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Abstract

In the offshore oil industry, multiphase flow oJarge distances might lead to a flow regime
called slug flow. The flow pattern is characterizgdlarge liquid volumes flowing separately
from the gas. An oscillating behaviour of the puesss then observed.

Slug flow was modelled in a lab-scale pipelineseri and separator system at the Norwegian
University of Science and Technology (NTNU). Duriings project, the apparatus was rebuilt

and new pressure measurements, in addition to aunvewere added to the system. The

software used to perform the measurements andotdhe system was programmed using

LabVIEW.

The aim of the project was to use different pressneasurements in feedback controllers to
eliminate the slug flow. A cascade control struetwas also implemented and tested. A
strategy of using random valve openings in the rcbMalve used to stabilize the flow was
also tried out.

The feedback control structure proved successfuh® measurements farthest away from the
separator and the control valve. As the measureaygmoached the control valve, avoiding
slug flow became more difficult. The cascade cdnstoucture also gave positive results.
Implementing a random valve opening strategy didcoanteract the slug flow behaviour.
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1 Introduction

1.1 Background

The fifth year project is part of the Master degeeleication at the Norwegian University of
Science and Technology (NTNU). It is a preparateothe more rigorous master thesis that is
to be performed the last semester of the studibs. groject has been carried out at the
Department of Chemical Engineering.

1.2 History

Many of the pipelines connecting the wells and flatforms in the North Sea carry
multiphase fluids. The number of remote sub-sedswieéing connected to the existing
facilities due to available capacity is increasamgl will continue to increase in the decades to
comé!. Therefore, investigation of multiphase flow isgrbwing importance to the offshore
oil industry. The transport and control of multigkdlow, often referred to as flow assurance,
will become more complex as different well streaams more often being mixed sub-sea. In
addition, satellite wells are drilled in greaterstdnces from the processing facilities,
increasing the challenges with multiphase flow.

Multiphase pipelines and riser systems connectatglige wells and remote installations to
the processing unit give rise to flow variationstdrbing the separation processes. One form
of these flow variations islug flow in which the liquid flows intermittently alongetpipes in

a concentrated mass, calledlag®. This often occurs when liquid blocks the low pgaimthe
pipe, forming a liquid slug. The liquid flowing upsam the slug will make the slug grow,
while the gas leads to a pressure increase. Wieepréssure is high enough to overcome the
weight of the liquid slug, the liquid slug and tbas will flow through the system and thus
depressurizing the pipe. The process is cyclia asw slug will build up and the process will
repeat itself. This gives an oscillating pressaréhe pipelines as well as a varying flow into
the separation system at the processing faciliB&syging can also occur inside the oil wells
and in the processing facilities.

A direct result of the slugging is the large anplidaflow variation. This in turn will lead to
poor separation in the inlet separator of the msiog unit. In the worst case, the separator
might be floodel. The regularity of the process is also affecte@mvthe slugging leads to
platform trips and plant shutdowns. Another probisra capacity reduction in the separation
and the compression units due to the need fordangerating margins in the units. Additional
unwanted flaring’ is another issue caused by slug flow, increadiegenvironmental impact
of oil production.

There are several ways to avoid severe sluggingt Bf all, slugging is avoided on new
plants by proper pipeline topology design or irlstglslug catchers. Increasing the separator
size, or installing gas lift are solutions that ca@ implemented on existing systéths
Another option that can be implemented on exissigstems, is to choke the topside v&ive
This solution will eliminate the slug flow in thepelines, but leads to a pressure increase in
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the pipes. An increased pressure leads to redumehligtion rate and can decrease the total
recovery from a field.

All the above mentioned solutions to either avdigg<low or its consequences are costly,
either because of increased capital cost or redmcedne when less oil is produced. A way to
eliminate the slug flow without the mentioned drawks is the implementation of control
system¥. Successfully implemented control will stabilizeetsystem under conditions that
normally lead to slug floffl. So far, the testing of the control systems haentimplemented
in rigorous simulators like OLGA, simulated in Mt or been based on experim€hts

1.3 Scope of the project

This project is partially a continuation of the learwork performed by Bards&h Sendrdf!,
Dahl-Olseff!, Storkaas*’” and Sivertséfl. Their work consists of both theoretical and
experimental implementation of different controlustures to a lab-scale experimental model
of a riser and separator system. The lab-scaleriggt called the Miniloop, imitating a
pipeline-, riser- and separator system. This ptdgebased on experimental work performed
on the Miniloop.

The Miniloop was rebuilt and all pipes were renewiddw instruments were also added to
the system. The entire hardware needed to tramsfier between the instruments and the
computer, in addition to the computer itself weeplaced with newer equipment. Before
rebuilding the Miniloop, all the new equipment htadoe acquired. A user interface program
to control the Miniloop was also developed usingWVHW.

For the experimental part, the main target waspplyanew measurements to control the
system, after verifying that a pressure measureraemtnd the wellhead in a feedback
controller could stabilize the system. At first, ebploop pressure measurements were
performed to investigate the system behaviour. Thw®a verification of the previous results
was performed. In the following experiments, pressneasurements between the topside and
the well were investigated to see if it is possiblavoid slugging using those measurements.

Another task in this project was to see if a venamd its differential pressure measurement
can be applied in a cascade control configuratiooontrol the system. But first, the venturi
had to be tested, to see how it responded to thiersy and if it would affect the system in
any kind of way. For this project, a venturi hadb®custom made. The last task of the project
was to see if a random valve opening could be tsedntrol the process.

During the experimental work, water was used asbatgution for the oil and water mixture

in oil pipes, while air was used instead of the gasture present in the pipes. The viscosity
of the liquid and density of the gas used are Imetsame as in a real system, but still assumed
to be suitable for developing slug flow and thenidut.

Since all the work performed was experimental, theing of the controllers was also
performed by empirical trial and errors. The coliérs were tuned until the system was
stabilized satisfactory. Satisfactory means that @kerage valve opening would result in
severe slugging in open loop.
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2 Theory

2.1 Slugflow

Slug flow is characterized by liquid flowing inteittently in the axial direction in a pipe, with

the gas transported as bubbles in between thelSlufse slug flow pattern can occur on
different time- and length scales depending onntteehanism causing the slug flow. In a
pipeline-riser system, the slug flow can be diviited four type&’:

« Hydrodynamic sluggindgevelops in horizontal parts of the pipeline whgnit waves
grow on the gas-liquid interface and eventuallyselthe cross-section, thus forming
liquid slugs.

* Riser sluggingpccurs when liquid blocks the low-point where a destoping pipeline
is attached to a riser. The blockage initiatessthg, which thereafter grows upward in
the riser and back through the pipeline. This car@s until the pressure build-up over
the slug is sufficiently high to blow it out of thieser, whereupon the entire cycle is
repeated.

» Terrain slugginginvolves slug development where pipelines traveamh seafloor
terrain. The slug picks up liquid accumulated iolimed sections and may become
very extensive.

« Transient sluggingis caused by increased liquid flow rates at pigelexit to
processing facilities in response to changes imaipg conditions.

Riser- and terrain induced slugging are both tygfegravity induced slugging, which will be
the topic in this project.

2.1.1 Riser induced slugging

A low point in the pipeline topography followed lan inclining section can cause riser
induced slug flow. For the slugging to occur, tigepne pressure and flow rate, both needs
to be low, as is the case for many mature fielgstiéam of the slug, a large volume needs to
be available for the build-up of gas and thus bagdup the pressure. Slugging is a cyclic
process and can be divided into four stages. Figureisualizes the four stdfis

1. Liquid is accumulated at a low point in the pipe.

2. The gas flow is being blocked by the liquid, so theessure upstream the slug
increases and the slug itself continues to grow.

3. When the pressure upstream the slug overcomesytiredtatic head of the slug, the
gas starts to penetrate the liquid and the ligsideing pushed through and out of the
riser.




Anti-slug control, an experimental approach Jaktadi, 2007

4. The pressure drops and the gas is no longer algasio the liquid through the riser.
Some liquid will fall back down the riser, accuntelaat the low point and reinitiates
the cycle again.

Figure2.1® An illustration of the cyclic behaviour of gravityduced slug flow.

2.1.2 Avoiding slug flow by choking the topside valve

By choking the topside valve, the pressure upstrdamvalve will increase. As the valve
opening is decreased, the pressure will incread#,thhe pressure reaches a value where slugs
are not formed in the low points. The valve openmgvhere the slug flow is eliminated is
called the critical valve openiHg z.

The system can be investigated by performing opep-lexperiments at varying valve
openings. By systematically reducing the valve amgnz.; can be found. This can be
valuable information when a control system is impated on the system. If the control
system leads to a higher average valve openingaalagiver pressure in the pipelines than
during choking the valve, the control system isdfinal.
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2.2 Control system

Several different strategies can be implementezbtrol the system. In this project, several
simple feedback configurations are applied as wslla cascade control structure. The
following sections will describe the control configtions and the controllers used in the
project.

2.2.1 Simplefeedback controller

The generalized control configuration for feedbachktrol is shown in figure 2.2.

In the Miniloop, the system contains disturbancekich often are referred to as process
noise, in addition to measurement noise. The presspstream the valve depends on the
valve position, so controlling the valve positiog b pressure measurement, implies the
implementation of a feedback controller. In theufig below, the measurement noise and the
disturbances are included in the block diagrantferfeedback control system.

Yo

n

Figure2.2  One degree-of-freedom feedback control configarati

For the feedback control configuration;

general controller

the plant

disturbance model

reference inputs; commands, set-points
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plant outputs
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plant inputs; manipulated variables, control signal
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From the feedback control model, the outguts given by;
y=G(9ut G($ ¢ (2.1)

where thes denotes the Laplace-domain variable, amsigiven by;

u=K(r-y,) (2.2)

2.2.2 Cascade controller

The Miniloop can also be controlled by a cascaddrotler, where a measurement is used to
control the valve position and works as a normatiieck control loop. This control loop is
called the inner loop. The inner loop’s referensaiven by an outer controller that keeps
another measurement around a given set-point. &igL shows a systematic representation
of a cascade controller.

dz2 d1

Y L J
Gd2(2) Gz
1 1
I v

1z u
o] 2 Kig | Kz2iz) | sz | @ | et | @
:]? 1 1 1 1

¥

i

k.
k.

nz

Figure2.3  Block diagram of a cascade control systém

-10-
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The symbols in the figure describing a cascaderobet are described as follows;
G1 plant, outer loop
G2 plant, inner loop
Gdl disturbance model, outer loop
Gd2 disturbance model, inner loop
K1  general controller, outer loop
K2  general controller, inner loop
u manipulated variable
rl reference input, outer loop
r2 reference input, inner loop
dl disturbances, outer loop
d2 disturbances, inner loop
nl measurement noise, outer loop measurement
n2 measurement noise, inner loop measurement
yl output, outer loop
y2 output, inner loop
ylm measuregl
y2m measureq?2

From the block diagram of a cascade controllerpthtput,y1, of the process can be found;
yl=G1(s)Oy2+ Gdl(30d (2.3)
where they2 is the output from the inner loop;
y2=G2(s)u+ GA2(90 R (2.9
The manipulated variable, is given with respect to the reference of theemnoop,r2;
u=K2[fr2-y2m) (2.5)
andr2 is defined by the controller of the outer loop @nken with respect tal;

r2=Ki(r1-y ) (2.6)

2.2.3 Control Algorithm

The controllers applied to the Miniloop are PID-tollers. PID-controllers can be
configured in a variety of ways. The controlleraithm of the PID-controllers used for the
Miniloop, is shown figure 2.4. In the figur@j is the integral timeJd is the derivative time
andKc is the proportional gain of the controller. Téieterm is an integrator, while thii/dt
block will differentiate its input.

-11-
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Figure2.4  Block diagram of the PID control algorithm.

The mentioned PID algorithm was chosen to contrel gystem, because the algorithm was
predefined in a ready-to-use PID-block in Labvielwe program chosen to control the
Miniloop.

By regarding the block diagram for the PID congugllit can be shown that the controller
output in the time domain, is given as;

u= Kc[(r— y) +J‘% dt+%( yDTd)} (2.7)

wherey, the controller input, is the measured procesmbb, u, the controller output, is the
input to the process,is the set point antis the time-variable.

-12-
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3 Experimental

3.1 Apparatus

A visual overview of the Miniloop is given in figar3.1. As seen from the figure, air flows
through the system, being mixed with circulatingevahat is pumped around the system by
the pump PU. The two phases flow together afterntidgng point, and are separated in a
separator tank, ST, at the top. The water flowk ldaca water reservoir tank, WT, and can
continue the cycle, while the air is flashed outtloé tank. In order to achieve slug flow,
sufficient gas volume for pressure build-up is reeedl'wo air buffer tanks, BT1 and BT2 are
therefore placed upstream the water-air mixing fpdihe air flow into the system, as well as
the water circulation rate can be manually adjustedhe valves V1, V2 and V3. The flow
rates are continuously being measured by flow tréitsrs before the mixing point. Four
pressure sensors, P1 through P4, are placed imtifigophase pipe in order to measure the
pressure at the different pipe-locations. Thera e®ntrol valve, CV, upstream the separator.
A Venturi is placed before the valve, with a difietial pressure sensor measuring the
pressure difference between the narrow and the padeof the Venturi.

All the instruments will send analogous signalsmoelectric cabinet that contains FieldPoint
modules communicating with the software in the cotap The FieldPoint modules will send

digital signals to the computer and the controltesys software, LabVIEW. The signals

between the computer containing the controller, #mel control valve also go via the

FieldPoint modules.

. V2 hic] @
At dtin 2 2

ET1

Figure3.1  Flow sheet of the Miniloop.

-13-
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The equipment in the Miniloop and the notation usethe flowsheet are tabulated in table
3.1. Below the table, a short description and &upécof the equipment is given.

Table3.1 The equipment used in the Miniloop

Symbol Full name
V1 Manual valve for water
V2 Manual valve for the air inlet
V3 Manual valve for the air
PU Pump (Grundfos Solarpumpe UPS 25-120-180)
FT-W Flow transmitter for water (Gemu 3021)
FT-A Flow transmitter for air (ColeParmer (EW) 37786)
WT Water reservoir tank
BT1 Buffer tank 1, air
BT2 Buffer tank 2, air
ST Separator tank
P1 Pressure sensor (Motorola, MPX 1500DP), miximigtp
P2 Pressure sensor (Motorola, MPX 1500DP), lowtpoin
P3 Pressure sensor (Motorola, MPX 1500DP), riser
P4 Pressure sensor (Motorola, MPX 1500DP), befaheev
DP Differential pressure sensor (Motorola, MPX 1560, for Venturi
Cv Control Valve (Gemu 554, 20 mm)

FP-modules FieldPoint modules

The circulation pump wused is situated
between the water reservoir tank and the &
water mixing point. It can pump against a he
of maximum 10 bar pressure. Figure 3.2 sho
a picture of the pump.

The flow rate meter for water is placed right
upstream the air-water mixing point. It is base
on a turbine flow measurement. The water flo
rate is shown in L/min on its displays. Th
signal sent from the rate meter is a 4-20
analogue current signal which depends on
measured flow rate. The meter is shown
figure 3.3.

Figure3.3 Flow rate meter, water

-14-
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The flow rate meter for air is placed between
the air inlet and the buffer tanks. The princip
for the measurement is thermal gas flo
measurement. The air flow rate is shown
L/min on its display, with a range from O to 1
L/min. The meter provides an analogue 0-5
voltage signal which varies with the air flo
rate. Figure 3.4 shows the air flow meter.

Figure3.4 Flow rate meter, air.

The water reservoir tank has a cylindrical
shape and is made out of transpare
plexiglass. The tank provides the capaci
needed to continuously feed the pump wig
water. After going through the pipeline syste
the water from the topside separator is retur
to the reservoir tank. A picture of the wate
tank is shown in figure 3.5.

Figure3.5 The water reservoir tank.

The buffer tanks for the air are situated
between the air inlet and the air-water mixi
point. Both tanks are cylindrical and provid™s
sufficient large air volume to build up pressui™

possible without a volume where the pressu
can build up. These tanks are also made out:
transparent plexiglass. Different air volume
can be achieved by simply using one of the ty*
tanks, or by filling up part of the available
volume with water. Figure 3.6 shows a pictuf
of the two tanks. ‘

Figure3.6 Buffer tanks for air.

-15-
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The separator tank is depicted in figure 3.7.
This tank is also made out of transparef#
plexiglass and shaped cylindrical. It has ol " §
inlet on the side and two outlets; one at tl
bottom and one at the top. The outlet at the t §
releases the air, while the bottom outlet is f |
the water recycle. Water is returned to tt &
reservoir tank.

Figure3.7 The separator tank.

The pressure sensors, like the one shown in
figure 3.8 measure the pressure differen
between the pipe and the atmosphere. T
send analogue voltage signals in the range
0.2-4.5 V to the FP-modules. The measur
pressure range is 0-100 kPa and has a i
relationship with the signal.

Figure3.8 A pressure sensor.

The venturi was custom made in glass. /
venturi is constructed in such a way that tl
pressure of the flowing fluid is recovered as tl
fluid exits the venturi. Thus the energy los
through a venturi can be neglected. Figure :
shows how the DP-cell is connected to tt
venturi. The differential pressure sensor is
the exact same type as the other press
sensors, but measures the pressure differe
between two points in the venturi, instead
the gauge pressure in the pipe. The sigl
range of 0.2-0.45 V of the sensor is linear
related to the measurement range of 0-100 kPa.

Figure3.9 Venturi with DP-sensor.

-16-
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The control valve is positioned upstream thg
separator at the top of the riser. It is depicted
figure 3.10. Pressurized air (4-8 bar) is need
to operate the actuator, and was supplied by &
built-in  pressurized air system in th
laboratory. The actuator needs a 24 V po
source and receives a signal between 4-20
from the electrical box. The signals from the
FP-module are 0-10.2 V signals that need to
converted to a current signal before it is sent
the control valve. The relationship between t
sent signals and the valve opening is linear.

The pipes used in the Miniloop are transpare
silicon-rubber pipes with an internal diamet
of 20 mm. A piece of the pipe is shown i
figure 3.11.

Figure3.11 Piping.

17-
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3.2 Data processing

In order to analyze the measurement data from nikguments on the Miniloop, the data

needs to be recorded and stored. This is achieyedobnecting all the instruments to a

terminal base, which the FieldPoint modules arachtd to, in the water proof electrical

cabinet. Figure 3.12 shows the electrical cabiwettaining the FP-modules. The dark grey
FP-modules are placed at the top of the cabinet [Eftmost module is the connection

between the other FieldPoint modules and the coenp8econd from the left, is an Analogue

Output (AO) module connected to the control valvljle the two modules to the right are

Analogue Input (Al) modules. All the measuremerdgtinoments are connected to the Al

module. Each Al and AO module has got eight chanmraeid can thus be connected to eight
instruments. Appendix A gives an overview of th#edent channels with the corresponding

instruments and signals.

--------

Figure 312 The water proof cabinet with the FieldPoint moduleit.

The computer that receives the data needs a Fieldéhover, so that the data can be read and
transferred to the appropriate software. The sof#twesed was LabVIEW 8.2, and the FP-
driver needed to be compatible with the software gne FP-hardware. A driver compatible
with both is National Instrument®leasurement & Automation Explorer, version,4ahich
was chosen for this purpose.
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To be able to control the system with the predefiRéD-controllers, an extra PID control
toolset had to be installed with the software. #svavailable as an add-on in the LabVIEW

version used in the project.

LabVIEW is a graphical drag and drop programminggleage and is a powerful tool for
measurement analysis and data acquisition. Itsraneging language is called G and is based
on C+. The program is divided into two main patkte front panel and the block diagram,
each in a separate window. The front panel is #®r interface including knobs, buttons,
indicators and graphs, thus resembling a controimrecreen. The block diagram window

contains the code represented by interconnectatslo

The front panel programmed to control the Minilasgiven in figure 3.13.
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Figure3.13 The front panel of the LabVIEW program made totoarthe Miniloop.
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3.3 Running the Miniloop

There are several guidelines needed to follow whegming the Miniloop, in order to not
damage the equipment. A step-by-step start-up lamddown procedure with some additional
important remarks are given in appendix B.

3.4 Experiments performed

Earlier work performed by Sivertséf shows that severe slug flow is obtained with aewat
flow rate of 4.9 to 5.6 L/min and a flow rate o630 5.9 L/min for the air. All performed
experiments in this project, were based on obtgising flow and then either taking open-
loop or closed-loop measurements. During slug flthe, water flow rate varied between 4.9
and 5.8 L/min, while the gas flow rate varied bedwé.6 and 5.8 L/min with a 25 % valve
opening, before the system was controlled. Theatiaris were caused by the pressure
oscillations in the system, which affects the fltnough the pump and the valves.

Some of the experiments on the Miniloop were penft before the venturi was installed,
while others were performed afterwards. After tleaturi was installed, two of the previous
experiments were repeated to see if the venturidvoave any effect on the system.

For the open-loop experiments, the pressure sdPBawas placed 3.5 metres from the air-
water mixing point, and only 0.5 metres downstréan The P3 measurements were quite
similar to the P2 measurements. Therefore, P3 wagdto a position around the mid-point
between P2 and P4, 5 metres away from the mixingt,p@hen an attempt to eliminate the
slug flow with only measuring P3 was carried ouablE 3.2 gives an overview of the
performed experiments. Each experiment is describethore details in the following
sections. The results from the experiments arengivehapter 4.

Table3.2 An overview of the performed experiments

Experiment Performed befor e?
Open-loop measurement of:

-P1 Yed”

-P2 No

-P3 No

-P4 Yes®
Simple feedback control by measuring:

-P1 Yes®

-P2 No

-P3 No
Testing the venturi:

-Pure air flow No

-Pure water flow No

-Feedback control by measuring P1 No
Cascade control by measuring:

~/DP in the inner loop and P1 in the outer loop No
Random valve opening No
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3.4.1 Open-loop experiments

The pressure in the system oscillates during stwg. fThe maximum and minimum pressures
for all pressure sensors where recorded for diffevalve openings. These data were used to
create four bifurcation diagrams, one for each qumess sensor, showing how the pressure in
the system varies with different valve openingse Tolumetric flow rates of air and water
were held constant during these experiments.

3.4.2 Simple feedback control with pressure measurements

Three sets of experiments with a simple feedbacdirobstructure were performed. The three
different measurements used for the experiment® i, P2 and P3 respectively. The
experiments using P1 and P2 were carried out béfergenturi was installed, while using P3
as the process measurement was performed afterwards

First, a Pl controller was tuned to tame the slag fwith a single pressure measurement. The
tuning was performed by trial and error, until tentroller managed to stabilize the system.
The control structure is shown in figure 3.14.

After tuning the controller, the system was tedtgdneasuring how the process output, i.e.
the pressure, reacted when the controller was duome Another test was performed to see
how the controller stabilizes the process durirep sthanges. Finally, the robustness of the
controller was tested by varying the flow rateghé controller still stabilized the system, the
controller would be robust and acceptable.

s

Figure3.14 The control structure of the simple feedback cardystem.

Using P1 to control the system has been testedpeisitive results befof@. A verification of
the positive results was desired. It was howeveream if the P2 or P3 measurement for
control purpose would be successful.

3.4.3 Testing the venturi

The purpose of installing a venturi on the Minilogpthat the mass flow through the venturi
can be indirectly measured and used as a measuréneontrol purpose. The mass flow of
a two phase flow through an orifice is shown tadirectly proportional to the square root of
the pressure difference over the oriffde

wODP (3.1)

In the above equationy is the mass flow rate ardP is the differential pressure over an
orifice, or in this case the two parts of the ventu
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After the venturi was installed, open-loop measuwets of the differential pressure between
the narrow and wide parts of the venturi were penéd. The measurements were performed
for pure gas and pure liquid flow respectively &e gf the venturi will give a pressure
difference for both phases.

A venturi is shaped in a way that it will recovbetpressure in the flowing fluid, and thus not
lead to any pressure increase upstream itself.etermhine if the venturi had any effect on the
rest of the system, two of the experiments wheravB4 measured and used to control the
system were repeated. An experiment checking ittmroller could stabilize the pressure as
well as an experiment with set-point changes wa®paed.

3.4.4 Cascade control to eliminate sug flow

A cascade control structure with the square-rodDBfin the inner loop and P1 in the outer
loop was tested. The controller was tested by ahgdke stability during set-point changes,
as well as testing the robustness when disturbaliiceschanges in the flow rates were
introduced.

3.4.5 Random valve opening

An idea for controlling the system is to not udeaalitional controller, but to generate random
signals to the valve and have random valve openifge random valve position might
eliminate the slugging and stabilize the flow. THamdom valve position was set within a
boundary of high and low values;

Zmin s Zs Znax (32)

where z,in and Znax are the minimum and maximum boundaries respegtidel the valve
position,z. The low boundary was set to zero, while the maxmvalue had an initial value
of 50 % and was slowly reduced in order to see whktes would stabilize the system.
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3 Reaultsand discussion

4.1 Open-loop measurements

The open-loop measurements at varying valve opsnimgre all conducted with constant
flow rates and resulted in a series of data showlegoscillatory pressure behaviour. The
maximum and minimum pressure values from each pressensor were used to draw the
bifurcation plots given in figures 4.1 to 4.4.
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Figure4.1  Bifurcation plot showing how P1 varies with diféert valve openings.
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Figure4.2  Bifurcation plot showing how P2 varies with diféert valve openings.

As seen from the bifurcation diagrams, the presshreughout the entire pipe will vary
between a minimum and a maximum value for all valgenings above 13 percent. Choking
the valve to an opening of 13 percent or below {géid to a non-oscillating behaviour of the
pressure, which means that the slug flow is eliteidaThusz.i is 13 % for the system with
the given conditions.
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Another trend worth noticing is that from around 20 % and downwards, the minimum

pressure starts increasing drastically as the vajwening is reduced. The same trend is
noticed for the maximum pressure as the critichdes@pening is reached. At a 10 percent
valve opening, the pressure is more than twiceg@sds during maximum valve opening, for

all four measurement points in the pipe.

The open-loop measurements therefore show thatirpake valve will reduce and even
eliminate slug flow. The drawback is that the poessn the pipe- and riser-system increases.
For a pipe going into an oil well, the increasedssure means a reduction in the production
rate, and eventually in the overall oil recovernirthe well.
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Figure4.3  Bifurcation plot showing how P3 varies with diféert valve openings.
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Figure4.4  Bifurcation plot showing how P4 varies with diféert valve openings.
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4.2 Simplefeedback control with pressure measurements

4.2.1 Tuningthecontrollers

The controllers were tuned by trial and error. #ar controllers using P1 and P2 respectively
as the process measurement, the pair of the propalparameter and the integral time of the
controllers that could stabilize the system werenth Their values are given in table 4.1.

Table4.1 An overview of the controller settings and theegipressure set points.

M easur ement Kc [kPa] Ti [min] Set-point [kPag]
P1 -7.10 1.3 30
P2 -11.3 0.65 30

For the controller measuring P3, many differenttomler settings were tested, without any
positive result. This could mean that P3 is tooseldo the top side where a single
measurement can not be used to stabilize the sy&temnother possibility is that it is
difficult, though possible to control the system tagasuring P3, even though this was not
proved in this project.

After tuning the controllers, the stability and usiness tests were performed. The two
following sections present the results from theegipents. The first section describes the
system when P1 is used as the measurement, wialendght section is dedicated to the
experiments with P2 measurements.

4.2.2 Controlling the system with P1 asthe measured process output

After the controller was tuned, its ability to keiye system stable over time was tested. The
process was run in open-loop for ten minutes bdfueecontroller was turned on. The closed-
loop performance was recorded for 30 minutes. Taets in figure 4.5 show the results.

By viewing the results, it is obvious that the gy is eliminated as the pressure oscillations
are eliminated, and the pressure stabilizes artlidet-point. The pressure varies between
22 and 40 kPag in open-loop before it stabilizeemthe controller is turned on. The actuator
works over a wide range before finally working axduan opening of 20 to 30 percent after
about two minutes of control. It is worth noticititat the valve openings are well abavig

of 13 percent, which means that the system islsgaliin a domain where slug flow usually
dominates. This is also seen from the pressur@aet; as the system stabilizes around a
pressure of 30 kPag, which is below the pressueecimoked system.

The last chart in the figure is given to show et flow rates also oscillate during slug flow.

Both the air and water flow rates stabilize whes kiniloop is being controlled. The reason

for the large variations in the water flow ratethat the pump was working with a constant
speed. As the pressure in the system increaseputhp will circulate less water than when

the pressure is lower. Thus the flow rate oscdlatior the water is in anti-phase with the

pressure oscillations. The oscillation of the daw/frate is less significant, because the air is
supplied from a central, more powerful compressesdystem.
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In the 2£' minute, a sudden change in the pressure is notdad explanation is that the
pressure slowly starts oscillating without the coltér being good enough to handle it.
Another matter that was observed several timeshads when the computer’'s processor is
loaded, the communication between the computer tl@dnstruments and the control valve
is broken. Signals between the different componargsot sent for up to three seconds when
this happens. The control valve shuts when the camication is broken, and the result will
be a sudden increase in the pressure. Also, sohe &ind of non-measured disturbance
might have affected the system, and thus changegiessure.
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Figure4.5 Applying feedback control by measuring the pres$t, eliminated slug flow.

-26-



Anti-slug control, an experimental approach Jaktiadi, 2007

The controller was also tested if it handles setpchanges. The results for a 10 percent set-
point increase from 30 kPag to 33 kPag are showigime 4.6. As seen from the plots, the
controller handles the transition from open loopht® 30 kPag set-point well. Also increasing
the set-point to 33 kPag is handled well. The réwadale phenomenon is that returning the set-
point to 30 kPag results in trouble for the conéol The pressure starts oscillating, though
with a smaller amplitude than during the open-Istygging. This can be interpreted as light
slugging. The pressure might have been stabilizeldei controller would be kept on for a
longer period, but this was not tested.

Further on, it seems like the actuator works inr@abtler range during the high set-point,
although the pressure seems more stabilized. Isiagéhe pressure set-point point seems to
have decreased the average valve-opening, whichasonable, since a pressure increase
implies more resistance against the flow. Whenpilessure was reset to 30 kPag, the valve-
opening started varying more as the pressure gtasigllating.
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Figure4.6  The response of the system towards set-point esaiog P1.

For eliminating the slug flow, the controller perfts acceptable. Regarding the set-point
changes; the performance is acceptable for anaeera the pressure set-point, however the
response to the set-point decrease is not acceptabl seen from the above figure, the
pressure starts oscillating when the controlleuised off, as expected.

The robustness of the controller was tested byingrthe flow rates into the system. Figures
4.7 and 4.8 show the results from these experimdims controller was turned on after 15
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minutes of recording the open-loop behaviour. Titet figure shows the results from almost
an hour of operating time, while the second figgikees the succeeding operating hour.
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Figure4.7  Results from the controller test with varying floates (part I).

In the 28" minute, the pressure starts drifting, and the ’aborks to counteract the drifting.
The controller does not stabilize the pressurereetioe amplitude of the pressure oscillation
reaches 8 kPag.

Increased air flow rate after 42 minutes was arres disturbance, which was not made
deliberately. This actually helps in a positive wayainst slug flow, because more gas is
available to lift the liquid up the riser, as inp&png gas lift.

-28-



Anti-slug control, an experimental approach

Jekdadi, 2007

50

Pressure [kPag]
w Y
o o

N
o
L

10

‘—Pl

Set point ‘

| skl st st bt sttt e il

55 65 75 85

Time [min]

100

95

105

115

80 -
s
~
= 60 -
o
2 40 {
()
3
= 20 -

0 . . . . . .

55 65 75 85 95 105 115
Time [min]

6.9 A

6.7 A

651 Gas flow Lig. flow
= 6.3
E 6.1
=
° 5.9 1
© 5.7 A
E 5.5 |
L 53

5.1 A

4.9 -

4.7 . . . . . T

55 65 75 85 95 105 115
Time [min]
Figure4.8 Results from the controller test with varying floates (part II).

After approximately one hour, the liquid flow wasmped up (by small steps) from 5.4 to 6.0
L/min before being gradually stepped back downalfyn the water flow rate was ramped

down to 4.8 L/min. As seen from both the pressueasurement and the valve position, the
controller handles these planned disturbances auete The pressure is kept around its set-
point, and the valve position does not vary muchentban it does without the disturbances.

As the liquid flow rate increases and then decieaiee average valve opening seem to
increase slightly and then decrease in line wiehflbw rate variations. The actuator operates
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in a wider range at low liquid flows, than at thghflow rates. The last trend might indicate
that challenges with slugging are more seriousi@siquid flow rate decreases.

4.2.3 Controlling the system with P2 asthe measured process output

By using the tuning parameters given in table 4d the controller, the slug flow was
eliminated and the pressure and the flow were Istatli The stability of the controller was
tested by seeing how the controller could stabiliee process around the set-point. Results
from the test are shown in the charts of figure. 4@ open-loop, the pressure oscillates
between 20 and 40 kPag, but stabilizes when th&attan starts moving the actuator. The
average valve opening in the system seems higlaer tthe critical value, and the average
pressure seems lower, than the pressure when lreeigahoked to eliminate the slug flow.
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Figure4.9 Eliminating slug flow by applying feedback contlyl measuring P2.

From the figure above, it is clear that the comerafloes eliminate the slug flow and stabilizes
the pressure. However, it seems like the averageliged pressure is slightly above the set-
point of 30 kPag. Another remark is that the actuattivity is quite large, and it is saturated
from the low boundary many times. The valve is @ueop to around 50 percent, although
the opening does peak above that many times.
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The incidence after 37 minutes does not seem likéow pressure drift, but rather like a
sudden change in the process. This incidence niightexplained by a failure in the
communication as described earlier for the sameeraxent with P1 as the measured
variable.

This experiment shows that moving the pressure uneasent from P1 to P2 does complicate
the control to some extent. It is unclear howe¥eoime other parameters for the controller
would have given a smoother behaviour of the systend less deviation between the
response of the two controller configurations.

The system’s response towards set-point changesestesl. The results from the experiment

are given in figure 4.10. The pressure is quickbpgized after the controller is switched on
after 200 seconds of recording the open-loop belawf the system.
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Figure4.10 The response of the system towards set-point @safog P2.

A 10 percent increase in the set-point from 303d&Bag is handled well by the system, as for
the set-point reduction, back to 30 kPag. For ls®tpoints, it seems nevertheless like the
average measured pressure is slightly above thposdt Also, it seems like the system

pressure has small oscillations for both set-ppiathhough these oscillations can not be
compared to the slugging oscillations

The valve opening values for the 30 kPag set-mm®ean to be mainly in the range of 10 to 40
percent, although it sometimes peaks both overbaholv that range. For the set-point of 33
kPag, the valve opening varies mainly between O4ihdercent, with some peaks exceeding
that range. The valve is saturated more oftenénlalwv boundary for the higher set-point. A
higher set-point for the pressure does imply thatdystem needs to be choked more to keep a
higher pressure.

-31-



Anti-slug control, an experimental approach Jaktiadi, 2007

After 800 seconds of operation, the controller wasied off. Immediately after that, the
slugging behaviour reappeared and the pressutediascillating again. The valve was set to
a constant value of 25 percent opening after tidralber was shut off.

Following the set-point changes, the experimenhwarying flow rates was performed to
evaluate the robustness of the controller. Figdtéd and 4.12 show the results. The first of
the two figures shows the first hour of operatiahjle the other shows the second operating
hour. After 15 minutes of open-loop data-recordihg, controller was switched on.
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Figure4.11 Results from the controller test with varying floates (part I).
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From the charts, it is shown that the pressure dtaslize when the controller is turned on
and the slugging is eliminated. What can also h&ed is that the pressure seems to have an
offset to the set-point. The average pressure séeiins around 2 kPa higher than the given
set-point of 30 kPag, as for the other experimeitsre P2 is the process measurement. This
confirms the fact that the controller could haverb&uned better.

The actuator operates in a wide range, from 0 pérmearound 50 percent opening, with
peaks that reach up to even 100 percent openirgOTgercent openings does not seem to be
occasional peaks, but quite common for the vahenom, which means that saturation at the
low boundary takes place.

No changes to the flow rates were carried out,ree®® minutes of operation. The variations
in the flow rate before that is due to uncontrollésturbances.
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Figure4.12 Results from the controller test with varying floates (part II).

After 60 minutes, the water flow rate was rampediamg small steps, from 5.3 L/min to 6.1
L/min, and kept at the high flow rate for 10 miraitéater the water flow rate was ramped
down to around 5.4 L/min, kept there for 10 minudes then gradually stepped down to 4.9
L/min.

The pressure is kept around the set-point theectitire, showing that the controller is in fact
robust. For the different water flow rates, theuatdr continues to work in a broad range.
When the water flow rate is ramped up, the vahesrseto open up more, and the upper peaks
of the valve position are higher. At the low floates below 5 L/min, the average valve
opening seems to be lower, while the upper peak<laarly lower, compared to the valve
openings at higher flow rates.

In the 98" minute, the pressure suddenly increases, and es the valve opening as a
reaction to that. Since the pressure increase mmteseem like a slow drift away from the set-
point, there are two possible explanations to tHdtere might be a sudden external
disturbance that affected the system to respomsethiat. The other possibility is that the
signals between the computer and the Miniloop wese for a short moment, resulting in
shutting of the control valve. When the signalsensgnt again, a higher pressure is registered
and thus a signal for an increased valve openisgnsto the control valve.

4.2.4 Controlling the system with P3 asthe measured process output

Numerous attempts to tune a feedback controlleriblyand error, with P3 as the measured
process variable, did not result in eliminatiortteé slug flow. This does not necessarily mean
that it is impossible to control the system witltsiagle pressure measurement in the P3
position. There might be pairs of tuning parametiees can stabilize the flow in the system,

even though they were not found during these tests.

Open-loop measurements of P3 are given in figutd8.4lhe measurements are taken during a
constant 25 percent valve opening and shows thatglthe pressure build-up, there are two
pressure maxima, one local, the other being bathlland global. This double-maximum
behaviour, as well as the noisy nature of the nreasents during the pressure let-down,
might be the reasons for the control difficulties.

Pressure, P3 [kPag]
N
o

0 200 400 600 800 1000 1200
Time [s]

Figure4.13 Open-loop measurements of the pressure P3 wigle&®nt valve opening.
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An idea for this control configuration is to intnack a filter to the measurement. Perhaps a
less noisy measurement would be suitable to cotiteoystem.

4.3 Testing the venturi

The following two sections will present the resuittsn the experiments using the venturi as a
flow rate indicator. Following the two sectionsaspart dedicated to the results from the
experiments using P1 as the measurement for adekdiontroller with the presence of the
venturi.

4.3.1 Pureair flow through the venturi

An experiment was performed where only air was ilgathrough the system and through the
venturi. The pressure difference between the namod the wide part of the venturi was
measured as the air flow was varied. The resuttgaen in figures 4.14 and 4.15.

Gas flow [L/min]

0 200 400 600 800 1000 1200 1400

Time [s]

1200 1400

[kPa]

DP_venturi

-0.35 A

-0.4

Figure4.14 Time varying gas flow and the effect on the presslifference in the venturi.

As seen from the above figure, the pressure diffa¥en the venture does increase as the gas
flow rate increases. This means that the presdtferathce, and more specifically its square
root, can be used as an indication of the gas flie in the system. On the other hand, the

-35-



Anti-slug control, an experimental approach Jaktiadi, 2007

measured pressure differences are quite smalhéogiven gas flow rates. The figure below
shows a better representation of the relation batvilee pressure difference and the air inflow
rate to the system.
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Figure4.15 The pressure difference in the venturi as a fonatif the gas flow.

Having proved that the venturi is able to distirsjubetween different flow-rates for the air, a
similar experiment was performed for a single-phaater flow.

4.3.2 Purewater flow through the venturi

The exact same experiment as the one for the @av Was performed with only water
circulating in the Miniloop. Figure 4.16 shows ttlependence of the pressure difference in
the venturi to the flow rate of water in the system
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Figure4.16 The pressure difference in the venturi as a fonatif the water flow.

It is obvious that the pressure difference increaae the water flow rate to the system
increases. The pressure difference is much lamgyerfgiven volumetric flow rate of the
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liquid, compared to the gas. For the gas, a voltimmépbw rate of 10 L/min causes an
absolute pressure difference of approximately ®4.k'he same volumetric flow rate for the
liquid results in a pressure difference of arour@lKPa in the venturi. This difference is due
to the density difference between the air and tatew The higher the density, the higher the
mass flow rate for a given volumetric flow ratedahus a higher pressure difference in the
venturi will occur.

4.3.3 The effect of the presence of the venturi on the system

Before the venturi was installed, the system wabilited by a simple feedback controller
using P1 as the only measurement. The tuning otohéroller and the results were given in
section 4.2. The exact same control configuratioth the same controller settings and set-
point for the pressure was used for the stabibityd set-point change tests with the venturi
present in the system. Figure 4.17 shows the geBuoln the stability test of the controller.
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Figure4.17 Simple feedback control by measuring P1 with tres@nce of the venturi.

As seen from the figure, the severe slugging ispimbut the pressure is not stabilized. In
fact, the pressure continues to oscillate, but &ittmaller amplitude than during the severe
slugging. Also, the amplitude seems to vary pecally on a larger time-scale than the
pressure oscillations.
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Since the pressure is not stabilized, the valvenimgevaries in a broad range in line with the
pressure variations. The actuator does reach gerd@®nt opening, but never saturates for the
maximum boundary.

This experiment shows clearly that the presencth@fventuri does affect the system. The
constriction in the venturi gives more resistangaiast the flow through the system, causing
slightly higher pressure upstream itself. Compafiggre 4.17 to figure 4.5, the open-loop P1
measurement before and after the venturi was ladtabn be read. Without the venturi, the
pressure varied between 20 and 40 kPag, whiletivelventuri, the pressure was increased to
the range of 23 to 42 kPag. This again means Heaptessure set-point of 30 kPag might
have been too low. Performing an experiment withirmnease of the set-point could verify
the above explanation.

A test making an increase in the set-point fromid@83 kPag was performed. The results are
shown in figure 4.18. During the experiment, thentooller was switched on after 200
seconds of open-loop measurements. After additid@@lseconds, the set-point change took
place, but was reset after another 200 seconds.
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Figure4.18 The response of the system towards set-point @sanwgh the venturi present.

As seen from the above figure, the pressure ispmoperly stabilized, even though the
slugging is reduced, when the pressure set-poB@ isfPag. When the set-point is increased to
33 kPag, the pressure is stabilized and the actgtdds operating in a more narrow range.
The pressure starts oscillating again when the@aiet-is reduced to 30 kPag.
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The last two experiments show that the effect efwnturi on the process is a slight increase
of the pressure. A 2 to 3 kPa pressure increase maldficult to keep P1 at 30 kPag with the
same controller settings, and a higher set-poirgqsired.

4.4 Cascade control to eliminate slug flow

A cascade control structure with a measuremertieflifferential pressure of the venturi, DP,
and its square root used to control the valve eitimer loop was implemented. The inner
loop is designed as a simple feedback control syséad its controller is called the slave
controller. The slave controller received its setrp from the controller in the outer loop,

which is called the master controller. The measwathble which was given a set-point in
the outer loop was P1. Both the controllers wereeduby trial and error. Table 4.2 presents
the found controller settings. A stable system waisachieved by only using the inner loop
controller, and the outer loop was needed to stabihe system.

Table4.2 Controller settings for the cascade control system

Controller Measurement  Set-point [kPag] Kc Ti [min]
Slave DP - 28 kPa 1.0
Master P1 33 -6 0.3

P1’'s set-point was chosen to be 33 kPag inste&0 &fPag, because of the presence of the
venturi which lead to a slightly increase of thegsure.

The first experiment performed with the cascaddrobsystem was a stability test where the
system was run in open-loop for 10 minutes befoeecontroller was switched on. Data with
the controller turned on was recorded for 30 misulde results are given in figure 4.19. The
plots show that the slug flow is eliminated by tascade controller. P1 is stabilized close to
the set-point, but with a small offset. It seeme lthe average pressure in the system
stabilizes around 35 kPag instead of 33 kPag. Timng could therefore probably be
improved. Also, the pressure does vary from ardd®db 36 kPag, with peaks outside of this
range, during control. The standard deviation frdma average pressure should also be
minimized.

In order to keep a stable system, the actuatorabgein the range of 0 to around 50 percent
opening, which is a quite broad range. The actuate saturates at the low boundary, which
is also undesirable. Better tuning could perhagkice the actuator's operating range and
even prevent saturation at the low boundary.

In the middle chart in the figure below, DP is giyas well as its varying set-point. The large
and fast variation of the set-point indicates thatouter loop might have a too fast response.
On the other hand, a too slow response keeping 8#®:point almost constant for short time-

periods would probably not stabilize the systentabee the inner loop alone did not manage
to do so. A better trade-off could perhaps be foleic.
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Figure4.19 Applying cascade control to eliminate the slug flow

Knowing that the controllers managed to stabilibe tsystem, set-point changes were
introduced to the system to see if the controltmgld handle that. In the next experiment,
set-point changes to both 30 and 36 kPag respbctivare examined. Figure 4.20 shows the
results. The slug flow is eliminated and the presss stabilized for all three pressure set-
points. For all the set-points, the true pressemsrs to have an offset of around +1.5 kPa to
the set-point.

For all the set-points, the valve opening variesvben 0 and 50 percent opening. It is worth
noticing however that the low boundary is saturdésd often for the 30 kPag set-point. The
explanation is that the lower pressure in the systsults in a higher average valve opening.

Regarding the varying set-point for DP, it seemsadauny less for the lowest set-point for P1,
and most for the highest set-point for P1.

Yet another remark is that the cascade controléilizes the pressure for a set-point of 30
kPag for P1. The simple feedback controller didswmiceed in doing so when the venturi was
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present (section 4.3.3). The cascade controllensde have broadened the operating range
for the P1’s set-point compared to the simple feellbcontroller, but on the other hand
introduces more to the valve.
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Figure4.20 The response of the system towards set-point clsaiog® 1.

Finally, the flow rates to the system were variedevaluate the robustness of the control
system. The inflow rate of the air was reduced ffa/m to 4.7 L/min, before it was reset,
while the water flow rate was both decreased aoceased from the nominal value of 5.3
L/min. The lowest value was 4.6 L/min and the hgjhgas 6.3 L/min for the water inflow
rate. The results are shown in the four chartsgoiré 4.21.

For all the flow rate variations, no slugging owhen the controller is on. The pressure P1
stays mainly in the range of 33 to 36 kPag and thitis an offset to the set-point. For the

high water flow rates above 6 L/min, the averageevapening seems to increase slightly and
saturates less at the low boundary. The contr@lérerefore robust towards variations in the
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inflow rates of both water and air. On the othemdhahe valve operates in very broad range,

and its usage should be reduced.
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Figure4.21 Testing the cascade control system by varyingrifiew rates.
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4.5 Random valve opening

By taking a short look at how the actuator in thevpus experiments works, it might seem to
be quite random. Therefore, an idea was to trylitoirate the slug flow by sending random
signals to the valve. This idea was tested by implging a random signal generator in the
LabVIEW program, instead of a PID controller.

The system was run with a constant valve openingbgbercent for five minutes, before the

random control was implemented. After that, evemgrter of a second, a new value for the
valve opening was generated. The values were inatige of 0 to a maximum valve opening

percent. For five minutes, the maximum value wagmias 50 percent, then decreasing by 2
percent every five minutes. In other words, the imaxn valve opening would be 50 percent,

48 percent, 46 percent, etc in 5 minutes for eathev This sequence was continued until the
maximum valve opening reached a value of 24 perddre results from this experiment are

given in figure 4.22.
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Figure4.22 The P1 measurement and the valve opening for anamalve control.

As seen from the results, the strategy of havimgloan valve openings failed to stabilize the
pressure. The pressure increased as the valvengpesis reduced as expected, but none of
the valve opening ranges eliminated the slug flawexplanation of the failure might be that
some valve openings counteract the slug flow atdghae&n moment, while the next value for
the opening might contribute to increase the shugdiehaviour. Overall, the slug flow is not
eliminated.
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Varying the time between each signal will changettime-scale of the valve movements, and
perhaps give other results. Another solution mightto operate with a different valve

opening range, for example between 20 and 30 pereewl perhaps obtain some other
results.
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4 Futurework

This project has been looking into some strate¢pegliminate slug flow by applying a
control system. Further investigation of the slimyf phenomenon as well as strategies to
eliminate this flow pattern is still needed. Sordeas for future work on the Miniloop are
given below.

* New open-loop measurements where the inflow ratesiat kept constant should be
performed. As the valve is choked and the pressumacreasing, the inflow to the
system will decrease. It would be interesting te Bew the flow rates are affected by
the pressure increase.

* A new attempt to control the system by measuringiR31ld be carried out, in order
to find out if it really is possible to control tisgstem from that position.

» Going downstream the riser, there is a specifiation between P1 and P4, where a
single pressure measurement, no longer will be stialeilize the system. A series of
feedback control experiments using pressure measmnts at different locations on
the riser should be carried out in order to finel ¢hitical location.

« The experiment with the cascade control structuseag the square root of DP of the
venturi in the inner loop can be performed in gitly different way. Instead of using
P1 as the measurement for the outer loop, P2, @3 4dmrrespectively can be utilized.
Again, it would be interesting to see how far up tiser the pressure measurement
can be, before the control strategy turns unsufided®erhaps a topside pressure
measurement in the outer loop could stabilize gstesn. In the case of using only
topside measurements to control the system, anemmgttation of the control
structure in real life is more feasible.

* Trying to eliminate the slug flow by using a randealve opening strategy was not
successful. It is however worth a try to see ifietent time interval between the
random signals could give other results. Also, wvagythe range for the random
signals might result in a different response inghecess.

* In the Miniloop, the mixing point for the air andater is at the same height as half
way up the riser. The geometry of the system cd@dchanged to resemble a real
pipeline-riser system better. The results from expents might be different and
perhaps more reliable compared to real system then.

« Open-loop experiments with varying air and watdiows ratios can be carried out, in
order to find out which ratios lead to slugging.eféa might be only certain ratios that
cause severe slugging. Such experiments can giuabta information about how for
example gas lift can be applied to eliminate sloggi

* The experiments giving good results, should be emginted on a larger, pilot-scale
test apparatus. In this way, it is possible to foud how the scale-up of the results
from the Miniloop works out on a larger scale.
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5 Conclusions

The open-loop measurements showed that the critiglle opening where slug flow is
eliminated is 13 percent. At higher valve openirgisg flow will occur, but can be eliminated
by anti-slug control.

Applying feedback control using pressure measurésneéa eliminate slug flow was
successful. P1, the pressure measurement fartfigbieccontrol valve gave the best results,
and as the measurement approaches the control, ¥hé/eesults get poorer. P2 as a process
measurement for the controller stabilized the systbut with the valve operating over a
wider range than for P1. In this project, the coltgr using P3 as the process measurement,
failed to stabilize the system.

The testing of the venturi showed that the difféisdpressure, DP, in the venturi varied with
the flow rate of the air and water respectivelye Menturi could therefore be used for control
purposes to give an indication of the mass flove through the system. Some additional
friction is introduced to the system by the ventas it increased the pressure in the system
with around 2 to 3 kPa.

Implementing a cascade controller using the squareof DP in the inner loop and P1 in the
outer loop made it possible to eliminate the sliogvf The valve usage was higher for the
cascade controller than for the feedback controliéh the P1 measurement, but lower than
for feedback control with P2 being measured. On dtieer hand, the cascade controller
handled a wider range of set-points for P1, comptrehe feedback controller.

An attempt to tame the slug flow by having randoave openings failed. The pressure was
not stabilized and the slug flow was thereford dominating.
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Appendix A Signal data
TableA.1  Overview of the signals from each instrument.
Analog Channd Signal I nstrument M easur ement
I nput/Output range Rrange
AO-210 @1 0 0-10.2 V ~ 4-20 mApp Control Valvg 0-100 %
(CV)
Al-100 @2 0 0-5V Gas flow 0 -10 I/min
Meter
Al-100 @2 1 4 - 20 mAps Liquid flow
Meter
Al-100 @2 2 0.2-45V Pressure sengor 0 -100 kPag
mixing point, P1
Al-100 @2 3 0.2-45V Pressure sengor 0 -100 kPag
2-3 m after mix,
P2
Al-100 @2 4 0.2-45V Pressure sengor 0 -100 kPag
5 m after mix, P3
Al-100 @2 5 0.2-45V Pressure befofe 0 -100 kPag
control valve, P4
Al-100 @2 6 0.2-45V Pressure diff| 0 -100 kPag
venturi, DP
Al-100 @2 7 1-5V Slug sensor (S2) -
top side
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Appendix B User guidefor the Miniloop

The following start-up and shut-down proceduresukhde utilized as a guidance to use the
Miniloop in a correct manner.

Start-up
1. Turn on the computer and open the LabVIEW prograsduo control the Miniloop.
2. Ensure that the valves V1 and V3 are completelyezlo
3. Connect the power to the FieldPoint modules by qishe fuse switch inside the
electrical locker.
Turn the LabView program into run mode.
Open up the control valve using the running program
Connect the power to the pump.
Turn valve V2 and V3 in order to reach the desaedlow.
Turn the valve V1 until the desired water flow cheeved.

N O

Shut down

Shut off the water circulation, using valve V1.

Turn off the air supply, using valve V2 and V3.

Turn off the pump by disconnecting its power supply

Stop the running LabVIEW program.

Turn off the FieldPoint modules with the fuse swito the electrical locker.
Close LabVIEW and shut down the computer.

OhrWNE

Someimportant remarks

« If the water circulation valve is opened before #esupply, backflow of water into
buffer tank 2 will occur. To prevent this, the aupply must always be turned on first
and shut down after the water supply.

* The pump will be damaged if it is supplied with. d&ihere should therefore be no air
in the pipe between the reservoir tank and the pwhen the pump is turned on.
During operation, the water level in the water tahkbuld be higher than the outlet to
the pump to prevent air from reaching the pump.

* Every time the FieldPoint modules are turned ¢f§ tontrol valve will automatically
close. If the control valve is not opened beforeaaid/or water starts flowing in the
Miniloop, pressure will build up in the system, imamg the equipment, resulting in
leakage. Therefore it is very important to alwagsmthe control valve before turning
on the air and water supply.
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Appendix C Data sheetsfor theinstruments

This section contains the data sheets for theumsints used in the Miniloop.
A brief description of the instruments is givercimpter 3.1.
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