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Summary

This project thesis proposes an approach for integrating health monitoring, prognostics and control to

achieve an economic optimal operational strategy, without compromising the reliability of the system. A

detailed separator model will be implemented to provide accurate predictions of liquid carry over to the

wet-gas compressor. A new separator model has been proposed to reduce uncertainty and enable en-

hanced production through less conservative operations. The mathematical model designed is based on

a correlation between the cyclone separation efficiency and the dimensionless re-entrainment number.

Health monitoring techniques are employed to consider and evaluate the condition of the overall sys-

tem. The degradation of equipment and remaining useful life (RUL) of equipment are used for condition

monitoring purposes. Paris’ law for crack propagation is used to predict degradation of equipment. Risk

of failure in terms of cumulative hazard is used to predict RUL of equipment. Parameters in the RUL dis-

tribution are estimated based on the aging process. The expected RUL increases with decreasing degra-

dation. That is reasonable as a smaller bearing crack-length would suggest that the system is operational

for a longer time, compared to a larger crack-length. The results in terms of the economic outcome are

somewhat unexpected. The operational strategy is more profitable when RUL of equipment is used to

monitor the health condition development. Adjustments to the risk of failure implementation can be

done to achieve a more intuitive result.

Trondheim, 2017-12-19

Julie Berge Ims
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Chapter 1

Introduction

Subsea processing technology is developed to overcome many challenges associated with topside oil and

gas operations. This technology enables oil and gas production from reservoirs and fields previously

deemed too remote. The main objective with subsea processing systems is to strengthen the economic

result from the operation through cost reduction and increase in production. However, new challenges

arise when operating oil and gas systems on the seabed. Safe and efficient operation of subsea process-

ing systems imposes strict requirements both with respect to equipment design and reliability, in order

to avoid unplanned shutdowns and expensive maintenance engagements.

This project thesis focuses on the subsea gas compression station at the Åsgard field, as depicted in Figure

1.1. A detailed separator model is proposed in order to accurately predict liquid carry over to a wet-gas

compressor. The model enables a reduction in uncertainty and the possibility to operate the system in a

less conservative way. Health monitoring techniques are employed to consider and evaluate the condi-

tion of the overall system[22].

Figure 1.1: Artist rendition of the Åsgard gas compression station. Copyright: Aker Solutions.
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CHAPTER 1. INTRODUCTION 2

1.1 Motivation

The objective of this project thesis is to develop a separator model for the subsea gas compression station

at the Åsgard field, and to propose health degradation models to be used to obtain an optimal operational

strategy. A detailed separator model with axial flow cyclones is proposed to better mimic the separator

patented by Statoil for the Åsgard subsea gas compression station.

The purpose of the new separator model is to be able to accurately predict liquid carry over to a wet-gas

compressor. The bearings in the wet-gas compressor are prone to damage when, among other things,

liquid droplets cause mechanical stress on compressor blades with high rotational speed. The bearings

are considered to be vital in the operation, and should be replaced immediately if broken. Health moni-

toring is employed to evaluate and predict the condition of the overall system [22]. In the context of this

work, the condition will be estimated in terms of bearing crack-length in the wet-gas compressor and as

remaining useful life (RUL) of the equipment. This project thesis will propose an approach for integrating

health state prognostics in order to obtain a strategy that ensures economic optimal operation, without

jeopardizing the reliability of the subsea system.

1.2 Approach

The study is based on a mathematical model of the Åsgard subsea gas compression station. The original

model is implemented in MATLAB by supervisor Adriaen Verheyleweghen. The implementation is based

on a model predictive control-like framework to include prognostics and health monitoring information

in the optimization routine. A new separator model has been implemented and adapted to the original

system. Algebraic and differential equations has been added to enable remaining useful life of equip-

ment calculations for condition monitoring purposes. The data used is not original data from the Åsgard

subsea gas compression station, but fictional data intended for optimization and modelling purposes.



Chapter 2

Theory

This chapter gives a brief description of the subsea gas compression station in the Åsgard field. Support-

ing theory for the development of the separator model and the compressor degradation model will also

be given here. The chapter includes a description of health prognostics models used for optimization

purposes in a model predictive control framework.

2.1 Process description

The subsea gas compression station at the Åsgard field is the very first compressor to be installed and op-

erated on the seabed. It is considered to be pioneering compression technology [18]. The purpose of the

gas compression station at the Åsgard field is to boost the pressure of the reservoir stream such that it will

overcome pressure drop in transportation pipes to topside facilities. However, the maturity level of the

technology is limited for multiphase [22]. Hence, the liquid and gas components are separated to allow

an increase in pressure. The system is illustrated in Figure 2.1. It consists of a well choke that controls

the reservoir stream entering the gas compression station. A separator downstream from the well choke

separates gas from liquid. Incomplete separation causes liquid droplets to exit the separator with the gas

through the gas outlet. The liquid pressure is subsequently boosted by a pump and the gas pressure is

increased in a wet-gas compressor [22].

3



CHAPTER 2. THEORY 4

Figure 2.1: Process diagram of the subsea gas compression station in the Åsgard field [22].

2.2 General description of framework

The subsea system at the Åsgard field can be defined by a set of algebraic and differential states as well as

control inputs. A dynamic model and current measurements can be used to predict future states of the

system. A model predictive control (MPC) framework utilizes current measurements and predictions of

future values of the output to obtain an optimal operational strategy for the subsea system [17]. Accurate

model predictions can provide valuable information of the system degradation,which can be used to

avoid unplanned break-downs for the subsea plant. Essentially, the accuracy of the process model affects

the success of the MPC [17].

2.3 Model description

This section will describe the model used for this work. It is assumed that the fluid can be described as

liquid and gas. The thermodynamics of the model is ignored. The separator model and the model for

the degradation of the bearings in the wet-gas compressor are introduced in this section. Models for the

compressor and the choke is not discussed here. The interested reader is referred to [22] for compressor

and choke models. The pipeline and the pump are not modeled, but will be included in future work.

2.3.1 Separator model

The separator developed for the subsea gas compression station at the Åsgard field is based on a Statoil

patented separator for liquid-gas separation of an inlet flow which predominantly contains gas. This is a
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separation unit with spinlet inlet configuration and axial flow cyclones [2]. It is developed to be able to

separate the last liquid droplets from a gas flow, both at high flow rates and high pressure [6].

The separator is a vertical standing container with an inlet for the liquid-gas flow and outlets for gas-

and liquid flows. The inlet is a spinlet arrangement for flow distribution to receive and make the flow

move in rotational movements around the vertical axis of the main container towards a porous pipe con-

figuration. This porous pipe component is equipped to handle the total inlet flow and drives the flow

towards the gas outlet. The inside of the porous tubular wall has a smooth surface so that no liquid can

be deposited. The porous tubular body have open porosity towards the inner wall so that the tubular

wall is permeable for fluid. Approximately 80% of the gas stream will flow vertically through the porous

tubular body and towards the gas outlet. The remaining 20% will flow horizontally through the wall of the

porous tubular body and into an annular space between the tubular component and the container wall.

Here, droplets will move downwards to the liquid outlet and gas will move upwards to the gas outlet.

The separator may contain a wired mesh demister in the gas outlet between the container wall and the

upper end of the tubular wall [6]. An illustration of a separator with wired mesh pads is shown in Figure

2.2. However, due to the maturity level of the technology, mesh pads are currently not considered an

option for subsea processing systems due to the risk of clogging [18]. Hence, it is assumed that demisters

are not utilized in the Åsgard subsea gas compression station.

Figure 2.2: Illustration of a separator unit (with mesh pads) patented by Statoil[6].

Statoil released an illustration of separation efficiency as a function of superficial gas velocity for their

new separation device compared with a typical axial flow cyclone separator. Figure 2.3 indicates that the

Statoil patented separator device has better separation performance compared to generic axial flow cy-
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clones. Note that this is the performance of a separator unit with a mesh pad. It is therefore reasonable

to believe that the effective separation efficiency of the Åsgard separator would be somewhat lower.

Figure 2.3: Separator efficiency plotted against Superficial gas velocity for the Statoil patented separator
device and a generic axial flow cyclone [6].

Axial flow cyclone

The Statoil patented separator consists of a spinlet configuration and axial flow cyclones. This project

thesis will make a rough approximation and create a separator model containing axial flow cyclones only.

A cyclone separator, also called centrifugal separator, acts by making the fluid move in rotational move-

ments in order for the centripetal forces to separate light and heavy components in the fluid. The fluid

is likely to follow a helical path where heavier components will accumulate at the outer peripheral of the

helical trail, while lighter components will gather in the center along the vertical axis. Gravitational forces

will also contribute to separate heavier components, whereas lighter components may rise towards the

gas outlet [6].

There are multiple well developed models for axial flow cyclones. In this particular case, it is essential

to develop a detailed separator model to be able to accurately predict liquid carry over. A detailed model

reduces uncertainty and provides opportunity to shift constraints in the optimal control problem (OCP).

Shifting constraints can make the operation less conservative and thus more profitable. In terms of sub-

sea operating conditions, the separator model must also be able to handle higher pressure and higher

flow rates.
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A steady state model was developed by [3] for a scrubber with a mesh pad used for primary separation

and axial flow cyclones for separating the last droplets from the gas stream. In view of the risk of clog-

ging for subsea processing systems, this report will only concentrate on the axial flow cyclone section of

the steady state model. A mathematical model based on flow development, fluid properties and cyclone

geometry has been developed to correlate the dimensionless re-entrainment number and separation ef-

ficiency in a cyclone [3]. This mathematical correlation has been fundamental in this particular separator

model.

Re-entrainment number

The performance degradation of the axial flow cyclone used in this study [3] was governed by some type

of re-entrainment mechanism, i.e. not insufficient separation of small droplets. The separation effi-

ciency is dominated by the re-entrainment of liquid which has settled on the separator wall. Various

mechanisms for re-entrainment of liquid into a gas stream has been described [3]. Figure 2.4 illustrates

the re-entrainment mechanisms "Roll wave" and "Wave undercut". The "Roll wave" mechanism is asso-

Figure 2.4: Re-entrainment mechanisms in the AFC [3].

ciated with droplets that are cut of a roll-wave peak. This is the dominant mechanism in liquid film with

high Reynolds number and in the transition regime. The "Wave undercut" mechanism is connected to

cutting a wave peak. This is a governing mechanism in liquid film with relatively low Reynolds number.

In the context of this study, it assumed that liquid film on the cyclone wall is in the transition regime.

Calculations of Reynolds number for the liquid film on cyclone wall will justify this assumption. A force

balance was applied as a criterion for the eruption of re-entrainment. The retaining force, Fσ, of the sur-

face tension, σ, between the two phases was evaluated with the drag force from the gas flow on the liquid

wave peak, Fd . Roll wave re-entrainment was presumed to be feasible if the drag force acting on the wave

top exceeded the retaining force [3]:

Fd ≥ Fσ. (2.1)
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The criterion for the transition regime was expressed as:

µl ug ,s

σ

√
ρg

ρl
≥ 11.78N 0.8

µ Re−1/3
l for Nµ ≥ 1

15
(2.2)

µl ug ,s

σ

√
ρg

ρl
≥ 1.35Re−1/3

l for Nµ ≤ 1

15
. (2.3)

The outburst of such re-entrainment mechanism from Equation 2.3, depends on the Reynolds number

of the liquid film, ReL , on the cyclone wall . It is assumed that liquid carry-over is a constant fraction of

entrained liquid. Thus the liquid flow, Q̇l , on the cyclone wall must be corrected for this [3]. Hence, the

expression for the Reynolds number, ReL for the liquid film on the cyclone wall results in:

ReL = ρl ulδl

µl
= ρl Γ

µl
= ρl Q̇l α

µl Pw
. (2.4)

Neither the liquid film thickness, δl , nor the liquid film velocity, ul , are known at this stage. The product

of the two quantities, Γ, is the volumetric liquid flow, Q̇l , per unit wetted perimeter, Pw . (Q̇lα ) is the

corrected volumetric liquid flow. α is here the separation efficiency in the AFC. ρl is the density and µl

denotes the viscosity of the liquid film. The wetted perimeter of the cyclone, Pw , must take into account

the direction of the gas flow [3]. If the cyclone body is flattened to a rectangle, the circumference in the

container is the length of the short side as depicted in Figure 2.5.

Figure 2.5: The lower section of the cyclone when it is flattened. The wetted perimeter of the cyclone is
marked as the diagonal in the figure [3].

The angle, θ̂, is used to indicate the direction of the gas flow. The relative angle to the swirl is assumed

to be approximately θ̂ = 45◦. D is the diameter of the cyclone. The wetted perimeter can be defined with

this equation:

Pw = π D

cos θ̂
. (2.5)
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The force balance in equation 2.1 accounts for changes in shear stress acting on the liquid wave due to the

drag force from the gas flow through the dimensionless viscosity number, Nµ. This parameter is used to

analyze the viscous force induced by internal flow. The viscosity number is defined through the following

relation:

Nµ = µl√
ρl σ

√
σ

al ∆ρ

. (2.6)

σ is the interfacial tension between the liquid and the gas phase. ∆ρ = ρl −ρg and al is the centrifugal

acceleration acting on the liquid film:

al =
2 u2

l ,t g

D
, (2.7)

where the tangential velocity component of the liquid film, ul ,t g , is unknown at this stage. The tangential

components of the shear stress acting on the wall due to the liquid film and on the liquid film due to the

gas are τw,t g and τi ,t g , respectively. The tangential shear stresses are defined as:

τi ,t g = fg ,i

ρg u2
r,t g

2
(2.8)

τw,t g = fl ,w

ρl u2
l ,t g

2
= τi ,t g . (2.9)

Assumptions about the gas velocity relative to the liquid film velocity are defined as:

ug ,t g >> ul ,t g ⇒ ur,t g ≈ ug ,t g . (2.10)

Based on these assumptions the tangential liquid velocity can be expressed as:

ul ,t g =

√√√√ fg ,i ρg u2
g ,t g

fl ,w ρl
. (2.11)

ρg is the gas density. ug ,t g is the tangential gas velocity which will be discussed later. The f ’s are friction

factors which has not yet been measured for liquid flow on a cyclone wall. However, friction factors

developed for annular flow in pipes were used by [3] and the same approximation is done in this report

as well. fg ,i is the friction factor for gas on the liquid film and is expressed through the following relation:

fg ,i = 0.005
[

1+300
2δl

D

]
. (2.12)
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fg ,i is the friction factor for liquid on the wall and is expressed as:

fi ,w = (
K ·Rem

L

)2. (2.13)

K = 3.73 and m = −0.47 for 2 < ReL < 100. K = 1.962 and m = −1/3 for 100 < ReL < 1000. Note that this

study will assume that the liquid film on the cyclone wall is in the transition regime. The friction factors

depend on the thickness of the liquid film, δl , on the cyclone wall. Liquid film thickness, δl , can be found

from Equation 2.4:

Γ = Q̇

Pw
= ul δl ⇒ δl =

Q̇l

Pw ul
, (2.14)

where liquid film velocity can be expressed as

ul =
ul ,t g

cos(θ̂)
. (2.15)

The expression for the liquid film thickness, δl , can thus be simplified based on Equation 2.5, 2.14 and

2.15:

δl =
Q̇l

π D ul ,t g
cos2 θ̂. (2.16)

The tangential gas velocity, ug ,t g , increases with radius, similar to a solid body rotation. The gas viscosity

is low relative to the liquid. Hence, the velocity profile for the tangential gas velocity close to the cyclone

wall will resemble a loss-free-vortex profile [3]. The tangential gas velocity in the cyclone can therefore be

considered as something between a loss-free vortex and a solid body rotation. However, the gas velocity

at the liquid-gas interface on the cyclone wall is more important for re-entrainment analyzes. The wall

gas velocity is illustrated in Figure 2.6.

Figure 2.6: Flow coordinates at the cyclone wall [3].

The tangential gas velocity profile changes along the vertical axis, but some simplifying approximations
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can be done. The superficial gas velocity, ug ,s , is assumed to be a factor 0.8 less than the vertical gas

velocity, uz , close to the cyclone wall in the middle section of the cyclone [3].

ug ,s = 0.8
(
uz

)= 0.8
(
ug ,t g · tan(θ)

)
. (2.17)

Based on all these expressions, a dimensionless re-entrainment number, E , was developed to character-

ize the cyclone separation efficiency, α, where the separation is governed by re-entrainment:

E(α,ul ,t g , a) =
µl ug ,s

σ

(
ρg

ρl

)0.8

N a
µ Re−1/3

l

. (2.18)

Excellent correlation between the cyclone separation efficiency and the dimensionless re-entrainment

number may indicate that the separation efficiency is governed by liquid re-entrainment, not insuffi-

cient separation of smaller droplets. The correlation between the cyclone separation efficiency and the

dimensionless re-entrainment number is expressed in the next equation:

α= A ·E(α,ul ,t g , a) + B. (2.19)

a is a constant used to fit the re-entrainment number with the separation efficiency. It proved to be

appropriate with a = 0.4 for this model. A and B are constants for the linear model.

2.3.2 Compressor bearing degradation model

An important aspect of subsea processing is to ensure safe operation until the next maintenance en-

gagement. The time horizon is multiple years as frequent maintenance can become very costly. The

dynamics of pressures, temperatures and flows are assumed to be instantaneous over this time period.

Hence, the only dynamics of interest is the wet-gas compressor bearing degradation model [22]. The

compressor bearings will degrade according to Paris’ law of crack propagation. Paris’ crack propagation

model is commonly used for surface defects [14]. This model states that the crack length, h, will develop

according to the following relation:
dh

dnc ycles
= D · (∆K )n , (2.20)
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where n is an exponent, nc ycles is the number of cycles, D is a material constant and ∆K denotes the

range of strain. This can be reformulated into a model for the development of a bearing crack length

dh

d t
= h · cPar i s

(
T 2 ·ucomp

) = h · cPar i s ·
(

P 2

ucomp

)
, (2.21)

where it is assumed that the torque, T , can be used as health indicator for gross strain [4]. cPar i s is a

lumped parameter and is estimated from past values. P is the motor power [20].

2.4 Diagnostics and prognostics

Safe and efficient operation of subsea processing systems imposes strict requirements to equipment reli-

ability in order to avoid unplanned shut-downs and expensive maintenance engagements. Health moni-

toring techniques are employed to consider and evaluate the condition of the overall system in real-time.

Health degradation models for the system will be included in the optimization procedure, resulting in a

model model predictive (MPC)-like framework [22]. Specifically, health diagnostics and prognostics will

be integrated as the optimal operational strategy for the subsea system is being found.

Diagnostics deals with the discovery and surveillance of faults and hazards in a system. Failure can be

any kind of unavailability of the system. Unavailability can be interpreted as the degree to which a system

or component is not operational and accessible when required for use [8]. Prognostics on the other hand

deals with the ability to anticipate health development and estimate the RUL of the system [20]. This

particular system is complex with a large number of components for which diagnostics and prognostics

can be challenging. Condition monitoring systems ought to be able to detect various faults. Different

methods exist to monitor subsea plants. In order to limit the scope of this project thesis, a simplifying

assumption has been made that only the most vulnerable components in the system are considered. The

bearings in the wet-gas compressor are considered to be vital in the operation, and should be replaced

immediately if broken. The bearings are prone to faults as they have multiple moving parts and a complex

mechanical setup [20]. Hence, a detailed separator model is important in order to be able to accurately

predict liquid carry over that are causing faults in the wet-gas compressor. This will reduce uncertainty

and enables more precise health estimations. System failures which are independent of operational de-

cisions will be neglected. This should however be addressed in future analysis.

A wide range of prognostics models are available for condition monitoring. In the context of this study,
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propagation models for degradation of equipment and remaining useful life (RUL) of equipment are used

for condition monitoring purposes. Paris’ crack propagation model in Equation 2.21 will be used to es-

timate the degradation of the bearing crack-length [14]. The risk of failure captured by the cumulative

hazard, will be used to constrain the RUL of equipment for the system. The latter method will be dis-

cussed in detail in the following section.

2.4.1 System reliability and remaining useful life

There exists various definitions of the term reliability. The most widely accepted definition is that relia-

bility is the probability that a part or unit will be operational for a particular time period under specified

operating conditions without failure [8]. Reliability can thus be formulated in terms of unavailability, Re-

liability = 1 - P (Failure), where P is the probability operator. In the context of this work, unavailability

can be expressed as loss of production which is when remaining useful life (RUL) of equipment is shorter

than the time until the next maintenance engagement (t f ), RUL < t f . The probability that the component

survives until the next maintenance intervention at t= t f is called the reliability R(t f ) of the component

RRU L(t f ) = P (RU L > t f ) = 1− P (RU L ≤ t f )

= 1− FRU L(t f ) = 1−
∫ t f

0
fRU L(t ) d t

=
∫ ∞

t f

fRU L(t ) d t .

(2.22)

fRU L is the probability density function (PDF) of RUL and t is the time (which is assumed to start from t

= 0). A commonly used PDF for RUL of equipment is the Weibull distribution formulated as [10]

fRU L(t ) = lim
d t→0

P (t ≤ RU L < t +d t )

d t
=


kw
λw

( t
λw

)(kw−1)e−
(

t
λw

)kw

t ≤ 0

0 t > 0,
(2.23)

where kw = kw (h) is the shape parameter and λw = λw (h) is the scale parameter [9]. It is assumed that

the shape and scale-parameters depend on degradation of equipment, h [19]:

kw (h) = ka +kb ·h (2.24)

λw (h) =λa +λb ·h. (2.25)
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Note that degradation of equipment is a function of inputs, h = h(u). FRU L is the cumulative distribution

function (CDF) of RUL which represents the probability of having a system breakdown before t = t f .

FRU L(t f ) = P ( RU L ≤ t f ) =
∫ t f

0
fRU L(t ) d t . (2.26)

More specific, FRU L feature the unconditional probability that the system will fail before t = t f . In the

context of this study, it is more convenient to deal with failure before t f , given survival up to time t [19].

Assuming no failures have occurred up to time t , the conditional probability expression can be:

P (t ≤ RU L < t +d t |RU L ≥ t ) = P (t ≤ RU L < t +d t )

P (RU L ≥ t )
(2.27)

The conditional probability gives rise to a conditional probability function commonly called the hazard

function. The hazard function is the conditional failure rate and is denoted hRU L(t ) [10].

hRU L(t ) = lim
d t→0

P (t ≤ RU L < t +d t |RU L ≥ t )

d t

= lim
d t→0

P (t ≤ RU L < t +d t )

P (RU L ≥ t ) d t

= fRU L(t )

RRU L(t )
= fRU L(t )

1−FRU L(t )
.

(2.28)

hRU L is not a probability distribution, but a risk of not surviving until next maintenance (t f ) at time t ,

given that the system has survived up to time t . Then the risk of not surviving associated with all parts of

the production from t = 0 to t = t f is defined in the cumulative risk [19]:

HRU L(t f ) =
∫ t f

0
hRU L d t . (2.29)

The risk of failure is captured by the cumulative hazard, which will be constrained in order to limit the

RUL of equipment.

2.5 Model Predictive Control

Unplanned shutdowns and frequent maintenance interventions can become very costly when operating

on the seabed. Information about the degradation of system components can be used to make effective

maintenance policies. This information can be used to forecast the health condition of system compo-

nents in the future. Prognosis and Health Monitoring (PHM) techniques can be used to detect faults and
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predict whether the subsea system can operate safely until the next planned maintenance. Predictions of

the remaining useful life (RUL) of equipment can provide valuable information used to schedule the next

maintenance intervention[15].

This project thesis proposes a model predictive control (MPC) framework by including PHM information

in the optimization routine. Essentially the model predictive control philosophy is based on optimiza-

tion of future inputs. Figure 2.7 illustrates how a the most recent measurement of the actual plant uses

the process model to predict future states. An open-loop optimization is done to predict optimal control

inputs for a particular prediction horizon, N . The first control input is implemented before this process

is repeated [21].

Actual plant

Optimization

Present←− Past Future −→

xk: historical states
x0: most recent measurement

uk: historical inputs
u0: most recent input

t′ t′ +N

xk: predicted states
x0: initial state

uk: predicted inputs
Set-point

M
ea
su
re
d
st
at
e
at

t’

F
irst

co
n
tro

l
in
p
u
t
u

Figure 2.7: Illustration of the sequence of events in a model predictive controller [21].

In the context of this work, a shrinking time horizon will be used by decreasing the prediction horizon

by one time step. However, this project thesis will only discuss open-loop optimization with initial time

horizon, t f , for the subsea system. Hence, the optimal control problem (OCP) solved for the open-loop
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optimization can be formulated as follows:

min
x,u,z

∫ t f

o
φ(x,z,u,pd t

s.t. f (x,z,u,p) = d x

d t

g (x,u,z,p) = 0

xL ≤ x ≤ xu

zL ≤ z ≤ zu

uL ≤ u ≤ uu

(2.30)

In this set of equations, x denotes the algebraic states and z denotes the differential states. u denotes is

the inputs and p are the stochastic parameters. g is the equality constraints and and f is the inequal-

ity constraints. φ is the objective function. The algebraic and differential states as well as the inputs,

have upper and lower bounds. In the context of this work, the controller aims to prevent system break-

down before the scheduled maintenance at time t = t f . Hence, constraints will be imposed on system

degradation and RUL of equipment to ensure that accumulated degradation level will stay below a safety

threshold at the end of the time horizon[15]. In future work, the sequence of optimal control inputs in

the open-loop optimization is combined with a closed-loop method in the MPC.

2.6 Non-linear optimization under uncertainty

Model Predictive Control (MPC) is a control scheme that uses a model of the plant to obtain an optimal

control strategy. However, a downside to this is that stability and performance of the MPC depends on

the precision of the model. A stochastic optimization-based system can be applied for predictive control

subject to uncertainty [12]. This will give rise to a stochastic non-linear optimization problem which can

be expressed as [20]:

min
xk ,uk

N∑
k=1

(φ(xk ,uk ,p))

s.t. f (xk ,uk ,p) ≤ 0 ∀k = 1....N

g (xk ,uk ,p) = 0 ∀k = 1....N .

(2.31)

In this set of equations, x denotes both algebraic and differential states, u denotes the inputs and p are

the stochastic parameters. N is the length of the horizon and φ is the objective function. g is the equality

constraints and and f is the inequality constraints. k denotes the time steps. A stochastic problem for-
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mulation is considered to ensure robustness against disturbance and uncertainty in the system model.

Hence, a robust non-linear MPC scheme with a scenario-based approach to uncertainty is necessary to

embed parameter uncertainty in the optimization problem. A scenario-based approach to uncertainty

will convert the uncertain parameter distribution to discrete values by having a finite number of param-

eter realizations [12][7]. A scenario is a combination of different parameter realizations with associated

probability of occurrence as illustrated in Figure 2.8. The scenario will act as a path from the root to leaf

of the scenario tree [20].

Figure 2.8: Scenario tree with robust horizon NR = 2, prediction horizon N = n and number of scenarios
S = 9 [21].

The deterministic equivalent of the stochastic non-linear problem can be expressed as

min
xl ,k ,ul ,k

S∑
l=1

pi

N∑
k=1

(φ(xl ,k ,ul ,k ))

s.t. f (xl ,k ,ul ,k ) ≤ 0 ∀l = 1....S ,k = 1...N

g (xl ,k ,ul ,k ) = 0 ∀l = 1....S ,k = 1...N

S∑
l=1

Al ,k ul ,k = 0 ∀k = 1....N ,

(2.32)

where S is the number of scenarios and pi is the probability of occurrence for scenario i . A are the non-

anticipativity constraints, which are imposed such that decisions at the nodes in the scenario tree which

are based on the same information are equal [12].

It is rather difficult to create a scenario tree that captures all aspects of the uncertainty in the system.

However, it is preferable to create the tree as small as possible due to the complexity of the non-linear
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optimization problem. The size of the optimization problem will grow exponentially with the number

of uncertainties evaluated and the prediction horizon (number of stages, N ). A robust horizon, NR is

introduced to limit the problem by branching the tree until a certain stage [12]. Then, the uncertainty

is assumed to be constant until the end of the prediction horizon. In the context of this work, the sce-

nario tree is generated using combinations of minimum, maximum and expected uncertain parameter

realization [12]. In this project thesis two parameters are considered uncertain: the cPar i s parameter in

the crack propagation model and the gas volume fraction in the reservoir, GV F [20]. For simplicity, GV F

is approximated to be at its expected value throughout this study which results in only one uncertain

parameter, cPar i s . The possible realizations of the uncertain parameter are given in Table 2.1.

Table 2.1: Variable realizations of the uncertain parameters cPar i s [22].

Parameters Low Medium High

cPar i s 0.9 1.0 1.1

2.7 Objectives

In context of this study, the main target with this subsea system is to improve the economic outcome from

the operation through cost reduction and increase in production. However, safe and efficient operation

imposes stringent requirements with respect to equipment reliability. Hence, the ultimate objective is

twofold:

1. Prevent premature failure of the subsea system.

2. Maximize net profit from operation

This results in a multi-objective optimization problem which can be formulated as:

min
u

(φr (x,z,u,p),φe (x,z,u,p))

s.t. x ∈ X

u ∈ U.

(2.33)

x denotes the differential states, z denotes the algebraic states, u denotes the inputs and p denotes the

parameters. φr is the reliability objective which aims to minimize unavailability of the subsea system. φe

is the economic objective, which seeks to maximize economic profit from operation. The two objectives

contradict each other, hence the problem formulation ought to be rewritten to avoid infinite number of
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solutions [19]. A unique optimal solution can be obtained by transforming this into a single-objective

problem formulation. The new objective problem can be formulated as:

min
u

(φe (x,z,u,p))

s.t. x ∈ X

u ∈ U

φr (x,z,u,p) ≤ εr .

(2.34)

εr is upper bound for the reliability objective, φr . The economic objective can be written in the following

manner [19]:

φe (x,z,u,p) = E
(∫ t f

0
c(t ) · cost (x,z,u,p) d t

)
. (2.35)

E is the expected value operator and cost(x,z,u,p) is the cost associated with the states, inputs and pa-

rameters. The profit is weighted from time t to t f by discounting future value of money at a periodic

rate of return, called the discount rate. This a way to measure profit by including present and all future

discounted cash flows, called the Net Present Value (NPV). NPV is expressed in Equation 2.36, where i is

the discount rate and N is the number of time periods [11]. NPV is defined as:

N PV (i , N ) = cost (x,z,u,p)
N∑

t=0
c(t ) = cost (x,z,u,p)

N∑
t=0

(1 + i )−t . (2.36)

In the context of this study, the reliability objective, φr , can be defined in multiple manners, i.e. minimiz-

ing degradation of equipment and as minimizing unavailability of the system in terms of loss of produc-

tion. Degradation of equipment can be estimated from the development of the bearing crack length in

the wet-gas compressor. The unavailability of the system can be measured as remaining useful life (RUL)

of equipment. A detailed description of the RUL estimation is given in Section 2.4.1

2.8 Defining the optimal control problem

The objective function aims to maximize NPV of the production which is measured in terms of the gas

production rate downstream from the compressor. Therefore, the OCP can be expressed as:

min
x,z,u

∫ t f

0

(
− ṁg as(x,z,u,p)

(1+ i )t

)
d t . (2.37)



CHAPTER 2. THEORY 20

This is a differential algebraic equation (DAE) system, and the optimal control problem (OCP) can be

solved using various methods. The OCP can be solved numerically using a so called direct method which

transforms the original OCP into a non-linear programming problem (NLP). More explicitly, the direct

collocation method will be used to solve this particular OCP [5]. Further details of the direct collocation

method will not be discussed here. The OCP is implemented in MATLAB using the open-source external

software package CasADi [1]. The OCP was solved with IPOPT [23]. Then the scenario-based determinis-

tic equivalent of Equation 2.37 can be formulated as:

min
x,z,u

E
S∑

l=1

N∑
k=1

(
− ṁg as(x,z,u,p)

(1+ i )t

)
. (2.38)

Constraints are imposed on the following variables:

0.75 ≤ ucomp ≤ 1.05

0 ≤ uchoke ≤ 1

0 ≤ X ≤ εr

0 ≤ Sr g

0 ≤ St w

150 bar ≤ Pout

x(0) = x0.

(2.39)

Health condition constraints are expressed as X where εr is the upper bound for the reliability objective.

Other constraints are enforced on inputs, ucomp and uchoke, related to allowable operating range for flow

through compressor and choke. Constraints on surge, Sr g , and Stonewall, St w , conditions for compres-

sor choking according to the allowable operating range must be imposed. Constraint on Pout is necessary

to ensure flow trough the pipeline to topside. Initial condition is the last equality constraint [22].
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Results and Discussion

This chapter presents the results obtained working with this project thesis. A thorough analysis of the

derived separator model and optimal open-loop solutions for the health prognostics models is given in

this chapter. At the end, the degradation of equipment will be compared to remaining useful life (RUL)

of equipment for this subsea system.

3.1 Overview

The overall objective is to maximize the NPV of production without jeopardizing the reliability of the sub-

sea system. Health prognostics models are included in the optimization. This gives a MPC-like frame-

work in which constraints are imposed on the allowable degradation of the equipment and on the RUL of

the equipment. Essentially, this refers to ensuring that the subsea system stays operational until the next

maintenance intervention. In the context of this work, the next maintenance engagement is scheduled

to take place five years after the start-up of the plant. However, the simulation is conducted with t f =

1 as a simplification in the calculations. The simulation was carried out with a fixed compressor strain

on the bearing fault in the wet-gas compressor. The initial bearing crack length was set to 0.01 mm at t = 0.

A scenario-based method is employed to account for the uncertainty in the cPar i s parameter in the bear-

ing crack propagation model in Equation 2.21. The scenarios represent discrete parameter realizations,

that is the 90% percentile, the 10% percentile, and the nominal value. The stochastic optimal control

problem (OCP) expressed in Equations 2.38 - 2.39 is solved with initial prediction horizon N = 20 and

a robust horizon of NR = 1 for the the scenario tree. A current optimal control trajectory is computed

with process disturbance being conditionally dependent of previous disturbances. This is the optimal

21
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open-loop solution which will be discussed in later sections.

3.2 Implementation in MATLAB

Equations for the separator model and RUL of equipment calculations are used to modify the original

system implemented in MATLAB by Adriaen Verheyleweghen. Equations are stated as algebraic or differ-

ential equations and added in the already existing system. The resulting MATLAB code is provided in a

zip-file.

3.3 Separator model

A detailed model enables us to accurately predict liquid carry over to the wet-gas compressor. The pur-

pose of the new separator model is to reduce uncertainty and enable enhanced production through less

conservative operations. The new separator model aims to try to replicate the separator in the Åsgard

subsea gas compression station. Needed equations for modelling the separator were found in Section

2.3.1. Simplifications have been necessary to incorporate this model in the already existing system in

MATLAB developed by Adriaen Verheyleweghen. The following assumptions are inspired by the devel-

oper of the model [3]:

• Volumetric liquid flow, Q̇l , entering the separator is approximately constant and 10% of the volu-

metric gas flow, Q̇g .

• Tangential gas velocity at the cyclone wall is assumed to be constant and equal to 3.75 m/s.

• The angle in Figure 2.5, θ̂, is assumed to be constant and equal to = 45o .

• θ is the angle for the tangential gas velocity at the cyclone wall. This is assumed to be constant and

equal to 45o .

• Liquid dynamic viscosity of fluid, µl , is assumed to be constant and equal to 0.096 cP at inlet pres-

sure 100 bar.

• Interfacial tension between the two phases is assumed to be constant and equal to 2.2 mN/m at

inlet pressure 100 bar.

• Liquid film is in the transition of the Reynolds number. K and m for the friction factor for liquid on

the cyclone wall are constant and equal to 1.926 and -1/3 respectively.
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• Model parameter a is assumed constant and set to 0.4.

• The linearization parameters, A and B , are modeled as -0.1345 and 1.01, respectively.

These are rough approximations for a separation unit in which the inlet flow predominantly contains gas.

In reality, the separator should be able to handle various GVFs and tangential gas velocities. The physical

properties of the gas and liquid phase will also vary. This should be addressed in future work.

Implementing the new separator model generates some interesting relations. Figure 3.1a illustrates how

separation efficiency decreases with superficial gas velocity. This plot shows the same trend as Figure

2.3 for the Statoil patent. However, the relative separation efficiencies are hard to compare as operat-

ing conditions may differ. Figure 3.1b illustrates how separation efficiency decreases with increasing

re-entrainment number according to this separator model.
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Figure 3.1: Separation efficiency for the new separator model as a function of Superficial as velocity and
Re-entrainment number.

The model constant a from Equation 2.18 and regression parameters, A and B , in Equation 2.19 , result in

a good fit between the re-entrainment number, E , and the separation efficiency, α, for the separator. This

correlation gives an indication that the separation efficiency is dominated by re-entrainment of liquid

from the gas stream, rather than insufficient separation of droplets.

Based on the calculated Reynolds number for the liquid film on the cyclone wall, ReL , all simulations

were within the transition regime. The constants, K and m in Section 2.3.1 were selected accordingly.
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The dimensionless viscosity number, Nµ, were less than 1/15 for all simulations as well. Thus, the as-

sumptions in Section 2.3.1 were credible for the dimensionless re-entrainment number, E .

3.4 Parameter estimation

The derivation of the cumulative hazard function in Section 2.4.1 introduces some parameters, the scale

parameter, λw , and the shape parameter, kw . At first, let us evaluate the properties and significance of

these parameters. The shape parameter kw and the scale parameter λw were introduced in Equation

3.2. Assumptions were made that both shape and scale parameters were dependent on the degradation

variable, h. However, it appeared to be difficult to find an optimal solution with the shape parameter

depending on the system degradation. Based on support from [16], models describing failure due to

mechanical stress can assume a constant shape parameter. Further simulations were run with constant

shape parameter and a scale parameter that is dependent on h.

The characteristics of the scale and shape parameters are key in investigating the RUL distribution of

the system. Different shape parameters affect the failure rate in the following manner [9]:

1. kw < 1 Suitable for modelling early failure due to problems with production

2. kw = 0 Suitable for modelling failure due to pure coincidence

3. kw > 1 Suitable for modelling wear-out failure due to degradation of equipment after some time

The shape parameter represents the slope of the Weibull distribution and in the context of this work, it

is appropriate to use a positive shape parameter. The failures occurring are assumed to be "wear-out"-

failures. Failures will commence due to "the aging process". Hence the failure rate hRU L(t ) ought to

increase with time. The scale parameter represents the variance of the Weibull distribution. The scale

parameter was assumed to be greater than zero as it is inversely proportional to the Weibull PDF in Equa-

tion 2.23. It is assumed to decrease over time since RUL distribution has a greater variance earlier in the

production. Due to the lack of failure data, the final relationship between the shape, kw , and scale, λw ,

parameter and the crack length, h, is assumed to be:

kw = 3 (3.1)

λw = 1.2− h (3.2)
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In real systems, the parameter values must be adjusted to reflect the expected degradation profile of the

given system. Historical data from the OREDA database or similar can be used for this purpose [13].

3.5 Optimal open-loop solution

The optimal control problem (OPC) in Equation 2.38 and 2.39 is investigated using two propagation mod-

els for health condition monitoring. The first case is conducted by imposing constraints on the maximum

allowable degradation of the bearing crack length in the wet-gas compressor. Degradation of equipment

is estimated from the bearing crack-length in the wet-gas compressor, which will degrade according to

Paris’ law of crack propagation. The second case is solved by imposing constraints on the maximum

allowable cumulative hazard. The RUL of equipment is measured as risk of failure associated with the

whole production strategy from t=0 to t=t f . This risk is captured by the cumulative hazard, HRU L(t f ).

3.5.1 Constrained bearing crack length

Degradation of equipment is measured as bearing crack-length in the wet-gas compressor, which will

degrade according to Paris’ law of crack propagation. The evolution of the bearing crack-length, h, over

time is illustrated in Figure 3.2a. Constraints are imposed on h to ensure that the wet-gas compressor

stays operational until the next maintenance intervention. The degradation threshold is set to h = 1 mm.
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(b) Gas production rate, ṁg as , as a function of time, t .

Figure 3.2: State profiles for bearing crack length, h, and gas production rate, ṁg as . Health condition is
measured in terms of system degradation.
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Figure 3.2b indicates that the gas production rate decreases with time. This is reasonable as the NPV

concept in the objective function in Equation 2.38 favours early gas production rather then late produc-

tion. A section of the plot in Figure 3.2a provides insight into how the uncertain parameter cPar i s , affects

the crack propagation model. The crack length is greater with higher values of the uncertain parameter,

cPar i s . This is logical as this parameter is directly proportional to the derivative of the crack-length. The

scenario-based approach ensures robustness to disturbance and uncertainty given reasonable, discrete

parameter realizations. More parameters could be modeled with uncertainty, but that would demand

more computational time. The disturbance in GVF should be handled in future work to be able to ac-

count for fluctuations in the gas volume fractions in the system.

The hazard function, hRU L(t ), is given in Equation 2.28 and is plotted in Figure 3.3a. Risk associated with

overall production strategy from t = 0 to t = t f is expressed in the cumulative hazard function, HRU L(t f ).

HRU L(t f ) is illustrated in Figure3.3b.
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(a) Hazard function, hRU L(t ), as a function of time, t .
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(b) Cumulative hazard function, HRU L(t f ), as a function of
time, t .

Figure 3.3: Risk of failure for the system when degradation of the bearing crack-length, h, is used as health
propagation model.

As this is conditional probability in an "aging" process, the failures occurring are assumed to be "wear-

out"-failures. Hence the failure rate hRU L(t ) ought to increase with time. Figure 3.3a illustrates a decreas-

ing failure rate with respect to time. The plot in Figure 2.28 indicates a contradicting result which is likely

to be the reverse of the hRU L estimates. This is because the implementation of hRU L and HRU L was con-

ducted by introducing a new differential time variable. The cumulative risk, HRU L , would thus be slower

if it was solved properly. In future work, the time dependency in hRU L and HRU L should be embedded
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without introducing a new time variable.

3.5.2 Constrained cumulative risk

The health condition of the overall system is also evaluated when it is measured in terms of RUL of equip-

ment. Constraints are imposed on the cumulative hazard, HRU L(tt ), to assure safe and reliable operation.

The cumulative hazard threshold is based on maximum cumulative hazard obtained in Section 3.5.1 and

is set to HRU L(tt ) = 0.8061. Figure 3.4 illustrates the predicted RUL of equipment when constraints are

imposed on the cumulative hazard.
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(a) Hazard function, hRU L(t ), as a function of time, t .
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Figure 3.4: Risk of failure for the system when cumulative hazard, HRU L(t f ), is used to make health pre-
dictions.

There is a significant increase in the hazard function in Figure 3.4a. There is also a small notch in the

cumulative hazard in Figure 3.4b. This increase is also significant in the state profiles for the gas produc-

tion rate, ṁg as , and the bearing crack length, h, in Figure 3.5. Towards the end of the time horizon, the

system realizes that the health constraint will be met, and thus increases the inputs to squeeze more gas

production out of the system. This indicates that the specified maintenance horizon might have been

too short. Preferably, the next maintenance should have been planned later. This might be avoided if the

hRU L and HRU L was implemented without introducing a new differential time variable. The shape and

the scale parameters discussed in Section 3.4 were equal for both prognostics models. However, different

tunings of the parameters did not remove the notch in the state profiles.

The predicted development of the bearing crack-length in the wet-gas compressor is illustrated in Figure
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3.5a. The bearing crack-length is not used for health predictions for the system in this case and is there-

fore not constrained. The bearing crack-length is predicted to reach a maximum value of h = 1.254 mm

after 5 years. The development of the associated gas production rate, ṁg as , is illustrated in Figure 3.5b.

The gas production rate in Figure 3.2b and 3.5b is not significantly different, despite the notch at the very

end in the latter figure. Therefore, the result of the objective function ought to be rather similar.
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(a) Bearing crack-length, h, in the wet-gas compressor as a func-
tion of time, when the health condition is measured in terms of
RUL of equipment.
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(b) Gas production rate, ṁg as , as a function of time, t .

Figure 3.5: State profiles for the bearing crack length, h, in the wet-gas compressor and the gas production
rate, ṁg as . Health condition is measured in terms of RUL of equipment.

3.5.3 Degradation level and RUL-distribution

The risk captured by the hazard function, HRU L , can be directly affected by shaping the RUL-distribution.

The RUL-distribution can be formed by influencing the states x by adjusting the inputs u. Figure 3.6b and

3.7b shows the evolution of the degradation of the bearing crack length, h, over a time period of 5 years.

The corresponding RUL distribution at degradation levels h1, h2 and h3 are depicted in Figure 3.6a and

3.7a. Essentially the expected RUL increases with decreasing degradation. That is reasonable as a smaller

bearing crack-length would suggest that the system is operational for a longer time, compared to a larger

crack-length.
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(a) RUL distribution at degradation levels h1, h2 and h3.
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Figure 3.6: Evolution of the degradation of equipment, h, and the RUL- distributions at degradation levels
h1, h2 and h3. Degradation of equipment is used to make health predictions.
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(a) RUL distribution at degradation levels h1, h2 and h3.
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Figure 3.7: Evolution of the degradation of equipment, h, and the RUL- distributions at degradation levels
h1, h2 and h3. Cumulative hazard is used to make health predictions.

Table 3.1 shows the results from the open-loop optimization for the two health propagation models.

Overall, the results are somewhat unexpected. The gas production from the two health propagation mod-

els is quite similar. Based on a rational mindset, the degradation of equipment as a health propagation

model ought to yield a more economically profitable operation as it imposes constraints directly on the

fault indicator. RUL of equipment as a health propagation model would suggest a more conservative op-

erational strategy as it seeks to limit loss of production. The economic outcome is reflected in Figure 3.2b
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and 3.5b, in which the gas production with a notch at the end would yield a more profitable operational

strategy. The outcome might be more intuitive if hRU L and HRU L were embedded without introducing a

new differential time variable.

Table 3.1: Bearing crack length,h and cumulative hazard,HRU L(t f ), for the two health propagation mod-
els.

Bearing crack length, Cumulative hazard, Gas production,
Health propagation model h HRU L(t f ) ṁg as

Degradation of equipment 0.8061 1.0 2.46867
RUL of equipment 0.8061 1.254 2.49838



Chapter 4

Conclusion

This project thesis proposed an approach for integrating health monitoring, prognostics and control to

achieve an economic optimal operational strategy, without compromising the reliability of the system.

A detailed model has been implemented to provide accurate predictions of liquid carry over to the wet-

gas compressor. The purpose of the new separator model has been to reduce uncertainty and enable

enhanced production through less conservative operations. Excellent correlation between the cyclone

separation efficiency and the dimensionless re-entrainment number indicated that the separation effi-

ciency was governed by liquid re-entrainment, i.e. not insufficient separation of smaller droplets.

Health monitoring techniques has been employed to consider and evaluate the condition of the over-

all system. The degradation of equipment and remaining useful life (RUL) of equipment has been used

for condition monitoring purposes. Paris’ law for crack propagation has been used to predict degradation

of equipment. Risk of failure in terms of cumulative hazard has been used to predict RUL of equipment.

Parameters in the RUL distribution has been estimated based on the aging process. The expected RUL

increases with decreasing degradation. That is reasonable as a smaller bearing crack-length would sug-

gest that the system was operational for a longer time, compared to a larger crack-length. The results of

the economic outcome are somewhat unexpected. The RUL of equipment as a health propagation model

seems to be more profitable. Adjustments to the risk of failure implementation could have been made to

achieve a more intuitive result.

31
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4.1 Future Work

In future work, a separator model with a spinlet inlet configuration can be considered. Thus the model

would capture more features of the original Statoil patent for the subsea station. More parameters could

be modeled with uncertainty, but that would demand more computational time. The disturbance in GVF

should be handled in future work to be able to account for fluctuations in the gas volume fractions in the

system.

The implementation of risk of failure ought to be conducted without introducing a new differential time

variable in order to avoid confusion. An increasing failure rate for the aging process is more intuitive and

might prevent the notch at the end. Multiple failure mechanisms should also be addressed in the future,

not only the faults which can be affect by inputs. Furthermore, the objective can be changed to be min-

imizing the unavailability whilst constraining the minimum expected economic profit. This indicates

that the objective is to minimize the cumulative risk of failure while constraining the minimum expected

economic profit from operation. This can be expressed as:

min
u

(φ̄r (x, z,u, p))

s.t. x ∈ X

u ∈U

φ̄e (x, z,u, p) ≤ εe

(4.1)
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Appendix A

Parameters used for the simulations

Table A.1: Parameters used for the simulations.

Parameter Description Value Unit

m Model parameter for the Re-entrainment number,E . 0.4 -
A Linearization parameters for the correlation between E and α. -0.1345 -
B Linearization parameters for the correlation between E and α. 1.01 -
θ Angle between vertical and tangential gas velocity on the cyclone wall. 45 o

θ̂ Angle to indicate direction of gas flow in the wetted perimeter. 45 o

σ Interfacial/surface tension between two phases. 2.2 mN/m
µl Liquid viscosity. 0.096 cP
P1 Inlet pressure. 100 bar
uchoke Choke opening. 0.565 -
ucomp Compressor speed. 0.85 -
T Inlet temperature. 350 K
h0 Initial bearing degradation. 0.01 mm
i Discount rate for Net present value calculations. 0.015 -
N The length of the horizon in the stochastic non-linear optimization problem. 20 -
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