setpoint at t = 200.

fraction By , (at the underflow water outlet) as the controlled
variable (CV) and the PDR setpoint as the manipulated variable

B CONCLUSIONS

A first-principles control-oriented model was developed for a de-
oiling hydrocyclone. The development of the model was divided
into three main parts: first, a droplet trajectory analysis for
calculating the separation; second, a static pressure-flow model;
and third, a dynamic mass-balance model. Combining these
different gives a dynamic model, which is suitable for process
control. In this paper, the proposed model uses the simplified
polynomial approximation of the separation. The static models
for pressure-flow relationship and the separation efficiency were
qualitatively validated against the experimental results from the
literature.

A PI controller was implemented to test the derived dynamic
model. The simulation results show that the model gives the
expected behavior for difterent scenarios. The goal of the
controller was to keep a constant setpoint of 30 ppm oil for fy; |,
varying the overflow valve opening.

As a future work, the dynamic model is planned to be
validated using experiments in a newly constructed laboratory.
The model developed is non-linear in nature, giving
opportunities for developing advanced non-linear control
algorithms. Another future investigation is to optimize the
number of hydrocyclone liners (here we have considered a single
liner).
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Figure 18. Simulation of Scenario 7; an increase in setpoint from 100 to
200 ppm at t = 50 causing excess oil flow Qg, , to V.

B APPENDIX A: TANGENTIAL KINETIC ENERGY AT
THE UNDERFLOW

This appendix gives the derivation of the tangential kinetic
energy (KEyjy) at the underflow outlet of a hydrocyclone liner. It
is assumed that reverse-flow zone extends to the underflow so
that the tangential velocity profile at the underflow will have a
Rankine vortex profile as shown in Figure 2. Substituting R(z) =
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Figure 19. Simulation of Scenario 8; an open-loop simulation where the
overflow valve opening is fixed at 12% and the underflow valve opening

is fixed at 50% and at t = S0, fj,, , is increased from 1600 to 15,000 ppm
causing excess oil flow Qg, , to V.

Ry in Figure 2 gives the tangential profile representation at the
underflow outlet.

The tangential velocity V,; (shown in Figure 2) of the fluid at
the free vortex part is

o=
1, (45)

Table 3. Discussion of Simulation Results in Figures 16—19

# description

1  Increase in inlet oil concentration
(from 1000 to 1200 ppm).

2 Decrease in inlet oil concentration
(from 1000 to 800 ppm).

3 Increase in underflow rate by opening
the underflow valve from 50% to
52%.

4 Decrease in underflow rate by closing
the underflow valve from 50% to

48%.

S Decrease in setpoint (from 30 to 25
ppm).

6 Increase in setpoint (from 30 to 35
ppm).

7 A change in setpoint from 100 to 200

ppm to test the excess oil flow to V. becomes zero.

8  Achange in inlet oil fraction from 1600
to 15,000 ppm to test the excess oil

flow to V. back to Vy;, making Qg, , > 0.

behavior of the controller

The controller opens up the overflow control valve and the overflow rate Q, increases.
Due to the criteria of 30 ppm as a setpoint, the controller reduces the overflow rate to achieve the setpoint.

The controller opens the overflow valve, which increases the overflow rate, which in turn reduces the underflow rate.

Controller closes the overflow valve to attain the setpoint, though the reduction in ppm at the underflow is a desired scenario.

The controller tracks the setpoint change with a response time of S s.
The controller tracks the setpoint change with a response time of S s.
To achieve the setpoint of 200 ppm overflow valve closes, the small opening of overflow outlet causes backflow of oil to Vi;and f ,

The simulation is done in open loop with overflow control valve at 12% opening and underflow control valve at 50% opening. As the
overflow opening is not large enough to take out the increase of oil due to change in the inlet o0il concentration, the excess oil flows

https://dx.doi.org/10.1021/acs.iecr.0c02859
Ind. Eng. Chem. Res. 2020, 59, 18937—-18950
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The tangential velocity V,, (shown in Figure 2) of the fluid at
the forced vortex part is

Vi, = a,r (46)

Here, r represents the radial distance of the vortex from the
center, and a; and a, are proportionality constants. The
computation of constant 4, can be done using eq 9 where n =
1 and also taking the inlet velocity v;, and the radius of the first
cylindrical part of the cyclone R, as

— a >
R (47

Peak tangential velocity occurs at the boundary of the reverse-
flow zone as shown in Figure 2, and V;; and V}; are equal at Ry ,,
- Rfac,ZRU:

a a
L g4 = 21
RU,rev RU,rev (48)

a,R =

U,rev

Then, the average kinetic energy contributed by the tangential

velocity is given as
2r Ry )
/ / (ﬂ) dA
r
0 R

U,rev

2n RU,rev
+ / / (a,r)*dA
0 0
Ry 5

Py 1
R
U

B RU,rev
Py 2 a
=-v = L rdr + (azr)zrdr
2 R? r
U - RU,rev 0
py 2| a
- 7U7 alz(ln(RU) - ln(RU,rev)) + _ZRS;”W
RG| 4
py 2| a
— —U—2 alz(ln(RU) — ln(RURfac,z)) + _ZR;},rev
2 RG| &

The difference In(Ry) — In (RURfac,z) € [0.9,1.3] (approxi-
mated as 1) when the Ry, € [0.27,0.4]. Hence

5oy (@QR)
4R; @R

in

B APPENDIX B: TANGENTIAL KINETIC ENERGY AT
THE OVERFLOW

This appendix gives the derivation of the tangential kinetic
energy (KEqy) at the overflow outlet of a hydrocyclone liner.
The tangential velocity at the overflow has only the forced vortex
part of the Rankine vortex and hence tangential velocity is given
by eq 46. Then, the average kinetic energy contributed by this
tangential velocity is given as

. '00 (GIQmRI)Z R 9)
- 2\2p 4 O
4 (ﬂRin) RU,rev
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Chapter 4

Model-based and simple controllers

In this chapter we discuss new control schemes for de-oiling hydrocyclones which can
improve the separation and regulates the oil concentration of the underflow (water reject)
to 30 ppm. A simulation study of these controllers is done in this chapter. Here, we
propose two simple control schemes, which act as supervisory layer to the traditional
PDR control: a cascade control scheme and a feed-forward control scheme. Three model-
based controllers were also derived for the hydrocyclones, based on the control-oriented
model in Chapter 3: a model predictive controller, a feedback linearization controller and
a sliding mode controller. All three model- based control schemes assume that the oil
concentration at the underflow and the overflow can be measured.

4.1 Feedforward, cascade and model predictive control
algorithms for de-oiling hydrocyclones.

N

I'he citation of the published article is given below:

Vallabhan K.G. M, Matias, J., and Holden, C. (2021) Feedforward, cascade and model
predictive control algorithms for de-oiling hydrocyclones: Stmulation study. Modelling,
Identification and Control, 42(4) pp. 185-195, . https://www.mic-journal .no/ABS/MIC
~2021-4-4.asp/

The preprint version of the paper follows.
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Abstract

Maintaining the efficiency of the produced-water treatment system is important for the oil and gas industry,
especially taking into consideration the environmental impact caused of the produced-water. De-oiling
hydrocyclones are one of the most common type of equipment used in the produced-water treatment
system. The low residence time of this device makes it difficult for a control system to maintain efficiencies
at different plant disturbances. In this paper, a control-oriented hydrocyclone model with a traditional
pressure drop ratio (PDR) controller is analysed, and the inability of the PDR controller to maintain the
efficiency when increasing the inlet concentration is shown experimentally as well as in simulation. Then,
we propose three control schemes for dealing with this issue: a feed-forward, a feed-back/cascade and a
model predictive controller. We show in simulation that all proposed schemes are able to improve and
maintain the efficiency of hydrocyclones considering the upstream disturbances, such as variations in inlet
oil concentrations and inflow rates. We also discuss the characteristics of the three methods and propose
guidelines for choosing the appropriate scheme based on the available resources at the industrial site (such

as measurements, hardware and software at hand).

Keywords:

De-oiling hydrocyclones, Control Schemes, Simulation

1 Introduction

The treatment of produced-water (naturally occurring
water that comes out of the ground along with oil and
water) is an inevitable process in oil and gas production
facilities. In Norway, for example, nearly 160 x 10°% m?
of this waste stream are discharged annually, which
corresponds to a potential release of 1900 tonnes of
crude oil to sea (Beyer et al., 2019). Traditionally, the
produced-water is re-injected into the well. However,
the constant increase of the wastewater volumes and
the associated costs make this choice debatable. On
the other hand, the water can be discharged into the

http://dx.doi.org/10.4173/d0i:10.4173/

sea if the oil is separated beforehand. Processes such as
membrane filtration, compact flotation units and sepa-
ration through hydrocyclones can be used for this end.
The challenge then becomes guaranteeing that they op-
erate efficiently, complying with the requirements set
out in local regulations.

Among the disposal alternatives, hydrocyclones are
specially suited for offshore sites. They are compact,
light, and do not require any additional chemicals or
gases to be injected for the operation. Moreover, they

have already been successfully implemented in subsea
below 800 m (Orlowski et al., 2012). The main problem

(© xx Norwegian Society of Automatic Control
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with this alternative is the hydrocyclones low residence
times, which makes them more susceptible to upstream
variations such as frequent changes in inlet oil concen-
tration, inflow rate, etc. Typically, control schemes
that use pressure drop ratio (PDR) to control the sep-
aration are implemented to reject these disturbances.
Since this is an indirect way of controlling the hydro-
cyclones, this option can reduce their efficiency signif-
icantly and result in violations of the environmental
requirements.

In this paper, we propose three new control schemes
that take into consideration disturbances such as in-
let oil concentration and inflow rate. Two of the pro-
posed approaches, one based on feed-forward and an-
other on feedback/cascade schemes, automatically ad-
just the setpoint of the PDR controller based on the
current disturbance. The third one uses model pre-
dictive control to minimize the variation of underflow
concentration from a reference value. We also discuss
the pros and cons of the alternatives and provide an
assessment of the possible implementation issues.

1.1 Previous work

The control aspects of hydrocyclones have been gain-
ing more and more focus in recent years. A control-
oriented approach based on transfer functions mod-
els using experimental data from a test rig was de-
veloped by Durdevic et al. (2015). Then, a grey box
static model to calculate the separation efficiency of
hydrocyclones based on flow resistance and droplet
trajectory was developed by Bram et al. (2018). A
control-oriented model for de-oiling hydrocyclone with
a swirl element was developed by Das and Jaschke
(2018). In Bram et al. (2020), a virtual flow resis-
tance model with an extended trajectory model was
developed and performance of hydrocyclone was com-
pared using the model and experimental data from a
scaled pilot plant. A first-principles model for de-oiling
hydrocyclones based on pressure-flow relationship, sep-
aration efficiency and dynamic mass balance was devel-
oped by Vallabhan et al. (2020).

Husveg et al. (2007) studied the performance of hy-
drocyclones to varying inflow rates and emphasised
that adequate operational control of hydrocyclone is
necessary to maintain efficiency. Considering a first
stage gravity separator and a hydrocyclone as a single
plant, a robust control strategy was proposed by Dur-
devic and Yang (2018) and a model predictive control
was proposed by Hansen et al. (2018). Later, non-
linear model based control algorithms to improve the
efficiency of hydrocyclones were proposed by Vallabhan
and Holden (2020).

When the hydrocyclones are connected to bulky first
stage gravity separators, the rate of change of distur-

bances at the inlet of hydrocyclones are expected to be
less frequent and of relatively low amplitude. However,
when we move towards compact separation at subsea,
e.g., Marlim fields in Brazil (Pereira et al., 2012), pipe
separators are used upstream of the hydrocyclones.
Due to the compactness of this type of separators, the
hydrocyclones will be subjected to frequent changes in
inlet oil concentration, oil droplet distributions, inflow
rates etc. Consequently, the dynamics are faster and
difficult to control. The existing control schemes for
hydrocyclones uses an indirect pressure drop ratio to
control the separation of hydrocyclones. PDR control
scheme works well if the disturbance is in the inflow
rate of the hydrocyclones as it gets reflected in the
pressure drop. However, the PDR control scheme can-
not detect the changes such as inlet oil concentration
and inlet oil distribution. Hence, it is necessary to ad-
dress these variations when we are designing a control
system for hydrocyclones (produced-water treatment)
subsea.

2 Hydrocyclone model

This section gives a brief description of the hydrocy-
clone model that is used as the “true” system for study-
ing the different control schemes proposed in this pa-
per. The model is based on Vallabhan et al. (2020). A
simplified diagram of a hydrocyclone liner and a block
diagram representation of a control-oriented model for
hydrocyclone is shown in Figure 1.

_JPP’QZ'"\ I_
________________ Vir P
Poo> | T T 1 U
N Vo %
P Qo e P;,Q
Overflow VU ’ UZderflow
(oil reject) _//_7 L (water reject)
o (a)
Qin,o
(INLET) Qv
WATER-RICH VOLUME % (UNDERFLOW)
Vu
Qsep /I\QE:U,O
Q0,0 OIL-RICH VOLUME
(OVERFLOW) VO

(b)

Figure 1: Simplified diagram of a hydrocyclone liner
representing the ‘oil-rich volume’ (V) and
the ‘water-rich volume’ (Vi) (shown in (a))
and a block diagram representation of a
control-oriented model making use (V) and

(V) (shown in (b))

We divide the hydrocyclone liners into two volumes:
one is the ‘oil-rich volume’ (V) and the other is the
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‘water-rich volume’ (V7). The oil droplets entering the
reverse-flow zone (between the red lines in Figure 1)
go to the oil-rich volume and leave the system at the
overflow outlet. The remaining oil in the water-rich
volume comes out at the underflow outlet. A simple
mass bass balance formulation is used to model the
inflow and outflow of the oil inside the volumes. Since
the oil density is assumed constant, we write the mass
balances as

Voo
dt — Qsep Q0,0 QEZU,O?

(1)
dVi.o
dIZ, — Qin,o — Qsep — QU,O + QEx,o-

where Vp , is the volume of oil in the oil-rich volume Vo
; V.o 1s the volume of the oil in the water-rich volume
Vir; Qsep 1s the flowrate of the separated oil entering
Vo; Qo.o is the flowrate of oil at the overflow; Qs
is the excess flowrate of oil entering Vi; (which is the
case when the overflow opening is small and Vj is filled
with oil); Qin.o is the inflow rate of oil; and Qr, is the
flowrate of oil at the underflow. Here all the volumes
are expressed in [m’®] and flowrates in [m?/h]. The
parameters of hydrocyclone liners used in this paper is
same as in Vallabhan et al. (2020).

The internal separation is expressed in terms of vol-
umetric flow and given as gj:i . In Vallabhan et al.
(2020), a droplet trajectory arialysis is used to calcu-
late the internal separation. Oil droplets of different
size categories are tracked using their axial, tangential
and radial velocity components. If the droplets cross
the reverse-flow zone boundary (shown in red in Figure
1)) inside the hydrocyclone liner, they are assumed to
be separated. The authors use a polynomial approx-
imation to compute the internal separation In

Wsep
this work, we use the same polynomial appro?dnﬁation
model to calculate the internal separation under the
assumption that we know the inflow rate and its value
is between 1.5m? /h and 3.5 m? /h. This approximation

for internal separation is given as:

Qsep
Qin,o

where po = —9.447e7, p1 = 9024, pg = 0.7648. Here,
the other factors, such as underflow rate (Jy, that af-
fect the separation are kept constant and, hence,the
separation is assumed to be only a function of overflow

rate Qo.
The excess oil entering Vi is computed as:

QEgjo: {QsepQOa if Qsep_QO > 0

0, otherwise

= p2Q% + p1Qo + po. (2)

(3)

The volume fractions of oil in the two volumes Vo

and Vi are defined as:

. VO,O

VU,O
B0,0 — VO )

BU,O: VO . (4)

For simplicity, we assume that the internal volumes
Vo and Vi; are well mixed, which implies that the com-
positions in the outflows Qo and )y are the same as
the internal compositions. Then, we get from the defi-
nition of Eq. (4):

Q0,0 — B0,0QOa QU,O — BU,OQU . (5)

Re-writing (1) in terms of volume fractions gives

dﬁO,o . 1
dt V—O (Qsep — Po.oWo - QE:I;,O),

dBU,o . 1 (6)
dt B V—F (Qin,o N Qsep o BUaOQU + QECE,O) .

The two outflow Qo and iy are calculated based on
the simple valve equations given as:

Qu = U1ZU\/2(P3 —Fv)

PU

2P — P,
Qo :CUQZO\/ (. 0) ,
PO

where, C,; and C,s are the valve constants of the
underflow and overflow valves, P, is the pressure at
the overflow outlet, P;5 is the pressure at the underflow
outlet, Zy; € [0,1] and Zp € [0,1] are the valve po-
sitions, and py and po are the densities of liquid at
the underflow and overflow outlets, respectively. Pp
is the downstream pressure of the overflow valve, and
Py is the downstream pressure of the underflow valve
. In this paper, we assume that Pp and Py are known
and equal to the atmospheric pressure. The pressure
P> and P53 are assumed to be either measured or can
be calculated based on the pressure-flow model, as in

Vallabhan et al. (2020).

3 Typical control strategy of
hydrocyclones

The typical operational control of hydrocyclone con-
sists of two control loops, the first one is flow rate con-
trol and the second one is flow split control Husveg
et al. (2007). Figure 2 shows a simplified P&ID repre-
senting the two control loops.

The goal of the flow rate control loop is to main-
tain a certain level in the upstream tank separator and
thereby maintaining the inflow rate of hydrocyclone be-
tween Qin.min and Qin maz- Lhis inlet flowrate range
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Figure 2: A typical control scheme of hydrocyclone representing flow rate and flow split control

characterizes an efficiency plateau, in which the oil-
water separation is more effective (see Figure 3). This
is achieved by manipulating the underflow control valve
LCVO0L. In turn, the flow split control aims at main-
taining a suflicient overflow rate in the hydrocyclone.
The objective is to have good separation and main-
tain efficiency. The overflow control valve PCVO01 is

adjusted to keep a sufficient flow split ratio F§, where

F, =32

100

801
60 r
40 1

|

0

0 Qin,min ° 10 Qin,ma:v 15

Qin [m*/A]

Figure 3: Relationship between efficiency and inflow
rate of a hydrocyclone (Husveg et al., 2007).
The efficiency of hydrocyclone is defined as

n=1- g =2 where (;, , is the volume frac-

tion of oil at the hydrocyclone inlet and Sy,
is the volume fraction of the oil at the under-
flow outlet (water reject).

Since the the flow split has linear relationship with
pressure drop ratio (PDR) and pressure sensors are

cheaper and more reliable than flow sensors, PDR is
given as the setpoint to controller PDRCO1 instead of
the flow split. The pressure difference at the inlet and

the two outlets is used to calculate the pressure drop
ratio (PDR), defined as:

P — P

PDR =
P, — Ps

(7)

where P, P, P3; are the pressures at the inlet, over-
flow and underflow, respectively.

3.1 Issues with the typical control strategy

The experimental results in Meldrum (1988) show that
PDR in the range 1.5 to 3 maintains the efficiency
of the separation, if the inflow rate is kept at the
efficiency plateau. However, keeping the setpoint of
the PDR controller constant during plant disturbances
(e.g., changes in the inlet oil concentration) can re-
duce the efficiency of hydrocyclones (Meldrum, 1988).
Such changes may not be frequent in systems where
first stage separators are gravity based with sufficient
buffer volumes. On the other hand, if compact separa-
tors are used instead, frequent changes in the inlet oil
concentrations for hydrocyclones are likely to happen.

In order to illustrate the effect of constant setpoint
to the PDR controller of a hydrocyclone, we simulate
the model described in the Section 2 with a simple PI
controller (which acts as a PDR controller). Here, the
process variable is PDR, which is calculated based on
(7), and the manipulated variable is the overflow rate
Qo. We assume that the underflow valve is kept at
a constant opening, which maintains the inflow rate

ol
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in the efficiency plateau. The simulation results are
shown in Figure 4.

700
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Figure 4: Simulation result showing increase in the S8y,
with increase in ;, when fixed PDR set-
point. At 50s, the PDR setpoint is manually
adjusted to reduces Sy, below 30 ppm.

We start the simulation at steady-state with a PDR
setpoint of 2.2, inlet oil concentration f;, , at 500 ppm
and inflow rate of 2.2m?/h. With this operating con-
dition, the PDR setpoint of 2.2 keeps the underflow
oil concentration, By ., below 30 ppm. At 20s, Bin.o
is increased from 500 ppm to 700 ppm. The change in
Bin.o increases the underflow oil concentration, which
decreases the efficiency of hydrocyclones. Since the in-
flow rate remains the same, the PDR does not change
and the controller cannot react to the increase in the
inlet oil concentration. At 50s, the setpoint of the PDR
controller is increased manually to bring the 57, below
30 ppm. The simulation results indicate that the effect
of changes in inlet oil concentration should be taken
into consideration while designing control system for
hydrocyclones.

We also did a laboratory experiment at a test rig
to show the effect of constant PDR on increase in in-
let oil concentration. The control loop implemented at
the experimental setup is similar to the P&ID shown in
Figure 2. The underflow valve is LCV01 is kept at 90 %
and PCVO01 is controlled by the PRDCO01. The system
is started with an inlet oil concentration of 350 ppm.
In order to keep the underflow oil concentration below
30 ppm, the setpoint of the PDR controller is defined
as 1.5. Later, the inlet oil concentration is increased to
800 ppm without changing the inflow rate. In Figure 5,
we can see that the PDR is not changed and hence the

controller PDRCO1, does not take any action. How-
ever, we can see that the underflow oil concentration
increases when the inlet oil concentration increases and
this reduces the efliciency of hydrocyclone, confirming
the simulation results. In order to deal with this prob-
lem, we propose three different control schemes. A
feed-forward controller, a feedback/cascade controller,
and also a model predictive controller. We compare
their performance using the simulation scenario of Fig-
ure 4. After presenting the three methods, we discuss
the advantages and challenges with their implementa-
tion.
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Figure 5: Laboratory experiment showing increase in
the Sy, with increase in 3;,, when fixed PDR
setpoint.

4 Feed-forward algorithm for
hydrocyclones

If the disturbance can be measured before entering
the system, then feed-forward control can be used for
disturbance compensation. In this control scheme, a
model is used to adjust the setpoints automatically
based on the certain measurements. For example, in
the system shown in Figure 4, we can use the measure-
ments of the inlet-oil concentration f5;,, , and the inflow
rate Q;,, to adjust the PDR controller setpoint. By us-
ing this feed-forward scheme, we guarantee that the un-
derflow oil concentration remains below 30 ppm with-
out the need of a manual intervention. The block dia-
gram of the implemented feed-forward control scheme
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Figure 6: A diagrammatic representation of the feed-forward approach adjusting the PDR setpoint

is shown in Figure 6. For the feed-forward model, we
use a Gaussian process regression (GPR) (MATLAB,
2021) model to predict the setpoints of the PDR con-
troller based on the inflow rate and the inlet oil con-
centration. Hence, the GPR model has two input vari-
ables, Q);, and fB;,,, and one response variable, the
desired PDR setpoint. We use GPR models because
they are relatively easier to handle and interpret than
conventional machine learning methods, such as neu-
ral networks (Williams and Rasmussen, 2006). How-
ever, one can use simple linear regression models for
instance, given that they yield accurate predictions.

The training data for the GPR model identification
is generated by simulating the model described in the
Section 2 with a PDR controller. Then, inflow rates are
varied from 1.8 m?®/h to 2.8 m?/h, inlet oil concentra-
tion is varied from 500 ppm to 1000 ppm, and PDR set-
point is manully varied from 2 to 3.5. Later, the PDR
values that keep the 8y, below 30 ppm are filtered out.
In an industrial setup, instead of using simulations, one
can use historical data for inlet oil concentration, inflow
rate and the changes in the PDR setpoint performed
by the operator.

The data set is then fed to the MATLAB function
fitrgp. The fitrgp function returns a GPR model.

Later, the model can be imported as a function in
MATLAB and used as the feed-forward block in the
control scheme shown in Fig. 6. Since this is a data-
based model, its extrapolation capacity is poor. The
model predictions are valid for the flow rate range
1.8m>/h to 2.8 m®/h and the inlet oil concentration
500 ppm to 1000 ppm, which encloses the considered
operating region. If a new regions is to be considered,
a new GPR model needs to be generated.

4.1 Simulation results

Figure 7 shows the simulation results using the feed-
forward model (GPR model) to predict the setpoint
changes of the PDR controller. We plot the variations
of inlet oil concentration (3, ,, PDR setpoint predicted
by the feed-forward model, inflow rate ();,,, and con-

centration of the oil at the underflow outlet By ,. For
representing the real system, we use the hydrocyclone
model described in the Section 2. We start the simu-
lation with inflow rate 2.2m?/h and the inlet concen-
tration of 500 ppm. Then at 50s, we increase the in-
let concentration to 700 ppm. The feed-forward model
detects the change in the inlet oil concentration and
predict the setpoint to be 2.8. Thus, the controller is
able to maintain the underflow oil concentration below
30ppm. As an additional check to the GPR model,
we increase the inflow rate to 2.6m?>/h at 100s. The
teed-forward model changes the controller setpoint to
2.2, thereby keeping 517, below 30 ppm. The PDR con-
troller parameters are given in Table 2.
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Figure 7: Simulation results showing the feed-forward
control scheme. Here, the inlet oil concen-
tration changes at 40s and the inflow rate is
changed at 100 s.
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b Feedback/cascade control for
hydrocyclones

As before, the goal of the feedback/cascade approach is
to adjust the PDR controller setpoints automatically.
For its implementation, the only pre-requisite is a sen-
sor that measures the oil concentration at the under-
flow outlet with a sampling rate matching the control
system. The diagrammatic representation of the feed-
back approach is shown in Figure 8. Here, a simple PI
controller, OIWCO01 acts as the primary controller. We
can set the desired underflow concentration of oil as a
setpoint to the primary controller. Later, this primary
controller adjusts the setpoint of the secondary con-
troller PDRCO1 and maintains the underflow oil con-
centration By, to a desired level.

5.1 Simulation results

Again, the model of the Section 2 is used for repre-
senting the real system. Figure 9 shows the simulation
results. We repeat the scenario from the feed-forward
algorithm analysis. We start the simulation with in-
flow rate of 2.2m?3/h and the inlet oil concentration
of 500 ppm. The setpoint of the primary controller is
kept at 30 ppm. At 50s, the inlet oil concentration is
increased to 700 ppm, which increases Sy,. The pri-
mary controller automatically adjusts the setpoint of
PDRCO1 to increase the separation and bring down
Bu.o to 30 ppm. Later, at 200s, we increase the inflow
rate to 2.6 m>/h. Even though it improves the sep-
aration, the primary controller tracks the setpoint of
30 ppm and, hence, adjust the setpoint of PDRCOL.
The controller parameters of the primary and sec-
ondary controller are given in Table 2
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Figure 9: Simulation result showing the cascade con-
trol scheme. Here the inlet oil concentra-
tion is changed at 50s and the inflow rate
is changed at 200 s.

6 Model predictive control for
hydrocyclones

In Model Predictive Control (MPC), we use a process
dynamic model in combination with an optimization
method for determining the manipulated variables’ val-
ues. These values are chosen such that the deviation
between the predicted controlled variables values and
their reference is minimized; the MPC determines the
optimal input by simulating its internal model (Seborg
et al., 2010). Here, we implement a nonlinear MPC
that regulates the fraction of oil at the underflow at
a given setpoint by manipulating the flowrate of the
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overflow by the use of the overflow control valve. In
order to obtain a model suited for MPC applications,
we rewrite the model of the Section 2 into a state-space
form:

, 1

Ty = V— (Qsep — leUf — QE:U,O)
; (8)

5i72 — V— (Qin,o — Qsep — CUQQU + QE:L',O) )
F

where the states £1 and x5 represent overflow oil frac-
tion o, and, underflow oil fraction By ,. The control
input u (system manipulated variable) is the overflow

valve opening and K = (U9 \/ Q(PZ;PO). In simulation,
we assume P> to be constant during the integration

interval.
The control problem can be formulated as:

tet+T,
minlf ((y(t) — 4"yt — y°)+

z,u 2

u(t)TRa(t))dt
S.t.
x(t) = f(x(t),u(l)), te lte,tc+Tp
y(t) =10 1] x(t), t € [te,te + Ty
x(t.) = xo,
Umin < U(t) < Umaz, tE [te,te + 1))
— Umar < W) < Umaz, tE [tc,tc + Tm]

W(t) =0 t€[ted Tmite+ Ty Ut t+Ts],

(9)
where, & are the states, u the control input, and f the
system model, all described in (8); y is the measured
output (fraction of oil at the underflow) and y°% its
setpoint;  is the control input change. The inequal-
ity constraints represent technical restrictions on the
control inputs u; Umin, Umaez are the input lower and
upper bounds, and ., 1S the maximum input change
in one sampling time Ty (i.e [t,t + T§]). t. is the cur-
rent time when the optimization problem is called. The
prediction horizon T, represents the control interval
evaluated in the optimization problem, and the control
horizon T, is the horizon in which the manipulated
variable can be optimized. Note that, after the control
horizon T,,, the inputs are kept constant by setting
1w = 0. The MPC is run every T seconds. () is a ma-
trix n, x n, that penalizes deviations of y(¢) from its
setpoint y°F, and R is a matrix n,, X n,, for penalizing
manipulated variable movements.

6.1 Implementation

The plant model and the MPC algorithm were imple-
mented in MATLAB using the CasADi framework (An-

dersson et al., 2019). The plant model f is integrated

using CVodes from the Sundials suite in CasADi. A
multiple shooting algorithm (Bock and Plitt, 1984) is
used for computing the numerical solution of the opti-
mal control problem in (9). This algorithm allows us
to re-arrange the model dynamic equations in such a
way that we can solve (9) using standard optimization
nonlinear programming (NLP) solvers. Here we use
IPOPT, which is an interior point NLP solver included
in CasADi (Wachter and Biegler, 2006).

The MPC is implemented in a receding horizon
framework, i.e. we compute the trajectory u* =
luy, us, ..., u}p]T and apply only the first control move
uy. The next time step, the process is repeated.
This strategy is used for compensating unexpected sys-
tem disturbances and plant-model mismatch (Rawlings
et al., 2017). In the simulation, the plant model and
the controller have the same sampling time of 0.01s
and the MPC is run every 0.01s.

6.2 Simulation results

The simulation results with the model predictive con-
troller are shown in Figure 10. We use the same sce-
nario as in the previous case studies. We start the sim-
ulation with inflow rate of 2.2m?/h and the inlet oil
concentration of 500 ppm. Then, at 40s, the inlet oil
concentration is increased to 700 ppm, while the out-
let setpoint for the outlet oil concentration is kept at
30 ppm. We see that the MPC automatically adjusts
the overflow valve opening Z, to reject the disturbance
in the feed. Since we added a maximum input change
constraint to account for the system inertia (constraint
on 1), the Z, profile is smooth, which is important for
practical implementation. Next, we increase the inflow
rate to 2.6m?/h. The MPC is also able to track the
setpoint of Sy, for this disturbance. Note that we as-
sume full state feedback, i.e. the states (overflow and
underflow oil fractions) are measured at every sampling
time. The MPC parameters are given in Table 2.

/ Comparing the control scheme
alternatives

We compare the three proposed approaches in terms of
necessary measurements, as well as model and solver
requirements. Note, we do not focus on performance
criteria such as integral squared error, integral absolute
error, etc. Since these are highly dependent on the tun-
ing of the approach, poorly chosen parameters could
influence the comparison. Therefore, we focus on qual-
itative criteria that will help the practitioner/engineer
decided which strategy should be used based on the
available resources. The characteristics of the three
methods are summed up in Table 1.
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Figure 10: Simulation result of the MPC implementa-
tion. The controller first tracks the under-
flow oil fraction setpoint. Disturbances en-
ters the system at 40s and 80 s, represented
by a change in the inlet oil concentration
and the inflow rate respectively. The con-
troller rejects both the disturbance main-
taining By, at its setpoint.

The implementation of the feed-forward approach
requires online measurements of the inlet oil-
concentration and inflow rate. They are used in com-
bination with the feed-forward model to update the
PDR setpoints according to the system disturbances.
To obtain this model, we need historical data of the
two previously mentioned measurements, as well as a
specific values of the PDR setpoints. These values are
chosen such that, given an inlet condition, the under-
flow concentration stays under a threshold, e.g., lower
than 30 ppm. The setpoints can be obtained via sim-
ulations or based on process knowledge. Ideally, we
need data from a large operation envelope to ensure
that the feed-forward strategy works in different plant
conditions. This feed-forward approach has the disad-
vantage that, in scenarios such as slugging where the
inlet-oil concentration increases rapidly, the changes
in the PDR setpoint aiming at improving separation
can cause more water at the overflow outlet (oil-rich
stream).

In comparison to the feed-forward approach, the
feedback /cascade control requires measurement only
of the underflow oil concentration. This method is
a direct way of controlling the efficiency of hydrocy-
clones. The secondary PDR controller responds to

changes in the inflow rates and maintains the PDR
at a given setpoint. However, if a disturbance occurs
in the inlet oil concentration and/or in the inlet oil-
droplet distribution, the separation efficiency of the
hydrocyclone changes, and this will not be reflected
in the PDR setpoint. Then, the primary controller can
detect these disturbances by measuring the underflow
oil concentration, and adjust the PDR setpoint to im-
prove the efficiency. Note that there is an upper bound
in the PDR beyond which the separation cannot be im-
proved. In this case, if the primary controller tries to
increase the PDR setpoint to maintain the separation
efficiency, more water goes out through the overflow
outlet. Hence, it is important to know the limitation
of the system in use and deactivate the primary con-
troller at the right time, which can turn out to be a
major disadvantage of this approach.

This deficiency can be mitigated by the model-
predictive control approach. By using MPC, we can
explicitly take into account operating constraint while
dealing with the feed disturbances. Moreover, MPC
has the potential to increase the separation regular-
ity since it considers the interaction among multi-
ple system variables, whereas PI controllers act based
on single-input, single output relationships (Qin and
Badgwell, 2003). The main disadvantage of the MPC
formulation is that it requires a fairly accurate model.
Also, in the model formulation proposed in this paper,
we assume that underflow and overflow oil concentra-
tion are measured. It is not common to have a oil
in water sensor at the overflow outlet of the hydrocy-
clones. As an alternative, we could use soft-sensors
such as Kalman filters to estimate the overflow oil con-
centration. Another possibility of future work is to
re-formulate the optimisation problem to minimize the
underflow By, (instead of tracking a setpoint) and also
maximize the total throughput of the hydrocyclones by
adjusting the underflow valve.

Conclusions

In this paper, we propose three new control schemes
for de-oiling hydrocyclones and study the effectiveness
of these controllers when subjected to different plant
disturbances. The schemes were designed in order to
address issues with the standard hydrocyclone control
strategy. Typically, a PDR controller is used to keep
the underflow oil concentration at a given setpoint.
However, if the inlet oil concentration and/or in the
inlet oil-droplet distribution change, the PDR setpoint
needs to be updated or the outlet purity requirements
will not met.

The first scheme uses a feed-forward model to up-
date the setpoint of a typical PDR controller. The



4.1. Feedforward, cascade and model predictive control algorithms for de-oiling

hydrocyclones.

Table 1: Comparison of the three approaches used for controlling the underflow oil fraction of a hydrocyclone.

: s R
Approach Required Model Optimization . Possible
measurements solver disadvantages
o Tnlet oil fraction Feed-forward model to o Fast inlet oscillations may lead to
Feed-forward predict PDR setpoint No high concentrations of water at
o Inflow rate
changes the overflow outlet
o Primary controller may need to be
deactivated if upper bound in the
Feed- Underflow oil fraction No No PDR is violated, which causes high
back /cascade water concentration at the
overflow outlet
o Fairly accurate model needed
o Overflow oil fraction Yes. o Qil in water sensor is necessary
Model Pre- : . State-space model of Yes
. o Underflow oil fraction (or a soft sensor needs
dictive Eq. (8) can be used
to be developed)
Control
. schemes meet the requirement to keep the underflow
Table 2: Tuning parameters oil concentration below 30 ppm other than briefly dur-
Description Variable  Value ing transients. We also present guidelines for choos-
Feed-forward ing the appropljlate scbeme.: based on the available re-
sources at the industrial site (such as measurements,
PDR control prop. gain K. 0.67 hardware and software at hand). As an extension of
PDR control int. gain T] 0.047 this work feed-forward and cascade control schemes are
Feed-back /cascade implemented at a newly constructed experimental rig
at NTNU and result are being finalised.
Primary control prop. gain K. 0.5
Primary control int. gain TI 0.5
Secondary control prop. gain K. —542.16 Acknowledgements
Secondary control int. gain TI 0.2598
— This project is supported by the Norwegian Research
Model Predictive Control Council, industrial partners and NTNU under the Sub-
Setpoint weighting matrix Q 5e8 sea Production and Processing (SUBPRO) SFI pro-
Input weighting matrix R 0.01 gram.
Prediction horizon T, 15
Control horizon T, 10 Ref
Input upper bounds Umax 0.01 ererences
Input .lower bounds Ymin 1 Andersson, J. A. E., Gillis, J., Horn, G., Rawl-
Max input change Umax 0.5

second scheme is a feedback/cascade approach, where
the primary controller takes measurements of oil con-
centration at the underflow outlet and updates the set-
point of the secondary controller (PDR controller) to
maintain the underflow oil concentration at a required
level. The third control scheme is a model predictive
controller. Here, the control objective is to minimize
the variation of the underflow oil concentration from
a reference point while taking into account operating
constraints, such as max water-in-oil concentrations.

In the simulations, we see that all the control
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Non-linear control algorithms for de-oiling hydrocyclones

Mishiga Vallabhan! and Christian Holden?

Abstract— Reduction in environmental footprint has become
one of the key performance indicators in the oil and gas
industry. As per the OSPAR commission, produced water
containing more than 30 ppm of oil cannot be discharged
to sea. This clearly indicates the importance of advanced
control systems in produced-water system equipment like hy-
drocyclones and compact flotation units. It is expected that
the control algorithms handle all the plant disturbances and
meet the performance specifications. This paper investigates
non-linear control algorithms for controlling the efficiency of
hydrocyclones. Here, two well-known non-linear control design
techniques— feedback linearization control and sliding mode
control are used for the control of a hydrocyclone.

[. INTRODUCTION

More the oil and gas one takes out from the reservoir,
the more cautious one has to be in reducing the environ-
mental footprint. The produced water treatment system plays
an important role in cleaning the oily-water in on-shore
and offshore platforms. In order to meet the environmental
regulations [1] it 1s important to maintain the efficiency of
produced water treatment equipment.

One of the most common component in a produced
water treatment system 1s a hydrocyclone. The possibility of
hydrocyclones for liquid-liquid separation was investigated
in [2] and Bardeley’s conventional cyclone was redesigned
for de-oiling by extending the cylindrical portion of the
cyclone to give adequate residence time. The first full scale
commercial hydrocyclone concept was used in Conoco’s
Murchison platform in the year 1985 [3]. Modelling of
hydrocyclones have been an extensive topic of research, and
most of the models are CFD-based, which use Navier-Stokes
equations to simulate the flow. In [4], a model based on
the droplet trajectories was presented, and this was used
to predict the cyclone efficiency. Later, [5] developed a
model based on the droplet trajectories by considering the
swirl intensity, and also discuss the pressure drop across the
hydrocyclone.

In [6], a first-order transfer function model was proposed
for studying the hydrocyclones. A control-oriented model for
an inline hydrocyclone with a swirl element was developed
by [7]. A grey-box of modelling of a hydrocyclone was
developed by [6] where model parameters were estimated
using the experimental data.

A hydrocyclone, or more specifically a ‘hydrocyclone
liner’, has a tangential inlet through which oily water enters.

'Department of Mechanical and Industrial Engineering, Norwegian
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It has two outlets, one is called the overflow outlet where the
purified o1l comes out and the other is called the underflow
outlet where the cleaned water comes out. The specially
designed tangential inlets of liners generate a centrifugal
force which aids in the separation of o1l from water. The
lighter oil particles move towards the center, and the denser
water moves towards the walls of the hydrocyclone liners.
The geometrical structure of a liner comprises of a cylin-
drical section, followed by two conical sections of reduced
diameters and another cylindrical section much longer than
rest of the three sections. The last cylindrical section gives
more residence time for the o1l droplets and this enhances the
separation. Fig. 1 shows a rough sketch of a hydrocyclone
liner.

Industrial-scale hydrocyclone consists of many liners
stacked together inside a big casing. The oily water coming
from the upstream separator 1s connected to this hydrocy-
clone casing, and the fluid moves to the tangential inlets
of individual liners. The outlet of the individual liners are
are connected to two outlet chambers. Since the liners are
parallel, an industrial hydrocyclone with many liners has the
same behaviour as a single liner. Here the whole analysis 1is
on a single hydrocyclone liner.

There has not been much research on improving the
control aspects of hydrocyclones. In [8], an H. robust
controller using a black box model was developed. Advanced
nonlinear algorithms can help in improving the separation
efficiency 1n the presence of unforeseen plant disturbances. In
this paper, a state-space model for a de-oiling hydrocyclone
1s derived. Owing to the nonlinear nature of the model
nonlinear control algorithms can be a better option to handle
plant disturbances. Hence, a feedback linearization control
algorithm and a sliding mode control algorithm 1s developed
for de-oiling hydrocyclones.

INLET

2Ry
OUTLET CHAMQ _T 9R, OUTLET CHAMBER

2R2 Rz,rev:RfacR(Z)

NQ 2Rs=2R, Dll%

OVERFLOW 2. 52 UNDERFLOW

. T | |
lLl IL2 [ L3 [ L4

z
B1=20° B2=1.5°

R,=0.002m R;=0.02m R2=0.0lm  R3=0.005m
L1=0.04m  L,=0.0567m L3=0.3820m L4=0.4m

Fig. 1.
II. DYNAMIC MODEL

This section gives a brief description of a dynamic model
of a de-oiling hydrocyclone. The physical volume of a

A hydrocyclone liner.
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4.2. Non-linear control algorithms for de-oiling hydrocyclones

hydrocyclone liner, denoted as Vg, 1s divided into two sub-
volumes: the volume of liquid that leaves the hydrocyclone
overflow flow Vg, and the volume that will leave the under-
flow Vr. The volume inside the blue dotted lines in Fig. 2
1s Vr and the volume outside it is Vr. All the liquid in V
travels in the reverse direction, as does some of the fluid in
VE. Most of the fluid in VF flows in the forward direction. Vg
1s ‘oil-rich’ with potentially some water, V¢ is ‘water-rich’
with very little oil (a thin yellow line in Fig. 2 represents the
oil droplets in Vf).

There exists a reverse-flow zone for a hydrocyclone, and
this has the same shape as the hydrocyclone itself [4]; the
radius of the reverse-flow zone (marked as red colour in Fig.
I and 2) is a factor of hydrocyclone radius given as

RZ,F@V — RfClCR(Z) ) (1)

where R(z) is the radius of the hydrocyclone at different axial
positions z and R; ., 1s the radius of reverse-flow zone at the
respective axial positions. In [4] and [5] some formula for
calculating the value of Ry, 1s given. This paper considers
this a tuning parameter where R ¢, € [0.3,0.4].

It 1s to be noted that volume V% 1s fixed and that, Vy =
Ve — Vr. We consider only the oil inside Vz and Vi for the
mass-balance analysis.

Let Q;, be the total known inflow rate (oil and water)
entering the hydrocyclone. We also assume that the inlet
mass fraction of oil (f;,) to be a known parameter. Then,
the inflow rate of the oil is given by Qi = BinQin.

The oil-water mixture entering Vg starts separating, and
the separated oil droplets move towards Vgi. Oil droplets
which are not separated remains in Vg and later comes out as
underflow. Vy starts filling up with oil during the separation.
The o1l core in Vg 1s assumed to have the same shape (but
smaller) than the hydrocyclone.

The flow rate of the separated oil is denoted as Q.
The separation depends on the separation efficiency of a
hydrocyclone. One way to calculate the separation efficiency
1s by droplet trajectory analysis [4], where the oil droplets
entering the hydrocyclone are tracked to determine if they
enters reverse-flow zone, get separated and thereby comes
out as overflow or they leave the cyclone as a part of
underflow.

In [9], an internal separation € is defined for hydrocy-
clones, which gives the percentage of oil separated out of the
total o1l coming into the hydrocyclone. Hence, if we know
the inflow rate of the o1l Q;,, then flow rate of the separated
oll (QOsep) 18 given by Qgep = €Qino. Also, [9] approximated
a relation between the internal separation € and the overflow
rate Q, using droplet trajectory analysis given as

€= p205+p10,+po (2)

where Q, € [0,6.5E —5]m? /s and the polynomial coefficients
are p» = —3.332E7, p1 = 5519, pg = 0.84099. In this paper,
we use this same relation for the mass-balance equation given
later 1n this section.

As the separation increases the volume Vg gets filled up
with the oil. When Vg i1s completely filled up by oil, we
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—i Vg -
P, PQ| prttt e o - = PyQ. P,
Fig. 2.  Pictorial representation of hydrocyclone volumes used for mod-

elling, with oil-rich volume and water-rich volume.

Qinozﬁin Q’m,

(IN LET) WATER-RICH VOLUME
VF
QsepzeQino\I/ /I\ Qb

%QuozﬁO‘f Qu

(UNDERFLOW)

QOOZBOTQO % OIL-RICH VOLUME
(OVERFLOW) VR
Fig. 3. Block diagram representation of the model.

assume that the excess o1l flows back into Vx. This 1s termed
as back-flow Qj. A simple mass-balance formulation of the
volume of oil in the oil-rich volume (Vp,) and volume of oil
in the water-rich volume (V) are given by,

VOr — Qsep — Qoo — Qb
V()f — Qino — Qsep — Quo =+ Qb .

3)
4)

Here, Q,, flow rate of the o1l through the overflow outlet,
Q.o flow rate of the oil through the underflow outlet. These
two flow rates can be calculated if we know the fraction of
oll 1insides Vr and Vx. The o1l fraction inside oil-rich volume

(BOI’) 1S

VOr
,BOI’ — VR )
and the oil fraction inside the water-rich volume (SBor) is
Vor
Bor =~

Then QOO — ﬁOrQo and Quo — ,BOf Qua where Qo and Qu
are total (o1l and water) overflow and underflow rate of the

hydrocyclone.
The back-flow entering Vr is given by,

o

A block diagram representation of the model is shown in
Fig. 3.

The rate of change of oil volumes can be represented in
terms of oil fractions as

Qsep o Qoa
0,

if Qsep o Qo >0
otherwise .

)

(6)
(7)

VOr — VRBOr
Vor =VrPor -
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4. Model-based and simple controllers
For ease of analysis in state-space form (3) and (4) is control the flow Q,. Later in this section we are deriving
written in terms of oil-fraction, as the conversion of u to z,. The design of feedback linearizing
. 1 control (FBLC) in this section is based on [10, Ch. 15].
Por = v <€Qino — BorQo — Qb)) (8) Note that K;(D; — F(t)) in (13) is also dependent on Q,
lR (recall that € 1s a function of Q, 1n (2)), however, to simplify
BO F=— (Qmo(l — &) —PorOu+ Qb)) , (9) the analysis, we consider it as a time-varying disturbance to
VF this subsystem and K;(D; — F(¢)) > 0 as Q, and Qj,, are
The two outlet flows are modelled using, the flow rates, which are strictly non-negative.
The relative degree of the system (13)—(15) is p =1
0, = Cviz 2(Ps —Py) (10) and is well defined in R?. Following the nomenclature in
" ! " [10], the internal dynamics of the system is given by (13)
and the external dynamics of the system 1s given by (14)
2(P,—P,) .. :
0, =Cwz, 2o , (11) and clearly the system is in normal form. Comparing [10,
Po equation 13.17] and (14) we have A, =0, B, =1, y(x) = 1,
where Cv; and Cv, are valve constants of the underflow and  and u— oU(x) = u— K2QMVHTK2F (7). .
overflow valves, P, is the pressure at the overflow outlet, A controller u = v+ Of(x) 1S choseg to track the given set-
P; is the pressure at the underflow outlet, z, € [0,1] and  POINt hence a variable Y= Y — Yy is defined. The external
2, € [0,1] control signals to the valves, p, and p, are the .dynarmcs can re—\yrltten as =v, apd t.h1s external dynamics
density of liquid at the underflow and overflow outlets, and 15 made exponentially stable by designing a controller of the
P, 1s the downstream pressure of the overflow valve, and form
P, 1s the downstream pressure of the underflow valve. The R / o
pressure P> and P; used in this paper are calculated based v=Ryrk 0 vdr, (16)
on the steady stgte pressure-flow model given i.n [9]. The  rere K.>0 and K; > 0.
undertlow V.alve is kept at fixed percentage opening (50 %). From (13), the internal dynamics ¢ 1s independent of the
The dynamic model 0.f a hydrocyclone represented by (8?_ external dynamics ¥ and the internal dynamics is analysed
(11). are used for deriving the model-based controllers in independently for the boundedness criteria.
Sections III and 1V. Consider a Lyapunov function candidate V = %(pz. Its clear
I1I. FEEDBACK LINEARIZATION that this candidate function satisfies, g1 (|@[|) <V < g2(|l]),
A mathematical model should satisfy the property of Wh§re &1 (lel) =sglel) = 2 and belongs to cl.ass K. The
uniqueness and existence in order to solve for an initial value derivative of V along the trajectory of (13) is given by
problem. This can l?e gua.ranteed i.f the Ipodel 1S continuous V = @K (D) —F (1)) — K10, q)2 .
and the first derivative exists and is continuous [10, Lemma
3.2]. For the model (8)—(9), we introduce two states ¢ = By, 1t 1s also assumed that there exists a minimum overflow such
and ¥ = Bo¢. From (5), its is clear that the O} does not have that Qp > Qo min > 0, which can be related to the physical
a continuous derivative at Qp = Qyep — Qo condition where the overflow valve is never closed fully.
Consider a C! Heaviside approximation f>(x) of the form  Hence,
(1 if x> u VSQDKI(DI_F(t))_KlQo,minq)z-
frlx) =4 — %XS + %xz it 0<x<u To analyse the stability properties of the internal dynamics
0 fx<0 in the presence of the disturbance term K;(D; — F(t)), we
‘ consider this term as a virtual input in the analysis. Rewriting
where p # 0. A shifted version of this i.e., f2(Qsep — Qo) is  the derivative of the Lyapunov function candidate
multiplied by Qs., — Q, (refer (5)) and we have :
- ’ V= (PU — K Qo,min (P2
F(t) = (Qsep o Qo)fZ(Qsep o Qo) ~ Qb . (12) _ _(1 . 9>K1Q0,min(P2 . 9K1Qo,min</)2 4+ (pU
The derivative of the function F(¢) is clearly continuous. We ) U]
re-write the model (8)—(9) as < —(1=0)K1Qomin9”, ¥l0| 2 00, mink1 83U
¢ =K D1 —KiQ,0—KF(t) (13)  where 0 < 6 <1 and g3 is a class # function and (1 —
W =u—KQuw+KF(r) (14) 0)K, Qa,mm(p2 1s a continuous positive definite function on
_y (15) R. Hence, according to [10, Theorem 4.19] system (13) is
Y ' input-to-state stable with y= gl_l ogrogzory(r) = 0 ; R
Here, K; = %, K>, = %, D1 = €Qino, D2 = Qino(1 —€),  From the definition of input-to-state stability [10, Definition
K;D, = u and state Y is considered as the output. 4.7], for any bounded input U (t), the state ¢(¢) is bounded.
Here u 1s considered as the virtual control input. The Thus, we conclude that the internal dynamics of the system
physical control input is the control valve opening z, which  (13) 1s uniformly bounded.
87
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4.2. Non-linear control algorithms for de-oiling hydrocyclones

To summarise, as the system (13)—(15) has a well-defined
relative degree and the feedback linearising control law u can
ensure that J/(¢) — 0 and the internal dynamics are bounded,
if (0) and ¢(0) are sufficiently small and the inlet condition
K1D; of the hydrocyclone 1s bounded.

The aim of the controller is to minimise the oil content in
the water-rich volume V¢ and thereby reducing the oil ppm at
the underflow outlet. The desired o1l ppm at the underflow
1s given as a setpoint to the controller. The overflow rate
Q, 1s controlled to achieve the desired oil ppm at the
underflow. As mentioned earlier, the physical control input is
Z, and hence, to derive a relation between z, and the virtual
control input u, we have to calculate the desired flow rate
to satisfy K»D> —u = 0. This can be done by substituting
the values of internal separation (polynomial approximation)
and formulating a quadratic problem as shown below,

KZQino(l_g)_u:O (17)
— K2Qino(1 — p20; — p1Qo —po) —u=0  (18)
— AQ>*+BQ,+C =0, (19)

where A = —prK>Qino, B = —p1K2Qino and C = Q0 K> —
P0QinoK2 —u. The positive solution of (19) is taken as the
desired overflow Q..

For this desired flow rate we can calculate the percentage
opening of the valve using (11) and hence,

. Qdes
o~ 2(P—Py)
Cvy o,
IV. SLIDING MODEL CONTROL WITH INTEGRAL
ACTION

The sliding mode controller (SMC) design discussed in
this section 1s based on [10, Ch. 14]. Here the system
1s augmented with an integral state, the integral of the
regulation error y —y,.r and a feedback controller is designed
to stabilise the augmented system at the equilibrium point.
The normal form of the system (13)—(14), derived 1n Section
III 1s used for the design of the SMC.

Augmenting the system with an integrator gives

¢ =KD —K1Q,90—KF(t)
ep = e
¢y =u—KQ,¥+KxF(t),

where e; = é, =y — yr.r, which will be used for the integral
term.

A sliding surface of the form s = kpeg + ¢, where kg < 0
1s chosen. The derivative of the sliding surface is given as

s = koe1 +u —KzQul//—I—KzF(t) :
Next step 1s to choose a controller u of the form
U= —(k()el —KzQul//+K2F(t)) +w
S=w.

In general w = —fpsat( ), where 5y > 0 is a constant and
¥ is a positive constant such that 1/4 is slope of the linear
portion of the saturation sat(s/%).

88

Rewriting the system in terms of the sliding surface,

¢ =KD — K Q,¢0 — K F(t) (20)
éo = —koeg+ s (21)
§ = —,Bosat(%) . (22)

We consider a Lyapunov function candidate V| = %sz, for
analysing the reaching phase of the sliding mode controller,

Vi = s(—Bosat( )
< —[3()|S’ ,V‘S‘ >V

Therefore, whenever |s(0)| > 9, |s(r)| will be strictly de-
creasing, until it reaches the set {|s| < ¥} in finite time
and remains inside thereafter. Now for analysing the sliding

phase, another Lyapunov candidate function 1s taken V, =
1.2

2€0
Vz = —koe(zﬁ—eos
< —koe%—|—|eo\ O
%)
< _(1 — 91)](()8(2), v‘eo‘ > M 3

where 0 < 6; < 1. Thus the trajectory converges to the set
Qp =A{les| < %,]5! < ¢¥}. The dynamics described by (20)
does not contain e, and hence it cannot be influenced by the
sliding surface. It 1s similar to the internal dynamics in the
feedback linearization control and same arguments discussed
in Section III applies for (20) and the solutions are bounded
as the system 1s input-to-state stable.

V. SIMULATION AND RESULTS

Simulation results are used for studying the effectiveness
of nonlinear control algorithms (designed in Sections III and
IV) for hydrocyclones. The control objective is to keep the
oil fraction of the underflow outlet of a hydrocyclone at
30ppm (OSPAR criteria). During the simulation, the inlet
pressure P; 1s kept at 6 bar and other model parameters used
in the simulation are given in Table I. Here, the hydrocyclone
liner considered 1s Colman and Thew type [4]. We assume
that we can measure oil fraction at the underflow (e.g [11]).
Also, the results from [12] are promising in terms of using
the oil-in-water sensor for control purposes. As a baseline
for non-linear control, we choose the feedback linearization
algorithm because of its good performance under ideal
conditions. The sliding mode controller 1s a good option
to compare against the base-line controller as it is robust
to modelling uncertainties. Optimised tuning of non-linear
controllers could change their performance. Hence, the result
discussed further in this section is part of a preliminary study
and 1t 1s to understand the behaviour of the hydrocyclone
model to non-linear controllers.

In the first case study we analyse the system without
considering measurement noise or model errors. The first ex-
ternal disturbance (a step change from 1000 ppm to 1500 ppm
of inlet oil fraction f;,) is introduced to the plant at 20s.
The second disturbance 1s introduced at 60s where the
underflow opening is increased from 50% to 57 %. The
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Fig. 4. Simulation result showing the response of a feedback linearization Eig. > Simulatiog r.esult showing the response .Of a feedback lineari;a-
g . ) tion controller, a sliding mode controller and a linear PI controller with
controller, a sliding mode controller and a linear PI controller subjected to o of
plan t disturbance. measurement noise of 5 %.
response of a feedback linearization controller (K, =4, K; = . . . o
1), a sliding mode controller (k, = —2, B, = 1, © = 0.1) Fig. 6. The external disturbances introduced are similar to
R o — ’ o — 1L - Y . di
and a linear PI controller (P = —13.96, I = —49.865 [13]) the first and the second case studies. The sliding mode
were simulated. All the three controllers tracked the desired con@oller .an.d the 1.1ne.:ar PI.controller keep Fhe controlled
setpoint of 30 ppm even in the presence of plant disturbances variable within the limits during the external disturbances. A
As expected, the linear PI controller was not efficient in small box included inside the 3o shows the same simulation
handling the transients. The root mean square error (RMSE) done without measurement noise. This figure indicates that
values (given in Table II) indicate that feedback linearization the feedb.ack hnearlzatlon. coptroller is not able to track
controller had the best performance and the linear PI con- th.e .setpomt and has a bias in .the output. However, t.hC
troller had the worst. The simulation results are shown in  Slding mode controller and the linear PI track the setpoint
Fig. 4. The values of the inlet oil fraction B, the percentage asymptotically even in the presence of external disturbances.
opening of the underflow valve z,, the physical control output The RMSE values in Table II indicated that the sliding mode
zo and the oil fraction at the underflow Bos are shown in the controller. has the best performance. It can also be noted
simulation results that the linear PI controller has better performance than the
In the second case study we analyse the system with feedback linearizing controller. . .
measurement noise and without any modelling errors. All the In the fourth case study, we c.on81der.a random d1sturba1.1ce
tuning parameters for the controllers remain the same as in to thﬁf unc}erﬂow valve opening (this emulates slugging
the first case study. We use 5 % multiplicative Gaussian white behaviour 4 tanl.i separator u.pstr.eam of a hydrocyclone.)
noise on Bos throughout the simulation. The simulation at 20s. The 1nlet o1l concentration 1s kept at 1000 ppm. The
results are shown in Fig. 5. Two external disturbances similar simulation results are shown in Fig. 7 and a.ll the thr§e
to the first case study are introduced to the plant during controllers managed to keep the controlled variable within
the simulation to test the performance and robustness of the reasonable 11m1ts. during the random changes in the
the controllers. All three controllers managed to keep the undertlow valve opening.
controlled variable within the limits during the external VI. CONCLUSIONS
disturbances. The RMSE for the three controllers are given in '
Table II. The feedback linearizing controller shows slightly This paper gives a state-space representation of a dynamic
better performance than sliding mode controller. mass-balance model of a hydrocyclone. Later, this repre-
In the third case study we analyse the system with sentation of the model is utilised for deriving two model-
measurement noise and modelling errors. We introduce an  based nonlinear control algorithms. A feedback linearizing
error in the plant model (8) and (9) by increasing the model  controller and a sliding mode controller are derived in this
parameter K, = 6K,. The simulation results are shown in  paper. The response of the two derived nonlinear control
89
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Fig. 6. Simulation result showing the response of a feedback lineariza-
tion controller, a sliding mode controller and a linear PI controller with
measurement noise of 5 % and modelling error.
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Fig. 7. Simulation result showing the response of a feedback linearization
controller, a sliding mode controller and a linear PI controller when random
changes are introduced to the underflow valve emulating slugging behaviour.

algorithms and a simple linear PI controller is studied. The
stimulation results show that all three control algorithms
have good performance in the presence of disturbances
without considering measurement noise and modelling er-
rors. In the presence of measurement noise, the feedback
linearizing controller has better performance than the other
two controllers. Further, introducing modelling errors, the
feedback linearizing controller fails to track the setpoint
in the presence of external plant disturbances. The sliding
mode controller and the linear PI controller are robust to the
presence of modelling errors.

TABLE I

PARAMETERS USED FOR SIMULATION

Parameter Value Unit
P,=P, 1.01325 bar
Po 910 kg/m?
Ou 1000 kg/m?
Ve 2.0896E — 4 m>
Vi 2.00071E —6 m>
Cvi 5.0671E — 5 m?
Cv, 2.5335E—6 m?
u 0.001 -
TABLE 11
RMSE VALUE (Bor — Set point)

RMSE Value ppm | Linear PI | FBLC SMC
Case 1 1.2540 0.0088 | 0.0114
Case 2 6.9652 6.7543 | 6.8325
Case 3 6.9741 8.4482 | 6.7629
Case 4 2.027 0.3770 | 0.3038

Future work 1s to validate the state-space model of hydro-
cyclone using experimental data and also investigate more
robust controllers like gain scheduling or H. algorithms.
The state-space model presented in this paper can be used to
develop state estimators and the estimator model for the o1l
fraction could be a replacement for expensive oil-in-water
Sensors.
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Chapter 5

Experimental test rig for
hydrocyclones

As a part of the experimental study, a text-rig consisting of industrial-scale hydrocyclones
was built at the Department of Mechanical Engineering, NTNU. The rig was constructed
in two phases. The first phase was the construction and commissioning of hydrocyclone
skid and this was done as a part of master project [22]. The second phase was the
pump system for feeding the hydrocyclone skid. This was constructed and commissioned
during this PhD study. Appendix A.3 gives the P&ID of the pump system with details
of the instruments and devices. Some modifications such as installation of oil-in-water
analysers were made to the hydrocyclone skid during this PhD study. Appendix A.l
highlights those modifications and give the P&ID of the hydrocyclone skid.

Appendix A.2 gives date sheet of the oil-in-water sensor used in the test rig. Modbus
is used for communication of the sensor values into the control system.

This chapter presents an article briefly describing the construction of the exper-
imental rig. The flow-loop calibration of the online oil-in-water analysers done using
offline Mastersizer 3000 is explained in this article. Furthermore, experiments to shows
the ineffectiveness of the PDR control scheme is given in this article.

5.1 Experimental test setup for de-oiling hydrocyclones
using conventional PDR control

The citation of the published article is given below:
Vallabhan K. G., Mishiga, Dudek, Marcin, and Holden, Christian. Ezperimental Test
Setup for Deoiling Hydrocyclones Using Conventional Pressure Drop Ratio Control. SPE

Prod & Oper (2022;): https://doi.org/10.2118/208608-PA.
The preprint version follows.
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Chapter 6

Experimental results

This chapter gives the experimental results of three novel control schemes for de-oiling
hydrocyclones. A cascade, a feed-forward and a direct control scheme are implemented
at the test rig. The main performance criteria for the new control schemes is to maintain
the oil concentration at water reject at 30 ppm.

6.1 De-oiling hydrocyclones: an experimental study of new
control schemes

The citation for the published article is given below:

Vallabhan K G, Mishiga, Holden, Christian, and Skogestad, Sigurd. Deoiling Hydro-
cyclones: An Fxperimental Study of Novel Control Schemes. SPE Prod & Oper (2022):
https://doi.org/10.2118/209576-PA.

The preprint version of the article follows.
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Chapter 7

Conclusion and future work

This chapter draws an overall conclusion of this thesis work, highlighting the research
questions answered during this endeavour. Some limitations of the theoretical study
done in this thesis are discussed here. Furthermore, some future work which can be
implemented at the test rig are also discussed here.

7.1 Conclusion

This thesis focuses on control aspects of the produced-water treatment system using
hydrocyclones. Chapter 3 and Chapter 4 discussed the theoretical analysis of this research
work.

Chapter 3 presented a control-oriented model for de-oiling hydrocyclones. Here, a
relationship between the overflow rate and the separation inside the hydrocyclones were
derived based on the droplet trajectory model. The model and its control properties were
verified using a simple PID-based oil concentration controller. This model was useful
in analysing the behaviour of hydrocyclones for changes in inflow rate and the inlet
oil concentration. Section 4.1 discusses the drawbacks of the traditional PDR control
scheme using the hydrocyclone model. Additionally, it proposes three new control schemes
to mitigate the PDR control scheme’s ineffectiveness: a cascade scheme, a feedforward
scheme, and a model predictive controller. Section 4.2 discusses two more model-based
controllers: a feedback linearization controller and a sliding mode controller. Both of
the model-based controllers have similar performance in the presence of disturbances
without considering modelling errors and measurement noise. However, in the presence
of modelling errors, the sliding mode controller has better disturbance rejection than the

feedback linearization controller.

There are some limitation on the theoretical analysis done in this thesis. The first
limitation is that the proposed model requires the knowledge of the probability distribu-
tion of the oil droplets at the inlet of the hydrocyclones. In this model, the separation
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is approximated using a polynomial considering a plausible droplet distribution. How-
ever, more generalised representation of separation incorporating all the possible droplet
distributions needs to be developed. The second limitation is that all the model based
controllers discussed in Chapter 4 assume that the oil concentration at the water reject
and the oil reject can be measured, thereby making it expensive to implement.

Chapter 5 gives the details of the experimental setup constructed for the analysis and
testing of new control schemes. The test-rig can emulate the first-stage gravity separator
and generates disturbances at the inlet of the hydrocyclones. Chapter 5 also describes
the operational procedure, details of flow loop calibration of online oil-in-water analys-
ers, and methods used for generating disturbances in inlet oil concentration and droplet
distribution. The detailed description of test procedures ensures, in principle, the repro-
ducibilty of the results. The ineffectiveness of the PDR control schemes was also tested
at the rig.

Three new control schemes: cascade, feedforward and direct oil concentration were
verified at the test rig. It was noted that all three control schemes were able to meet the
performance criteria of 30 ppm of oil concentration at the water-reject. Among the three
control schemes, cascade control scheme has some advantages because the secondary
controller provides the linearization effect and the slower primary controller makes it
robust to measurement noise. The feedforward control scheme needs a static map of the
inlet oil concentration, droplet distribution and the corresponding PDR to keep the oil
concentration at the water reject below 30 ppm. The data required for this mapping was
collected using separate experiments where PDR values were adjusted manually to bring
the oil concentration at the water reject below 30 ppm for different inlet oil concentrations
and droplet distributions. So, in a real-time system, these static mapping needs to be
provided by the cyclone vendors based on their test data. Direct oil concentration control
needs a deadband to keep prevent an oscillating response. Providing a set point much
lower than 30 ppm can eliminate the need for a deadband.

To summarise the contributions of this thesis:

e A control-oriented mathematical model was developed to study the behaviour of
the hydrocyclones to different disturbances and to develop new controllers.

e The drawbacks of traditional PDR control schemes was analysed theoretically and
experimentally.

e New control schemes to overcome the limitations of the exiting control schemes
were verified theoretically and experimentally.

e A pump and tank system module (Appendix A.3) capable of emulating the first
stage gravity separator, was constructed and commissioned during this PhD study.
This test setup can be used as an input system to any produced water treatment
equipment.
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7.2. Future work

7.2 Future work

In order to make use of the hydrocyclone model as part of a bigger system, the model
needs to be validated and model parameters need to updated using real-time or experi-
mental data. Relationships between the percentage of separated oil and the overflow rate
is an important factor that needs to be validated based on the experimental data. A
preliminary approximation of this is given in Appendix B.

An optimized control strategy to maximise the water removal capacity of the hy-
drocyclone while keeping the oil-in-water concentration at the limit prescribed by the
environmental agencies is another possibility of tfuture work. For this, the interaction of
hydrocyclones with upstream separators such as a gravity separator or a pipe separator
needs to be considered.

The test-setup at NTNU is also equipped with hydrocyclones in series. Appendix
A.1 shows the P&ID of this experimental setup. As a future work, new control schemes
proposed in this thesis can be tested for series hydrocyclones.
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Appendix A

Experimental test setup

A.1 Hydrocyclone test skid

The hydrocyclone test-skid was build as a part of a master thesis. The details of the
hardware can be found on the thesis [22]. The P&ID of the test skid is given in Figure
A.1. Some modifications were made for the test skid during this thesis work. The pink
markings in the P&ID shows those modifications. A bypass line with a manual valve
was installed to isolate the hydrocyclone HC-100 from the other two cyclones HC-200
and HC-300. This was done for testing new control schemes with a single hydrocyclone
before testing it with cyclones in series. A special cross-section arrangement was made
at the inlet, the water reject outlet of HC-100 and at the water return line for installing
the online oil-in-water anlayser probes. In the future, the inlet probe will be placed at
the water outlet while testing the series operation of hydrocyclones and the final oil
concentration after the series operation can be measured.

A.2 Oil-in-Water Analyser

The online oil-in-water analysers used in the test-setup are ultrasound- based analysers.
It can give the oil concentration in mg/l and in ppm, and the Dv50 values of of oil
droplets which gives a rough estimate of the droplet distribution. They can also give
the number distribution of the droplets, but need data of over 20 mins for the stochastic
calculation of the distribution. Figure A.2 shows an oil-in-water analyser probe placed
in the flow loop. The data sheet of the probes used in this test setup is in Figure A.3.

A.3 Pump System

The pump module in the test rig is a newly constructed unit during the PhD work. The
P&ID was developed by SINTEF Industry. This pump module is expected to emulate
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A.3. Pump System

Figure A.2: Mirmorax online oil-in-water analyser installed at the test-rig.

the first-stage gravity separator.

Figure A.4 shows the P&ID for the pump system. Here, tank 4-TX-804 stores the
pure oil. This oil is directly injected into the water stream after pump 4-PA-806. The
oil reject from the hydrocyclone is sent to tank 4-TX-803 and the water reject from the
hydrocyclone is send to tank 4-TX-801. An auxiliary pump 4-PG-101 is used to take out
the water from oil reject tank 4-TX-803 and move it to the water reject tank 4-TX-801.
After removing the water from the bottom of 4-TX-803, the pure oil is pumped back to
oil reservoir 4-TX-804 using auxiliary pump 4-PG-102.

Another auxiliary pump 4-PG-104 pumps back the water from the water reject tank
4-TX-801 to water reservoir 4-TX-802 and the remaining oil present in water reject tank
is pumped back to oil reservoir 4-TX-804 using auxiliary pump 4-PG-103. A throttle
valve 4-PV-013 is used to simulate the level control valve downstream of the first-stage
separator and can be used to introduce rapid changes in the operation conditions of
hydrocyclones. Also, this valve is used to adjust the oil droplet size. A pressure-limiting
valve 4-PSV-025 is placed at the oil discharge line and its activated when the pressure
goes above 40 bar. The oil coming out of the valve is routed back to oil reservoir 4-TX-
801. Table A.1 gives the details of the instruments connected to control system. Figure
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INSTRUMENT DATASHEET '
NoRsok | "t [@IMIRMORA

- NA
: 0.5-3.5m/s

Tag number

: OIW-1070-19-PE
OIW-1072-19-PE

Process data sheet

Flow range (process)

Service description . Produced water line Range : 0-2500 ppm (Oil & particles)
P&ID Calibrated range 0-2500 ppm
Area P.O. Number : N1937025
GENERAL Note Field Unit
1 Type . Oil In Water Monitor 33 Mounting . Vertical
2 Complete assembly : Yes 34 Dimension : 406x587x255
3 Manufacturer : Mirmorax 35 Material : SS316
4 Manufacturer model no : LR2500 Titan 36 Enclosure protection . 1P66
37 Hazardous area . Zone 1
INSTRUMENTAL CHARACTERISTICS 38 Ex. Classification . Ex db IIBT5 Gb
5 Characteristic . Ultrasonic measurements 39 Signal gland type/size . M20
6 Accuracy . < 1% relative 40 Power gland type/size . M20
7 Repeatability - <1% 41 Protective coating . NA
8 Stability . <1% 42 Local LCD display . NA
9 Stabilization time : 1sec 1| 43 Auto Clean Syst. mod. . NA
10 Adjustable range - 0-2500 (oil & particles) 44 ACS pump . NA
11 Zero adjustment . yes 45 ACS acc. Vol./ setP . NA
12 Operating limits : 0-2500 ppm 46 ACS PSV cal. 2.5 bar . NA
47 ACS heater . NA
PROBE 48 Weight enclosure . 70 kg
13 Type : OIW ultrasound probe
14 Manufacturer . Mirmorax ELECTRICAL DATA
15 Manufacturer model no : LR2500 Titan w/auto clean 2 49 Function : Online
16 Mounting . In-line (horizontal) 50 Output signal : RS485 Modbus RTU
17 Conn. sizeltype proc. . 2" 150# RF Flanged 51 Output action . Continous
18 Conn. size/type sign. . See electrical data 52 Supply voltage . 230 VAC
19 Conn. size/type aux. . See hook-up dwg 53 Consumtion . 36W (50W start-up)
20 Rating . 20 bar (Test Pressure 30 bar) 54 Load limitation . min. 0.25A
21 Sour service spec. : MR0175 /15015156
22 Material body . Titan gr. 2 MISCELLANIOUS
23 Material stab : SS316 55 Max distance between probe and Field Unit, 6 mtr
24 Wetted parts : Titan gr. 2 56 Operational temp. : 0-90°C
25 Material 2" flange . Duplex 57 Ambient temp. . -20t0 40 °C
26 Material conn. lines : NA 58 Particle size oll : 2-70 uM
27 Protective coating . Xylan coating 59 Particle size sand : 2-60uM
28 EXx. Classification probe 112G ExdIIBT4 Gb 60 Flow regime . Turbulent, Reynolds no > 5000
29 Weight probe : 19 kg 61 Water salinity : 0-350 g/l NaCl
62 Output . Oil & particle concentration
ELEMENT Mean particle size, D50
30 Type . Ultrasonic transducer Oil and particle size distribution
31 Dimension - 50 mm Salinity and Temperature
32 Material, element . PEI, Titanium gr.2 NOTES
1. 1 min. stabilization after power on,
thereafter measurements every 1 second
1 |28.08.2019 |Re-Issued for approval ECB EG oV
0 |11.06.2019 |Issued for approval ECB EG oV MAX-TD-7044-03209
Rev Date Issue/description Prepared| Checked Approved Datasheet no Page

Figure A.3: OIW Datasheet.
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A.5 shows a picture of the pump system installed at the test-rig and Figure A.6 shows a
picture of the entire experimental rig.

Table A.1: Tag name and description of the IOs in the pump module.

Field Tag  System Tag  Description Type of 1O Min  Max Unit
3-PG-806 - Water pump - -

- 3-SX-101 Motor speed-water pump Al 0 2900 RPM
- 3-XU-101 Motor start-water pump DO 0 1 —
3-PG-805 . Oil pump - - -

- 3-SX-101 Motor speed-oil pump Al 0 2900 RPM
- 3-XU-101 Motor start-oil pump DO 0 1 RPM
4-PV-013  3-FV-101 Flow control valve AO 0 100 %
PT-101 3-PT-101 Water pump discharge pressure Al 0 70 bar
PT-201 3-PT-102 Oil pump discharge pressure Al 0 70 bar
PT-301 4-PT-101 Oil reservoir pressure Al 0 10 bar
PT-401 4-PT-102 Water reservoir pressure Al 0 10 bar
FT-201 3-FT-102 Oil flow rate Al 0 5 1 /min
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Figure A.4
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A.3. Pump System

igure A.5: A picture of the pump system installed at the test-rig.
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A. Experimental test setup

ORY

QUDOCATIRTER

DOGOMN

ORI

COROOOUON

DOOOX0O0

DOOORO

QO

tal setup.

Ire experimen

ture of the ent

1C

Ap

Figure A.6

122



Appendix B

Preliminary data for internal
separation

This section gives a preliminary analysis that can be used to find the relationship between
the internal separation and the overflow rate using experimental data. In Chapter 3, we
expressed internal separation in terms of the ratio of volumetric lows as g >2. Here, Qsep

1s the volumetric flow of the separated oil which comes out of the oil reject and Q;y, , 13
the volumetric flow of the oil coming into the hydrocyclone. In the mathematical model,
the relationship between internal separation and the overflow rate was derived based on
the droplet trajectory analysis.

Another way to get this relationship is to get data points from experiments. The
combination of three disturbances (inflow rate, inlet oil concentration and droplet dis-
tribution) needs to be considered while generating the data points. An example, we fix
the inflow rate to 3.9m?/h and the inlet oil concentration to 300 ppm and take three
plausible droplet distributions at our test-rig which corresponds to Dv50= 11 &= 1.5 um.,
Dv50= 8.6 = 1.5 um and Dv50= 6.81 & 1.5 ym, then vary the overflow rate by changing
the position of the oil reject valve and calculate the internal separation by measuring
oil concentration at the inlet and the water reject. Figure B.1 shows the data points
generated in this experiment.

More data points need to generated by varying inflow rate and inlet oil concentration
independently. Then, combining all these data points a suitable data-driven model can
be generated for calculating the internal separation.
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B. Preliminary data for internal separation

Qin = 3.9m°/h, Bino. = 330 ppm
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Figure B.1: Data points showing the relationship between internal separation and over-
How rate.

124



Appendix C

Process control and automation

This section explains the practical implementation of a process control system and in-
dividual function blocks. Later, a control loop associated with a de-oiling hydrocyclone,
is taken as an example, and its practical implementation at our laboratory is described.
Figure C.1 shows the basic block diagram representation of a process control loop.

MEASUREMENT
FINAL
SENSOR
> CONTROL PROCESS
ELEMENT TRANSDUCER
TRANSMITTER
COMMUNICATION | COMMMUNICATION
(ANALOG/DIGITAL
;AI\CN;:;OLf/DIGITAL SIGNAL)
OUTPUT
INPUT
CONTROLLER
CARD CARD

HMI

Figure C.1: Block diagram representation of a process control system.

The definition of each block follows

e The process can be an entire process plant, or part of a process plant that needs
some control action. For example, it can refer to flow control in a pipe section, or
complete control of the distillation column.
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C. Process control and automation
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The measurement block has three components: the first, a sensing element, where
the physical variable in a process such as pressure or flow is initially sensed. The
second, a transducer, which converts the sensed physical signal into an analog or
digital electrical information. The third, a transmitter, which amplifies and puts
signals into a format, signals suitable for transmission over long distances with zero
or minimal information loss.

The final control element is a physical device that carries out the decision made
by the controller. For example, a pump’s variable speed drive adjusts the pump
speed according to the control signal received from the controller. A pneumatic
control valve controlling the flow through a pipe is another example of a final
control element. The electrical signal from the controller is given to I/P (current to
pressure) converter, which adjusts the pressure, to open or close the valve, according
to the control signal.

e

I'he process, measurement and final control element are together called the plant.

Analog communication: The electrical information is transmitted either as a cur-
rent signal which is in the range of 4mA to 20mA or a voltage signal which is in
the range of 0V to 10V. Electrical signals are transmitted through a multi-core
cable, where each pair of wires carry one sensor’s signal. Then the analog to digital
(ADC) converters at the controller end converts this analog information to a di-
gital form used in control algorithms. One of the main disadvantages of electrical
communication is the extensive use of wires, as each sensor uses a pair of wires.

Digital communication: In digital communication, a network forms the base of
transmission. Commonly used network configurations are star, ring and bus. There
are many digital communication protocols available in the market. All these pro-
tocols are based on the OSI model, which standardises these protocols and makes
them inter operable. These types of digital communications are commonly referred
to as fieldbus. Some of the commonly used Fieldbus protocols are MODBUS |5],
FOUNDATION Fieldbus [3] and Profibus |7|. Wireless communication of sensor
signals is an upcoming technology in the industry. A popular wireless communica-
tion protocol is wireless HART [4].

The Controller represents the part of a process control where a decision is made
based on the measured signals. Physically, industrial controllers are microprocessor-
based hardware units, where control algorithms written in IEC61131 are down-
loaded using dedicated software. A standard PC can also act as a controller, where
control algorithms are implemented in a programming environment such as LAB-
VIEW. Error detection is also a part of the controller, which checks the deviation
of the measured signal from the reference value (setpoint) and takes control action
accordingly.




Data acquisition cards are auxiliary parts of the controllers, where the measured
variables, in the form of analog or digital signals, are received. They are also used
to send out control signals to the final control element from the controller. These
input/output cards have many channels, enabling them to handle multiple trans-
mitters and final control elements simultaneously. The human-machine interface
(HMI) enables the operators to give setpoints to the controllers, monitor various
process values, alarms, and events occurring during the operation.

Consider the flow-split control loop of a de-oiling hydrocyclone in Figure 2.8. A phys-
ical implementation of this control loop can be explained using the functional blocks
shown in Figure C.1. Figure C.2 marks the different elements of a process control sys-
tem for flow-split control, and their implementation at our test rig. Definitions of each
process-control system with respect to flow-split control is as follows:

AO CARD CONTROLLER AI CARD
4 to 20 mA Oto1l0V

PID CONTROL
ALGORITHM
IMPLEMENTED IN
LABVIEW

auaonNV-Z
tuonNV- 2

Qin

| OIL REJECT pcV LCV
01 01

|
|
| i
T j i
|
|
|

FINAL CONTROL ELEMENT

Figure C.2: Process control tunctional blocks in flow split control.

e The process here is the oil-water separation inside the de-oiling hydrocyclone. The
pressure drop ratio across the inlet to oil-reject and inlet to water-reject is controlled
to maintain the separation.

o Measurement: Here pressure drop across the inlet and the two outlets are measured
using two differential pressure transmitters DP01 and DPO1. The initial sensing
element of this transmitter is a piezoresistive diaphragm. Change in pressure is
reflected as a change in resistance (transducer), which is further converted to a 4
to 20 mA analog signal.

o Final control element: Here, the pressure control valve PCVO01 is the final control
element of the flow split control system. PCVO01 is a pneumatic valve with a current
to pressure converter (I/P). The I/P gives the correct pressure signal to the valve’s
actuator, corresponding to the control signal from the controller.
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C. Process control and automation

o Communication: Analog signals of 4 to 20 mA is used as communication signal
between the transmitter to controller, and also from controller to final control
element

o Controller and I/0 cards: Here we use an NI9205 from National Instruments as
an input card. The card is a 32-channel single-ended /16-channel differential analog
input module with input range 4+ 200mV to 10 V. The 4 to 20 mA signal from the
transmitters DP01 and DP02 are converted to voltage signals using 500 {) resistor
circuits. N19265 is a 4 channel analog output module with output range 0 to 20
mA. The control signal from the controller is converted into a mA signal in the
software, and sent to the card. The controller here is normal PC, and the control
algorithms are implemented using LABVIEW. The communication between the
controller and the cards is through Ethernet and a compactDAQ NI9188 Ethernet
chassis.
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