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Summary

Drilling of oil and gas wells is associated with a risk which is considered to be
manageable. As the drilling campaigns extend into remote areas with inhospitable
conditions, and wells and water depths grow deeper, the risk of a possible failure
is increasing. To cope with this, the probability of failure must be reduced. An un-
wanted flux to or from the wellbore is an event which can lead to a catastrophe if
not dealt with properly. Automatic detection and handling of an in-/out-flux have
the possibility to reduce the magnitude, and thus the extent, of an in-/out-flux by
operating on a faster time-scale than human operators and with greater precision.
This thesis addresses prevention, detection, quantification, localization, handling
and modelling of an in-/out-flux and is divided into the following three parts:

Part I addresses modelling of percolating gas in both a sealed annulus and for
dual-gradient drilling with an evacuated riser. The model for the evacuated riser
is also valid for conventional drilling. The two-phase dynamics of gas percolating
up a vertical well filled with water is described by two ordinary differential equa-
tions and algebraic relations. The gas is modelled as bubbles with a distribution
which can be encapsulated by a distribution function shaped like a triangle. The
model is based on first principles and accommodates tracking of the front of the
gas. Unmeasured states and unknown parameters are estimated with the use of an
unscented Kalman filter and wired drillpipe measurements.

Part IT addresses model-based in-/out-flux detection, quantification, localization
and mitigation. Two approaches are described. The first is based on an ODE
model while the second on a PDE model. Using an ODE model of the wellbore
hydraulics, a globally exponentially stable adaptive observer which estimates the
unknown states and parameters of the hydraulic system and in particular quan-
tifies the magnitude of the in-/out-flux and its location in the well, is presented.
The observer can be used purely as an in-/out-flux detection system and with
a simple controller that automatically and effectively stops an in-/out-flux. Ex-
perimental results and realistic simulations with a state-of-the-art simulator are
provided to show the effectiveness of the method. The PDE model is used with an
infinite-dimensional observer which is capable of detecting and quantifying an in-
or out-flux. The PDE model of the hydraulic system can be expressed as a 2 x 2
linear hyperbolic system of PDEs with spatially varying coefficients coupled with
an ODE at the inlet boundary that models the in- or out-flux. Using the method
of backstepping, an observer which is exponentially stable at the origin in the £2-
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Summary

norm is designed. The observer only relies on measurements taken at the outlet
boundary. Simulation results verify the validity of the observer.

Part III addresses prevention of in-/out-flux by controlling the pressure upstream
the choke at the drilling rig, which effectively regulates the downhole pressure. Two
types of tracking controllers are designed for a hydraulic model of a managed pres-
sure drilling system. Both controllers are designed using backstepping. The first
controller is based on a simplified model of the drilling process and considers the
disturbance as measured. For the second controller, we regard the disturbance as
unmeasured and slowly varying. This allows us to introduce its estimate and design
an adaptive controller. The first controller gives exponential stability and tunable
convergence rate, while the latter gives asymptotic stability. The performance of
the tracking controllers is compared.
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Chapter 1

Introduction

The scope of this work is to look into new and automatic ways to detect and handle
in-fluxes, or kicks, whether it is in gas or in liquid form. Out-fluxes, or losses, are
equally important to handle since it may reduce the hydrostatic head in the well,
which in turn may lead to a kick. Conceptually, a kick and a loss are two sides of
the same issue. However, a gas kick changes the flow from being single-phase to
two-phase which complicates modelling, estimation and control matters.

In this chapter, a short introduction to drilling, available drilling technology,
well control, and modelling of in-/out-flux will be given.

1.1 Managed pressure drilling

The Macondo incident brought awareness to the challenges in drilling, and the
possible fatal and environmental consequences. It also made expressions like blow-
out preventer (BOP) and deepwater known to the public. Although some of the
drilling vocabulary might be known to the reader, this section will cover the most
important aspects of drilling, especially managed pressure drilling (MPD), which
are necessary to understand the contribution of the thesis.

Drilling of oil wells was already carried out in China in year 347 AD with
the help of bamboo poles (Totten, 2004). The wells were up to 240 m deep and
the oil was used to produce salt from brine. Today’s deepwater wells are highly
sophisticated structures and compete with skyscrapers both in terms of magnitude
and complexity. The motivation for drilling such expensive wells is given by the
world’s energy needs combined with the high price of oil. For the drilling contractor,
the task amounts to accessing the reservoir in a cost effective manner, and at the
same time facilitate for maximum production. The way this is done depends on the
water-depth, if it is offshore, the formation above the reservoir, and the reservoir
itself. To reach the reservoir, a hole must be drilled through the formation above the
reservoir and further into the reservoir. This may sound like a straightforward task,
but doing so in rough sea with water-depths spanning kilometers is challenging.
Depending on the water depth, a platform, also called rig, carrying the drilling
equipment and personnel is either floating or placed on the seabed. The actual
drilling is carried out by rotating the drillstring and applying force at the top.
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1. Introduction

Pressure

Pressure in the well
(hydrostatic + friction)

Upper pressure margin
(fracture pressure)

yidap [ed114an anay

Lower pressure margin
(pore pressure)

Figure 1.1: Pore pressure, fracture pressure and the pressure in the well.

The drillstring is assembled by a column of hollow drill-pipes with a length of
approximately 9 m. Three drill-pipes mounted together make up a stand, which
is the way the drill-pipes are stored on the deck of the rig. At the bottom, the
bit crushes the rock and the drilling fluid carries the rock chips, called cuttings,
back to the platform. Mud, which the drilling fluid commonly is called, is pumped
through the inside of the drill-string, jetted through nozzles in the bit and circulated
through the annulus back up to the rig. In addition to carrying cuttings, the drilling
fluid also cools the bit and acts as the primary safety barrier by keeping the well
overbalanced. The term overbalance can be described by looking at the pressure
margins in the well in Figure 1.1. Overbalance simply means that the hydrostatic
head of the mud is greater than the pore pressure of the formation. So if circulation
is stopped, the pressure exerted by the mud throughout the well is greater than any
pressure in the formation. If the well is underbalanced, the hydrostatic pressure of
the mud is lower than the pore pressure. If, in addition, the formation is permeable
and the pore fluid has sufficiently low viscosity, in-flux to the well is possible (Nas,
2011). An in-flux is called a kick in the drilling terminology. If the pressure in
the well is higher than the fracture pressure, the mud will start flowing into the
formation, which is called a loss. A loss can actually trigger a kick since the pressure
in the well is reduced. In Figure 1.1, the grey, straight line represents the pressure in
the well due to hydrostatic head and friction. In the annulus, the frictional pressure
drop is added to the hydrostatic head. In the depicted case, increasing the frictional
pressure drop by increasing the flow rate would cause a loss, which in turn could
trigger a kick. Drilling further with the same mud density, also called mud weight,
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1.1. Managed pressure drilling

30" Casing
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Casing
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arget reservoir Open hole

Target reservoir 3 abh

Figure 1.2: Example of a casing program.

would also cause a kick. To be able to drill further, a casing must be set. A casing
is a steel cylinder which is hammered into the open hole to safeguard the formation
from the pressure exerted by the mud. Figure 1.2 depicts a casing program with
a liner hanging from the bottom of the 13 3/8” casing. The so-called open hole is
the region of the well which is being drilled. This part is exposed to the formation
and is prone to kicks and losses. With newer fields, the pressure margin depicted
in Figure 1.1 is getting narrower than what is safe to drill conventionally. MPD is
meant as an enabling technology by providing better control of the pressure in the
well. Tt is suggested in Godhavn (2009) that an MPD equipped rig should be able
to maintain the pressure in the well within + 2.5 bar of the reference pressure.

In addition to the safety barrier provided by the hydrostatic head of the mud,
there is a secondary safety barrier which is the BOP stack, sketched in Figure 1.3.
It can either be placed on the rig or on the seabed. It is a stack of different type
of blowout preventers acting as a redundant system, and its main functions are to
contain unwanted reservoir inflow in the well and facilitate well control through
the choke and kill lines. The redundant set of rams can either clasp around the
drillstring, as with the pipe ram, or cut it, as with the shear ram. If there is no
drillstring, a blind ram can be used. The annular preventers can be used to shut
in the well while still allowing the drillstring to move vertically, but they are not
as effective at containing the pressure in the well as the rams. Failing to seal the
well will lead to an uncontrolled flow of reservoir fluids to the surface. If the fluids
ignite, the blowout can cause fatalities as with the Deepwater Horizon accident
(Graham et al., 2011) and the West Vanguard accident (Holand, 1997).

A simplified drawing of the hydraulic system of a MPD rig with a sealed annulus
is shown in Figure 1.4. It highlights the main components that circulate the drilling
fluid through the system and pressurize the well. The circulated drilling fluid is
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Choke or Choke or
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Figure 1.3: Example of a blowout preventer stack.

Main pump

Top drive

Drillstring

Rotating control
device (RCD)

]

Riser

Drilling fluid =
(mud)

Figure 1.4: The topside part of the hydraulic system at an MPD rig.

stored in the so-called mud pits which are an array of coupled tanks where the
mud is treated and mixed before being pumped into the well. The main pump
transports the drilling fluid through a hose to the top drive which is connected to
the drillstring. The drilling fluid then flows through the inside of the drillstring,
through the bit, and back up to the rig through the annulus. At the rig, the rotating
control device (RCD) seals the annulus by clasping around the drillstring. The flow
is directed into the mud pits through the choke manifold. The pressure in the well
can quickly be controlled by manipulating the opening of the choke. Since the
choke alone might not apply enough pressure at low flow rates, an additional back-
pressure pump is available. Increasing the flow rate from this pump helps maintain
the desired pressure in the well.

Another form of MPD is dual gradient drilling (DGD). This method is based on
using two fluids with different density in the annulus and separating these spatially,
which yields a piecewise linear hydrostatic pressure profile. There is a range of
different DGD methods, but only the low riser return system (LRRS) described
by Fossli and Sangesland (2004) and Falk et al. (2011) will be presented here. The
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1.1. Managed pressure drilling

Platform

PAir in riser

Subsea
mud
pump

FMud level in riser

Blow out preventer (BOP) at seabed

Figure 1.5: A sketch of the low riser return system.

LRRS uses an evacuated riser, as illustrated in Figure 1.5, and typically heavier
mud than for conventional drilling. The mud is pumped through the drillstring as
with conventional drilling, but does not have to be returned to the rig through the
riser. Instead, a parasitic line in the lower part of the riser is coupled to a subsea
mud pump which elevates the drilling fluid back to the rig. The mud-air interface
level in the riser is typically adjusted by automatic control of the subsea pump
and manual control of the main pump. This effectively controls the pressure in the
well. Tighter control of the pressure in the well results in less chance of kick or loss
incidents. And if a kick is taken, the driller can decide, based on the magnitude of
the kick, whether to shut in the well or let the hydrocarbons flow past the BOP.
The two MPD methods previously described emphasize on controlling the pres-
sure at a certain point in the well. Usually this is at the bit, but it could also be at
the so-called shoe, which is at the start of the open-hole, or at any other anticipated
weak spot in the wellbore. The pressure at a point in the annulus of a well is the
sum of the hydrostatic pressure and frictional pressure drop exerted from above.
Maintaining the desired pressure in the well requires proper mixing of the drilling
fluid to get the desired density, but also knowledge of the frictional pressure drop.
The expression equivalent circulation density (ECD) is often used when mentioning
friction in the well. It refers to the sum of the hydrostatic pressure and frictional
pressure drop converted to density by dividing by the gravitational acceleration
and true vertical depth (TVD) of the well. Due to the complex behavior of drilling

7



1. Introduction

fluids combined with varying diameter of the well, rotation of the drillstring, and
curved well geometries, among others, predicting the friction in the well can be
difficult. It is better to estimate it, as suggested by Stamnes (2011). In his work,
a model based on ordinary differential equations (ODE) provided by Kaasa et al.
(2012) is used. The drift-flux model, which is a set of partial differential equations
(PDE), is also commonly used, as by Rommetveit et al. (2005) and Bjaorkevoll et al.
(2010). The former approach benefits from a simpler one-fluid model which is rela-
tively easy to configure, while the latter captures spatial effects, supports two-fluid
flow, and has a wide range of parameters which can be tuned. However, while a
PDE model may sound tempting to use due to the flexibility of the model, the
complexity, numerical and robustness issues, and also the expertize needed, must
be considered. For some applications, like the pressure control in Godhavn et al.
(2011) and pressure estimation in Grip et al. (2010), an ODE model can be good
enough.

1.2 Well control

Maintaining the pressure in the wellbore within the limits dictated by the formation
is the key to successful well control. However, accidents do happen. Schubert et al.
(2006) lists the most common warning signs of unwanted in-flux to the wellbore.
They include:

e Drilling break, i.e. increased rate of penetration (ROP).

e Flow increase.

e Pit gain.

e Decrease in circulating pressure and an increase in pump speed of the main
pump.

e Well flows with the rig pumps off.

e Increase in rotary torque.
An in-/out-flux is actually very likely to happen when not drilling, such as when
tripping, running liner or casing, and during connections. In case of an undesirable
event such as a gas kick, the primary safety barrier is lost and well control must be
regained. There are procedures for this which briefly can be summed up as closing
the BOP, the second safety barrier, and pumping heavier drilling fluid into the well
to balance the formation pressure while circulating the gas out of the well. The
various well control methods will be described in more detail later in this section.

The annual report from the Petroleum Safety Authority Norway (PSA, 2012)
deals with the risk in the Norwegian petroleum sector. A survey relating loss of
well control to incidents, shows that 22% of the triggering causes are related to
primary barrier failure and 19% to external causes such as geology and reservoir.
The mentioned causes cannot be anticipated, which advocate for early detection
of in-/out-flux to the wellbore to minimize its extent. In conventional drilling, an
in- /out-flux is commonly detected by monitoring the level of drilling fluid in the pit
or trip tank. Due to the volume of these tanks, the sensitivity to an in-/out-flux
is small. An increase, which is referred to as pit-gain, can be in the range 0.5
1.0 m? before the drilling crew responds (Anfinsen and Rommetveit, 1992). Sonic
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1.2. Well control

measurements of the annular fluid, described by Hage and ter Avest (1994), have
also been used to determine the phase shift with induced by gas in the wellbore. A
benefit of drilling a well with a sealed annuls, is that the closed flow loop makes it
easier to detect changes in net flow rate and pressure anomalies which can signal
a kick. Grayson and Gans (2012) point out this advantage and Jablonowski and
Podio (2011) find consistent statistical evidence that onshore rigs in Texas, USA,
with RCD have less blowouts than rigs without. A precise way to measure the net
flow through the well is documented by Speers and Gehrig (1987) for conventional
drilling, and Santos et al. (2007) for MPD. When drilling with oil-based drilling
mud (OBM), in contrast to water-based drilling mud (WBM), the in-flux from the
reservoir can dissolve in the mud under high enough pressure and temperature.
This makes detection of the kick harder, which in turn emphasize that accuracy
of the detection equipment is necessary. By monitoring the time-trends of the
stand pipe pressure and annular discharge pressure, Reitsma (2010) is able to
diagnose unwanted events such as losses, kick, plugged drillstring, pipe wash-out,
among others. The smallest kick magnitude the method is able to detect is not
documented. In this thesis, in-/out-flux detection is carried out using an adaptive
observer which combines the use of a mathematical model of the process and the
available flow and pressure measurements.

Two other triggering causes of loss of well control are listed in the annual report
from the Petroleum Safety Authority Norway (PSA, 2012). 13% of the causes are
due to "technical failure, or imperfect kick detection", and another 13% are grouped
as "misconception/cognitive error". These numbers can be reduced with automatic
control. While most wells still are drilled conventionally with manual control, more
sophisticated drilling technology and automation are gaining momentum within the
drilling community (Downton, 2012, Godhavn, 2009, Nikolaou, 2012, Pink et al.,
2012). While fully automated drilling is a goal, today’s drilling is, at best, carried
out with supervised automation as pointed out by Saeed et al. (2012).

Misconceptions of kicks are often due to an effect called ballooning or breathing.
If the reservoir is naturally fractured, it can act as a buffertank which gradually
fills with drilling fluid and empties once the pressure is reduced, e.g. when slowing
down the pump. The flow rate and pressure signature can be misconceived as
an in-/out-flux, and subsequently, time consuming well control procedures will be
initiated. As pointed out by Nas (2011), accurate flow meters help distinguish
in-flux from ballooning. If a declining flow rate from the well is observed after
shutting down the pump, and the flow rate out of the well lags behind the flow
rate into the well when starting up the pump again, then ballooning is indicated.
There exists different models of naturally fractured reservoirs (Helstrup et al., 2004,
Lavrov and Tronvoll, 2004, Mehrabi et al., 2012) which can be used to characterize
reservoir parameters and verify the ballooning effect. Another effect, which can be
confused with both in-/out-flux and ballooning, is due to the change in pressure and
temperature of the mud in high pressure, high temperature (HPHT) wells when
stopping or starting circulation. This effect is argued for by Babu (1998), where
a mud loss during circulation and pit gain after stopping the pump is explained
quantitatively with calculations using the pressure-density-temperature behavior
of the mud and temperature changes in the static mud column.



1. Introduction

Well control events can occur when tripping, i.e. moving the drillstring, in or out
of the bore hole too fast due to the piston effect down-hole. This effect is dubbed
surge and swab among drillers, where surge is an increase in pressure and swab is
a decrease in pressure. A similar problem occurs on floating rigs when a stand has
to be added or removed from the drillstring. During this operation, the drillstring
is suspended by the so-called slips through the drill floor. The vertical motion of
the rig due to waves, also called heave, is now translated to the bottom of the
well through the drillstring. The bottomhole assembly (BHA), which has a greater
diameter than the drillstring, and the bit act as a piston in the wellbore, causing
unwanted pressure fluctuations in the open-hole. Efforts have been made by Landet
et al. (2012), Mahdianfar et al. (2012), among others, to mitigate this effect for
MPD rigs. They use model-based control and manipulate the choke opening and
flow rate from the backpressure pump to keep the bottomhole pressure constant
during a connection.

It is appropriate to end this section by quoting an investigation report concern-
ing the Deepwater Horizon accident (Graham et al., 2011, pp. 121) which clearly
states the need for automation of the drilling process.

In the future, the instrumentation and displays used for well monitoring
must be improved. There is no apparent reason why more sophisticated,
automated alarms and algorithms cannot be built into the display sys-
tem to alert the driller and mudlogger when anomalies arise. These
individuals sit for 12 hours at a time in front of these displays. In light
of the potential consequences, it is no longer acceptable to rely on a
system that requires the right person to be looking at the right data
at the right time, and then to understand its significance in spite of
simultaneous activities and other monitoring responsibilities.

1.2.1 Circulation procedures

When a kick has been taken and the driller has decided to shut-in the well, it
can be done as either a soft or hard shut-in. A soft shut-in refers to closing the
BOP while keeping the choke line open, while during a hard shut-in this is kept
closed. The former method gives a gentler pressure increase in the well while the
latter method stops the in-flux faster. Before shutting in, the drillstring must be
hoisted from the bottom of the well to prevent clogging of cuttings and weighting
material in the bit nozzles. This is important since circulation of mud through
the drillstring and annulus is vital for the most common well control procedures.
A non-return valve is sometimes installed upstream the bit to avoid the u-tubing
effect when changing mud weight. When the flow through the bit is stopped, this
valve will close, isolating the formation pressure from the stand pipe pressure (i.e.
pump pressure). This is undesirable for a well control situation since the formation
pressure is an important parameter for successful well control. However, it can
be possible to pump at such a low flow rate that the non-return valve remains
open and the stand pipe pressure can be recorded. The shut-in casing pressure,
i.e. the pressure in the annulus, must also be recorded before starting the well
control procedure. With proper measurements of the flow rate in and out of the
well, the volume of the kick can be estimated. Pit gain also gives an indication of
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1.2. Well control

the volume of the in-flux. Combining the knowledge of the mentioned pressures,
volume of in-flux, density and type of mud, open-hole diameter, diameter of BHA
and drillstring, the density of the in-flux can be determined. If the formation fluid is
determined to be a liquid, it is considerably easier to circulate out of the well than
if it is a gas. This is due to the effect that gas will carry the formation pressure
while percolating if not allowed to expand. Also, the gas can be flammable and
poisonous, requiring proper handling when reaching the rig. Before drilling the
open-hole, and subsequently risking taking a kick, two limiting values have to be
determined. These are the maximum allowable annular surface pressure (MAASP)
and kick tolerance, also called kick margin (Redmann Jr., 1991). The MAASP can
be limited by the pressure rating of equipment such as casings and wellhead, but it
is often limited by the fracture pressure in the open-hole, just below the shoe. This
pressure is determined by performing a leak off test (LOT) which is carried out after
the most recent casing has been cemented and drilling is resumed. After drilling a
few meters into the formation, pressure is applied by closing the annular preventer
or pipe rams and steadily pumping mud into the well. The increasing pressures in
the annulus and drillstring are recorded, and when the derivatives of the pressures
suddenly decrease, an indication that the formation is starting to fracture is given.
When the pressures have stabilized, the injection is stopped and the pressure is
bled off. The recorded MAASP is used when calculating the kick tolerance, which
is a term with multiple definitions (Santos et al., 2011). We define it as the largest
volume of in-flux in the lowermost region of the well that can be safely circulated
out without fracturing the open-hole. Chirinos et al. (2011) present a method to
estimate the peak pressure when circulating out a kick which incorporates the same
triangular distribution of gas as in this thesis. If the volume of the kick is within
the kick tolerance, an appropriate circulation procedure must be decided upon. If
not, an alternative way of killing the well, such as bullheading, must be sought.
There is a range of circulation procedures, but the most common are the so-called
Driller’s method, Engineer’s method (a.k.a. Wait and Weight), and the volumetric
method. These methods are briefly described in the following subsections and are
based on the notes from Skalle (2010). A sketch of ideal pressure trends with the
Driller’s and Engineer’s method are displayed in Figure 1.6.

Driller’s method

With the Driller’s method, the fluid from the reservoir is circulated out of the well
before the mud weight is increased to overbalance the formation pressure. This
means that the volume of mud in the well has to be displaced two times before the
well is properly killed. However, since the drilling fluid can be weighed up in the
mixing tanks concurrently with the first circulation, the circulation can be initiated
earlier than with the Engineer’s method, which requires that heavy kill mud is
available before circulation is started. After shutting in the well and determining the
kick parameters, the pumps are set to a predetermined slow circulation rate (SCR)
for which the frictional pressure drop is known. The pressure at the bit is now given
by the sum of the pump pressure and hydrostatic pressure in the drillstring, minus
the frictional pressure drop. The pump pressure, and bit pressure, are effectively
controlled by adjusting the casing pressure. During circulation with reservoir fluid
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Figure 1.6: Pressure trends during Driller’s (solid) and Engineer’s (dashed) method.

in the annulus, the pump pressure is kept constant by manipulating the casing
pressure, which in turn means that the formation pressure is constant. When the
kick is circulated out of the well, the mud weight is increased to overbalance the
formation pressure and the second circulation cycle is commenced. As the new
heavy mud displaces the old mud, the pump pressure decreases steadily before it
flattens out when the new mud reaches the bit. Once the heavy mud starts flowing
into the annulus, the casing pressure starts to drop slowly as the mud gradually
alleviates the formation pressure. When the mud is at the top of the annulus,
the casing pressure should reflect that the formation pressure is balanced by the
hydrostatic pressure exerted by the mud, plus a safety margin.

Engineer’s method

The Engineer’s method differs from the Driller’s method by immediately starting
circulation with a heavy kill mud after the well has been shut in. This shortens the
duration of circulating out the reservoir fluid and killing the well. Ideally, the time
consumption should be half of that of the Driller’s method, but this is without
taking into account the time it takes to mix the kill mud. In fact valuable time is
lost while mixing since the buoyant gas will start percolating. And if the well is
shut in while the gas is travelling upwards in the open-hole, the integrity of the
well can be in danger. Since the mud weight is increased while circulating out the
in-flux, the choke opening must be adjusted such that the pump pressure follows
a predetermined trajectory, rather than keeping it constant as with the Driller’s
method. When the heavy mud reaches the bit, a benefit of the method becomes
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1.3.  Modelling of in-/out-flux

evident. As heavy mud displaces the old mud in the annulus and the in-flux is on its
way upwards, the heavy mud helps lighten the pressure in the annulus. However,
the added value of this effect depends on the geometry and casing program of the
well since these determine whether the kill mud reaches the annulus before the
in-flux passes the casing shoe.

Volumetric method

An in-flux can occur while the bit is not at the bottom of the well, for instance
during tripping out of the well. Not being able to circulate heavy mud through
the entire stretch of the well, complicates the killing procedure. The Volumetric
method is a method which lets the gas expand while travelling up the wellbore by
controlling the flow of mud out of the well. The idea is that by letting out a fixed
volume of mud, V;,,, which corresponds to a loss of hydrostatic pressure, p,, in the
well, the gas is allowed to expand by Vj,. So every time the pressure upstream the
choke increases with pp, Vi of mud is bled off through the choke. When the gas
reaches the choke, mud is pumped through the drillstring or kill-line. The casing
pressure is now reduced stepwise with p,, for each V,, which is pumped into the
well. When the gas has been displaced by mud, the drillstring must be lowered to
the bottom, and the well can be brought to overbalance by circulating heavy kill
mud.

1.3 Modelling of in-/out-flux

An MPD rig will typically be equipped with measurements of flow-rate from the
pump, ¢, and through the choke, ¢, and the pressure downstream the pump, py,
and upstream the choke p.. Additional measurements of the ROP, weight on bit
(WOB) and level in the mud pit are also available to the driller. For some opera-
tions there are pressure and temperature transducers in the BHA and a mud pulse
telemetry unit which transmits the recorded values to the rig. These measurements
cannot be relied upon in a real-time system as they are intermittent and sometimes
erroneous. However, they can serve as a supplement when calibrating models. A
technology which is gaining momentum is the so-called wired drillpipe (WDP)
where data can be transmitted at a moderate bandwidth, 57.6 kbit/s (Veeningen,
2012), both up and down the drillstring through wires running on the inside of
each of the drillpipes. A major benefit with the WDP is the possibility to add
pressure and temperature measurements, among others, with regular spatial inter-
vals, producing physical data from multiple locations along the well in real-time.
Measurements from the WDP are typically updated every 5 seconds. This technol-
ogy and other emerging technologies are mentioned by Florence and Burks (2012),
which also advocate for automation of the drilling process.

A loss has many similarities with a leak in a pipeline. However, the harsh
environment downhole and the fact that it is unavailable for visual inspection,
make it more complicated to detect and locate a loss than a leak in a one-phase
pipeline. When loosing drilling mud to the formation, it is a risk that it will fracture,
which in turn will make the loss more severe. The subsequent pressure reduction
in the annulus can result in a kick higher up in the well and a very delicate well
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1. Introduction

control situation. Failing to regain control of the well can lead to a catastrophic
underground blowout. Early detection of a loss can reduce the time span until a
countermeasure is taken, which in turn reduces the magnitude of lost drilling fluid.

A liquid in-flux is the converse of a loss, but while the density of the drilling
fluid flowing to the formation is known, the exact density of the liquid flowing
into the wellbore is not. It can be water or hydrocarbons, which generally has a
lower density than the drilling fluid. Depending on the extent of the in-flux, there
will be a change in hydrostatic pressure in the annulus which calls for proper well
control. Common practice is to circulate out the formation liquid using one of the
previously mentioned circulation methods. However, with the annulus sealed by an
RCD it is theoretically possible to circulate the kick fluid out of the well without
closing the BOP.

While detection of a loss during drilling is possible by monitoring the net flow-
rate, localization of the loss is only possible by model-based estimation. The change
in frictional pressure drop induced by a loss combined with the change of net flow-
rate, gives away the position of the loss. However, un-biased measurements and
exact knowledge of the friction along the well is necessary to correctly point out
the position of the loss. This can be exemplified using sensitivity analysis, as in
Karnavas et al. (1993), by comparing the effect of different parameters on the
frictional pressure drop. Using similar notation as in Karnavas et al. (1993) we
have the absolute sensitivity function

OF
s7-%)
da | nop

where F is the function and « is the parameter to be varied. NOP means the
nominal operating point. The relative sensitivity function is used to compare the
effect of different parameters and is given by

(1.1)

S,

@7 % changein o« da/a  da (1.2)
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where the subscripts 0 means that the parameters assume their nominal operating
point values.

Assuming that the frictional pressure drop through the drillstring and the an-
nulus is given by

where F' is a friction coefficient, L is length, and ¢ is flow-rate, we can write the
frictional pressure drop from pump to choke as

Ap = pf(FdaLChqp) +pf(Fa7$an> +pf(Fa7La — Z,(qp + qx) (14)

The subscripts d, a, and p denote drillstring, annulus, and pump respectively. The
location of the in-/out-flux is denoted by x and ¢ is the rate of the in-/out-flux.
The parameters used in the calculations are given in Table 1.1 and the results from
computing the relative sensitivity in (1.2) are shown in Table 1.2. A significant
portion of the frictional pressure drop from main pump to the choke is due to the
turbulent flow in the narrow diameter drillstring. For high flow rates the frictional
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1.3.  Modelling of in-/out-flux

Table 1.1: NOP parameters used in the model.

Parameter Value Unit
Apo 1.0980-107 bar
Apas,0 6.8188-10* bar
Apann,O 41607101 bar
Fao 1.3630-10°  kg/m®
Fapo 2.1918-10°  kg/m®
p,0 2.0000-10%  1/min
x,0 -2.0000-10'  1/min
Layo 2.8000-10% m
Lao 2.8000-103 m
20 1.5000-102 m

Table 1.2: Values of relative sensitivity functions.

Parameter Value Unit
SgP 3.7895-10 ! -
SgP 6.2105-10" -
SEp -7.237.107! -
Sg? 2.0072 -
52p 411741074 ;

pressure drop through the annulus accounts for 38 percent of the total frictional
pressure loss. Since the localization method used in this thesis relies upon the
change in annular frictional pressure drop due to a loss, we need a precise model of
the friction in both drillstring and annulus. This is pointed out by sensitivities with
respect to Fy and F, in Table 1.2. If a continuous measurement of the bottomhole
pressure is provided, the estimated location of the loss could be more accurate since
the footprint of the leak, i.e. the change in annular friction drop, would account for
a greater amount of the measured pressure drop. If the wellbore is instrumented
with WDP, it is possible to estimate the location quite accurately since a pressure
profile would be available.

From Table 1.2 we see that given the simple model of the frictional pressure
drop in (1.3), the measurement of ¢, must be exact to locate the position of the
loss since the sensitivity to this parameter is about 5000 times higher than it is for
x.

A gas kick is more difficult to localize than a loss or a liquid kick due to the
change of frictional pressure drop due to the transition from one-phase to two-
phase flow. The rate of the gas kick, the composition of the gas, the interfacial
friction between gas and mud, the distribution and the pressure of the gas, are all
unknowns which complicate the modelling of a gas kick. Although, efforts have been
made through the years to capture the behavior of a gas kick to a detailed level. A
model of the volumetric behavior of a gas kick being transported from reservoir to
surface was presented in LeBlanc and Lewis (1968). The model takes into account
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1. Introduction

non-ideal gas deviation and varying temperature along the wellbore and is used
to simulate a range of well control operations with different gas in-flux volumes
and positions, and mud densities. In Hoberock and Stanbery (1981a,b) the authors
present a model based on the combined PDEs from a mass and a momentum
balance for liquid flow. The PDEs are simplified into a hydraulic transmission line
with approximated time-delays and the gas is superimposed as a function of fluid
velocity. Simulation result with the resulting model is compared against published
data from Rader and Ward (1975) which shows reasonable correspondence. The pit
gain is over predicted by the model since it is adiabatic. Nickens (1987) presents
a drift-flux model for WBM which is used for gas kick simulation. The model
is, among other, used to compare the effect of letting an automatic controller
govern the choke opening while circulating out a kick versus manual manipulation
of the choke opening. The comparison shows that a human operator is not able to
respond quickly and precisely enough to a change in pressure while keeping control
of the well. Another drift-flux computer model for gas kicks was introduced by
White and Walton (1990) and was designated for research purposes. The models
incorporate temperature effects, OBM and WBM, dissolving gas in OBM, and
density depending on cuttings, among others. The articles Ekrann and Rommetveit
(1985), Rommetveit and Vefring (1991), Vefring et al. (1991) iterate on the same
fundamental drift-flux model. Rommetveit and Vefring (1991) calibrate the model
parameters to fit the results from 24 experiments, with both WBM and OBM,
carried out on a full-scale drilling rig. Correct modelling of the gas rise velocity
is highlighted as a success factor for precisely estimating the pressure along the
well. The rationale behind the gas kick modelling in Milner (1992) is the same
as in this thesis. A model consisting of seven ODEs is combined with a Kalman
filter to estimate bottomhole pressure, volume of gas, and gas migration velocity,
among others, to help the driller circulate out a kick. The available measurements
are pit gain, drillpipe and casing pressure. An alarm processing method based on
a cumulative sum of the residuals between measured and estimated values is also
presented. Initial tests show promising results, but it is reported that more tests
have to be carried out to validate both the model and alarm detection method.
There are two related problems from petroleum production which are of inter-
est since they involve modelling of concurrent flow of gas and oil. These are casing
heading for gas-lift wells and riser induced slugging in production pipelines. Casing
heading is treated in Eikrem (2006) and is an instability in producing wells where
the oil is lightened with the help of gas injected in the bottom of the well. The
instability which occurs is called slugging and leads to a cyclic production of gas
and oil which impedes productivity. Slugging is also a problem in pipelines where
liquid is allowed to accumulate at the base of the riser. This phenomenon is de-
scribed and modelled in Storkaas (2005). Due to the spatial variation of pressure,
flow-rates, and hold-up, in a slugging well or pipeline, it is natural to model them
as distributed parameter systems. There exist many such models, two of which are
especially interesting from a control engineer’s point of view. They are described in
Jahanshahi et al. (2009), which models a gas-lift well, and Di Meglio et al. (2011,
2012), which deal with riser induced slugging. The former model is used with the
small-gain theorem to predict stable and unstable regions of operation. The latter
articles refer to a model which lends itself to a control design based on spatial back-
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stepping. The proposed controller only actuates at the outlet boundary, but the
feedback law requires full-state measurement. The mentioned model formulations
do not easily lend themselves to observer- and control-design, which is why simpli-
fied ODE models have been developed for control purposes. Simplified models, such
as the one used in Aamo et al. (2005) for nonlinear observer design and control, are
typically derived by partitioning the region where gas and liquid flow concurrently
with only one control volume. Only using one control volume precludes tracking of
the position of the gas, which is of great interest in the case of gas kick modelling.

1.4 Outline and contributions

This thesis is divided into three main parts, each consisting of a separate selection
of papers.

Part I considers modeling of gas kick in an MPD system with both sealed an-
nulus and for LRRS. Estimation of states and parameters is also treated. The
main contributions in this part are:
1. A compact ODE model of a gas kick for both sealed wells with either an
RCD or BOP, or open wells, such as with LRRS. The model facilitates state
and parameter estimation.

2. Comparison of the model for a closed annulus with state-of-the-art simula-
tions.

3. Application of an unscented Kalman filter (UKF) to estimate states and
parameters with the use of WDP measurements.

The part consists of the articles Hauge et al. (2012c,e). The latter has been slightly
shortened to avoid repetition. The work in Hauge et al. (2012e) is also presented
as a condensed version in Hauge et al. (2012d).

Part IT covers detection, localization, and mitigation of in-/out-flux. The main
contributions in this part are:

1. An ODE model of a in-/out-flux based on the model in Kaasa et al. (2012).

2. Application of a globally exponentially stable (GES) adaptive observer, with
the ODE model, which estimates the states, and loss rate and position.

3. Design of a control law which quickly mitigates the in-/out-flux and a demon-
stration of the controller with use of a state-of-the-art simulator.

4. Verification of the observer’s capability to estimate loss rate and position
through experimental validation with small scale experiments.

5. Application of an infinite-dimensional observer which estimates the rate of
an in-/out-flux.
The part consists of the articles Hauge et al. (2013a,b). The work in Hauge et al.
(2013b) is based on results from Hauge et al. (2012a).

Part III is motivated by the need for tight pressure control when drilling with
MPD systems. The main contribution in this part is:
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1. A comparison of two control designs, based on adaptive backstepping, for

tracking of a time-varying reference for the choke pressure.

The part consists of the article Hauge et al. (2012b).

1.5 Publications

The following is a list of publications that form the basis for the thesis.

e E. Hauge, 0.N. Stamnes, J.-M. Godhavn and O.M. Aamo, A Dynamic

Model of Percolating Gas in a Wellbore, SPE Drilling € Completion, 2012e.

E. Hauge, J.-M. Godhavn, @.N. Stamnes and O.M. Aamo, A Dynamic
Model of Percolating Gas in an Open Well-Bore, 7th Vienna Conference on
Mathematical Modelling (MATHMOD), Proceedings, 2012c.

E. Hauge, J.-M. Godhavn, @.N. Stamnes and O.M. Aamo, Dynamic Mod-
elling of Gas Rising in a Wellbore, Modelling, Identification and Control /
770: Advances in Computer Science and Engineering, Proceedings, 2012d.

E. Hauge, O.M. Aamo and J.-M. Godhavn, Model-Based Estimation and
Control of In/Out-Flux During Drilling, American Control Conference (ACC)
2012, Proceedings, 2012a.

E. Hauge, O.M. Aamo and J.-M. Godhavn, Tracking of Choke Pressure
during Managed Pressure Drilling, Modelling, Identification and Control /
770: Advances in Computer Science and Engineering, Proceedings, 2012b.

E. Hauge, O.M. Aamo and J.-M. Godhavn, Application of an infinite-
dimensional observer for drilling systems incorporating kick and loss detec-
tion, European Control Conference (ECC2013), Proceedings, 2013a, Accepted
for publication.

E. Hauge, O.M. Aamo, J.-M. Godhavn and G. Nygaard, A novel model-
based scheme for kick and loss mitigation during drilling, Journal of Process
Control, 2013b, Accepted for publication.

The following is an additional contribution made during my PhD studies. The
article is not included in the thesis.

e U.J.F. Aarsnes, O.M. Aamo, E. Hauge and A. Pavlov, Limits of Controller

Performance in the Heave Disturbance Attenuation Problem, European Con-
trol Conference (ECC2013), Proceedings, 2013, Accepted for publication.

My contribution consists of helping with simulations, general discussion, and review
of the written presentation.
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Gas kick modelling
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Chapter 2

A dynamic model of percolating gas
in a wellbore

Summary

The two-phase dynamics of gas percolating up a vertical well filled with water is
described by two ordinary differential equations and algebraic relations. We model
the gas as bubbles distributed with a distribution function along the well. The
model is based on first principles and accommodates tracking of the front of the
gas. An unscented Kalman filter is used together with the model and wired drillpipe
pressure measurements to estimate the liquid holdup profile as the gas is circulated
out of the well. The performance of the model and the method of estimation are
compared with results from a state-of-the-art simulator.

2.1 Introduction

After the Macondo incident, the report to the President of the USA (Graham et al.,
2011, pp. 121) highlighted the need for automatic systems aiding the drilling crew
in making the right decisions during critical events before possible blowouts. In
this paper we address the modeling of a gas-kick in a vertical well and estimation
of the liquid holdup profile during circulation. A gas-kick is an unwanted influx
of gas from the reservoir, or the formation above the reservoir, into the wellbore.
The influx is driven by a pressure difference between the wellbore and formation
containing the gas. If no measure is taken to mitigate and handle the influx, the
gas will expand as it rises upwards, thereby reducing the hydrostatic head in the
well, which in turn will cause more gas to enter the wellbore. Such a situation can
evolve into a blowout with disastrous consequences. The objective of this paper is
to model gas percolating up a wellbore in a simple manner without resorting to the
use of partial differential equations. We are motivated by the simplified models for
managed pressure drilling (MPD) Kaasa et al. (2011), gas-lift Eikrem et al. (2008)
and slugging Di Meglio et al. (2009) which have proven to be instrumental in the
design of controllers and adaptive observers.

Research on gas-kicks in the drilling community has an extensive record span-
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ning several decades. The authors of Rommetveit and Olsen (1989) carried out 24
experiments with gas-kicks in a full-scale, inclined research well. The data from
the experiments reveal dynamic behavior of gas-kicks and help to understand the
kick process. Based on full-scale experiments with a conventional drilling rig, An-
finsen and Rommetveit (1992) demonstrates that the reduction in pit gain due to
gas solubility is significant when drilling with oil-based mud (OBM) compared to
water-based mud (WBM). As a result, kicks in OBM are difficult to detect. Ex-
periments with WBM showed that pit gain and standpipe pressure are valuable
kick detectors. In Hovland and Rommetveit (1992) the same test rig is used to
analyze gas-rise velocities with both OBM and WBM. Dependencies on density,
void fraction, pipe inclination, rheology and surface tension are covered. The main
result from the study is that high concentration gas-kicks rise faster than low and
medium concentration gas-kicks. The authors of Tarvin et al. (1994) verify this
result and add that when the gas fraction is less than 2 % the gas will move slowly.
Their experiments also indicate that gas rises faster than expected from the previ-
ous research available at that time. By using micro flux control Santos et al. (2007)
states that small kicks can be detected earlier than with conventional methods.
The results are based on both experiments and actual drilling and kicks smaller
than 0.5 bbl were detected. A simulation study comparing initial responses to a
kick during MPD is presented in Das et al. (2008). They investigate the effect of
either shutting in, increasing pump speed or choking. No single best response is
found since it may depend on well geometry, kick zone productivity and likelihood
of lost returns. In Gravdal et al. (2008) it is stated that a real time model is benefi-
cial even with wired drillpipe (WDP), and an algorithm for detecting and locating
kicks and losses with the additional measurements down-hole provided by the wired
drillpipe is presented. It is pointed out why WDP is beneficial for kick detection
and the issue of calibrating a hydraulic model with a WDP is addressed. In Gravdal
et al. (2009) the methodology for kick evaluation is refined. The algorithm eval-
uates the time derivative of certain pressures along the drillstring together with
time derivatives of both the choke opening and the flow rates. A novel approach
to pore pressure estimation at an MPD rig with WDP is demonstrated in Gravdal
(2009). The estimation of the pore pressure is carried out after a soft shut-in and
the annulus pump is shut down until the time derivative of the pressure upstream
the choke is constant. The set point for bottomhole pressure (BHP) is adjusted
to be higher than before the kick and circulation is restarted. The results from
a thorough simulation study of well control procedures for MPD are presented
in Davoudi et al. (2010). The procedures are equivalent to the industry standard
procedures used in conventional drilling. Three different wells combined with four
different well control procedures are considered. Many factors impose limitations
on which response will be most successful, and the most important were identified
to be whether a kick is conclusively detected and whether accurate flow out meter-
ing is available. No single best procedure is decided upon. The concept of switched
control for pressure regulation is introduced in Zhou et al. (2011). An MPD system
is considered; by adjusting the choke flow rate, the bottomhole pressure is kept con-
stant when drilling and kicks are handled automatically. The controller switches
between a combination of pressure and flow control when there is no kick and pure
flow control when a kick is detected. In Godhavn (2009) it is argued in favor of
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Figure 2.1: Sketch of the modeled bubble structure.

the use of more automatic control during drilling to reduce the non-productive
time and to increase the number of wells which can be drilled. Requirements for
the control system, hydraulic model, sensors and data logging are presented, with
a drilling window for MPD specified to be +2.5 bar. Control performance during
normal drilling operations is also discussed.

The outline of this paper is as follows. In the next section, we present a gen-
eral model for the percolating gas without any assumption on its distribution. We
continue by deriving a model with a triangular shaped gas distribution which is
used for model validation and estimation of the liquid holdup profile. The simula-
tion results are presented in separate sections. The two last sections sum up the
conclusions and suggest further work.

2.2 Mathematical model

We intend to model a gas kick in a vertical well of length L initially filled with
liquid which is circulated through the drillstring and up the annulus. The model is
valid from the kick is taken until the influx is stopped, and captures the dynamics
of the percolating gas. We assume that the annulus is sealed by either a rotating
control device or the blowout preventer. For simplicity we consider a pipe instead
of an annulus, which has only minor effects on the results.

Figure 2.1 shows a sketch of the two-phase model with the physics we are trying
to capture. We assume that the distribution of gas is given by a function which we
will denote f,. The derivation of the model is done without any specific assumption
regarding the distribution function.

The well is divided into four control volumes: the volume above the bubble
structure, Vi; the gas in the bubble structure, Vi ; the liquid in the bubble structure,
V1,; and the volume underneath the bubble structure, V5. The control volumes have
the associated lengths Ly, Lg, L, and Lo, respectively, with Lg = L.
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2. A dynamic model of percolating gas in a wellbore

Since the model is designed for the time span from the gas-kick is detected
until the gas is at the choke, we consider only the liquid volumetric flow rates in,
Qvit, and out, qc, of the well. Since the well is sealed, we can write the sum of the
derivatives with respect to time of the control volumes as

Vi+ Vot Vi + Vg =0. (2.1)

For simplicity we assume that the liquid is incompressible. This enables us to write
the expansion of gas as the difference in volumetric flow rate in and out of the well,
i.e.

Vo = ge — Qoit- (2.2)
The time-derivative of the lower control volume V5 is governed by the rise speed k;
of the tail of the bubble structure. We use the expression from Orell and Rembrand
(1986) for this rise speed.

1
. — 4
ke = Co bt 4 1.53{“(’“2"@9] ol (2.3)
Ap Pt

where A, is the cross-sectional area of the pipe, pr, the density of the liquid, pg
the density of the gas, o the surface tension between the liquid and the gas, agy,
the average liquid holdup, and n is a number that reflects the hindering effect
surrounding bubbles has on the terminal velocity. C is a constant that relates how
the flow rate in the well impacts the rise velocity of the bubbles. We write the
time-derivative for the lower control volume as

Vo = kA, (2.4)
Inserting (2.4) into (2.1) gives
Vi = kA, — VL, — V. (2.5)

The term Vj, is dependent on the choice of liquid holdup distribution function. For
further derivation of the model we will use the average of the liquid holdup which

is given by either
Va

asy, =1 — =1-—asq 2.6
i Tod, (2.6)
where agg is the average gas fraction, or by solving the integral
1 Li+Le
asL = 7— falz, ) do. (2.7)
G Jr,

where fo(z, -) € (0, 1] with z € [0, L] is some distribution function depending on
the spatial variable z, and possibly other variables. The distribution function also
gives the volume of gas in the well

Vo = A, e (1 — fula, .)) da. (2.8)

L
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For later use we define the function f, which is more general as

fale,) = { o b st (292)
1, else (2.9b)

where f,(z, -) € (0, 1].

The average liquid holdup relates the cross-sectional area of liquid in the pipe
to the total cross-sectional area of the pipe and also the cross-sectional area of the
pipe occupied by gas,

Ay, = as4p (2.10)
Ag =(1- aSL)Ap (2.11)
where A is cross-sectional area and the subscripts L, G and p denotes liquid, gas

and pipe, respectively.
Since the rate at which V4, and Vi change length is equal, we can write

Lq =1Ly (2.12)
or equally . .
Vi \%
L= G (2.13)
A, Ag
Inserting (2.10) and (2.11) into (2.13) and rearranging we get
: Qs
VI =—"—— 2.14
L= (214)
which we can insert into (2.5) to get
. Va
Vi=—-kA, — ——. 2.15
1 p 1— asr, ( )

Since we are interested in the length of this control volume we divide by A, and
insert (2.2)

; (ge — qvit)
Ly =—k — ———F—. 2.16
! Ap(l — OCSL) ( )
The length of the lower control volume is given by
Ly=L—-1IL1— Lg. (2.17)

We assume that the pressure in the bubble structure has a single value which
is the pressure at the point with the greatest gas fraction. The pressure is assumed
given by the equation of state

 ZmgRT

— 2.18
PG = (2.18)

where Z is the compressibility factor, mq is the mass of gas, R the gas constant, T’

the temperature at the middle of the bubble structure, and Mg is the molar mass
of the gas.
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2. A dynamic model of percolating gas in a wellbore

We are interested in the pressure upstream the choke and at the bottom of the
well. With the front of the gas located at depth L;, and the maximum gas fraction
at

zq = L1 + ALq, (2.19)

where A € (0, 1), we can write the momentum balance for the choke pressure as

T T

G
pe = pa — pLgLi — pLg fa(w,-) do — pcg/ (1— falw,-)) dz
L1 Ll

— APric,G — Pvie,i (2.20)

where p. is the pressure upstream the choke, and pg the pressure in the middle of
the bubble structure. We assume that the density of the gas is given as

mq
-G 2.21
pa = (2.21)

while the density of the liquid is constant. pgic,g and pgic,1 are the frictional pres-
sure drop along the bubble structure and upper control volume, respectively. Sim-
ilarly, using the bubble pressure as the starting point we express the pressure at
the bit, assuming it is at the bottom of the well, as

Li+Lg Li+Lg
Poit = pa + pr.gLls + pLg/ falz,-) do + pGg/ (1= fa(z,-)) dz

G G

+ (1 = A)prric,a + Pric2 (2-22)

where pyric,2 is the frictional pressure drop along the lower control volume. Having
the pressure upstream the choke and assuming a known pressure, py, downstream
the choke we can write the volumetric flow rate through the choke using the valve
equation from Merritt (1967) with linear valve characteristic

/1
4c = kcue (pc - p()) (2-23)
oL

where k. is a constant related to the cross-sectional area of the orifice and u. € [0, 1]
is the opening of the choke.

2.2.1 Wired drillpipe.

If the well is instrumented with wired drillpipe (WDP), there will be pressure
readings along the drillpipe which are available in real time. When the gas passes
by a pressure sensor, the hydrostatic head above the sensor is reduced, giving a
footprint of the front of the gas. The pressure at such a sensor, located at depth
Zg, 1S given by

ps(ws) = pa _/ Jivice(z,-) doz — PLQ/ Jal,-) do

- pGg/ 0 S dr, 229)

s

where fpic(z, ) is some function that accounts for the frictional pressure drop.
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2.2. Mathematical model

ar,

Ly Li+ AL Ly + Lg

Figure 2.2: The distribution function (2.9) using f, from (2.25).

2.2.2 Triangular holdup distribution.

The distribution profile of the gas fraction, 1— f,,, will take on a shape resembling a
bell curve, possibly skewed. Our goal in this paper is to make a simple model of the
percolating gas, and this is achieved by choosing the distribution function for the
gas as a simple triangle. The idea of using a bubble structure with a triangular shape
originates from Ohara et al. (2004) and has proven to be a sufficiently accurate
approximation to the shape which the distribution of gas bubbles will usually form.
We write the function f, for the holdup used in (2.9) as
oy + LZode = Ln) Li<z<Li+Ag  (225a)
i ALg
¢ (1—ar)(z— L1 — A\Lg)

(1-XA)La ’

ar, — Li+ALg <x< L+ Lg(2.25b)

where qf, is the minimum liquid holdup of the distribution. The function is sketched
in Figure 2.2. The parameter A decides the shift of the maximum gas-fraction to-
wards the endpoints of the bubble structure. A close to 0 corresponds to a maximum
gas-fraction at the top of the bubble structure, while A close to 1 corresponds to a
maximum gas-fraction at the bottom of the bubble structure. The average holdup
is found by solving (2.7) with (2.25) which gives

1
o J;O‘L. (2.26)

Inserting (2.26) into (2.16), (2.25) into (2.9), and (2.9) into (2.20), (2.22) and (2.24),

3

we get a simple model for the percolating gas. The dynamic equations are

: 2(qc — qvit)

[y = =\ Zit) 2.27
1 A1 ar) (2.27)

Vo = e — qbit (2.28)

while the algebraic equations are the equation of state, (2.18), the volumetric flow
rate through the choke, (2.23), and

2Va

Lg=—"5—
¢ A, (1-ar)

(2.29)
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2. A dynamic model of percolating gas in a wellbore

where we have found (2.29) by solving (2.8) and dividing by A,. Pressures upstream
the choke and at the bit are given by

1+ar pr.Va n m(;)

2.
l—OzL Ap Ap ( 30)

Pe = pa — pLgL1 — ADric,a — Pric,1 — Ag (

1+ a1 prVe ma

it = L 1— ) Dric ric.s 11—\ . (2.31
Phit = PG +pLgle +( )Ptric,G + Diric,2 +( )g<1_aL A +Ap) (2.31)

The expression for the pressure at a sensor in the WDP located at position zy is
given by

TG
PG — / freie dz — prg(za — z5)
s 0<uxzs <L (2.32a)

ALg(oq, — 1
+(PL—PG)Q%7
el
pc;—/ ferie do — prg(zs — za)
Ty —xq) (o — 1 Ly < x5 < 2a(2.32b
PP G k) [ ) 1<% < 76(2:32b)
INLG

X (xg — 2Ly + 2¢),
TG
PG — / frve da

(zs —za)(ar — A)
A—1
(zs —zq)(ar —1)g ra < xs < L; (2.32¢)
2L (A —1)

X (pL(xs —2L; + zq)

Ds (l‘s) =

— PLY

+

+ p(;(QLl + 2Lg — Ty — xG))a

el
— rie do + a1, — AL
pe /z Jiic profor = AL Li < 2y < L,(2.32d)

—paglan — 1)Lg — pLg(L1 + La — ws),

where L; = L1 + Lg.

We have chosen ag, as a constant throughout the simulations. However, it is
desirable to express this parameter as a function of the slip between the two phases.
Unfortunately, this is difficult with the proposed model due to the lack of distinction
between superficial and in-situ velocity of the phases.

2.2.3 Friction modeling.

The frictional pressure drop is accounted for by using the expression from Orell
and Rembrand (1986)
2fLovadypey

(2.33)
DA

Pfric,CV =
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2.3. Comparison with high-fidelity simulator

where the subscript CV can be replaced with 1, 2, and m which denotes mixture.
For the mixture flow in the bubble structure, the friction factor f is found by the
relationship in Chen (1979)

f= ! (2.34)

2
{4 log <3.E7/£5 - ng:jﬂ log A) ]

_ (e/D)r1098 77149\ 5
2.8257 Re, ’

(2.35)

where ¢ is the roughness of the pipe, D its diameter, and Rep, is the mixture
Reynolds number which can be found by evaluating

Rep, = —2-Fm (2.36)

where uy, is the mixture velocity, um is the mixture viscosity and py, the density of
the mixture. We use the following expressions for the three aforementioned variables

it
m — kr 2.37
= G+ 237
pm = asLpr + (1 — ast)pa (2.38)
pm = asrpr + (1 — asn)pa (2.39)

where ur, and pg is the viscosity of the liquid and gas, respectively. For the one-
phase control volumes, we use (2.34), (2.35) and (2.36) with the in-situ parameters
and velocities.

2.3 Comparison with high-fidelity simulator

The proposed model is brief and compact but is still able to replicate the most,
important dynamics of percolating gas in a well. To benchmark the model we
compare our results with simulations from the multiphase flow simulator QLGA!.
We simulate a large methane gas-kick in a vertical pipe carrying water. In the
OLGA simulations, the gas is injected over a 1 minute interval with a constant flow
rate. Our model is started with the same mass of gas distributed with the triangular
function at the bottom of the pipe at the time ¢ = 0. During the simulation there
is a constant flow rate of water, qpi, entering at the bottom of the pipe. The
parameters used in our model and the OLGA simulator are listed in Table 2.1.
The values denoted PVT in this table are found by OLGA using a look-up table
for pressure, volume and temperature.

Since the model is not valid after the gas front has reached the choke, only the
results from OLGA are plotted for this period. Figure 2.3 displays the pressure
upstream the choke, and the volumetric flow rate is seen in Figure 2.4. Figure 2.5
shows the pressure at the bottom of the well which is accurately captured in our
model. The volume of the gas is plotted in Figure 2.6. Fixing the gas fraction,

TOLGA is a commercial multiphase flow simulator provided by SPT Group.
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2. A dynamic model of percolating gas in a wellbore

Table 2.1: Parameters used in the compared models.

Parameter Matlab OLGA Unit
PL 1000 1000 kg/m?
o 75.640-1073 PVT N/m
L 2200 2200 m
D 0.330 0.330 m
Qbit 400 400 1/min
Z 0.800 PVT -
mq 605.890 605.890 kg
Mg 16.042-107%  16.042:1073  kg/mol
T 288 288 K
ar, 0.790 m?/m?
A 0.770 . -
ke 0.304 . m?
€ 107° 107° m
1, 103 PVT Ns/m2
e 1075 PVT Ns/m?
Cy 0.750 . -
n 4 . R
Pamb 3 3 atm

presented in Figure 2.7, inhibits the gas to expand in the radial direction, and an
increase in volume is accounted for only in the vertical direction. This is clearly
seen in Figure 2.8 which presents the position of the front and tail of the bubble
structure. In OLGA the gas occupies a fraction of the pipe cross-sectional area
which is time varying, meaning that when the gas is expanding, it may expand
both vertically and radially. The pressure in the bubble structure at the point with
maximum gas-fraction is presented in Figure 2.9. This pressure is about 7 bar lower
in our model due to the location of the bubble structure, as seen in Figure 2.8.
Figure 2.10 highlights an interesting feature of WDP pressure sensors. The plot
displays how the pressure decreases from 20 min and onwards for our model. At 45
min, the signature of the maximum gas-fraction can be seen. The presented model
has a sharper signature than OLGA due to the triangular shape of the distribution
function, whereas OLGA has a smoother bell-shaped distribution.

From Figure 2.3  Figure 2.5, which are the measurements that usually are
available for the driller, we see that the presented model gives a good match al-
though the position and gas-fraction are not correctly captured. This highlights the
difficulty with determining how the gas is distributed in the well while percolating.
To draw conclusions about the distribution profile, additional pressure readings
along the well is necessary. In the next section we use WDP with an established
method of estimation to determine the holdup profile.
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Figure 2.3: Model tuning. Pressure upstream the choke.
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Figure 2.4: Model tuning. Volumetric flow rate of water.
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Figure 2.5: Model tuning. Pressure at the bottom of the well.

2.4 Application

To demonstrate possible use of the model, we present a gas-kick case where WDP
pressure and temperature readings are used with a model-based estimation scheme
to determine how the gas is distributed while percolating. We have simulated the
same large methane-kick as in the previous section using OLGA. Parameters are
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specified in Table 2.1. In contrast to the model tuning case, we now enable the

temperature

dynamics in the simulations and use the Unscented Kalman filter

(UKF) to estimate the dynamic states, L; and Vg, and slowly-varying parameters,
ay,, kr, mg and \. An introduction to the UKF can be found in Julier and Uhlmann
(2004). In the simulated case, the initial flow rate is 1000 lpm prior to the kick.
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Figure 2.9: Model tuning. Pressure in the bubble structure.
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Figure 2.10: Model tuning. Pressure reading from a pressure sensor at 1551 m TVD.

After the kick is taken, the flow rate is reduced to 400 Ipm and the choke opening
is governed by a PI-controller maintaining constant BHP. I.e., we use the Driller’s
method to circulate out the kick.

Since the temperature is no longer assumed constant, we have to measure it with
the WDP. From the temperature readings we can determine the temperature profile
in the well. The temperature at the bit is 51° C, and at the choke it is 33° C. The
sensors in the WDP are located 220 m apart, starting at 231 m and ending at 1991
m. There are 9 sensors in the well. The standard deviation of the measurement noise
is 0.1 bar for the pressure sensors, and 0.1° C for the temperature sensors. When
starting the UKF, we use the initial values L; (t = 0) = 2059.70 m, Vg (t = 0) = 3.00
m3, ap(t = 0) = 0.50, k.(t = 0) = 0.25 m/s2, g(t = 0) = 600.00 kg and
A(t = 0) = 0.50, where the hat (%) indicates that the values are estimated. When
tuning the UKF, we use the following values for standard deviation for the states
and parameters: Ly, 10~" m; Vg, 1072 m?3; oy, 1073; k., 1075 m/s2; g, 10! kg;
and \, 10~%. These values reflect the anticipated change of the estimated value for
each time step. The water and gas are immiscible, and we assume that we know
that the influx is methane so we can determine M.

Figure 2.11 through Figure 2.14 show that the estimated lengths of the control
volumes and the estimated volume of the gas in the well are converging towards
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Figure 2.11: Estimation — Onshore well. Length of upper control volume.
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Figure 2.12: Estimation — Onshore well. Length bubble structure.

the actual values. We also see that the minimum liquid holdup in Figure 2.15 is
properly estimated. The skewness parameter A in Figure 2.16 is correctly estimated
after 60 minutes, indicating that much of the gas is portioned towards the tail of
the bubble structure. In Figure 2.17 the estimated mass of the gas is diverging
from the actual value. This is expected, due to the low weight of the gas which
only accounts for 0.7 bar of the hydrostatic pressure in the well. The rise velocity
of the tail of the gas bubble is displayed in Figure 2.18. After about 60 min the
estimated value is diverging, but this does not affect the more important estimates
such as lengths and volume. Figure 2.19 presents the pressure reading from a sensor
in the WDP. Since the UKF is correctly estimating the most important states and
parameters, the estimated pressure is close to the actual pressure.

2.5 Discussion

Using first principles modeling, we obtain a simplified model of a gas-kick percolat-
ing up a well. The simplifications made during the modeling process, are done with
estimation in mind. Using the model by itself will produce erroneous results since
the relation between slip and holdup is not considered, and time-varying parame-
ters such as ar, and A are considered constant. However, the model is well suited for
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Figure 2.14: Estimation — Onshore well. Volume of gas in the well.

Liquid hold-up [-]
© o o o o
5 > N » @

T

o
~

o hat
- — -OLGA

0 20

|
40 60 80
Time [min]

Figure 2.15: Estimation — Onshore well. Minimum liquid holdup.

estimation since both important dynamics and parameters are incorporated. The
particularly simple triangular holdup profile provides an explicit expression for the
pressure at any point in the well during circulation. Note that this expression also
provides the correct BHP, ps(L) = ppit, and the correct choke pressure, pg(0) = pe.
The triangular profile is able to encapsulate a realistic gas distribution due to the
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Figure 2.16: Estimation — Onshore well. Skewness parameter.
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Figure 2.18: Estimation — Onshore well. Rise velocity of the tail of the bubble
structure.

skewness parameter A and the minimum liquid holdup «g,. It is possible to use a
smoother profile, but this will result in a more complex model. For immiscible flu-
ids, the gas bubbles will usually gather towards the tail of the bubble structure. If
flashing occurs, this would happen in the front of the bubble structure and increase
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Figure 2.19: Estimation  Onshore well. Pressure reading from a sensor at 1551 m
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the gas fraction in this region. As for the equation of state, (2.18), we have chosen
the modified ideal gas law including the compressibility factor Z. This expression
could be replaced with e.g. a Virial equation of state, as in Duan et al. (1992),
which works for an extensive range of pressure and temperature. It is also possible
to consider pg as a slow-varying constant and use the UKF to estimate it. This is
necessary for high-pressure, high-temperature wells since it is difficult to correctly
capture the behavior of the gas under such conditions. An unwanted side-effect
is that it will be harder for the UKF to estimate the mass of gas. This is due to
the reduction in sensitivity of (2.32) with respect to m¢ when pg is considered
constant.

The simulation results from the comparison with OLGA show that a wrong
initial state caused by incorrect Li(t = 0), A and ag, produce pressure trends
at the choke and at the bit which are almost indistinguishable from the trends
produced by the OLGA simulation. However, the difference is clearly visible from
the WDP pressure readings. By incorporating the WDP measurements in a UKF,
which uses the dynamic model and the measurement equation (2.32), we are able
to determine the time-varying holdup profile. The UKF effectively translates the
complex information in the WDP measurements to a format that is clear and
understandable for the driller, namely volume of gas, location of gas and minimum
liquid holdup. The information can also be presented as an approximated holdup-
profile for the well. The accuracies of the estimated values depend on the number
of available pressure readings. It also improves as the gas expands and passes more
pressure transducers on its way towards the choke.

2.6 Conclusion

The presented model is a simplification of the complex two-phase dynamics which
occur during a gas-kick. Since we focus on capturing the dominant effects using
important parameters, we obtain a simple and compact model. The model lacks
the relation between slip velocity and holdup, and the skewness of the bubble
distribution is assumed constant while actually being time-varying. However, the

37



2. A dynamic model of percolating gas in a wellbore

model successfully facilitates parameter and state estimation. By using a UKF,
we extract information from multiple WDP pressure transducers, as the gas is
percolating, and build a time-varying liquid holdup profile. Simulation of a gas-kick
circulated out of the well using the driller’s method, shows that it is possible to
use noisy WDP pressure readings to successfully estimate the liquid holdup profile.
WDP measurements are necessary to produce timely estimates. Using only BHP
and choke pressure does not provide enough information about the percolating gas.

2.7 Further work

Possible further work is to augment the model to capture the compressibility in the
liquid. This will result in a more realistic propagation of a pressure change. Most
wells have varying casing diameter which should be taken into account and the
friction model should be updated for non-Newtonian fluids such as drilling mud.
Inclined wells should also be modeled.
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Chapter 3

A dynamic model of percolating gas
in an open well-bore

Summary

The two-phase dynamics of a gas-kick percolating up a vertical well, drilled using
a partly evacuated riser, is described by two ordinary differential equations and
algebraic relations. We model the gas as bubbles distributed with a distribution
function along the well. The simplicity of the model makes it well suited for esti-
mation purposes and controller design. We present simulation results where an
unscented Kalman filter is used to estimate the current location of the gas, distri-
bution of the gas, and rise-velocity. These estimates can be used to predict when
the gas will pass the blowout preventer and reach the drilling rig.

3.1 Introduction

Drilling for gas and oil at deep and ultra-deep water depths, 300-1500 m and
1500 m and beyond, respectively, is now a reality. These wells require special care
when being drilled, and can be problematic to drill using conventional methods due
to narrow pressure margins and borehole stability issues (Rocha et al., 2003). In
Sangesland (1998) it is argued for a mud lift pump which can be mounted along the
riser at a water depth of 200-300 m. The method allows for drilling with a partly
evacuated riser and is considered as a solution to the many problem faced in deep-
water drilling. Well control when drilling with a partly evacuated riser is discussed
in Fossli and Sangesland (2004) and Schubert et al. (2006), where the ability to
quickly add a tripping margin, compensating for ECD, and the presence of a riser
margin are mentioned as important benefits. Well control for a partly evacuated
riser is also considered in Falk et al. (2011). Two applications of well control with
the dual-gradient method low riser return system (LRRS) are explained. For a
small kick it is argued that the blowout preventer (BOP) need not to be closed
since the kick can be stopped by increasing the hydrostatic head in the well by
shutting down the subsea mud return pump for a short period and keeping the
rig pump going. With this method the kick can be vented out in the riser. Zhou
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Figure 3.1: Sketch of a low riser return system with control volumes and lengths.

and Nygaard (2011) refines the concept of switched control for pressure regulation
in Zhou et al. (2011) for dual-gradient drilling where the kick detection algorithm
responds to an unwanted increase of the liquid level in the partly evacuated riser.
A shortcoming of the proposed design is the lack of a valid model when there is
gas in the annulus. The percolating gas will expand freely, and subsequently the
level in the riser will increase, triggering new kick alarms. The proposed model in
this article is meant to deal with this problem.

In this paper we start by presenting a general model for the percolating gas in
a dual gradient drilling system. The model is developed for a triangular shaped gas
distribution. Simulation results of an application of the model are shown before
conclusions and suggestions for further work are given.

3.2 Mathematical model

We intend to model a gas kick in a vertical well with a partly evacuated riser
where the mud level is governed by a subsea mud pump (SSMP). The LRRS is
thoroughly described in Fossli and Sangesland (2004) and sketched in Figure 3.1.
The SSMP helps lift the mud from the riser back to the mud pits. At the same
time it affects the mud level in the riser, which makes it well suited for controlling
the hydrostatic head. Depending on the diameter of the riser and the capacity of
the main pump and SSMP, the driller can change the bottomhole pressure within
minutes by manipulating the speed of the pumps. This is beneficial for attenuating
and handling kicks. The usual procedure for circulating out the gas from the well, is
to seal off the annulus by closing the BOP and use a slow circulation rate (400 lpm)
from the main pump. During this operation, the pressure in the well is governed by

40



3.2. Mathematical model

the driller who manually adjusts the opening of a choke located at the BOP. The
driller must carefully control the pressure so that the formation is not fractured or
a new kick is taken. The flow through the choke is routed to a parasite line going
either to the drilling rig or back into the riser. Such an operation leaves the rig
non-productive for several hours. With LRRS the driller can choose not to close
in the well as the gas is percolating, based on the magnitude of the kick. When
the gas burst through the mud surface in the riser, it is allowed to fully expand
into the void before it is vented out. Since the well is not closed in while the gas is
percolating, the driller is not running the risk of fracturing the well. After the kick
has been stopped by increasing the hydrostatic head, the BHP is only varying due
to further changes in hydrostatic head using the pumps, and change in frictional
pressure drop.

To simplify the modeling, we ignore the dynamics of the flow rate through the
bit and simply set this to the main pump flow rate. Considering the fact that
time constants related to percolating gas in the well-bore and transient changes
of liquid flow rate through the bit differ with minutes or even hours, justifies this
simplification. We also consider a pipe instead of an annulus, which has only minor
effects on the results.

Figure 3.1 shows a sketch of the two-phase model which physics we are trying
to capture. We assume that the distribution of gas is given by a function which we
will denote f,. The gas and liquid are assumed to be two separate phases so that
no gas can be dissolved in the liquid.

The well is divided into four control volumes: the volume above the bubble
structure, Vi; the gas in the bubble structure, Vi; the liquid in the bubble structure,
V1; and the volume underneath the bubble structure, V5. The control volumes have
the associated lengths L, Lg, L1, and Lo, respectively, with Lg = L.

Since the model is designed for the time span from the gas-kick is detected to
the gas reaches the mud surface, we consider only the liquid volumetric flow rates
in, guit, and out, gmp, of the well. The change in volume of mud in the well is then
given by

Vi+ Vo + Vi = gbit — qmp (3.1)

where ¢, is the volumetric flow rate out of the SSMP.

The time-derivative of the liquid part of the bubble structure, V4, is dependent
on the choice of liquid holdup distribution function. For further derivation of the
model we will use the average of the liquid holdup asy, which is given by either

Va
LaA,

as, =1 — =1-asqg (3.2)

where agg is the average gas fraction, or by solving the integral

1 La
2 ~
ag, = — falz, -) da. (3.3)
Lg _%

where f,(z, ) € (0, 1] with z € [— LQG, LTC] is some distribution function depending

on the spatial variable z, and possibly other variables. The distribution function
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3. A dynamic model of percolating gas in an open well-bore

also gives the volume of gas in the well

La

Vo = A, /_ (1) ae (3.4)

Lg
2
For later use we define the function f, which is more general as

fu= fa, lz] < LTG (3.5a)
¢ 1, else (3.5Db)
where f,(z, -) € (0, 1] with = € R.

The average liquid holdup relates the area of liquid in the pipe to the total area
of the pipe and also the area of the pipe occupied by gas,

AL = aSLAp (36)
AG = (1 - OzSI‘)Ap (37)
where A is cross sectional area and the subscripts L, G and p denotes liquid, gas

and pipe, respectively.
Since the rate at which Vj, and V; change length is equal, we can write

Lq =1Ly (3.8)
or equally ' '
w  Va
1= Ao (3.9)
Inserting (3.6) and (3.7) into (3.9) and rearranging we get
V= (3.10)
1—oasL

The rise speed of the tail of the bubbles governs the dynamics of V5, which is
Vo =k Ap. (3.11)

The rise speed of the tail of the bubble structure, k,, can be expressed similarly
as in Orell and Rembrand (1986) which use a slightly modified terminal velocity
given by Harmathy (1960)

1
ke = Co L 4 153 {U(’)L;”G)g] ol (3.12)
Ap Pr, k

where o is the surface tension between the liquid and the gas and n is a number
that reflects the hindering effect surrounding bubbles has on the terminal velocity.
Cy is a constant that relates how the flow rate in the well impacts the rise velocity
of the bubbles.

We assume that the pressure in the bubble structure has a single value which
is the pressure at the center of mass, x,, defined by

fm(l—fa) dx:/m(l—fa) do = ZVZ). (3.13)

m
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3.2. Mathematical model

where Z and x¢ denote the position of the tail and front of the gas, respectively. We
choose to evaluate (3.13) in the reference frame of the bubble structure. By this we
mean that z,, =0, T < 0 < x¢f and Lg = ¢ — Z. If the distribution f, is symmetric
around its mean, then xf = LT(“ and T = # We can express the pressure of the
gas in two ways, using either the ideal gas law or a momentum-balance. The ideal

gas law states
mg RT

- 3.14
e VAT (3.14)

where mq is the mass of gas, R the gas constant, 7' the temperature at the middle
of the bubble structure and Mg is the molar mass of the gas. A momentum-balance
gives

xTf
PG = Patm + pr.9L1 + prg / fa dx
Tm

e I—ux
+ PGQ/ (1—fa) do+ MPHC,G + Dric,1 (3.15)
T La
where pp, and pg are the density of the liquid and gas, respectively, and pa¢y is
the atmospheric pressure. pgic.c and pgic,1 are the frictional pressure drop along
the bubble structure and the upper control volume, respectively. They are given

by the Hagen-Poiseuille law

8mucvLevge
DPtric,0V = STRevoCvacy VA2 vaey (3.16)
P

under the assumption of laminar flow. The subscript CV denotes the control volume
and can be substituted with 1,2 and G. p is the viscosity of the liquid/gas.

We assume that the actual distribution profile of the gas fraction, 1 — f,, will
take on a shape resembling a bell curve. Our goal in this paper is to make a simple
model of the percolating gas, and this is achieved by choosing the distribution
function for the gas as a simple symmetrical triangle. The idea of using a bubble
structure with a triangular shape originates from Ohara et al. (2004) and has
proven to be a sufficiently accurate approximation to the bell shaped curve which
the distribution of gas bubbles will usually form. Under this assumption, we write
the function f, for the holdup used in (3.5) as

L
al, ol < 52 (3.17)

A 2(1—&L)
fa—aL+ LC

where qp, is the minimum liquid holdup of the distribution. Since this function is
symmetric around its mean, we can conclude that z,, =0, T = _IQ‘G and zp = LTG
The function is sketched in Figure 3.2. The average holdup is found by solving

(3.3) with (3.17) which gives

1
o1, = J;O‘L. (3.18)

We have chosen ar, as a constant throughout the simulations. However, it is
desirable to express this parameter as a function of the slip between the two phases.
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3. A dynamic model of percolating gas in an open well-bore

Lo Lo
2 2

Figure 3.2: The distribution function (3.5) using f, from (3.17).

Unfortunately, this is difficult with the proposed model due to the lack of distinction
between superficial and in-situ velocity of the phases.
Assuming constant temperature we have that

pa Vo = constant (3.19)

and thus )
paVa +paVa = 0. (3.20)

We proceed by inserting (3.17) into (3.5), and this expression into (3.15) which
gives

1
+ ipriC,G +pfric71~ (321)

+

(1+an)pLgVa mcg>
(1—an)4p Ap

1
PG = Patm + pr.gL1 + B (

Taking the time-derivative of pg gives

. (I+aL)pgVe d[1
= L el . . 3.22
G = pLgla + 2(1—aL)Ap +dt = Pfric,G + Pfric,1 ( )

As the frictional pressure losses are slowly changing we can neglect the last term
n (3.22). Inserting (3.22) into (3.20) and multiplying with A, we get

(A +aL)pgVa

Va Vi
pLIVG 1+< 21— ar)

+pGAp> Vo =0. (3.23)

Inserting (3.10) and (3.11) into (3.1) and rearranging gives

1+ af -
1— Qaf,

V1 + V = @bit — Gmp — krAp. (3.24)

We now have two equations, (3.23) and (3.24), with two unknowns which we can
solve to express the dynamics of V7 and V(. This results in

. (U — kTAP)(Q(l aL)pI gVG + m;[fgfp)
Vi = T A, o G (3.25)
MoV 2(1704‘L)/’L9VG
- —prgVa(u — ki Ap)
Vo = G RTA, Tror (3.26)
MaVe  2(1—an) Pl 9Va
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3.3. Simulation

where the input © = guit — ¢gmp and pg is given by the ideal gas law (3.14). The
dynamics from (3.25) is actually not needed as we can find an explicit expression
for Vi by solving (3.21) for L;. The lengths of the control volumes can be found
according to

= — 2

L= (3.27)
2V
Lg=——— 3.28
G Ap(l — OéL) ( )
Vs

L‘ = —, 2

2= 4 (3.29)

The bottomhole pressure is given by

Va mag
Prit = prgL — P94+
P P

+ Dtric,L (3.30)

where ppic 1, is the total frictional pressure drop along the entire mud column. The
pressure at other locations in the well, e.g. along the drill string, at the BOP or at
the SSMP inlet, are valuable measurements when handling a gas kick. The pressure
trend at such a sensor will disclose when the front and tail of the bubble structure
passes by due to a reduction in hydrostatic head. The distance from the rig floor to
the sensor is denoted with xs. The mud level in the riser is Lje, and the length of
the riser is L,. The distance from the rig floor to the center of mass of the bubble
structure is denoted z,. We define

X = Tg — Tm + LTG (3.31)
which is 0 when the front of the bubble structure reaches the sensor, and Lg when
the tail passes by. The expression for the pressure at a sensor at position xg is
given by (3.32), which is derived from a momentum equation similar to (3.15). The

density of the gas can be found from pg = 7\%’ and the frictional pressure drop is

8muLq
vie(q, L) = .

(3.33)

The SSMP is controlled by setting the rotational speed. We assume that there is
a flow controller governing the pump speed, giving the demanded volumetric flow
from the SSMP (gmp)-

When the front of the gas reaches the mud plane, the model is not valid anymore
and the simulation is terminated.

3.3 Simulation

We use the model to simulate a methane kick at the bottom of the well. The kick is
considered small enough to circulate out without closing the BOP. The simulation
is started with 500 kg of methane occupying 0.6 m? at the bottom of an 8000 m
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Patm + pLg(Llev + 25

a x1 <0 3.32a
+ fvie (qbits Liev + T — : ( )

)
Lr)a
)
L,)

L,
Patm + pLg(Llev +as— L
+ feric (qbits Liev + s

+ pcyg [331(1 —ar)

. L
—sign(a — =)

l—aL
Lg

) (@ — 7)2
1— o,

4

Ps = —

Lc;] + pLg [l“loéL

. Lg.  1—-«
+sign(an — ) (— )@ - 5’

2
1— o,
L
4 G:|a
Patm + pLg(Llev + x5 — Lr)
+ ffri(’, (qbita Llev + Ty — Lr)

_|_

else. (3.32¢)

g
A (Ve —ma),

vertical well. Simulation parameters are given in Table 3.1. We assume that the
kick has been detected, possibly with the method proposed in Zhou and Nygaard
(2011), and that the SSMP has been shut off, as proposed in Falk et al. (2011).
After two minutes the SSMP is started up again, and from Figure 3.3 we see that
the BHP increases with 8 bar due to the increase in hydrostatic head. The mud
level in the riser in Figure 3.4 increases with 47 m in this period. Note that the level
is rising after circulation is resumed. With the proposed kick detection algorithm
in Zhou and Nygaard (2011), new kick alarms would be triggered after completion
of the kick handling routine since their model does not incorporate the effect of
gas expansion. When turning the SSMP back on, the flow rate is simply set to the
same flow rate as from the main pump as seen in Figure 3.5.

We use an unscented Kalman filter, Julier and Uhlmann (2004), to estimate
the states, Vg and V5, and to estimate the parameters, o, and k.. An estimate for
V1 is found by solving (3.21), with the estimates of Vi, a1, and k, inserted, for L.
Measurement of the level in the riser is assumed to be available, and also pressure
sensors at every 300 m starting from the bottom of the well. Note that the mass
of the gas, mq, and its molar mass, Mg, is assumed to be known. These constants
can be found from knowledge about the formation being drilled and the magnitude
of the influx.

Lengths, and estimates of the lengths, of the control volumes are shown in
Figure 3.6 through Figure 3.8. Estimates of the parameters are presented in Figure 3.9
and Figure 3.10. The pressure at the 100 m below the BOP is plotted in Figure 3.11
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Figure 3.3: Controlled bottomhole pressure.
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Figure 3.5: Volumetric flow rates from the pumps. Magnified, but constant for the

remaining period.

which clearly show the front and tail of the bubble structure at 170 min.

3.4 Conclusion

The presented model is a simplification of the complex two-phase dynamics which
occur during a gas-kick. We focus on capturing the qualitative behavior during
such an event to gain insight to what is happening in the well. Using an unscented
Kalman filter with the model, we estimate the dynamic states and two parameters
and successfully determine the position of the bubble structure and its length. This
information is useful for the driller, who must consider whether to close the BOP
or vent the gas out into the riser.
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Figure 3.9: Liquid holdup.
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Figure 3.11: Pressure 100 m below the BOP.
Table 3.1

Parameter Value Unit

IL 1700 kg/m?

o 75.64-1073  N/m

Depth of well (TVD) 8000 m

Distance from seabed to bottomhole 5000 m

Length of riser 3000 m

D 0.33 m

(bit 2000 1/min

ma 500 kg

Mg, 16.042:107%  kg/mol

T 288 K

o, 0.5 m?/m?

i 40-1073 Pa s

Co 0.75 -

n 4 -

Pamb 1 atm
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3.5 Further work

Possible further work is to augment the model to capture the compressibility in
the liquid. Most wells have varying casing diameter which should be accounted for,
and the friction model should be updated for non-Newtonian fluids such as mud.
Inclined wells should also be modeled. Combining this model with the work in
Zhou and Nygaard (2011) could result in a more robust kick detection algorithm. A
time-varying liquid holdup, possibly dependent on the slip velocities of the different
phases, would improve the model. The bursting of the gas when reaching the mud
plane could also be modeled, but we consider this as less important.
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Chapter 4

A novel model-based scheme for kick
and loss mitigation during drilling

Summary

A model-based in-/out-flux detection scheme for managed pressure drilling is pre-
sented. We apply a globally exponentially stable adaptive observer which estimates
the unknown states and parameters of the hydraulic system and in particular
quantifies the magnitude of the in-/out-flux and its location in the well. While
the observer can be used purely as an in-/out-flux detection system, the paper also
presents a simple controller that automatically and effectively stops an in-/out-flux.
This novel control scheme departs from common practice for automatic managed
pressure drilling, which is to regulate down-hole pressure to some predetermined
set point. Experimental results and realistic simulations with a state-of-the-art
simulator are provided to show the effectiveness of the method.

4.1 Introduction

Drilling with narrow pressure margins at greater depths increases the risk of un-
planned events such as unwanted in-flux (kick) or out-flux (loss/lost circulation). In
addition to posing an environmental threat and causing monetary loss, such events
compromise the safety of the personnel on the rig. In some cases the integrity of
the wellbore is also weakened.

The Macondo incident represents the worst-case scenario of the consequences
of a blowout. In the aftermath of the accident, the report to the President of the
USA Graham et al. (2011) highlighted the need for automatic systems aiding the
drilling crew in making the right decisions during critical events. In both onshore
and offshore transportation pipelines it is common that governments have legislated
for leak detection systems. The regulations vary between countries as pointed out in
Geiger and Werner (2003), but often include an internally based system. Internally
based systems use field measurements combined with, for instance, some kind of
line balance to infer the occurrence of a leak. Externally based systems, on the other
hand, trigger an alarm based on sensors located close to the leakage point. As the
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4. A novel model-based scheme for kick and loss mitigation during drilling

externally based systems are costly and can be complex to install, an internally
based method often turns out to be the only realistic option. This is also the case
for drilling. Even with wired drill pipe (WDP), there is still a need for a hydraulic
model, as emphasized in Gravdal et al. (2010).

Localization of the in-/out-flux is important when drilling extended open sec-
tions. It is also important to locate an in-/out-flux caused by a perforated casing
since this implies that a safety barrier is lost. The special case when there is a leak
from the drillstring to the annulus, caused either by a twist-off or imperfections in
the joint-sealings, is not treated in this paper. Such a leakage from the drillstring
would cause a drop in the pressure downstream the main pump while the difference
in flow rate in and out would be unchanged.

This paper will focus on model-based in-/out-flux quantification, localization
and mitigation. Our scheme is based on an adaptive observer for a managed pres-
sure drilling (MPD) hydraulic system. The adaptive observer reacts to the change
in frictional pressure drop downstream the point of the loss and gives away the
position of the leak. The adaptive observer is used with results from a small scale
experimental rig for verification of the detection and localization method. We also
use the adaptive observer with a controller which is able to stop an in-/out-flux.
Realistic scenarios with the controller are simulated using OLGA!.

An early example of model-based leak detection can be found in Billmann and
Tsermann (1987) where a correlation technique is used to detect, quantify and lo-
cate the leak. Using the water hammer equations based on a collocation method, a
model-based leak detection scheme using an extended Kalman filter is implemented
in Torres et al. (2008). In Torres et al. (2009), it is shown that multiple leaks in a
pipeline can be detected if the system is sufficiently excited through the boundary
conditions. Leaks in open water channels are covered in Bedjaoui et al. (2009) where
the Saint-Venant equations are used in both an observer and in a bank of models.
For both cases, the position is determined by minimizing a quadratic cost function
containing measurements from the plant and observers. In Bedjaoui and Weyer
(2011), three off-line leak localization methods for leaks in open water channels
are compared and an on-line leak detection algorithm is proposed. Both articles
include experimental data. The work of Aamo et al. (2006) covers a PDE-observer
which is able to adapt to the friction of a horizontal pipeline before quantifying and
locating a leak. The observer uses non-reflective boundaries for robustness to initial
conditions. In Hauge et al. (2007) the observer is modified with adaption of a pres-
sure dependent leak and tested during transients. Since the leak quantification and
localization is only dependent on measurements from the boundaries, a commercial
computational fluid dynamics simulator can be proven to work as an observer in
Hauge et al. (2009). By inspecting the trends of annular discharge pressure and
stand pipe pressure, Reitsma (2010) distinguishes between unplanned events such
as kick, loss, wash-out and plugging of drillstring. The method is simple and has
proven effective through experiments, but cannot point out the location of the in-
Jout-flux. The model used in this paper is also used in Zhou et al. (2011) for gas
kick detection and mitigation. The concept of switched control of the bottomhole

LOLGA is a multi-phase flow simulator commercialized by SPT Group. It is frequently used
for dynamic flow simulations in the oil and gas industry.
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Mud pump
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Figure 4.1: Schematic of a managed pressured drilling system.

pressure is presented. An MPD system is considered where a controller manipulat-
ing the choke and back-pressure pump switches between a combination of pressure
and flow control when there is no in-flux and pure flow control when a kick is
detected. The controller designed in this article is a pure flow controller and does
not rely upon switching.

The rest of this paper is organized in the following manner. In Section 4.2 the
mathematical model of the hydraulics of the well is presented. Section 4.3 cov-
ers the observer design and is followed by the controller design in Section 4.4. In
Section 4.5 we explain how we determine physical parameters for the experimen-
tal rig and the simulations. The experimental setup and the experimental results
are then presented in Section 4.6 and Section 4.7. Similarly, the simulation setup
and simulation results are presented in Section 4.8 and Section 4.9. Results are
discussed in Section 4.10, and finally, conclusions are given in Section 4.11.

4.2 Mathematical model

We now present the model for the hydraulics of the MPD system. A thorough
derivation of the model can be found in Kaasa et al. (2011) together with results
where it is used as an adaptive observer with field data as input. The model has
also been used in Stamnes et al. (2008), Zhou et al. (2011) and Godhavn et al.
(2011) for estimation of bottomhole pressure, kick mitigation and pressure control,
respectively. Figure 4.1 shows the hydraulic system with measurements. The model
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is
. B
Pp =7d(qp — Qbit ) (4.1)
d
.c =— it — (e x ) 4.2
Pe Va(qbf e + Gx) (4.2)
. 1
gbit :M[pp — Pc — F(l(Qp)QpLd - Fa(‘]p)qu - Fa(Qc)Qc(La - 1')
— (pa — pa)ghtvp]; (4.3)

ge =kcuesign(pe — po)v/|[pe — pol,
Gx :kPI(pres - px)7 (45)

where ¢, ¢c, and gpi¢ are volumetric flow rates from the main pump, through the
choke, and through the bit, respectively. p, and p, are the pressures downstream
the pump and upstream the choke, respectively. The choke equation (4.4) is similar
to that in Merritt (1967). k. is a lumped constant related to the valve characteristic,
u. € [0, 1] is the opening of the choke and pg is the pressure downstream of the
choke. Fy(q) and F,(q) are time-varying frictional pressure drop coefficients for the
drillstring and annulus, respectively. The subscripts a and d denote the control
volumes annulus and drillstring, respectively. L is the measured depth (MD), i.e.
length, g the effective bulk-modulus, and V' the volume. The density p can be
different in the drillstring and annulus due to different pressure profiles and the
presence of cuttings in the annulus. The gravitational constant is g, and the true
vertical depth (TVD) of the bit is given by hryp2. M is a mass-like property given
by

_ ded paLa

—_— 4.
Ad * Aa ’ ( 6)

M

where Ay and A, are the cross-sectional areas of the drillstring and annulus, re-
spectively. « € [0, L,] is the location of an in-/out-flux and ¢, is the volumetric
flow rate of the in-/out-flux, which we assume is a linear function of the differ-
ence between pressure in the formation and pressure in the wellbore at the point
of the in-/out-flux, given by pes and py, respectively. The productivity index is
represented by the positive constant kpy. The formation pressure, pes, is assumed
constant, and it is assumed that the in-/out-flux does not influence density in the
well. The measured signals are

Y= [pp pc]T
Since p. is measured, the nonlinearity introduced by the choke in (4.4) can be
removed, as in Godhavn et al. (2011), by letting

_ de,ref
kesign(pe — po)y/Ipe — pol

2TVD relates to the hydrostatic head as opposed to MD which refers to the actual length of
the well.

(4.7)

Ue
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where ¢c e is the volumetric flow rate reference for the choke. Assuming that the
choke is sufficiently fast, and p. > py, we achieve ¢. = qc ref, and we may view g
as an input in (4.2). Thus we define the available inputs

_ |:Qp:| _ [ p
u= = .
qc kCuCSIgn(pC —po) ‘pc —P0|

We treat identification of parameters such as friction factors and bulk-moduli in
Section 4.5. The notation is described in the nomenclature in Appendix 4.C.

4.3 Observer design

In this section we adopt an adaptive observer from Zhang (2002), which apply to
systems in the form

w-.
—~
o~
~
I

Az(t) + B(u, t)u(t) + U (u, t)0(t), (4.8a)

System (4.1)—(4.3) can be written in this form by defining 2z = [p, pe quic] ', 0 =

[gx zw] ", with w = (pa — pa)ghTvD,
B
0 0 —ﬁv—j
1 _ 1 0
M M
B
£
B(u,t) = 0 A , (4.10)
_Fd(‘Jp)Ld _FB(QC)La
M M
1 0 0
o) 0 s
and
0 0 0
U(u,t) = | g 0 0 1. (4.12)
O _FaJE;P)qp _|_ Fa]\(jc)qc _ﬁ

In order to use results from Zhang (2002) we have to verify that the assumptions
stated therein are fulfilled. The assumptions are recapitulated in Appendix 4.A.
Assumption 1 is satisfied by the fact that the matrix pair (A, C) is observable, so
that there exists a matrix K (which is constant in our case, since A and C' are)
such that A — KC is Hurwitz. Such a K can be found by pole-placement or as
the Kalman gain, for instance. Assumption 2 requires that W(u,t) be persistently
exciting, which is the case when ¢, — g. is persistently exciting. In other words,
there must be a difference in flow rate in and flow rate out, which is the case when
there is an in-/out-flux. In view of these considerations, the following result follows
from Zhang (2002).
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Theorem 4.1. Consider the adaptive observer

T(t)=[A—- KC|Y(t) + U(u,t), (4.13a)
A(t) = A2(t) + B(u, t)u(t) + U(u, t)0(t)

+ [K+ Y)Y ()CTE][y(t) — C2(1)], (4.13b)
0(t) = DY T ()CS[y(t) — C2(1)], (4.13¢)

where I' and X are symmetric, positive definite matrices and K is selected such that
A — KC is Hurwitz. If q, — q. is persistently exciting, then the errors 2(t) — z(t)
and é(t) — 6(t) tend to zero exponentially fast when t — oo.

4.4 Controller design

In case of an in-/out-flux, we would like to use the choke to mitigate the loss or gain
as quickly as possible. This can be achieved by implementing a flow controller ma-
nipulating the choke. Our controller design is motivated by the following analysis.
Combining (4.2) and (4.4) gives

. B .
pe = 37 (gviv — Keuesign(pe — po)V/[pe = pol + ax) (4.14)
a
which has a stable origin when u. > 0. The steady state-solution of (4.14) has to
satisfy gc = guit + ¢x- From Theorem 4.1 we have that gniy — gpiy and ¢x — gx. For
asymptotic analysis, consider the control law

Qe = Qvit — k10x (4.15)

where the positive constant k; can be used to tune the responsiveness in case of
an in-/out-flux. Inserting (4.15) into (4.14) yields

_ B

. (k1 + 1)gx. (4.16)

De

The steady-state solution would now require g, = 0, which proves that the control
law will mitigate the in-/out-flux. We now analyze the dynamics of (4.5) with the
implementable version of the control law

abit — K1dx

U = —— , (4.17)
kesign(pe — po)/[pe — pol
which gives the desired flow-rate
ge = Qoit — k1dx (4.18)
through the choke. Taking the time-derivative of (4.5) gives
o . L Ba
Gx = —kp1(Pres — Px) = —kp1— (qbit — ¢c + ) (4.19)

Va
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where we have used px =~ P, neglecting any dynamics of the gravitational and
frictional pressure losses. Substituting (4.18) into (4.19), yields

Gx = _kPI%(Qbit — it + k1dx + x)- (4.20)
a

Inserting Gx = gx — ¢x and using Guit = gnit — Gbit gives

G = _kPI%(kJI +1)gx — kpl%@bit — k1dx). (4.21)

The unforced system ¢, = —kpy%(kl + 1)gx has a globally exponentially stable
origin. Since the exogenous signalsa(jbit and ¢, decay exponentially to zero, we can
conclude that the origin of (4.21) is globally exponentially stable (GES). Note that
(4.21) has similar structure as the error dynamics of the pressure tracking controller
in Godhavn et al. (2011) which is thoroughly tested for industrial use. However,
our controller is different since it is a pure flow controller and does not rely on
estimates of the down-hole pressure.

4.5 System Identification

There are many parameters that must be identified for the observer and control law
to work correctly. In this section we treat how these parameters can be identified
prior to use of the observer and controller.

The localization algorithm is highly sensitive to the friction parameters in the
drillstring and annulus because it is the frictional pressure drop that gives away
the position of the loss. There are many formulas available for computation of the
friction factor, and they often include terms such as viscosity, roughness and fluid
velocity, which can be hard to quantify. The vast amount of research carried out
within the field of friction flow modeling is reflected in Brkic (2011), and references
therein, which compares 21 explicit expressions for the Colebrook relation for flow
friction.

Instead of introducing an expression for the friction factor, we assume that it
is possible to measure the frictional pressure drop in the drillstring and annulus
at different flow rates. This is possible when the bottomhole pressure is measured.
Some drilling rigs are equipped with a wired drill pipe, where measurements from
the bit are sent electronically through a wire in the drillstring, but mud pulse
telemetry is more commonly used. When adding stands to the drillstring, the flow
rate from the main pump is ramped down and then up again, and the frictional
pressure drop can be recorded in this period. The measured frictional pressure
losses can be used to compute the friction functions Fy(q) and F,(q). Note that we
do not assume that the bottomhole pressure is available when detecting, locating
or stopping an in-/out-flux.

In the following sub-sections, we clarify how unknown parameters are deter-
mined prior to an in-/out-flux for the experiments and simulations.
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Figure 4.2: Quadratic fit of the pressure drop.

4.5.1 Experiment — Friction

From the experimental data we have a set of time-averaged steady state mea-
surements of the frictional pressure loss for increasing flow-rate which we fit to a
quadratic function. The resulting functions, after dividing by ¢, are

Galq| +ba + 2 ifq#0
Fy(q) = {Oa T e (4.22)
. aalgl +ba+ < ifqg#0
Fi(q) = { 0 T e (4.23)

where the superscript e is used to denote experiment. Plots of data points for the
frictional pressure drop per meter, which corresponds to Ff(q)q and F$(q)q, and
the quadratic fits can be seen in Figure 4.2.

4.5.2 Experiment — Bulk-moduli

The bulk-moduli 84 and B, are pressure dependent and vary for each experiment.
There is not enough persistency of excitation in the experimental data set to use
recursive least-square methods to find the bulk-moduli. We determine them by try-
ing a range of values with the available data set and choosing the ones which makes
the observer reproduce the dynamics of the rig. We assume that they are linear
functions of the reference pressure upstream the choke, pc rer. They are computed
in the following way.

5a(pc,ref) :12~5pc,ref + 7.5 (4-24)
ﬂ(l(pc,ref) :2ﬂa (425)
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where p¢ ref is given in barg. The unusually low bulk-moduli are a result of the
flexibility of the PVC pipes and possibly trapped gas. Note that we fix the bulk-
moduli to these values before starting the observer, i.e. they are not time-varying
during a particular experiment.

4.5.3 Experiment — Difference in hydrostatic head

The estimate of the difference in hydrostatic head in the drillstring and annulus, w,
is only active prior to starting quantification of the loss. This is because it would
interfere with the estimate of the position of the in-/out-flux if left active for the
remaining period. The estimate of the hydrostatic pressure, w0, is set to the mean of
w during the 10 seconds before being deactivated. When deactivating, we assume
that the magnitude of the influx to the wellbore is such that the effect on the
density in the annulus is negligible. This assumption is justified when there is a
loss.

4.5.4 Simulation — Friction

From the simulation data we have a time-series of the frictional pressure drop when
slowly ramping up the flow-rate from the main pump. We use this data to make
the look-up tables Fl(q) and F}(q) and the following friction functions

F3(q) = Fy(a)lg| (4.26)
Fi(g) = Fi(a)lq| (4.27)

where the superscript s is used to denote simulation. The value for k. is also found
during this process.

4.5.5 Simulation — Bulk-moduli

Since the simulation is carried out with water and there are no compressibility
effects due to flexible piping, the bulk-moduli are simply set to the nominal value
for water.

4.5.6 Simulation — Difference in hydrostatic head

As for the experiments, the estimate of the difference in hydrostatic head in the
drillstring and annulus, w, is only active prior to starting the quantification of the
loss. Due to noise, w is set to the mean of @ during the 40 seconds before being
deactivated. When deactivating, we assume that the magnitude of the in-flux to
the wellbore is such that the effect on the density in the annulus is negligible. This
assumption is justified when the proposed controller is active.

4.6 Experimental setup

The rig is located at the University of Stavanger and is a small scale replica of
the hydraulics of a well drilled using MPD. A schematic of the rig is depicted in
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Figure 4.3: Schematic of the experimental rig.

Figure 4.3. Details on the rig are documented in Norwegian in Torsvik (2011), but
we provide a short recapitulation for sake of the reader. The rig is made up by
transparent PVC pipe sections with an inner diameter of 36 mm which are fitted
and glued together with joints. A scaffold serves as framework for the pipes, instru-
ments, chokes and valves, and the annulus part® of the rig encircles the scaffold in
a helix-like fashion. The pump is seated on the floor, while the chokes are sitting
on top of the scaffold. To elongate the drillstring-part of the rig, the piping going
from the pump is directed over the top of the scaffold and down to the floor before
it is joined with the annuls. There is a choke at the top of the scaffold, and after
passing through the choke the flow is directed back to a tank through a return line.
The tank, in turn, feeds the pump with water. The length of the piping that makes
up the annulus is approximately 58.0 m, while the drillstring is about 13.2 m. The
height difference from the start of the annulus to the choke is about 4.0 meters
which results in an effective inclination of about 4 degrees. There are multiple 90
degrees bends along the drillstring, and especially many in the annulus (30). The
reduction of the momentum of the fluid due to these bends, accounts for an un-
known portion of the pressure drop. They also impose a spatially varying pressure
drop. This spatially dependency is not captured by the function F,(q). However,
the pressure drop is accounted for. The rig is equipped with pressure transmitters
and a flow meter as shown in Figure 4.3. Table 4.1 presents the distances and height
differences between the pressure sensors. The rig has two loss-modules. Loss A is

3To ease the notation, we will denote this part of the piping annulus, even though it actually
is a pipe.
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Table 4.1: Distance/elevation between pressure sensors [m]|. Approximate values.

PT204 PT103 PT202  PT203
PT101 6.0/45 13.2/0.5 71.2/4.5 72.2/4.5

PT204 - 7.2/4.0 65.2/0.0 66.2/0.0
PT103 - - 58.0/4.0  59.0/4.0
PT202 - - - 1.0/0.0

Table 4.2: Values of parameters used in the experiments.

Parameter Value Unit
Pa 1.0000-10°  kg/m?
Pd 1.0000-10°  kg/m?
Lq 1.3200-10* m
L, 5.8000-10" m
hTVD 40000100 m
D 3.6000-102 m
Do 1.0325 bara
M 6.9950-102  kg/m?

located at the upper part of the annulus, 46.5 m from PT103; Loss B is located at
the lower part of the annulus, 14.5 m from PT103. A controlled on/off valve and
a manual valve make up a loss module which taps into the pipe. The on/off valves
require 10 seconds to fully open or close. The loss rate depends on the pressure
difference over the manual valve and its opening. No measurements of the loss rates
are available so we use the difference ¢. — ¢, as a replacement for g;. The values
for the rig parameters used in the simulations are presented in Table 4.2 where D
is the inner diameter of the pipe.

The control law cannot be tested with the rig since the loss is not possible to
stop by manipulating the choke opening. This is due to the “reservoir” pressure at
the rig being atmospheric, which means that the differential pressure at the leak
location only can be driven to zero by draining the pipe. Instead, the control law
is tested with a state-of-the-art simulator in Section 4.9.

4.7 Experimental Results

A range of 29 loss experiments have been conducted with the rig. 15 of type Loss A
and 14 of type Loss B. In the following section the results from using the observer
with these data-sets are presented. The majority of the losses are of a magnitude
between one and two percent of the flow rate from the pump. The flow rates from
the pump vary from 48-107 lpm, and the pressure at the bit from 0.7-2.8 barg.

After 38 s, the estimation of in-/out-flux rate is activated, and the position
estimate is not activated before the magnitude of the estimated in-/out-flux is
greater than 0.2 lpm. The on/off valve starts to open at 40 seconds and starts to
close at 100 seconds. Opening/closing duration is 10 seconds. Tuning parameters
for the observer are found in the Appendix.
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Figure 4.4: Experimental results. State estimates.

The mean values plotted in Figure 4.8 through Figure 4.10, are computed in
the time interval 60 99 s.

Figure 4.4 through Figure 4.6 illustrate the typical behavior of the observer in
case of a loss. The observer states quickly converge to the actual pressures and flow
rate during the ramping-up phase. gp; is compared to qc, since gp;t, is not measured.
The loss rate is correctly estimated, while the position estimate indicates that the
loss is in the lower part of the annulus. The variation of the convergence rates of
the position estimates over the series of experiments are depicted in Figure 4.7. The
convergence rate depends on the magnitude of the loss. The greater the loss rate,
the quicker the observer locates it. In Figure 4.8 the loss rate is plotted against
the pressure at the bit. The opening of the manual valve in the loss-module, has
been kept constant through some of the experiments. From Figure 4.8 a vague
trend is seen for some of the uppermost data points, which indicate that the loss
rate is increasing with increasing bottomhole pressure. It can also be seen that
the observer is able to correctly estimate the loss rate, even for small magnitude
losses. In Figure 4.9 the loss position is plotted on the y-axis and flow rate through
the choke on the x-axis. For Loss A, all, except two, estimated positions are in
the upper part of the annulus. From Figure 4.10 we see that the two losses which
are estimated to be at approximately 10 and 3 m are of small magnitude, actually
less than one percent of the pump flow rate. For the Loss B losses, the estimated
positions are all below 16 m.

4.8 Simulation setup

To test the control law we simulate the well hydraulics using OLGA. OLGA cap-
tures pressure pulses and compressibility of the liquid due to the pressure (and
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Figure 4.6: Experimental results. Parameter estimates.

temperature?) dependent density. These effects are significant for the well we are
simulating. The (true) vertical depth of the well is 1500 m (TVD). The length
(measured depth) of the wellbore is 2800 m (MD). The profile of the well is pre-
sented in Figure 4.11. The values for the parameters used in the simulation are
presented in Table 4.3 where Dy; is the inner diameter of the drillstring, Dy, is the

4We carry out isothermal simulations with a fluid temperature of 15°C.
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Figure 4.8: Experimental results. Loss rate versus pressure at the bit.

outer diameter of the drillstring, which is also the inner diameter of the annulus,
and D, is the outer diameter of the annulus. Note that we have added 25 m to the
length of the annulus and drillstring to compensate for the additional length of the
hose from the pump to the inlet of the drillstring and the outlet of the annulus to
the choke. The volumetric flow rate from the main pump is 2000 lpm, which is a
commonly used flow rate during managed pressure drilling. OLGA uses the same
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The green lines are the mean + standard deviation, and the black stippled line is
the median.
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Figure 4.11: Profile of the well geometry.

Table 4.3: Values of parameters used in the simulation.

Parameter Value Unit
Pa 1.0073-103 kg/m?
Pd 1.0046-103 kg/m?3
Lq 2.8250-10° m
L, 2.8250-103 m
hTVD 1.500()'103 m
x 1.5000-102 m
Dgi 8.8000-102 m
Dgo 1.0000-10~1 m
D, 2.0000-10~! m
Ba 2.0000-10% bara
Ba 2.0000-10% bara
Po 3.0397 bara
M 5.8437-103 kg/m*
kq 1.0000-10~* -
kp1 5.0000-1072  m3/(s bar)
Pres 1.9600-102 bara

model for the flow rate from the reservoir as in (4.5).

4.9 Simulation results

After 120 s, the estimation of in-/out-flux rate is activated, and the position esti-
mate is not activated before the magnitude of the estimated in-/out-flux is greater
than 5 lpm. When an in-/out-flux is detected by the observer, the driller has to
verify whether this is correct. To emulate this effect, the controller is activated 60
seconds after detection of the in-/out-flux. In the simulation, a fluid kick enters the
wellbore 150 meters downstream the bit after 180 seconds. A measurement noise
with a standard deviation of 0.1 bar is added to the measured pressures p, and
pe. The flow rate from the main pump is varied with a standard deviation of 6.9
lpm to emulate the effect of an unsteady pump rate. The tuning parameters for
the observer are found in Appendix 4.B.

In Figure 4.13, note that the mean of the position estimate is about 50 m
upstream of the actual kick. This is due to a model error which most likely is
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Figure 4.12: Simulation results. State estimates. Single kick.

caused by the simplifications of the frictional pressure drop functions, F} and F}.
We assume that the frictional pressure drop per unit length, at a given flow rate,
is the same throughout the well. This is not the case since the density in the well is
pressure dependent, and the real friction function depends upon density (and other
spatially varying parameters). Subsequently, the actual frictional pressure drop per
unit length, at a given flow rate, varies along the well.

Figure 4.12, Figure 4.13 and Figure 4.14 present the state estimates, parameter
estimates, and the choke opening in the case where the kick is stopped, respectively.
During the 60 seconds before the controller is activated, the location of the kick is
pointed out by the observer, with an error which is about 1.7 percent of the total
length of the well. The slightly oscillating choke opening causes some in-/outflow
to/from the well. However, the kick is effectively stopped.

Figure 4.15 through Figure 4.17 show the results from a simulation where we
drill into a reservoir with higher pressure than anticipated. The parameter estimates
are active for the entire simulation period and the controller is first turned on after
the parameter estimates have settled. After 180 s a kick is encountered, after 280
s the reservoir pressure gradually increases until 400 s, and at 401 s the reservoir
pressure gradually drops with 3 bar until 410 s. This simulation demonstrates how
the controller quickly mitigates the initial in-/out-flux and balances the flow in and
out of the well without any interference from the driller.

4.10 Discussion
Localization of an in-/out-flux in a well based on pressure and flow rate measure-

ments is inherently difficult due to the sensitivities of the frictional pressure drop to
the flow rates and location of the in-/out-flux. The frictional pressure drop is highly
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Figure 4.13: Simulation results. Parameter estimates. Single kick.
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Figure 4.14: Simulation results. Choke opening. Single kick.

sensitive to the flow rate and insensitive to the location, which is the opposite of
what we want. Accurate measurements are consequently crucial.

Correct modeling of the frictional pressure drop is difficult, especially for non-
Newtonian fluids such as drilling mud. Although experiments and simulations have
been carried out with water, which is Newtonian, the method of recording the
pressure drop for a range of flow rates can still be carried out for drilling mud.
However, one must be aware of gelling, sagging and thixotropic effects during tran-
sients which will corrupt the estimates from the observer.

Due to noise and imperfect friction models, there is a slight error margin related
to the position estimates. However, with the OLGA simulation the error is about
1.7 percent of the total length of the well. If the in-/out-flux is not too close to
the transition between casing and open-hole, it should be possible to distinguish
between a perforated casing and an in-/out-flux from/to the formation. From the
experimental results, no exact threshold for the magnitude of the loss rate which
produces trustworthy position estimates can be seen. But when the loss rate exceeds
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Figure 4.16: Simulation results. Parameter

estimates. Multiple kicks.

one percent of the flow rate from the pump, 24 of the 27 position estimates are
reasonably close to the correct value.

With the proposed observer we are able to prove exponential convergence of the
state and parameter estimates. Convergence of the parameter estimates is ensured
under a reasonable PE requirement, namely that there must be an in-/out-flux. The
proposed controller is proven to render the origin of the reservoir-flow dynamics

The decision to trade-off localization for mitigation, and vice versa, is a decision
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Figure 4.17: Simulation results. Choke opening. Multiple kicks.

for the crew at the drill-rig as it depends on factors such as magnitude of the in-
Jout-flux, anticipated formation pressure, length of the open-hole, among others.

Before drilling into a reservoir, the controller can be activated. And if an in-
/out-flux is encountered the controller manages to mitigate it and balance the flow
in and out of the well. If there is no contact with the reservoir while drilling and the
controller is active, the choke opening, and subsequently the pressure in the well,
will drift. This is because the control law considers only flow rates and not any
pressures. However, an in-/out-flux connects the pressure in the wellbore to the
reservoir, and stopping the in-/out-flux implies equalizing the reservoir pressure
and the pressure in the wellbore at that point. This effectively keeps the pressure
in the wellbore steady.

We test the control law with an external simulator with dynamics and effects
which are not considered in the control design. Time-delay of the pressure propa-
gation, pressure dependent density, and inaccurate flow-rate from the choke with
respect to the flow-rate determined by the controller, are examples of this. Yet,
the controller is able to mitigate the in-/out-flux, demonstrating robustness with
respect to the aforementioned model uncertainties.

In Zhang (2002), it is shown that the expected values of the estimates from the
observer will converge exponentially to the actual values assuming additive and
bounded noise. The proof is valid only if the noise is independent of the matrices A,
C, K, X, T and ¥, and have zero mean. In our simulation case we add independent
noise with zero mean to the measurements, thus we can still guarantee exponential
convergence of the expected values of our estimates. For the experimental data, the
measurement noise is in fact negligible. Seemingly random variations of the pump
pressure are caused by the cyclic flow rate from the piston pump.

If the pressure in the loss zone, pes, is such that the out-flux cannot be stopped
by fully opening the choke, the flow rate from the pump must be decreased to
alleviate the pressure in the wellbore. Similarly, if there is an in-flux that cannot
be stopped by closing the choke, the flow rate from the pump must be increased.
Our work has not covered these eventualities, but GES of (4.21) provides a useful
result. Since we have an estimate of gyi¢, and noting that gni ~ ¢, after transients,
manually changing the flow rate from the pump when the choke saturates will not
lead to an unstable controller.
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4.11 Conclusions and further work

Due to the lack of instrumentation down-hole, a model-based in-/out-flux detec-
tion scheme is necessary for the hydraulic MPD system. The proposed globally
exponentially stable adaptive observer is capable of quantifying and locating an
in-/out-flux greater than one percent of the flow rate from the pump with reason-
able precision. This is verified with both experimental and simulation results. To
locate the in-/out-flux, the persistency of excitation requirement is that there is a
difference in flow rate in and out of the well.

We design a control law for the choke which is proved to give a globally expo-
nentially stable origin of the in-/out-flux dynamics when the system is not noise
corrupted. When adding noise, we can guarantee that the expected values of the
estimated states and parameters will converge exponentially to the actual values.

Further work will include estimation of the reservoir pressure and the produc-
tion index while noting that increasing the number of estimated parameters calls
for a more persistently exciting regressor. It would be interesting to discuss the
controller’s ability to deal with uncertainties. Another issue to address is the pos-
sibility for the choke to saturate. Coordinated control of the main pump is needed
to avoid this. Unwanted fluctuation of the choke opening with the proposed con-
trol law could possibly be dampened by filtering. However, this would call for a
new stability analysis. Modification of the rig which would allow for testing of the
control law would also be of great interest.
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4.A Assumptions from Zhang (2002)

In the following the notation n, m and p are the number of states, measurements
and parameters, respectively.

Assumption 1. Assume that the matrix pair (A(t), C(t)) in system (4.8) is such
that there exists a bounded matrix K (¢) € R™ x R™ so that the system

1(t) = [A(t) — K(#)C@)]n(t) (4.28)
is exponentially stable.

Assumption 2. Let T(¢t) € R™ x R™ be a matrix of signals generated by the
ordinary differential equation (ODE) system

T(t) = [A(t) — K(t)C(t)]Y(t) + (t). (4.29)

Assume that U(t) is persistently exciting, so that there exist positive constants «,
B, T and some bounded symmetric positive-definite matrix %(¢) € R™ x R™ such
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that, for all ¢, the following inequalities hold

ol < / T TSmO () dr < I (4.30)

4.B Tuning

For the adaptive observer used with the experimental data, we use the gains
I' = diag(5-107%4-10°8-1072), K is found as the Kalman gain using the covariance
matrix for the measurements, and X is a scaled version of the inverse of the covari-
ance matrix for the measurements. The covariance matrix for the measurements
is computed for each experiment during a 19 second period prior to the loss when
the pressures are steady.

For the adaptive observer used with the OLGA simulations, we use the gains

5.2757-10"* 1.5148-107°

Y= 115148105 9.5569 - 10—4| "
103 0 0
r=4(0 10 0|,

0 0 102

and K is found as the Kalman gain using the covariance matrix for the measure-
ments, and X is a scaled version of the inverse of the covariance matrix for the
measurements.
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4.C Nomenclature

Table 4.4: Nomenclature.

Variable Description Unit

Ba Bulk modulus for the annulus bara

Ba Bulk modulus for the drillstring bara

F, Friction function for the annulus (bar s)/m*
Fy Friction function for the drillstring (bar s)/m*
g Acceleration due to gravity m /s>
hrvp Vertival distance from drill-bit to rig floor m

kpi Production index from reservoir m?/(bar s)
Lg Lenght of the drillstring m

L, Lenght of the annulus m

M Mass-like constant 10~5kg/m*
De Choke pressure bara

Do Ambient pressure bara

Dp Pump pressure bara

Pres Reservoir pressure bara

Px Pressure in wellbore at = bara

Obit Flow-rate through the bit m3 /s

Qe Flow-rate through the choke m? /s

Qe ref Reference flow-rate for the controller m? /s

@b Flow-rate from the pump m3 /s

x Rate of in-/out-flux m3 /s

Pa Density of the fluid in the annulus 10~°kg/m3
Pd Density of the fluid in the drillstring 10~°kg/m3
0 Parameter vector -

u Input m3 /s

U Choke opening -

Va Volume of the annulus bara,

Va Volume of the drillstring bara

w Pressure difference bar

x Location of in-/out-flux m

Y Measured signals bara

z State vector -
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Chapter 5

Application of an
infinite-dimensional observer for
drilling systems incorporating kick
and loss detection

Summary

We apply a PDE observer to a hydraulic system of a managed pressure drilling rig.
The observer can be used to detect and quantify an in- or outflux. We show that the
PDE model of the hydraulic system can be expressed as a 2 x 2 linear hyperbolic
system of PDEs with spatially varying coefficients coupled with an ODE at the inlet
boundary that models the in- or outflux. Using the method of backstepping, we
design an observer which is exponentially stable at the origin in the £2-norm while
relying on measurements taken at the outlet boundary, only. Simulation results
verify the validity of the observer.

5.1 Introduction

Detection and quantification of leaks in pipelines have been a subject of research for
many years. We look at an analog problem concerning detection and quantification
of in-/out-flux during drilling of oil and gas wells. In the drilling community, an
outflux to the formation from the wellbore is called a loss or "lost returns”, while
an influx is called a kick or "gaining fluid”. These two unwanted events are a result
of the pressure in the wellbore being either too high or too low compared to the
surrounding formation. Even with proper pressure control and seismic surveys, loss
and gain are bound to happen during the development of new fields. Drilling of
exploration wells is a dangerous task where the crew runs the risk of drilling into
a high-pressure gas-pocket or possibly losing/gaining fluid to/from the formation.
This can lead to loss of control of the well, which again can result in damage to
the well, or in worst case, a catastrophic blowout. The consequences are not only
monetary and environmental, but also concern the safety of the rig personnel.
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P 7 From mud pits

To mud pits

=3

Figure 5.1: Schematic of a managed pressured drilling system.

Managed Pressure Drilling (MPD) Kaasa et al. (2011) is a new technology
gaining more and more interest. MPD is an enabling technology to drill challeng-
ing wells into depleted reservoirs with narrow pressure margins. Also, MPD has the
economical benefit of reduced rig time and health, safety and environmental ben-
efits of improved well control. The concept includes a rig pump pumping drilling
mud into the drillstring, through the bit at the bottom of the well, and up through
the annulus. The annulus is sealed and the pressure in the closed volume is con-
trolled by a choke. This is illustrated in Figure 5.1. By controlling the flow rate
from the pump and the choke opening, it is possible to regulate the pressure at a
point in the well to a predetermined value within a few seconds.

Due to the harsh conditions in the wellbore, the most reliable measurements of
pressure and flow rate are the ones located at the rig. And subsequently, a mon-
itoring system for in-/out-flux has to be model based. The ODE model in Kaasa
et al. (2011) is applied to gas kick detection and mitigation in Zhou et al. (2011),
where the concept of switched control of the bottomhole pressure is presented. An
MPD system is considered where a controller manipulating the choke and back-
pressure pump switches between a combination of pressure and flow control when
there is no in-flux and pure flow control when a kick is detected. In Hauge et al.
(2012a) another model based in-/out-flux detection and mitigation scheme is pre-
sented. The adaptive observer is shown to be globally exponentially stable and is
capable of quantifying and locating an in-/out-flux. The choke controller does not
rely upon switching for stopping the in-/out-flux. An early example of model-based
leak detection can be found in Billmann and Isermann (1987) where a correlation
technique is used to detect, quantify and locate the leak. Using the water hammer
equations based on a collocation method, a model based leak detection scheme
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5.2. Well hydraulics

using an extended Kalman filter observer is implemented in Torres et al. (2008).
In Torres et al. (2009), it is shown that multiple leaks in a pipeline can be detected
if the system is sufficiently excited through the boundary conditions. The work of
Aamo et al. (2006) covers a PDE-observer which is able to adapt to the friction of
a horizontal pipeline before quantifying and locating a leak. The observer uses non-
reflective boundaries for robustness to initial conditions. The boundary conditions
are found by linearization of the nonlinear PDEs. The observer for the linearized
system is proven to be exponentially stable at the origin in the £2-norm.

In this paper we consider a PDE observer for the well hydraulics. The model of
the hydraulics is a system of linear 2x2 first-order hyperbolic PDEs which can be
transformed into the system

uy = —€1(x)uy + c1(z)v, (5.1)
v = €2(x)vz + c2(T)u, (5.2)
u(0,t) = qu(0,t) +vi(t) + CX (¢), (5.3)
v(1,t) = U(t), (5.4)
X = AX, (5.5)

where (z,t) € [0,1] x [0,00), €1(x) > 0, e2(xz) > 0, ¢ # 0, vi(¢) is a known in-
jection at the boundary, X (¢) is a n-dimensional vector, A is a n X n matrix and
C is a 1 x n matrix. U(t) is the control input, while u(1,¢) is the measurement.
The subscripts ¢ and = denote the time- and spatial-derivative, respectively. The
objective is to demonstrate an application of an exponentially stable observer for
(5.1) (5.5) with measurements only at the boundary x = 1. Similar efforts have
previously been made for heat exchangers, Xu and Sallet (2002); and irrigation
canals, Coron et al. (2007), de Halleux et al. (2003). The observer is designed by
combining results from Krsti¢ and Smyshlyaev (2008a) and Vazquez et al. (2011b)
which both use the method of backstepping. In Krsti¢ and Smyshlyaev (2008a),
backstepping boundary control is applied to first-order hyperbolic PDEs by using
invertible Volterra integral transformations together with boundary feedback. The
joint papers Vazquez et al. (2011b) and Vazquez et al. (2011a) consider boundary
backstepping stabilization for a linear hyperbolic system, and a quasilinear hyper-
bolic system, respectively. Both of the systems considered are non-uniform. We use
a similar observer structure and transformation as in Vazquez et al. (2011b) for
(5.1) (5.4) and an observer similar to the observer for ODE systems with sensor
delays in Krsti¢ and Smyshlyaev (2008a) for (5.5).

This article is structured as follows. Section 5.2 shows how the model of the well
hydraulics can be transformed into (5.1)—(5.5). In Section 5.3 we briefly present
the observer design. An application of the observer with the well hydraulics is
illustrated with simulation results in Section 5.4. Conclusions are given in Section
5.5 which is followed by Section 5.6 concerning further work.

5.2 Well hydraulics

Consider a drilling rig, illustrated in Figure 5.1. We model the fluid dynamics of
the return side (from the bit, up the annulus to the choke) in the standard way of
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a hydraulic pipe flow White (1999) as

Dt (th) = AﬂaQZ (Z’t) » (5-6)
@ (20t) = = 2. (21) - gq (2,1) = Aug, (5.7)
q(0,t) =quic (t), (5.8)
p (lv t) =Pc (t) )

where (z,t) € [0,1] x [0,00), p is the pressure along the annulus, ¢ is the volumetric
flow rate through the annulus, [ denotes the total length of the annulus, § is the
isothermal bulk modulus, A, the area of the annulus, F a friction coefficient, g the
gravitational constant, and p the density of the drilling mud. p, (¢) is the pressure
upstream the choke and the controlled input, and ¢ (t) = ¢ (I, t) is the volumetric
flow rate through the choke, which is measured. We can remove the contribution
of the hydrostatic head from the momentum equation by defining

ﬁ(27t) :p(27t)—pg(l—z)7 (5-10)
which gives
_ _ _ B
Y43 (th) =Dt (th) - 7A7qz (th)a (511)

Aa F
g (z,t) = — " (P(zt) +pg(l—2)), — ;q(z,t) — Aag
A, F
= - 7pz (Zat) + Aag - ;q (z,t) - Aag

= - %ﬁz (Z,t) - %q(zat)7 (512)
and
p(lit)=p(t)=pc (). (5.13)

We denote the volumetric flow rate and pressure at the bit with, ¢z and pp;,
respectively, and get

Qbit (t) =qp (t) + qi(t), (5.14)
Prit (t) =p (07 t) ) (5.15)

where ¢, (t) is the volumetric flow rate from the rig pump, which is measured, and
¢; is the volumetric in-/out-flux. This gives

p=— . (516)
qt = — éﬁz - EQ7 (517)
p p
0(0.1) =ap(0) + (1) (5.13)
p(l,t) =pe(t). (5.19)
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We now want to transform (5.16)—(5.19) into the form (5.1)—(5.5), which is
needed for the observer design. A similar method of transformation was carried
out in Bastin and Coron (2010), but we highlight the steps for sake of the reader.
Counsider the change of variables

Q) + ), (5.20)

i (
@@J);( ‘&‘-z¢0. (5.21)

g F
=— \/;uz - %(u + 7). (5.22)

and

_ B F _
_\/;vz - %(u + ). (5.23)

The boundary conditions are

1 (0,1) =5 (ap (1) + ai(6) + (0,7) = 9.(0,1)), (5.24)

1 Aa
0t = (@ @0+ 000 - 20 0). (5.25)

so we get
w(0,t) =—0(0,t) + qp(t) + Gi(1), (5.26)
Aa

o (1,t) =a (I, 1) — —=pe (t). 5.27
v (l,t) =u(l,t) Nk (t) (5.27)

Next, consider the transformation x = z/I, and define
u(xz,t) =u (xl,t) e, 5.28
v (z,t) =0 (zl,t) e %, 5.29

where a is to be defined. Taking the time-derivative of (5.28) gives

/ ! 2
U = — 4| —U e — w(xz,t)+v(x,t)e*). 5.30
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The spatial-derivative of (5.28) is

ug (x,t) = lu, (xl,t) e + au (xl,t) e, (5.31)
SO
B 1 _ a _
Uy (2l,t) =7 Ua (x,t)e” " — Tu (x,t) e, (5.32)

Inserting (5.32) into (5.30) yields

Choosing
Fl
a=——= (5.34)
2v/Bp
gives
1 F
up = —l\/gugC (z,t) — %62(1:”11 (z,t). (5.35)
Similar steps for (5.29) gives
1 F
vy (z,t) = l\/gvx (x,t) — %efzamu (x,t). (5.36)
We can now write the boundary conditions as
u (07 t) =—v (Oa t) + dp (t) + G (t)v (537)
and
Aqge™®
v(1,t) =u(l,t)e " — 2 p.(1). (5.38)
VBp
In summary, the model is
1 F
Uy = — — éuw — ey, (5.39)
L\ p 2p
1 F —2ax
v l\/gvx - %e 2azy, (5.40)
w(0,t) = — v (0,t) + gp(t) + ¢i(t), (5.41)
Ae™?
v(1,t) =u(l,t)e 2 — 2 _—p.(t), (5.42)
(1,8) =u (1,1) 5 e (t)
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which corresponds to (5.1)—(5.5) with

1
€1 (z) =€z (v) = % (5.43)
F
c1(z) = - 27)62‘””, (5.44)
F
co () =— 2—pe*2‘”’, (5.45)
qg=-1 (5.46)
u(t) =51 (5.47)
Aje™®
U(t) =u(1,t)e " — ——p. (1), (5.48)
ViBp
where a is given by (5.34), and (A, C) such that

X =AX, (5.49)
qi(t) =CX (t). 5.50)

The original variables are obtained as

o (F ) et s (Fog) et
q(z,t)—u(l,t)e J —l—v(l,t)el , (5.51)
_V Bp z J— z a5

p(z,t) = i (u (7,t> et —w (f’t) el ) +pg(l—2). (5.52)

In the presence of a constant in-/out-flux, we can simply set A =0 and C = 1.

5.3 Observer design

In this section we present an exponentially stable observer for (5.1)—(5.5). The
observer is based on Vazquez et al. (2011a,b), where an observer without the dis-
turbance at x—1 was designed using backstepping. While a detailed derivation of
the observer augmented with the disturbance was carried out in Aamo (2012), here

we repeat some of the steps for clarity. Consider the observer
ﬁt = —€ (:I,') ﬂm +c ({E) 0 +p (.’E) ﬁ(l,t),
Oy =€9 (x) Uy + o () 4+ po () u(1, 1),

@ (0,t) =qd (0,) +vi(t) + CX (t),
o(1,t) =U(t),

X =AX + MO La(1, 1),

where

g
(15(55):/06 dea
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and
u(l,t) = u(l,t) — a(1,¢t). (5.59)

The functions p; (x) and ps (z), and the matrix L are output injection gains to be
designed. Forming error equations by subtracting (5.53) (5.57) from (5.1) (5.5),
denoted by a tilde, we have

Uy = — €1 () Uy + c1 () 0 = p1 (z) G (L,1), (5.60)
Oy =€ () Uy + 2 () 4 — po () G (1,t), (5.61)
@ (0,t) =q (0,) + CX (t), (5.62)
o (1,t) =0, (5.63)
X =AX — MO L (1,1). (5.64)

In Vazquez et al. (2011b), the following backstepping transformation
1 1 ~
u(x,t) = a(z,t) —/ P (x,8) @ (§,t) d§ —/ P (2,6) B (& t)dE,  (5.65)

1 1
5 (1) = B (1) — / PY (2, €) & (6,1) dE — / PP (2,6) B (6,1)dE. (5.66)

was used for observer design in the case without disturbance, where the kernels are
given by the system of equations’

e (z) P (2, €) + €1 (§) P (2,8) = —€1 (§) P*™ (,€) + e1 () P (), (5.67)
e1(z) P (2,€) — €2 (§) P (2,€) = €5 (§) P (2,€) + c1 () P (x,€),  (5.68)
ez () Py (2,8) — e (§) P (2,8) = €, (§) P (2,€) — ea () P** (x,€),  (5.69)
€2 (z) Py (2,8) + €2 (§) P (2,6) = —e5 (§) P (,€) — ca () P (x,€), (5.70)

P (07 g) =qP"" (07 5) ’ (571)
uv o C1 (13)

P (z,x) o taw) (5.72)
VU _ C2 (.’E)

P (z,z) = P P e g (5.73)

P (0,¢) :épw (0,6). (5.74)

It was shown in Vazquez et al. (2011b) that there exists a unique solution to
(5.67)—(5.74) which is C' (7). We have the following result for our error system
(5.60) (5.64) (the proof is similar to that in Krsti¢ and Smyshlyaev (2008b) but
omitted due to page limitation).

INote that there are typos in equations (24)—(25) in Vazquez et al. (2011b).
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Lemma 5.1. Let (P"*, P"2, P P"") be the solution to (5.67)-(5.74). If

1
p1(z) = CeA?@ L — P (1, 1) ¢ (1) — / PU (z,€) Ce?© Lde, (5.75)
1
p2(x) = —P" (z,1) e (1)*/ P (z,6) e L, (5.76)

T

then the transformation (5.65)—(5.66) maps (5.60)-(5.64) into the system

ay (x,t) = — €1 () ay (x,t) — CeA*@ La(1,t), (5.77)

a(0,t) =qB (0,t) + CX, (5.79
B ,t) =0, (580)

and . ~
X = AX — O La(1,1). (5.81)

It was shown in Vazquez et al. (2011b) that the transformation (5.65) (5.66) is
invertible, so that stability properties of (5.60) (5.64) and (5.77) (5.81) are equiv-
alent. We therefore analyze stability of the origin of (5.77)-(5.81). The system
(5.77)—(5.81) can be viewed as a cascade consisting of the parts

By =ea () Ba (2,1, (5.82)
B(1,t) =0, (5.83)
and
Ay (2,1) = — €1 () @y (z,1) — Ce** @ La (1,1, (5.84)
@ (0,t) =qB(0,t) + CX, (5.85)
X =AX — MO L5 (1,1), (5.86)

where the former affects the latter only through the boundary condition (5.85). It
is clear from (5.82)—(5.83) that (3 (x,t) converges to 0 in finite time, so it suffices
to consider stability of the origin of

Ay (2,1) = — €1 () @y (2,1) — Ce* @ La (1,1, (5.87)
a(0,t) =CX, (5.88)
X =AX — A0 LG (1,1). (5.89)

Based on Krsti¢ and Smyshlyaev (2008a), we obtain the following result (see Aamo
(2012) for proof).
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Table 5.1: Values of parameters used in the simulation.

Parameter Value Unit
P 1.250-10° kg/m?>
l 2.000-10° m
F 1.500-10>  kg/sm3
A, 2.530-1072 m?
B 2.000-10~9 Pa

Lemma 5.2. Let L be chosen such that A— LC' is Hurwitz. The origin of (5.87)
(5.89) is exponentially stable in the norm

1/2

(’X(t)‘QJr/Ol & (z,1t) dx) . (5.90)

The following theorem summarizes the observer design.

Theorem 5.3. Consider the observer (5.53) (5.57) with initial conditions Gy and
0o, with output injection kernels given by (5.75)—(5.76), where P** and P"™ are
found from (5.67)—(5.74), and where L is chosen such that A — LC is Hurwitz.
Under the assumptions

€1,€2 € Cl([O, 1]), Cc1,C2 € C([O, 1]), Ug, Vo € ,CQ([O, 1]), (591)

and €1(x), ea(x) > 0, it is guaranteed that X, @, 0 exponentially converge to X, u,
v, i.e., more specifically, that the observer error system is exponentially stable in
the sense of the norm (5.90).

Proof. This follows from Lemma 5.1 and Lemma 5.2 and the fact that the trans-
formation (5.65)—(5.66) is invertible. O

5.4 Simulations

We demonstrate the use of the observer with simulations of the model of the well
hydraulics. The well is vertical and 2000 m deep, and the flow rate from the rig
pump is 1000 lpm. At 100 seconds a loss of 20 lpm occurs, i.e. X is changed from
0 to —20 Ipm. We consider the particularly simple case when there is no dynamics
associated with X, i.e., A =0 and C = 1. We choose L = 5. The well parameters
are listed in Table 5.1. In Figure 5.2 we see that the loss rate is accurately
estimated 10 seconds after the loss has occurred. The initial discrepancy is due to
the observer being initialized with values different from the plant. Figure 5.3 and
Figure 5.4 illustrate that the observer converges to the value of the plant throughout
the well. Note that the plotted errors are in the transformed coordinates. However,
the invertibility of the transformation ensures that the system also converges in
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Figure 5.2: The actual and estimated loss rate.

xH Time [s)

Figure 5.3: The error a(z,t).

its original coordinates. The output injection gains p;(x) and py(z) are shown in
Figure 5.5. The flow rates and pressures at the inlet and outlet of the plant and
observer are plotted in Figure 5.6 through Figure 5.9. The slight oscillations seen
at the observer boundaries in these figures are due to the numerical scheme. The
results can be improved by refining the spatial discretization grid.

5.5 Conclusions

The main result in this paper is the application of a PDE observer for a hydraulic
system of an MPD rig. The hydraulics can be expressed as a 2 x 2 linear hyperbolic
system of PDEs coupled with an ODE at the inlet boundary. By using the method
of backstepping, we are able to design an observer which is exponentially stable at
the origin in the £2-norm. A simulation of the mud circulation system at a drilling
rig is used to demonstrate an application of the observer.
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Figure 5.4: The error o(z,t).
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Figure 5.5: The output injection terms p;(z) and po(x).
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Figure 5.7: The flow rate at the outlet.
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Figure 5.9: The pressure at the outlet.
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5.6 Further work

When an in-/outflux occurs, it is of interest to attenuate it by automatic control.
Towards that end, it would be beneficial to model the in-/out-flux as a pressure
dependent disturbance by defining

X = AX + Bu, (5.92)
¢i(t) = CX 4 Duw, (5.93)
w(t) = u(0,t) + sv(0,1). (5.94)

Extending the results in Aamo (2012) to incorporate disturbances of the form
(5.92) (5.94), and developing a controller for the attenuation of undesired in-
/outfluxes, would be valuable contributions.

90



Part 111

In- /out-flux prevention

91






Chapter 6

Tracking of choke pressure during
managed pressure drilling

Summary

Two types of tracking controllers are designed for a hydraulic model of a managed
pressure drilling system. Both controllers are designed using backstepping. The first
controller is based on a simplified model of the drilling process and considers the
disturbance as measured. For the second controller, we regard the disturbance as
unmeasured and slowly varying. This allows us to introduce its estimate and design
an adaptive controller. The first controller gives exponential stability and tunable
convergence rate, while the latter gives asymptotic stability. The performance of
the tracking controllers is compared.

6.1 Introduction

The narrow pressure margins at bottomhole when drilling through deeper and more
difficult reservoirs, calls for accurate control of the pressure in the well. The current
standard for drilling under such conditions is managed pressure drilling (MPD).
When drilling with MPD, the annulus is sealed with a rotary control device so
that the annulus can be pressurized by using the control choke, the rig pump and
a back-pressure pump. The schematic of an MPD rig is presented in Figure 6.1. A
thorough description of the model used in this paper, as well as an introduction
to MPD, can be found in Kaasa et al. (2011). In the aforementioned reference,
the model is used to design an adaptive observer which is applied to field data for
verification. The model has served as a fundament for many applications, such as
in Stamnes et al. (2008) where the authors design a reduced order observer which
adapts to unknown friction and density, and estimates the bottomhole pressure.
Another adaptive observer is designed in Stamnes et al. (2011) where multiple
delayed observers enhance the convergence rate of the parameters. In Godhavn
et al. (2011) the model is used in designing a tracking controller manipulating the
choke opening. The reference signal for the choke pressure is based on an estimate
of bottomhole pressure. The controller has been thoroughly tested on a drilling

93



6. Tracking of choke pressure during managed pressure drilling
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Figure 6.1: Schematic of a managed pressured drilling system.

rig. The paper does not consider actuator dynamics. The model is also applied
to gas kick detection and mitigation in Zhou et al. (2011), where the concept
of switched control of the bottomhole pressure is presented. An MPD system is
considered where a controller manipulating the choke and back-pressure pump
switches between a combination of pressure and flow control when there is no
in-flux and pure flow control when a kick is detected.

Our objective is to design a tracking controller for the pressure upstream the
choke. The controller governs the opening of the choke which has first order dynam-
ics. Due to this choke dynamics, we apply backstepping to find a suitable control
law. Two cases are considered: one with a simplified model of the hydraulics, and
one with the full model. For the simplified model we consider the disturbance as
known and use regular backstepping. While for the full model the disturbance is
unknown and we have to use adaptive backstepping.

The structure of the paper is as follows. The model for the hydraulics of the
MPD system is presented in Section 6.2, and the two tracking controllers are pre-
sented in Sections 6.3 and 6.4. Simulation results for both methods are presented
and compared in Section 6.5. Conclusions are given in Section 6.6.
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6.2 Mathematical Model

Consider the model of the hydraulic system at a drilling rig equipped for MPD.
Ba

Pp :Vd(qrj — Gbit) (6.1a)
. Pa
DPe —V(Qbif —qc+ thp)a (Glb)
a
1
Ivit =77 Pp — Pc — Falgnit|gbit — Fagni
it =3I [Pp — Pe — Falquit|gvit — Fagoit (6.10)
+ (pa — pa)ghuit)s
fe=—2 4 X (6.1d)
Te Tec
qc :g(pc)Zc- (6.16)

The model of the hydraulic system consists of two mass balances which give the
dynamics of the pump pressure, p,, and the choke pressure, p., respectively. The
mass balances describe two separate control volumes; the drillpipe and the annulus.
[ denotes the bulk modulus and V the volume, while the subscripts a and d denote
annulus and drillstring. ¢, is the main pump volumetric flow rate, gppp is the back-
pressure pump volumetric flow rate and ¢. is the volumetric flow rate through
the choke. A combined momentum equation for drillstring and annulus gives the
dynamics of the volumetric flow rate through the bit, gni. Mg and M, are mass-
like constants, Fy and [y are friction factors, pq and p, are densities, g is the
gravitational constant and hp;; is the vertical depth of the well. z. is the choke
opening and ¢(p.) is a function of the choke pressure that characterizes the choke.
The dynamics of the choke opening is governed by (6.1d) where 7. is the time
constant of the valve. The available inputs are u., ¢, and gppp. The outputs are py,
Pes Ge and z.. The following general assumption is made regarding the hydraulic
system.

Assumption 3. g(p.) is continuously differentiable, g(p.) > § > 0Vp., and ¢’(pc)
is locally Lipschitz. The pressure reference, peref(t); the flow rate from the main
pump, ¢p(t); the flow rate from the back-pressure pump, gopp(t); and their time-
derivatives, pe ref(t), Peref(t), dp, Gbpp, are continuous and bounded functions of
t.

6.3 Tracking with measured disturbance

The flow rate through the bit can be considered as a disturbance. In this section,
we assume that the flow rate through the bit is equal to the flow rate from the
main pump, so that we can consider it as a measured disturbance. The resulting
model of the choke pressure is

_ s
A

The dynamics for the choke opening is given by (6.1d), and the flow rate through
the choke by (6.1e). We now use this model to design a tracking controller for the

De (Qp —qc+ prp)~ (62)
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pressure upstream the choke, p., which manipulates the choke opening z. through
uc. The desired choke pressure is given by pc ref Which is time-varying. pe ref, Pe,ref
and gppp are assumed available. g, is considered a known disturbance with known
time-derivative ¢,.

Following a standard backstepping procedure, we define the error z; = p. —pe et
and write its time-derivative as

_ba

V. (qD - g(pC)ZC + prp) - pc,ref (63)

Z

by inserting (6.2). Adding and subtracting ae—“g(pc) in (6.3), where « is the so-
called virtual control, gives

ZH = %Qp — Pe,ref — %Q(Pc)a + %prp - '%g(pc)(zc - ). (6.4)

We now choose « such that (6.4) with z, — a = 0 is stabilized, which results in

1 Va . Va
a=——(qp + qopp — 5 Pe,ref + 5 k121), 6.5
g(pc)( p bpp Ba c,re ﬂa 1 1) ( )

where k1 > 0 is a design constant. By inserting (6.5) into (6.4) we find that

B = iz - Do)z - a), (6:5)

and the time-derivative of the Lyapunov function

Vi(z1) = 27, (6.7)
is 5
V= —k122 — vag(pc)zl, (6.8)

where we have defined z, = z. — . Having backstepped through the integrator, we
can design the control law from the composite Lyapunov function

‘/2(21, ZQ) = Vl(Zl) + %Z% (69)

The time-derivative of V5 is

Vs :—klzf—f—zQ(—?Z+T—z—a—7:g(pc)zl). (6.10)
Selecting the control law
Uc Zc . Ba
— = — 4+ & —kozo + 79(]7(7)21, (6'11)
Te Te Va

where ko is a positive design constant, and substituting into (6.10), we get

Vo = —ky27 — ky22 <0. (6.12)
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This gives us uniform local exponential stability of the origin of the error coordi-
nates according to Theorem 4.10 in Khalil (2002). We also get tunable convergence
rate since the constants k; and ko do not appear in V5. This means that we can in-
crease the tuning constants to improve the performance of the tracking controller.
However, in practice the unmodeled dynamics will constrain the values of these
constants.

The control law can be summarized as

-
Ue = Ze — koTezs + 21 6‘&/ ©g(pe)
a
g (pe)Ba ) ( Va . Va )
— 7o Gt (gp — 9(pe)ze + + opp — = Peret + 7K1
C<92(pc)va(qp 9(Pe)ze + qopp) | | @p + dbpp Bapm of T g, A

Tc Va

. . .. Vi
+ 9(pe) (qp + Gbpp — 5apc7ref + ki7e (qp — 9(Pe)Ze + Qopp — ﬂ:pcmef)) . (6.13)

6.4 Tracking with unmeasured disturbance

In this section we design a tracking controller for the choke pressure based on
(6.1b), but as opposed to the previous section, we distinguish between ¢, and gpit.
Thus, we consider g as a constant disturbance which cannot be measured. The
resulting controller governing the choke opening is an adaptive controller where
grit is estimated by the parameter estimate £. As before, the signals pe ref, Pe,ref
and ¢ppp are considered known.

Proceeding as in the previous section, we start by defining 21 = p. — pc rer and
write its time-derivative as

a

Va

= (Qbit - g(pc)zc + prp) — Pe refs (614)
using (6.1b). Next, we add and subtract the so-called virtual control term %g(pc)oz
to obtain

_fa

Z
Va

. B B

(Qbit + prp) — Pe,ref — ig(Pc)O‘ - ig(pC)(Zc —a). (6.15)
Va Va

Defining a second error coordinate, zo = z. — «, we want to choose « such that it

stabilizes (6.15) with z, = 0. We cannot use (6.5) with ¢, replaced by gpi, since

@vit 1s not measured. Instead we introduce the estimate £ for gpi and get

1 Va Va )
Q= §+ b — 5 DPc,ref 4+ —kpz 6.16
g(pc)< PP Ba Ba Pt ( )
where k, > 0. By substituting (6.16) into (6.15) we get
. Pa Ba
1 = Va(%it - f) —kpz1 — Vag(pc)ZQ. (6-17)
We now define the Lyapunov function
s Lo 1, L
Va(z1, 29, 0) = 2zl+222+2ki0 (6.18)
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with the parameter error 8 = gy;y — &. The time-derivative of (6.18) is

Vs = —kpzi + 96 21— Z2€ 9(pe)z1 + 2220 + i 99 (6.19)
where we have inserted (6.17). Inserting
=2yl g (6.20)
Te Te
and rearranging yields
B Ba Ze  Ue .
kzl—l—ﬂ[va 1+ 9}—22Vg(pc)zl—|—z2(—?z—|—?:—a) (6.21)
where
Q= —— + (‘r9+ k( it —qc+ 7(‘,1‘9):|
7 €+ dbpp — Bap ity v (@it = Ge + Qopp) = Perer
9'(pe) {Ba }
— — (qbit — . (6.22
gz (pc) ‘/a (qb t qC + qbpp) ( )

Inserting gpit = 0+ ¢ gives

Y = 1 2 . Va .. ~ Vi .
&= 9(00) [f + Gbpp — 6apc7ref + kp (9 + & — e+ Gopp — 6apC7r8f):|

g (pe )[ﬂa
9%(pe) LVa

(0+€ — ge+aupp)| - (6.23)

Inserting (6.23) into (6.21) and rearranging result in

— 521 l;_ kp _ g/(pc)ﬁa
k z] +6 Va ki9 ZZ(g(pC) gz(pc)Va)}

Ba Ze  Uc 1 s Va ..
22 [Vag(pc)zl + 7: ?c +— g(pc) (£+prp Epc,ref'i‘kp (£ qc +prp ﬁapc ref))
g/(pc)ﬁa
o 22 (pe)Va (6 —qe+ prp)] (6.24)
We now select
5 : Ba kp g/(pc)ﬁa
0= —f=—ki| 2z — - : 6.25
¢ {Vazl (g(pc) gQ(pC)Va)Zz} (6.25)
and
Ba Ba kikp kig, (pc)ﬁa .
c = —k c c c kii - -
N oo reqote)n + s e = (g~ gov, )72+
- Epc,ref + kp (6 - g(pc)zc + dbpp — Epc,ref)}
g (Pc)Ba
—Te—— (& — ¢ )Ze + . 6.26
92 (pc)Va (f g(p ) prp) ( )
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Inserting (6.25) and (6.26) into (6.24) gives
Vs = —kp2? — k322 <0. (6.27)

The choice of f and u. renders V3 negative semidefinite. We invoke Theorem 1 from
Appendix 6.A to prove uniform asymptotic stability of the origin of (6.15), (6.20)
and (6.25) in closed loop with (6.26). Consider the auxiliary function

W =260 (6.28)

with the time-derivative

o ] Ba k g/(pc)ﬁa Ba 7 = [a 5
W = -k [VaZ]Q — (g(;c) — gQ(pC)V;)Z] 22} + EHQ —kpz10 — @g(pc)zge. (6.29)

The assumptions of Theorem 1 are verified as follows.

1. Select a = min(3, ﬁ)”m” and b = max(3, ﬁ)”m”
2. V*(x) = Vs = —ky2? — k323, and the set E £ {2 = 2z, = 0}.
3. Boundedness of |W| follows from the boundedness of z;, z and 6 which is
inferred from (6.18) and (6.27).
4. a) Assured through Assumption 3.
b) Fulfilled with the choice k(||z) = £(
L262Vz € E.

22 + |22 + [6]?) since |W| =

5. Satisfied since z;, z and 0 are bounded and since the exogenous signals are
bounded (Assumption 3).

6.5 Simulation results

We simulate drilling of a well specified in Table 6.1 with the choke flow rate given
by (6.1e) with

9(pe) = kesign(pe — po)/|pe — pol, (6.30)

where k. is a lumped constant reflecting the valve characteristic, and pg the pressure
downstream the choke. In this manner, we have assumed a linear valve character-
istic. The form of (6.30) results in an equation for the flow rate through the choke
similar to the valve equation given in Merritt (1967). We assume that the initial
conditions, flow rate from the pumps, and reference signal are such that the flow
rate through the choke does not saturate.

The goal of MPD is to control the pressure at a certain depth in the well,
typically at the bottom. This pressure can be expressed as

Dbit = Pe + Paghuvic + Fagbit- (6.31)

We simulate a so-called flow sweep where the flow rate from the main pump is
ramped up from 100 lpm to 2000 lpm and back down to 100 lpm again. The flow
sweep is carried out about ten times faster than usual to highlight the performance
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Parameter Value Unit
hbit 1000 m

Va 11800 m?

Va 4600 m?

Ba 2.00-10° Pa

Ba 2.00-10° Pa

Mg + M, 4.23-1072  kg/m*
Pa 1400 kg/m?3
Pd 1400 kg/m?3
Po 1.00 atm

g 9.81 m/s?

Fy 1.80-1073  kg/(sm?)
Fy 1.80 kg/m?®
ke 4.54-107° m?y/m?3/kg
Te 1.00 s

Table 6.1: Parameters for the hydraulic system.

Parameter Value Unit
ki 5.00-107 -
ko 1.00-10% -

Table 6.2: Tuning constants for the simulation with measured disturbance.

of the controllers. During this operation the choke opening is manipulated to keep
prit constant. The pressure reference trajectory for the choke is computed solving
(6.31) for p. and using a previously recorded gu;, from a flow sweep. The same initial
conditions and pressure reference are given for the simulations with and without
measured disturbance. The flow rate from the back pressure pump is kept constant
at 500 lpm. At five seconds, the controllers are turned on. Tuning parameters
for the two controllers are presented in Table 6.2 and Table 6.3. Since we are
simulating a faster flow sweep than usual, we have tuned the controllers to be
fast. In practice slower tuning would suffice and give better robustness. Figure 6.2
shows the simulation results for the tracking controller with measured disturbance.
The fluttering of the choke opening during the first seconds and after the change
in pressure reference is due to the saturated input u. from the choke controller.
Figure 6.3 displays the volumetric flow rate from the main pump and through the
bit when considering the disturbance as measured. Figure 6.4 through Figure 6.6
present simulation results for the tracking controller without measured disturbance.
The choke pressure and choke opening are plotted in Figure 6.4. Figure 6.5 displays
the volumetric flow rate from the main pump and through the bit. Figure 6.6
shows the error of the parameter estimate. In Figure 6.7, the resulting pressures at
bottomhole produced by the two controllers are plotted.
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Parameter Value Unit
kp 1.00- 1071 -
k3 1.00-10% -
ks 1.00-107% -

Table 6.3: Tuning constants for the simulation with unmeasured disturbance.
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Figure 6.2: Tracking of a choke pressure reference in the case of measured distur-
bance. Reference pressure, choke pressure, choke opening and control input.
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Figure 6.3: Tracking of a choke pressure reference in the case of measured distur-
bance. Volumetric flow rate from pump and through bit.
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Figure 6.4: Controlling the choke pressure with unmeasured disturbance. Reference
pressure, choke pressure, choke opening and control input.
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Figure 6.5: Controlling the choke pressure with unmeasured disturbance. Volumet-
ric flow rate from pump and through bit.

6.6 Conclusions

The two controllers perform almost equally well comparing the tracking errors.
The most notable difference is the response towards the end of the simulations,
which can be attributed to both different tuning and design. The controller de-
signed considering the disturbance as measured, is based on a simplified model of
the hydraulics of the MPD process where the dynamics of the flow rate through
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Figure 6.6: Controlling the choke pressure with unmeasured disturbance. Error in
parameter estimate.
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Figure 6.7: Pressure at bottomhole with and without measured disturbance.

the bit is neglected. Designing the controller for the case with unmeasured distur-
bance, we regard the flow rate through the bit as a slowly varying parameter and
introduce its estimate. With this design we conclude uniform asymptotic stability.
Considering complexity and performance, the first controller is the better. It also
has the advantages of exponential stability and tunable convergence rate.
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6.A Matrosov’s Theorem

The following theorem can be found in Paden and Panja (1988). Consider the
dynamics & = f(t, z) with an equilibrium point at 0 at time ¢.

Theorem 1 (Matrosov): Let ©2 € R™ be an open connected region in R™ containing
the origin. If there exist two C! functions V : [tg, 00) x Q — R, W : [tg, o0) x Q — R;
a C° function V* : Q — R; three functions a, b, ¢ of class KC such that, for every
(t, ) € [ty, 00) x 0,

- a([lz]) < V(& ) <b(ll2])

2. V(t, z) < V*(z) <0. Define E £ {z € Q[V*(z) = 0}.

3. |W(t, z)| is bounded.
4

[y

a) W(t,z) is continuous in both arguments and depends on time in the fol-
lowing way. W (¢, z) = h(z,~(t)) where h is continuous in both of its argu-
ments. y(t) is also continuous and its image lies in a bounded set K;.(For
simplicity, we simply say that W(t, x) depends on time continuously through
a bounded function.)

b) There exists a class K function, k, such that [W(t,z)| > k(||z|)Vz € E
and t > t.

5. ||f(t, )| is bounded.
Choosing § > 0 such that B; C €, define for all ¢ € [ty, c0)

Vto_}(; =xe€Q:V(t, z) <ad)

Then
7. For all g € Vtgl(;, z(t) tends to zero uniformly in ¢y, zo as t tends to infinity.

8. The origin is asymptotically stable.
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Chapter 7

Conclusions and further work

7.1 Conclusions

Drilling is dangerous and will continue to be so. The desire to drill into less acces-
sible reservoirs in exposed areas under harsh conditions increases the consequences
of possible failures. The best we can do to lessen the risk associated with drilling,
is to reduce the probability of failure. Proper automatic control and contingency
management are two contributions which will help lower this probability.

The thesis presents two models of percolating gas which facilitate state and
parameter estimation. The first model is applicable to rigs with a sealed annulus,
while the second model tailored for an evacuated riser. The latter also applies for
conventional rigs. The gas is modeled as a triangular distribution which is meant to
encapsulate a realistic distribution of the gas. Through simulations it is shown that
states and parameters related to the distribution of the gas can be estimated with
an UKF using distributed measurements from a WDP as the gas is percolating.
Since it is of utmost importance to keep the pressure at the in-flux zone steady
while circulating out a kick, there is little persistency of excitation to reveal un-
known states and parameters. Using only topside measurements for the purpose of
estimation, it is not possible to extract state and parameter information. Success-
ful estimation of the gas distribution provides the driller with valuable information
when circulating out the gas, such as position of the gas front.

Detection of an in-/out-flux is possible with both ODE and PDE models. The
presented ODE model has the capability of representing the position of the in-
/out-flux, which can be anywhere along the annular part of the wellbore, while the
position is restricted to the inlet of the PDE model. Experiments with a small-
scale rig of the hydraulics of an MPD system show that detection, quantification
and localization is possible for losses with a magnitude which is greater than one
percent of the total flow rate. A pure flow controller using estimated flow rates is
shown to stabilize the reservoir dynamics and is tested through simulations.

If the pressure upstream the choke, and thus the downhole pressure, is controlled
properly during drilling activities, the chance of an in-flux event is reduced. The
pressure upstream the choke can be controlled using a tracking controller based on
backstepping and a simplified version of the MPD hydraulics.
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7.2 Further work

Valuable extensions of the presented model for percolating gas would be including
wells with varying inclination and casing diameter. Expanding the model to work
with oil-based mud where the gas is dissolved in the drilling fluid at high tempera-
tures and pressures is also important. Drilling fluids are in general non-Newtonian,
which affects the frictional pressure drop, among other. It is desirable to model the
friction in the annulus to correctly estimate the pressure at a given location in the
well. As the distribution of percolating gas is depending on the flow-rate, relating
the slip velocity and liquid holdup would improve the model. More advanced PDE
models of gas kicks already exist, such as two-fluid and drift-flux models. A use-
ful contribution is using an existing model, possibly simplified, for observer design
with wired drillpipe measurements.

If there is sufficient persistency of excitation when an in-/out-flux occurs, it
would be useful to estimate parameters related to the surrounding formation, such
as the productivity index. The proposed method for quantification and localization
of an in-/out-flux should be tested with data from a larger rig such as either the
flow-loop at the International Research Senter of Stavanger (IRIS) or the test rig
Ullrig. Field data is also possible to use. The proposed control law for mitigation of
an in-/out-flux can be tested on the small-scale rig at the University of Stavanger
when a pressure gauge has been installed at the point of gas injection. Since the
control law only manipulates the choke opening, which can saturate, coordinated
control of the flow-rate from the pumps and choke is necessary.

Prevention of in-/out-flux through pressure control is necessary during a range
of events when drilling. Examples are connections, running liner or casing, and
tripping. Control of the pressure under such circumstances requires coordinated
control using both choke and pumps, which is a task well suited for model predictive
control.

It is possible to combine the in-/out-flux detection method with the gas kick
model, such that estimated in-flux volume, and possibly position, are used as initial
guesses when estimating the distribution of the percolating gas. This approach
should be tested.
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