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Preface

This report is a Master’s thesis in the master programme of RAMS (Reliability, Availability, Main-
tainability and Safety) within the Department of Production and Quality Engineering at NTNU
(Norwegian University of Science and Technology). It was carried out during the spring semester

of 2015.

In February, 2015, my supervisor Anne Barros and me had a meeting with my future tutor in
FMC Technology, Geir Werner Nilsen, to talk about my Master’s thesis. Geir suggested me to
write about the condition monitoring of subsea pumps as a case. Since multiphase pump is
more advanced and new technology, I decided to research the condition monitoring of a multi-

phase pump to show how condition monitoring techniques are utilized for subsea equipment.

This report is written for the fifth-year RAMS students who have some knowledge of condition

monitoring and the subsea production system.

Trondheim, 2015-6-10

Fenfen Liu
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Summary and Conclusions

This thesis presents a case study about the condition monitoring of the twin-screw multiphase
pump in the subsea field to demonstrate how condition monitoring techniques can be ap-
plied for subsea equipment. Firstly a FMECA (Failure modes, effects, and criticality analysis)
worksheet is carried out to identify the critical components of a twin-screw multiphase pump.
Among the identified critical components, the mechanical seal and the twin screws are deter-
mined as study objects. For the condition monitoring of the mechanical seal, four different
methods are introduced to detect the conditions of the mechanical seal. Then a physics-based
model and a data-driven model are presented respectively as the diagnosis and prognosis mod-
els for the case of mechanical seals. For the twin screws, by learning the wear mechanism of the
screws, the pressure distribution along the screw axis is decided to be measured to analyse the
wear conditions of the twin screws. Afterwards Hidden Markov Model (HMM) is proposed for
the failure diagnosis and prognosis. In addition a numerical example is computed to prove that
HMM has the ability to identify the current wear state and predict the remaining useful life of

the twin screws.
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Chapter 1

Introduction

1.1 Background

During the last three decades, the application of subsea technologies have been developed sig-
nificantly to the oil and gas production, which makes it possible to explore more reservoirs un-
der deep sea. As more and more new technologies have been introduced to the subsea field,
both the total number of subsea completions and the maximum water depth of subsea installa-

tions have increased dramatically.

Unlike the production equipment onshore or on a platform, the complex and unclear subsea
environment bring various challenges to the maintenance activities. Usually the subsea mainte-
nance requires a service vessel, Remote Operated Vehicle (ROV), specialized personnel, subsea
tools,etc. Thus the preparatory work can be as long as one month before the repair is executed.
In case of the occurrence of a critical failure that causes a sudden shutdown, the whole system
may be idle for a long time until the preparation is done and the weather is favourable for main-
tenance activity, even though the real repair takes only several hours. The long idle time results
also in the lower availability of the subsea system, which means huge economic losses and even

worse reputation loss for oil and gas production industry.

Condition monitoring (CM) techniques have been introduced to solve this problem in the sub-
sea field. By installing various sensors at the key points of the system, the condition data can

be obtained and remotely monitored. With the application of signal process technology, the
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main features, namely, the health indicators of the machine, are extracted from the raw condi-
tion data, which provides a better view of the current condition of the system. Then advanced
algorithms are utilized for failure diagnosis and remaining useful life prediction. The main ad-
vantage of CM is that it can help maintenance personnel to schedule maintenance activities in
the most cost-effective way by giving an accurate judgement of the current condition of the sys-
tem. Meanwhile the data collection phase can be continuously real-time that does not disturb

the operation of the system.

Even though CM has been well developed in other areas such as railway and aerospace, sub-
sea CM started just a few years ago. Most industries focus only on the monitoring of the flow
process, including the flow pressure, temperature and flow rate, etc. But the equipment itself
also needs to be monitored, for the degradation of the equipment would directly lead to the re-
duced efficiency of production. Since the subsea industry is a relatively young field, there are
not plenty of literatures about the CM of subsea equipment. And most of them (e.g., Friede-
mann et al. (2008), Donnelly (2013)) provide only an abstract framework or concept of subsea
CM rather than detailed practical information about how CM techniques are implemented for

subsea equipment.

In this thesis a case study is carried out to present the procedure of CM for subsea equipment.
In February, 2015, my supervisor Anne Barros and me had a meeting with my future tutor in
FMC Technology, Geir Werner Nilsen, to talk about my Master’s thesis. Geir suggested me to
write about the CM of subsea pumps as a case. Since multiphase pump (MPP) is new developed
boosting technology and is more advanced than conventional pumps, it would be more inter-
esting to research the CM of MPP. Then I decided to use MPP as a case for subsea CM. MPP is
able to pump the liquid and gas together, and the gas volume fraction could be as high as 95%
for twin-screw MPP. Whereas the conventional pump can only pump liquid. Thus in the tradi-
tional solution, a separator is installed to separate the multiphase flow into gas and liquid, then
the liquid is pumped by a conventional pump while the gas is compressed by a compressor. A
single MPP is competent for the work done by a separator, a pump and a compressor together.

Hence, MPP is more cost-effective.
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For the CM of MPP firstly a simplified FMECA (Failure modes, effects, and criticality analysis)
is carried out to identify the critical components. Then the detailed CM information is demon-
strated at component level for the critical components. For each certain component, the follow-
ing questions need to be solved: which condition data are necessary for CM, which sensors can
be utilized, how to measure the useful data, which models can be applied for failure diagnosis

and prognosis.

1.2 Objectives

The main objective of this Master thesis is to carry out a case study about the CM of MPP to
present how CM can be applied for subsea equipment. To realize this objective, the following

sub-objectives have to be reached:

1. Learn about the current subsea condition monitoring techniques, and the general proce-

dure of condition monitoring.
2. Find out the critical components of a multiphase pump.

3. Figure out which condition data are useful for condition monitoring, and how to measure

them.

4. Figure out which models can be applied for the failure diagnosis and remaining useful life

(RUL) prediction for different components.

1.3 Limitations

Due to the time limit and a lack of practical experience or information about multiphase pump,

this thesis has the following limitations:

¢ In the FMECA of a twin-screw multiphase pump, not all possible failure modes have been
analysed. Only the main failure modes for each component are listed in the worksheet. In
addition, the ranking level for the failure frequency, detectability and severity of each fail-
ure mode have been simplified, which may make the results of the FMECA not so precise

as a professional one.
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1.4

The condition monitoring for a whole system requires comprehensive knowledge about
the details of each part in the system and sufficient practical experience as well, which
is very difficult for a student without information from the practice. Thus the condition

monitoring research is carried out only at the component level.

Owing to time limit, it is impossible to research the condition monitoring techniques for
all critical components identified. Only the mechanical seal and twin screws are studied

as examples.

The proposed physics-based model and proportional hazard model (PHM) for the me-

chanical seal are not verified with data due to a lack of real data in this case.

For the wear of the screws, only Hidden Markov Model (HMM) is trained in Matlab to
show its ability for diagnosis and prognosis, while Hidden Semi-Markov Model (HSMM)
is not trained since it requires more advanced programming skills. Besides, due to alack of
real data, the data in the numerical example for HMM are generated optionally in Matlab,

which cannot provide practical information for the real situation.

Approach

Firstly literature review has been done to learn about the whole subsea production system and

the current subsea CM techniques. The detailed procedure of CM is also learned form the stan-

dard ISO 17359:2011. As a typical subsea equipment, the twin-screw multiphase pump is de-

termined to be the study object. Then a simplified FMECA is carried out to identify the critical

components, among which the mechanical seal and twin screws are further studied. For the

mechanical seal, a physics-based model and a data-driven model are introduced based on liter-

ature review to predict the RUL. For the twin screws, HMM is proposed to estimate the current

wear state and predict the RUL. Additionally a numerical example is computed to verify the abil-

ity of HMM for both diagnosis and prognosis. The training data for the example are generated

optionally in Matlab owing to a lack of real data.
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1.5 Structure of the Report

The rest of the report is organized as follows:

e Chapter 2: Describe the current problems for subsea equipment, and introduce the de-
velopment of CM both in other areas and in subsea field. The challenges of CM in subsea

field are also stated. Then the detailed procedure of CM is presented.

e Chapter 3: Based on the system structure analysis of the twin-screw multiphase pump, a
FMECA worksheet is carried out at the component level, and the critical components are

identified.

e Chapter 4: The CM for the mechanical seal is described in details, including the existing
monitoring techniques, the important condition data and the corresponding measure-
ments. In addition a physics-based model and a data-driven model are demonstrated for

the RUL prediction.

* Chapter 5: Present how CM is applied for the wear of the screws. Then HMM is proposed
for the failure diagnosis and prognosis. In addition a numerical example is taken in Matlab

to prove HMM is able to identify the current wear state and predict the RUL as well.

* Chapter 6: Present the summary and conclusions for this thesis, and then propose recom-

mendations for the further work.



Chapter 2

Condition Monitoring in Subsea

2.1 Problem Description

The application of subsea technology to reservoir development has been widely accepted as
an oil production solution, since it provides more opportunities to explore the reservoirs under
deep water. During the past three decades, there has been a significant development in subsea
field. Both the total number of subsea completions and the maximum water depth of subsea

completions installed have increased dramatically, which is shown in Figure 2.1.

However, the availability of subsea equipment is usually lower than topside machinery, and
some studies show that availability of subsea assets can be as low as 90% (Langli et al. (2001)).

Availability is commonly defined as

MTBF
MTBF+MTTR

Availability =

where MTBF is mean time between failures (or uptime), and MTTR is the mean time to repair
(or downtime). The lower availability of subsea equipment is mainly caused by large value of
MTTR rather than MTBE MTTR consists of both preparation and execution time of mainte-
nance activities. On a deck of a platform, it does not take a long time for preparation, since
personnel, tools and spare parts are usually already available. While in a subsea system, the

maintenance requires a service vessel, Remote Operated Vehicle (ROV), specialized personnel,



CHAPTER 2. CONDITION MONITORING IN SUBSEA 7

40

Shallow water O Shallow water

35
o -
Deepwater
30 ™ T

25

20

Number of Subsea Completions

oL n||||n||n

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

8.000

Camden Hills
e King's Peak

6.000

Mensa
e

5.000

4.000

3.000 A
GC 31

Maximum Water Depth (1)

2.000

HIAS73
1.000

(Y S VU E——— ..".".ﬂ-\—u.“.‘.

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Figure 2.1: The total number of subsea completions and the maximum water depth for subsea
installations (from Bai and Bai (2012))

and subsea tools, which is also coupled with other factors such as weather conditions that have
to be favourable for the maintenance (Bencomo (2012)). For instance, the actual replacement
of a subsea pump module typically takes 24 hours, while the preparation time can be as long as

one month (Eriksson et al. (2014))

One feature of subsea industry is that the occurrence of unplanned shutdown will cause huge
economic losses that is usually beyond the acceptable level. Hence, it is very important to keep
a high availability of subsea equipment to avoid or reduce the undesired shutdown of the sys-

tem. Apparently if the preparation time can be effectively reduced, the availability is expected
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to be higher. If the potential failure can be accurately predicted before it occurs, the prepara-
tory work can start earlier, so that no extra preparation time is taken when maintenance activity
is required. For the prediction work, condition monitoring (CM) is an effective method. The
way how CM can be applied to improve availability is shown in Figure 2.2. Therefore subsea

condition monitoring is a path to increased availability and increased recovery in the reservoir.

e GGG
e b b6 bbb

r
CPM 'q_-mp,-A angoing production
warning

Figure 2.2: Difference with and without a condition and performance monitoring (CPM) system
(from Donnelly (2013))

2.2 Development of Condition Monitoring

Before CM began to be used in subsea, it has been successfully developed in other industries.
In maritime industry, it is profitable to keep the vessels in transit as much as possible. Thus
condition based maintenance (CBM) is introduced to minimize the repair time at ports. One
important development in maritime industry is the creation of Technical Condition Index (TCI),
which is a measure for integrity, health and performance based on aggregation of technical,
financial and statistical parameters (Bencomo (2012)). TCI uses Bayesian network to describe
the behaviour of a hierarchical system. All the TCIs are computed from the lowest component
level (child) to the top level (parent) to determine the impact of the child nodes to the parent
node, thus finally providing a top level status for the whole system. The computation can be

simply described as:
Z? TCI; * w;

Y w;

where T'CI; is the TCI of child i, w; is the weight of child 7, and »n is the number of child nodes.

TCIparent =

The main advantage is that TCI provides information about the system as a whole rather than

just only as a list of conventional key performance indicators for individual components, which
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helps to understand the whole system status.

In railway industry, the degradation and malfunctions of the trains could reduce the transport
efficiency and cause economic losses. In worse situation, it would lead to catastrophe with seri-
ous human injuries and fatalities for passenger trains. Hence, it is very necessary to utilize CM
techniques to detect the early warnings of possible failures to avoid train accident. Due to the
special mechanics in trains, the railway has developed new methods of CM for locomotives, bo-
gies and railways. For instance, the infrared technology is applied to detect high temperatures in
wheels and bearings, acoustic bearing detectors are installed to record sounds from bogies, vi-
bration analysis for bearing defects, and strain gauges and accelerometers are used to measure
lateral and vertical forces to estimate the risk of derailment and defects on wheels (Lagneback
(2007)). Some of these CM techniques have been gradually used in other areas for machinery

diagnosis.

In power generation industry, the power production is greatly influenced by the price of com-
modities and energy demand. It is reasonable to operate at high capacity when the energy de-
mand is high, and vice versa. In addition, the power generation should be always available
since the consumption is uninterrupted, which requires the power plants with very high relia-
bility level. For this reason, CM techniques in power generation industry concentrates mostly
in diagnosis and failure prediction, and advanced algorithms have been introduced to keep a
good balance between the supply and demand, such as neural networks and expert systems
(Bencomo (2012)). The application of advanced algorithms made a great improvement for the
diagnosis and prognosis in CM techniques. The main advantage is that the new algorithm can
make a prediction based on both historical and current data, which is more accurate than the

conventional computation that is only based on historical data.

Aerospace has developed the most advanced CM owing to the obvious safety reasons. Adaptive
Gaussian Threshold (ATA) algorithm has been created as a novel method for failure detection
when historical information is scarce. It is able to recognize new behaviour patterns that were
not considered during the modelling of machine failure (Bencomo (2012)). Another improve-

ment is that relevant software has been programmed for CM techniques, providing failure diag-
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nosis, trending prediction and decision support, which makes the application of CM techniques

more convenient.

Even though subsea systems have existed for more then 50 years, it was only a few years ago that
oil and gas companies have considered CM for subsea equipment as an essential part of their
asset management strategies. In 2009 General Electric (GE) established the Subsea Monitor-
ing and Remote Technology Center (SMARTCenter). In this CM system, condition data are col-
lected at the field by various sensors, then the remote fault diagnosis , equipment performance
trending and recommendations for maintenance intervention are carried out on-line. The main
objectives of SMARTCenter are to detect hydraulic leakage, umbilical resistance degradation,
chock erosion, and valve signature (Bencomo (2012)). Schlumberger offers a parallel surveil-
lance system that can monitor the Christmas tree, risers, flowlines and jumpers, detect the leak-
age, and measure temperature distribution for hydrate prediction. FMC has developed a Con-
dition and Performance Monitoring (CPM) system for subsea CM. It monitors electrical and
mechanical components continuously and provides real-time processing to determine current
operating conditions and early detection of degradation. It researches also some advanced CM

technologies such as optoelectronic leak detection, which is able to detect very small leakage.

As a relatively new industry, it faces a couple of challenges with respect to CM in subsea field:

* Lack of specialized CM equipment (both hardware and software) for subsea applications

due to the short history of the subsea industry.

e Due to the complex environment under deep water, many conventional sensors are not

competent to collect data stably.

* Most conditions monitored in subsea field are only the flow process data, but very few

information about the conditions of the subsea equipment has been recorded and stored.

* Many subsea installations are located far away from the shore, which makes it difficult
to access the equipment. The calibration, upgrade and maintenance of CM equipment

become also difficult and expensive.
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2.3 Procedure of Condition Monitoring

The standard ISO 17359:2011 provides a detailed CM procedure as shown in Figure 2.4. To be
simplified, the procedure can be divided into five parts: system identification, data acquisition,

data processing, diagnosis and prognosis, decision making, which is shown in Figure 2.3.

Diagnosis
System Data Data Decision
identification acquisition processing making
Prognosis

Figure 2.3: Simplified procedure of condition monitoring

System identification is to analyse the system function of the study object, identify the possible
failure modes both on the system and component level. Then the critical components have to
be figured out for CM. Besides, the information about the existing historical data and available

research methods needs to be collected for the sequent work.

Data acquisition is to collect useful condition data and event data. Before the implementation
of data acquisition, the following problems have to be solved: which data have to be measured
and recorded, how to measure condition data, what type of sensors can be utilized, the location

and number for different sensors, how signal is sent from sensors to the controller.

Data processing is necessary when the raw data cannot be directly used. Usually the measured
raw data contain a lot of noises from the environment. So the first step of data processing is
the remove the irrelevant noises, which is called filtering. In many situations, even the filtered
data cannot provide a straightforward view of the current system status. Thus further data pro-
cessing techniques are applied to extract features that can be used as indicators of the system
performance. For example, Fast Fourier Transform is widely used to extract the frequency fea-
tures from time-domain data, since the amplitudes of the frequencies have the ability to indicate

different failure modes for a component such as bearing.
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Diagnosis

Diagnosis is executed based on the feature extraction, aiming to determine the presence, posi-
tion and severity of the defect or damage in the machine. Nowadays the concept of machine

diagnosis is computerised comprising automated detection and classification of faults.

ISO 13379-1:2012 (ISO (a)) divides current diagnostic approaches into two types: data-driven
approaches and knowledge-based approaches. The basic idea of both of them is to build a base
model which describes the normal conditions of the machine either based on data or based on
knowledge, and then look at the difference between the real measured value and the estimated
value from the base model. If the difference is too large and beyond the acceptable range, then it
may reveal that there is something wrong in the machine. In opposite, if the difference is within

the acceptable range, it shows that the machine is healthy so far.

Data-driven approaches establish mathematical models to fit the data obtained from machine.
These models do not represent the physical mechanism of the machine. The data used could
be event data or condition data or both. Event data includes which kind of failures happened
at what time, when and where the replacement or repair activities were carried out, etc., while

condition data are measured to indicate the health conditions of the machine or components.

Knowledge-based approaches are mostly based on the deep knowledge of the working mech-
anism of the machine and the experience of the technicians. These approaches also use event

data and condition data, but not so much as data-driven approaches.

Prognosis

In practice, machinery prognosis can be explained as the forecast of the remaining useful life
(RUL), future condition, or probability of reliable operation of an equipment based on the ac-
quired condition data. The mail difference between diagnosis and prognosis is that, diagnosis is
usually carried out after the appearance of a symptom or a suspicious anomaly to judge whether
this is a fault or abnormal behaviour,where it is, and how serious it is, while prognosis is to pre-
dict the future behaviour of the machine, e.g., when the next failure will happen, the probability

that the system will fail before the next inspection, etc. Prognosis is developed based on diag-
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nosis.

In the situation of expensive shutdown or catastrophic consequences, it is very important to
apply prognostics to predict the expected time to failure or the probability that the system can
survive a future period, thus corresponding actions will be decided to prevent undesired con-
sequences. With accurate prognosis, it is expected to significantly reduce expensive downtime,

spares inventory, maintenance labour costs and hazardous conditions (Heng et al. (2009)).

The basic objective of prognosis is to predict the future behaviour of machine. Before CBM was
adopted, there were many traditional methods to estimate the reliability of the machine. Ac-
cording to the different types of data used for prediction, Heng et al. (2009) group the existing
methods for predicting rotating machinery failures into three categories: traditional reliability
approaches based on event data, prognostics approaches based on condition data,and inte-

grated approaches based on both event and condition data.

Decision Making

The ultimate objective of diagnosis and prognosis is to provide support for maintenance deci-
sion making. For general degradation process, there are three decision rules based on the result

of diagnosis and prognosis, as explained in the bellow.

Define the involved parameters as:

L - predetermined failed level;

M - the maintenance level at which necessary maintenance activity is needed, obviously M < L;
T, - the minimum of the tolerable time to failure;

Q - the maximum of the tolerable probability of failing within one preventive maintenance (PM)
interval;

X(kt) - the estimated degradation level at the kth interval.

Rule 1: If X(k1) < L and X(kt) > M, then carry out PM.

Rule 2: If X(k7) < L and the mean remaining useful life at time kt mean RUL(kt) < T, then
carry out PM.

Rule 3: If X(k7) < L, and the probability of failing within one PM interval P,(RUL(kt) < 7|T >
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(k—1)7) > Q, then carry out PM.

With various prognostic models, the degradation level expression X(#) and the survival function
R(t) can be estimated based on the condition data and the event data. Thus it is convenient to
calculate

meanRUL(t):Lf R(x)dx,
R(1) J:

and

P, (RUL(kt)<7|T>(k—1)1)=1-P.(RUL(kT) >7|T > (k—1)71)

=1-R(kt|T > (k—1)1),

and further include the degradation level information as below, which makes the prediction of

the probability more accurate.

P, (RUL(kT) <7|T > (k— 1)1, X (kT) = x(kT)) =1 - P (RUL(kT) > 7|T > (k— 1)T)

=1-R(kt|T > (k-1)71,X(kT) = x(kT))

Apparently Rule 2 and Rule 3 are more advanced than Rule 1, because they take into account the
stochastic properties of the degradation process in the future, while Rule 1 does not. However,
in fact Rule 1 is the most commonly used in many industries since it is much easier to be man-
aged. Besides, when the data is not sufficient enough, Rule 3 is preferred rather than Rule 2, as

the calculation of the probability has much less variance than the calculation of mean RUL(t).

Despite of the results of diagnosis and prognosis, maintenance decision making is also influ-
enced by many other factors, such as the economic costs, maintenance strategy, regulations and
laws, the availability of spare parts and specialized tools, human resources, etc. Hence, a robust

maintenance decision making system is needed to balance the different profits and boundaries.



Chapter 3

FMECA of Multiphase Pump

3.1 The Application of Multiphase Pump

Pumps are widely used in subsea to improve the efficiency of oil production by keeping the req-
uisite pressure in the flowline. Conventional pumps can only be used to pump liquid-dominated
flow due to that they are originally designed to pump liquid. However, the crude oil from pro-
duction wells usually contains a high fraction of gas, which cannot be pumped directly by con-
ventional pumps. A common solution to this problem is to use a scrubber to separate the gas
and liquid, then pump and compressor are used in parallel to handle the separated liquid and
gas respectively. Afterwards the gas and liquid are recombined and sent in a common flowline

to shore, as shown in Figure 3.1.

As new technology develops, multiphase pump (MPP) has been gradually applied in subsea
during the last three decades, aiming to help to eliminate separators, compressors, and individ-
ual pumping equipment, thus increasing the oil production at lower costs(Schoener (2004)). In
comparison with conventional pumps, the main advantage of MPP is its ability to handle the
flow with a high gas volume fraction (GVF), e.g., as high as 95~98% in inlet conditions, which
means a single MPP is able to complete the total work of a scrubber, a conventional pump and
a compressor. Besides, owing to the high integrity of the MPDP it uses much less space than the
solution in Figure 3.1 and is much easier to be installed. Moreover the flexibility of a MPP to han-

dle both low pressure and high pressure conditions makes it an ideal tool to develop marginal
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Figure 3.1: Solution with conventional pump (from Eriksson (2010))
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There are several different types of MPP, as shown in Figure 3.2. Both positive displacement

pumps and helico-Axial pumps have been successfully used in onshore, offshore or subsea field.

The most commonly used is the positive displacement, twin-screw MPP. Therefore a twin-screw

MPP is selected as a research object for condition monitoring.

Multiphase Pumps
[ [ |
Positive Displacement Rotodynamic Other
H Twin-Screw —  Helico-Axial - "Poseidon Type"
~  Progressing Cavity (PCP) _

Figure 3.2: Classification of multiphase pump (from Scott et al. (2004))

For MPP is relatively new technology, most researches still focus on the design of MPP. Thus



CHAPTER 3. FMECA OF MULTIPHASE PUMP 18

plenty of experiments have been carried out to analyse or model the performance of a new MPP
under various operating conditions. For example, Prang and Cooper (2004) analyses the flow
rate influencing factors, including gas volume fraction (GVF), liquid viscosity, rotational speed,
screw geometry, pressure rise, etc. Scharf (2006) uses experiments to show that twin-screw MPP
with declining pitch has better performance than the one with normal pitch. Kim et al. (2015)
illustrates how to use design of experiments(DOE) techniques to improve MPP performance.
Feng et al. (2001) constructs a model to simulate the multiphase pumping process based on
energy conservation and mass conservation principles. Egashira et al. (1998) calculates the the-
oretical amount of backflow in twin-screw MPP. Only few literature introduces the condition
monitoring system of MPP, e.g., Rohlfing (2010), but it is just conceptual to some extend rather
than practical application. As such an important boosting equipment in subsea oil production,
the CM for MPP would sooner or later be a topic. Therefore this thesis focuses on how CM can
be applied to improve the availability of MPP, including which critical components need CM,
which data need to be collected, which sensors are utilised, and which models can be used for

diagnosis and prognosis based on the collected data.

3.2 Introduction of FMECA

FMECA (Failure modes, effects, and criticality analysis) is a methodology to identify and analyse
all potential failure modes of the various parts of a system, the effects these failures may have
on the system, and how to avoid the failures or mitigate the effects of the failures on the system
(Rausand (2013)). In addition, by ranking the severity, frequency and the detectability of each
failure mode, FMECA can identify which failure modes are critical that need more attention. In
this way, FMECA provides a basis not only for maintenance planning, but also for quantitative

reliability and availability analysis.

There are two approaches to FMECA: bottom-up approach and top-down approach. The bottom-
up approach is used when a system concept has been decided. FMECA is carried out on the
component level that the failure modes of each component are studied one-by-one. Thus it is
also called hardware approach. To the contrary top-down approach is mainly used in an early

design phase before the whole system structure is decided. FMECA is carried out on the system
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or sub-system level. It focuses mainly on system or sub-system malfunctions instead of the ex-
act component failure. In this case, since the MPP is already well designed and manufactured,

bottom-up approach is applied, thus FMECA of MPP is carried out at the component level.

There are mainly five steps to work on FMECA:

1. FMECA prerequisites, including the object of study, the objectives, which approach is pre-

ferred, the plan of the FMECA procedure and relative working team, etc.

2. System structure analysis. Usually the system is divided into sub-systems and further into

component level.

3. Failure analysis and preparation of FMECA worksheets. Based on the system structure
analysis, all possible failure modes of each component are listed in the FMECA worksheet.
The ranking of the severity, frequency and detectability of each failure mode need to be

clearly identified.

4. Team review. This step focuses on the related risk of each failure mode to assess whether
the risk is acceptable. If it is unacceptable, improvement measures have to be proposed

to reduce the risk until it is within the acceptable level.
5. Corrective actions. Improvements are executed based on the team review.

The main advantage of FMECA is that it is a very structured and reliable method for evaluating
hardware and systems, and the concept and application are easy to learn. The system struc-
ture analysis makes it easy to evaluate complex systems. However, the disadvantage is that the
FMECA process may be very time-consuming, and it is easy to forget human errors in the anal-

ysis.

Since the main objective of FMECA in this case is to identify the critical components that need
condition monitoring, the part of how to avoid the failures or mitigate the effects of the failures

on the system is removed from the FMECA worksheet. Step 2 and 3 are presented in details.
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3.3 System Structure Analysis

As shown in Figure 3.3, a twin-screw MPP mainly consists of four parts: pump unit, slug distrib-
utor, GLCC (Gas Liquid Cylindrical Cyclone), and recirculation system. Firstly the oil produced
from the production well is transferred through the inlet line into the combination of the slug
distributor and the pump unit. Then it goes to the cyclonic column of GLCC through a tangen-
tial inlet, which can form a vortex to roughly separate gas and liquid. In recombination column
gas and liquid are recombined to the common outlet line and sent out. The recirculation sys-
tem recirculates a small part of liquid from the bottom of recombination column to the pump

suction to ensure a minimum of liquid in the multiphase mixture.

Recirculation line

—-— _— | INTERCOOLER

1 Recombination|

Cyclonic &

column

Qutlet line

i

Figure 3.3: A simplified overview of a twin-screw multiphase pump (adjusted from Campen et al.
(2009))

Pump unit

The basic structure of a twin-screw MPP is shown in Figure 3.4. The other side of the driving
shaft is a combination of motor and gearbox. During operation, the rotation of the two screws

can provide the requisite pressure to pump the multiphase flow from suction to discharge port.
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Even though a twin-screw MPP can deal with as high as 95% GVF condition, the problem is that
there must be a minimum of liquid in the multiphase mixture (e.g., 5%) to maintain a seal be-
tween the screw flanks and the screw tips and casing(Campen et al. (2009)). If the minimum
of liquid is not met in multiphase service, the MPP cannot pump the flow but still continues to
rotate. Even a short period of this kind of idle running could cause the overheating of pump,
and afterwards leads to shutdown of the pump when the high temperature is sensed by the
temperature sensors. Hence, the alltime minimum of liquid is a prerequisite for the continuous
operation of the MPP. To solve this problem, a common method is to recirculated a small part
of liquid from the discharge of MPP to the suction to ensure the liquid minimum. It is proved
to be an effective method even though it reduces the capacity of the pump to some extend. To
decrease the negative influence of liquid recirculation, a chock valve is installed in the recircu-
lation line to control the flow rate of recirculated liquid according to the GVF of the flow in the

suction, as shown in Figure 3.3.

Figure 3.4: The inside structure of a twin-screw pump (1.Driving shaft; 2.Driven shaft; 3.Gear;
4.Suction; 5.Discharge; 6.Housing; 7.Bearing) (from Vetter et al. (2000a))

GLCC

The main objective of GLCC is to briefly separate gas and liquid to provide the liquid for recir-

culation. If there was no GLCC, the recirculated flow (directly from the discharge port of pump)
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would contain a part of gas. When the gas enters the suction of pump from the recirculated
line, the lower pressure in the pump would lead to the expansion of the gas, thus reducing the
volume of suction flow and correspondingly the capacity of the pump. In even worse situation,
if the suction flow happens to be a single phase of gas, the recirculated flow is also full of gas,
then the pump begins to run idly. Since there is no liquid discharged to take away the heat in the

pump, the temperature would continuously increase until the pump stops due to overheating.

The application of GLCC can effectively solve these problems. The tangential inlet of the cy-
clonic column can help to form a vortex of the flow to separate gas and liquid. Afterwards the
gas and liquid are recombined through the recombination port on the recombination column
and sent out through the common outlet pipe. The recirculation port is located at the bottom of
the recombination column, which ensures recirculated flow is all liquid. In addition, the liquid
connection of the cyclonic column and the recombination column makes a U-tube effect, which
means the liquid level in the latter is always the same with the liquid level in the former. When
the liquid level is below the recombination port, the output is only gas while liquid is stored in
GLCC. Therefore, in the case of full gas suction, the stored liquid in the recombination column

can still be recirculated to ensure the continuous operation.

Recirculation system

The recirculation system simply consists of a recirculation port at the bottom of the recombi-
nation column, recirculation line, an intercooler and a chock valve. In front of the recirculation
port, there is a vertical baffle plate fixed on the bottom of the recombination column, aiming to
prevent the majority of particulates from entering the recirculation line. Thus the particulates
in the flow will not be repeatedly recirculated in the whole system, which is able to decrease
the corrosion and erosion. The intercooler in the recirculation line is used as a fluid resistor
to reduce the discharge pressure to the level of the pump suction pressure it will be "meet-

ing"(Campen et al. (2009)). A chock valve is installed with the same purpose.
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Slug distributor

In a multiphase pipeline, it produces normally "slug" flow, that is a liquid-gas two-phase flow
and represented by alternating volumes of gas and liquid. Since the conditions keep changing
in the pumping process, there is high uncertainty of the gas slugs in the crude oil. And the gas-
dominated slugs could cause a similar situation to a lack of the minimum amount of liquid.
Thus a slug distributor is applied to deal with it. The inside structure of a slug distributor is

shown in Figure 3.5.
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Figure 3.5: The inside structure of a slug distributor (1.Standpipe; 2.Breather tube; 3.Perforated
plate; 4.Metering holes) (adjusted from Campen et al. (2009))

The inlet of the slug distributor is also a tangential inlet to form a vortex to separate the gas and
liquid. Since the standpipe and the breather tubes are higher than the inlet port, the gas passes
through the standpipe, while the liquid flows through the holes in the perforated plate into the
down space. The gas existing under the perforated plate can go back to the up space through
the breather tubes, and then passes through the standpipe to the outlet. There are six metering

holes in the bottom of the slug distributor, which is to lead the liquid from the down space to
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the outlet. At the outlet port, the gas from the standpipe and the liquid from the metering holes

are recombined to the pump unit. In this way, the gas-dominated slug could be eliminated.

Based on the description, the system structure is represented in Figure 3.6.

3.4 FMECA Worksheet

The FMECA of the twin-screw MPP is taken at the component level. Referring to Rausand (2013),
the detection ranking, failure rates classification, and the severity classes, defined in FMECA, are
simplified and adjusted according to the practical information of a MPP, for the main purpose

of the FMECA here is to identify the critical components that need to be monitored.
The detailed FMECA worksheet is shown in Appendix B. The failure rate of each failure mode

Table 3.1: The defined detection ranking. (Adjusted from Rausand (2013))

Rank Description

1 Very high probability that the defect will be detected. Verification and/or controls will almost
certainly detect the existence of a deficiency of defect.

2 High probability that the defect will be detected. Verification and/or controls have a good
chance of detecting the existence of a deficiency/defect.

3 Moderate probability that the defect will be detected. Verification and/or controls are likely to
detect the existence of a deficiency or defect.

4 Low probability that the defect will be detected. Verification and/or control not likely to detect
the existence of a deficiency or defect.

5 Very low (or zero) probability that the defect will be detected. Verification and/or controls will

not or cannot detect the existence of a deficiency/defect.

Table 3.2: The defined failure rate ranking. (From Rausand (2013))

Rank Class Description

1 Very unlikely Once per 1000 years or more seldom
2 Remote Once per 100 years

3 Occasional Once per 10 years

4 Probable Once per year

5 Frequent Once per month or more often

refers to the data from OREDA Offshore Reliability Data 5th Edition (SINTEF (2009). In the last
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Table 3.3: The defined severity ranking.

Rank Description

5 Failure results in the stop of the pumping system, and may cause serious damages to the equip-
ment.

Failure results in serious reduction of the efficiency of the pumping system.

Failure results in moderate reduction of the efficiency of the pumping system.

Failure results in a little reduction of the efficiency of the pumping system.

Failure does not currently results the reduction of the efficiency of the pumping system. But
with time going, it may have negative influence in the operation process.

— N W

column of the worksheet, RPN, means Risk Priority Number, which indicates the level of criti-

cality of each failure mode. Here RPN is defined as

RPN=DxFxS§

where D is the detectability of failure, F is the failure rate, and S is the severity ranking for the
consequences of the failure modes. The higher the RPN is, the more critical the failure mode is.
Therefore, a critical failure mode usually has the following characters: difficult to be detected,
high failure frequency, and serious consequences. According to the result of FMECA, the fol-
lowing components can be identified to be critical, because some of their failure modes have
relatively high RPN: gearbox, twin screws, bearing, mechanical seals, control unit and valves.
Owing to the time limitation and space boundaries, only mechanical seals and twin screws are
selected as examples to show how condition monitoring can be applied for the MPP in subsea

field.



Chapter 4

Condition Monitoring of Mechanical Seals

Based on the result of FMECA in Chapter 3, the mechanical seal is a critical component that
may cause the system down when it fails. This result is alike to many other literatures, for ex-
ample, Anderson et al. (2002) mentions that turbo-machinery breaks down mainly because of a
mechanical seal failure. Therefore it is necessary to monitor the conditions of the mechanical
seal to detect the early signs of potential failures, thus avoiding the undesired shutdown of the

pumping system.

In a twin-screw MPDP there are four mechanical seals installed on each side of the two screw
shafts, aiming to prevent oil leakage from the pump chamber. The external leakage through the
mechanical seals will lead to the reduced pressure in the pump chamber, which could decrease
the capacity of the MPP sharply. Moreover, severe friction of the mechanical seals may cause the
overheat situation and the vaporization of the oil and water around, which would result in over-
pressure and even shutdown of the MPP. Due to the limitation conditions of the maintenance
in subsea field, the maintenance activity usually needs a long time to prepare before it can be
implemented, e.g., one month. Hence, it is vital to monitor the conditions of the mechanical

seals to provide necessary information for preventive maintenance.

Besides, considering the crude subsea working environment, the mechanical seals of a MPP face
many challenges, e.g., the high quantity of sand, dry running without enough lubrication liquid
in a certain case, high fluid viscosity, highly variable and unpredictable pressure, changing op-

eration speed(Evans and Janssen (2002)). And external environment of mechanical seals is the

27
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general deep-water subsea environment. The condition monitoring of mechanical seals will not
only support the preventive maintenance scheduling, but also provide valuable information for

the designers to overcome these challenges.

4.1 The Structure of a Mechanical Seal

A mechanical seal is developed to seal the rotation part of a machine, e.g., shaft. It consists of
five basic components: a stator, a rotor, a spring, an O-ring between the stator and the housing,

another O-ring between the rotor and the shaft, as shown in Figure 4.1.

A

/ y \
Sealing dam O-ring Spring

Figure 4.1: Schematic of a mechanical seal (adjusted from Ruddy et al. (1982))

The stator is fixed on the housing, aiming to prevent the contact between the rotor and the hous-
ing. If there was no a stator, the friction during the operation will damage the housing, which is
very difficult and expensive to be replaced or maintained. While it is quite convenient to replace
the stator. The O-ring between the stator and the housing can prevent the leakage through the
stator. The spring forces the rotor to be close to the stator face, thus avoiding the large clearance
caused leakage between the stator and rotor. The rotor is fixed on the shaft, so it is rotating with
the shaft during operation. The other O-ring prevents the leakage between the rotor and the
shaft. Due to the spring, the rotor is slidable in the axial direction, while the rotor can also have

aradial displacement owing to the cushion working of the O-ring. In this way, the movement of
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the rotor can compensate the vibration and movement of the shaft in the axial and radial direc-

tion.

During operation, the clearance between the stator and the rotor would be filled up with fluid,
thus forming a fluid film, that is an essential part of a mechanical seal. The fluid film separates
the stator and the rotor from each other to eliminate the contact of the two faces. If the fluid film
fails, the contact of the stator and rotor would lead to deformation and overheat of the mechan-
ical seal. Moreover the high temperature can cause even worse thermal deformation. Therefore
frequent contact would reduce the lifetime of a mechanical seal quickly. It could be beneficial if
the fluid film is liquid, since it can be both lubrication and cooling medium. However, in a MPP
the pumped fluid could be 100% gas in some situations. To maintain a full and stable liquid
film, one solution is to input a small part of the recirculated liquid from the recirculation system
(introduced in Chapter 3) into the mechanical seal. In this situation there would be an entrance

and an exit respectively for the lubrication liquid.

One may doubt that the clearance between the stator and the rotor could cause leakage, and
this is true. Hence, the problem is to keep an ideal thickness of the liquid film so that the con-
tact friction is avoid, meanwhile the leakage is negligible. Generally there would be little leakage
when the machine starts up and stops. However during normal operation, the pressure and the

viscosity in the liquid film could prevent leakage.

Since the features of the liquid film and other parameters of the sealing dam reveal the most
operation conditions of a mechanical seal, a great many of efforts are taken by researchers to
monitor the working conditions in this area. For instance, the most widely measured parame-

ters are the thickness of the liquid film, temperature, pressure, etc.

4.2 The Existing Condition Monitoring Methods

For a mechanical seal, the failure is either excessive wear by contact friction or leakage due to
large clearance between the seal faces. Therefore there are mainly two directions for the con-

dition monitoring of a mechanical seal: contact detection and leakage detection. For different
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purposes, different parameters are selected to be measured. This section introduces four ex-
isting condition monitoring methods for mechanical seals: thermal method, measurement of

rotor displacement, acoustic emission technique, and ultrasonic technique.

4.2.1 Thermal method

Thermal method focuses on the temperature of the seal faces, that is influenced by the original
fluid temperature, the viscous and flow rate of the fluid, and the contact friction between the
two faces. Compared with the heat generated by the contact friction, the former two factors’
influence is usually negligible. Hence, thermal method mainly aims to monitor the seal faces
contact by detecting the apparent temperature increment. The quantity of the increased tem-

perature can indicate the severity of the contact.

Another application applies to the mechanical seal with an extra lubrication supply. Two tem-
perature sensors are installed in the entrance and exit of the lubrication liquid respectively to
measure the input and output liquid temperature. In addition a flowmeter is used to mea-
sure the flow rate of the lubrication liquid. With the temperature increment, flow rate, and the
physics features of liquid (e.g., density, viscosity), the increased quantity of heat can be calcu-
lated and is approximately the heat generated by the contact friction, which can be regarded as

an indicator of the severity of the contact as well(Holenstein et al. (2000)).

Thermal method is very easy to be implemented, and is a very direct way to detect the contact
situation. However, before the two seal faces contact each other, there is no way to monitor the
trend of the decreased liquid film. Therefore the thermal method is only used for diagnosis, with
very limited space for prognosis. Besides, even though temperature is a very important param-
eter for the mechanical seals performance, it is too unilateral to judge the overall conditions of

a mechanical seal. Thus other measurements must be supplemented.

4.2.2 Measurement of rotor displacement

Owing to the spring and the O-ring, the rotor can have displacement both in the axial and radial

directions in relative to the shaft. Yamauchi and Inoue (1994) introduces a condition monitoring
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method by simply measuring the axial and radial displacement of the rotor. The positions of
these sensors are shown in Figure 4.2. The displacement sensor could be an eddy-current sensor

or an optical sensor.

Axial
displacement Sealing dam Rotor Spring

sensor
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Figure 4.2: Positions of the displacement sensors (adjusted from Yamauchi and Inoue (1994))

Radial displacement of the rotor

The radial displacement sensor is fixed in the inner side of the casing and it is adjacent to the
outside of the rotor. By recording the changing distance between the surface of the sensor and
the outside of the rotor, the radial displacement of the rotor is calculated. Since the rotor is ro-
tating together with the shaft, its radial displacement should be a periodic variables. Thus the
radial displacement sensor generates a periodic signal waveform. Under normal operation, the
condition of the liquid film is stable, and the waveform of the radial displacement is also stable
and smooth. While if the clearance between the seal faces becomes either too small or too large,

the features of the waveform will change correspondingly.

A signal processor is applied to analyse the features of the waveform. One basic signal pro-
cessing method is to transfer the time-domain signal into frequency-domain information by
Fast Fourier Transform(FFT). To detect the contact of the seal faces, a frequency analysis can be
taken to look into the frequencies of the minimum and maximum amplitude of the waveform.
When the clearance reduces gradually, the frequencies of both the minimum and maximum
amplitude increases subsequently. When the value of the frequency reaches the threshold, the
contact happens. In this way, the contact situation can be predicted by tracking the increasing

trend of the frequencies of the minimum and maximum amplitude of the waveform.
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Another signal processing method is envelope analysis of the waveform amplitude. The enve-
lope of the signal is extracted by picking up the values of the maximum amplitude. When the
clearance of the seal faces becomes larger and larger, the envelope will go down accordingly.
Again there should be a threshold level to judge whether the leakage happens. Thus the leakage

can be predicted through the trend of the envelope and the velocity it decreases.

Axial displacement of the rotor

An axial displacement sensor is installed on the stator in front of the sealing dam to detect the
displacement of the rotor in the axial direction. Since the stator is fixed on the housing, the ax-
ial displacement of the rotor is the most direct indicator for the size of the seal faces clearance.
When the distance between the rotor face and the sensor is increasing, the size of the clearance
is increasing as well. In contrast, a decreasing distance means the clearance is getting smaller.

Hence, it is quite convenient to detect the contact or leakage.

Even though the analysis of axial displacement is much easier than the radial displacement,
Yamauchi and Inoue (1994) shows that the radial displacement is more effective to predict the
leakage in the earlier stage. As shown in Figure 4.3, the amplitude of the radial displacement
begins to decrease very early, while the in the axial direction it increases not so long before the
leakage. There is a much longer degradation period for the radial displacement than the axial
one. Therefore it is more effective to predict the leakage through the analysis of radial displace-

ment.

Amplitude in the radial direction

&
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i

Amplitude in the
axial direction

Leakage level

Figure 4.3: The envelope of the amplitude of the radial and axial displacement (from Yamauchi
and Inoue (1994))
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It is easy to implement the rotor displacement measurement. The signal processor must have
the ability to extract the valuable information from the original signals. The main advantage is
the potential of prognosis to detect the contact or leakage at an early stage, if the changing trend
of the main frequencies and amplitudes can be well estimated mathematically. However it has
the same drawback with the thermal method, that is the displacement of the rotor is not enough

to evaluate the overall performance of the mechanical seals.

4.2.3 Acoustic emission technique

Acoustic emission (AE) technique is theoretically similar to vibration analysis. They both detect
the sound response of the rotating components, and complex signal processing is necessary to
figure out the features that contain the health information of the components. The difference
between them is that AE technique is more sensitive to the subtle changes in the signal than
vibration analysis. For instance, the vibration signal can be measured up to the frequency range
30-50 kHz, while the AE is able to manage the frequency range up to 50-400 kHz (Rus et al.
(2007) and Mba et al. (2006)). Therefore the AE technique is more available to monitor the slight

changes in the liquid film conditions.

AE was used to detect the friction of the faces of a mechanical seal as early in 1993 (Huang et al.
(2014)). Like vibration signals, the AE signals contain abundant information of the conditions
and performance of mechanical seals. However, due to the limitation of the signal processing
technology and the computer processing speed, the development of AE technique is not fast.
Another important disadvantage of AE is that in practice it is usually very difficult to distinguish
the AE signals of mechanical seals from the signals of other rotating components, e.g., gear,
bearing. However in laboratories, AE technique is repeatedly tested and proved to be effective
to monitor the condition of mechanical seals, e.g., Huang et al. (2014), Mba et al. (2006), Zhang
etal. (2014).

A piezoelectric sensor is widely used as an AE sensor, and it is installed at the back of the stator,
as shown in Figure 4.4. The signals generated by the AE sensor are sampled at a higher frequency,
e.g., 1 MHz, to ensure that all important information is collected. Since the original AE signals

contain many noises, it needs to be filtered for the subsequent signal analysis. Afterwards the
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time-domain signal is usually transferred into frequency-domain by FFT to get a spectrum of
the signal, in which the amplitude of each frequency constituent gives a good indication for the
anomaly of the mechanical seal. For instance, an abnormally high amplitude of one specific
frequency constituent generally indicates a mechanical malfunction. Other than FFT, Zhang
et al. (2014) mentions another time-frequency analysis method to deal with the non-linear non-
stationary signal processing, e.g., AE signal produced by a mechanical seal. The method is called
Empirical Mode Decomposition (EMD). The main advantage is that the EMD results have clear

physical meaning, giving a more clear way to diagnose the performance of a mechanical seal.
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Figure 4.4: The position of an AE sensor (from Huang et al. (2014))

The most commonly measured AE parameters are amplitude, root mean square(RMS), and en-
ergy (Mba et al. (2006)). The amplitude of AE signal is directly related to the energy released
while contact friction occurs. RMS measures the average power in AE signal, which can show
the overall noisy level and is an indicator of the unbalanced conditions of rotating parts. Thus
if the mechanical seal occurs misalignment, contact or deformation, the value of RMS will be
out of normal range. The energy in AE signal is also en indicator for the occurrence of contact

friction.

In addition to diagnosis, AE technique has a large space for developing prognosis. Because AE is
very sensitive to the subtle effects from the early stage. If the trend of the amplitude, frequencies
or other features can be well estimated, it can effectively predict the occurrence of the contact
friction, the mechanical degradation, the changes of the liquid film, and possible leakage as

well.
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The implementation of AE technique is not difficult, but it needs a high-capacity signal proces-
sor to effectively distinguish the different AE signals from different rotating components. Since
AE signal contains a large amount of unclear information, the main challenge is how to deal
with these AE data to figure out useful information. One advantage of AE technique is its ability
to reflect the overall performance of a mechanical seal. So far AE technique is mostly tested to
monitor the contact situation of the mechanical seals. However, with the development of sig-
nal processing technology and the capacity of the computer, AE technique is still a promising

method for both diagnosis and prognosis of a mechanical seal.

4.2.4 Ultrasonic technique

Due to the main drawback of AE technique that it is difficult to distinguish between mechani-
cal seal AE signals from those of other sources, the ultrasonic technique is widely researched to
monitor the conditions of the mechanical seals. And it is proved to be able to not only detect the

occurrence of contact friction, but also estimate the thickness of the liquid film before contact.

The principle of ultrasonic technique is based on the different propagation characteristics of ul-
trasound in different mediums. The liquid film between two seal faces can be simply regarded
as a liquid layer between two solid bodies. When the ultrasound goes through them, the reflec-
tion depends on the ultrasonic frequency, the acoustic properties of the liquid and solid, and
the layer thickness (Dwyer-Joyce et al. (2003)). Since the ultrasonic frequency is predefined, and
the acoustic properties of the liquid and solid can be obtained based on the materials, the ge-
ometries, or experiments, it is available to calculate the thickness of the liquid layer according

to the reflection of the ultrasound.

When applying the ultrasonic technique in monitoring a mechanical seal, one piezoelectric
transducer is attached to the back of the stator, as shown in Figure 4.5. Unlike the AE sensor
just passively monitors the AE from the mechanical seal, the ultrasonic transducer actively gen-
erates ultrasonic waves with known frequency and amplitude, and then receives the reflected
ultrasound from the seal faces. In other words, it is used both as an ultrasound source and
receiver. For the features of the ultrasound are already known, the waves can be easily distin-

guished from other noises and emissions, thus overcoming the disadvantage of AE technique
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(Anderson et al. (2000)). During normal operation, the ultrasound propagates toward the seal
faces, then only a negligible part of wave is incident into the liquid, and the most partis reflected.
However, when contact happens, the solid rotor acts as a transmission path for the ultrasound.
As aresult, the reflection is apparently reduced, as well the reflected wave amplitude decreases,
which can be easily detected as a sign of the contact.
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Figure 4.5: The position of an ultrasonic sensor (from Anderson et al. (2002))

To estimate the liquid film thickness, physics equations about the propagation, reflection and
incidence of ultrasound should be applied, meanwhile the frequency and material combination
of the mechanical seal have to be taken into account. Usually the liquid film thickness is very
thin, e.g., at um level, then the liquid layer behaves like a spring and the reflection of the wave
depends on the spring stiffness. Thus the proportion of reflected wave is related to the thickness
of the liquid film by using a quasi-static spring model. This method has a high requirement of
the transducer’s accuracy, as errors as low as 5% could have a significant effect on the calculated

film thickness (Reddyhoff et al. (2006)).

Ultrasonic technique is more precise in measuring the film thickness than other methods. It
needs also a signal processor to analyse the reflected wave and compare it with the originally
generated signal, but it is not so complicated as the AE technique. One practical issue for ul-
trasonic technique is that the transducer is very sensitive to the temperature variation. Thus
alternative piezoelectric materials should be investigated. Overall, with accurately estimated

liquid film thickness, it is possible to predict both seal faces contact and leakage.
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4.2.5 Comparison between different methods

As shown in Table 4.1, these four methods are compared in the following aspects: type of sensors
used, type of data collected, the main purpose of the method, the potential for prognosis, the
advantages and disadvantages respectively. In general, the thermal method is applicable when
only a rough detection of contact situation is needed. The easiest way to detect both contact
and leakage is to measure the displacement of the rotor in axial and radial directions, but the
result may be not so precise. If other mechanical malfunction is of interested, for example,
the misalignment, wear, deformation, crack, acoustic emission technique is more effective than
others. Ultrasonic technique monitors the conditions of the mechanical seals by measuring the
film thickness, which is highly dependent on the knowledge of ultrasound propagation, and it

has high requirements of the sensors.

Another point is that from the view of data type, only thermal method measures the operating
data, while other methods all select to measure the performance data of the mechanical seals
to diagnose the conditions. Obviously the performance of the mechanical seals is significantly
influenced by different operating conditions and boundaries, e.g., the pressure around the seal,
the speed of the shaft, the work load, the flow rate, etc. However, few of them are taken into
account to predict the future performance of the mechanical seals. Perhaps the performance
data is enough for diagnosis, but it would be more interesting to establish a prognosis model

which combines both operating and performance data.

4.3 Diagnosis and Prognosis Models

As discussed in Section 4.2.5, the performance data (film thickness and the acoustic emission)
is highly influenced by the operating data, for example, the temperature of the seal faces, the
speed of the shaft, the pressure around the mechanical seals (Reddyhoff et al. (2006)), the entry
and exit temperature of the lubrication, the flow rate, and the viscosity of the liquid (Holenstein
et al. (2000)). If the relationship between the performance data and the operating data could be
figured out and described in a mathematical way, it would be very useful for both diagnosis and

prognosis.
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Table 4.1: The comparison between different methods

38

Methods Thermal Method  Displacement Acoustic emission Ultrasonic
method
Sensor type Temperature sen- Eddy-currentsen- Piezoelectric sen- Piezoelectric sen-
sor sor sor sor
Data col- | Temperature of Axial and radial Acousticemission Reflected ultra-
lected the seal faces; displacement of from the mechan- sound from the
Temperature of therotor ical seal seal faces
the input and out-
put lubrication
liquid
Data type \ Operating data Performance data Performance data Performance data
Purpose Detect contact Detect both con- Mainly detect Measure liquid
situation tact and leakage contact film thickness to
situations predict the con-
tact and leakage
Ability of | Very limited Some potential High potential High potential
prognosis
Advantages Easy to be applied Easy to be ap- Abundant in- It is easy to de-
plied; Subsequent formation of tect the reflected
signal analysis is the mechanical waves from other
not complicated seal conditions; noises; High ac-
Be able to di- curacyin measur-
agnose other ing the film thick-
types’ mechanical ness
malfunction
Disadvantages| Unilateral infor- Accuracy is not It is difficult to High require-
mation of the seal very high; Unilat- distinguish the ments of the
performance eral information seal AE signals sensors

of the seal perfor-
mance

from other noises;
Signal processing
is highly com-
plex and time
consuming
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The basic idea is to establish a model that presents the relationship between the performance
data and the operating data under the healthy conditions of the mechanical seal. In other words,
given the values of the relative operating data, the model is able to estimate the reasonable per-
formance of the mechanical seal when it is healthy. Meanwhile, the real performance data is
measured through AE or ultrasonic technique. Then the estimated performance and the real
one are compared. If the difference between them is within the acceptable range, then there
is no problem for the mechanical seal. Otherwise it indicates the anomaly may occur. For in-

stance, the model can be presented as

P = fx1(8), x2(0), x3(2), ...)

where P is the estimated performance of a healthy mechanical seal when given the values of
operating data. And it could be either the liquid film thickness or a feature value of the acous-
tic emission. x;(f), x2(1), x3(f),... are relative operating parameters, e.g., temperature, pressure,
speed of shaft respectively. Then two thresholds, the contact threshold L. and the leakage
threshold L;, should be predetermined based on experiences and experiments. Afterwards,
the diagnosis process is shown in Figure 4.6, where P is the measured real performance, and

D = P — P is the difference.

As shown, this is quite a simplified diagnosis process flow, only considering three working condi-
tions of the mechanical seals. In application it can be adjusted to be more detailed and specified
for the target failure modes and working conditions. At the last step of the process flow, if the
value of D is out of any defined range, there must be something wrong with the analysis system

or the model. Hence, it needs to be corrected and modified.

For prognosis, the most important point is to figure out how the performance of a mechanical
seal changes with time under the effects of various parameters, such as material, geometries,
and operating parameters. Thus the performance should be modelled as a function of time and
other parameters to predict the future trending. There are mainly two types of prognosis mod-

els: physics-based model and data-driven model.

Physics-based model assumes that an accurate mathematical model can be constructed from
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Figure 4.6: The basic idea of the diagnosis process flow

first principles (Dragomir et al. (2009)) to describe the physical characteristics of the system or
failure modes. Hence, it needs well-rounded physical knowledge of the monitored components
or system. The advantage is that once the model is constructed, it does not need too much
data to verify the model. While the disadvantage is that sometimes the operating situation is
too complicated to find available physical formulas to present it. In the mechanical seal case, it
is necessary to apply the knowledge of hydromechanics, thermodynamics, mechanics, etc. to

construct such a model.

Data-driven approaches drive models directly form collected condition data or event data or
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both instead of building models based on comprehensive system physics and human exper-
tise (Heng et al. (2009)). Condition data includes the raw condition data and the associated
covariates that are extracted from original data, such as temperature, pressure, amplitude and
frequency of acoustic or ultrasonic signal. Event data means the records of the installation,
maintenance and failure calender time. With a data-driven model, there is no need to know the
failure initiation mechanism exactly. However a large amount of data is necessary to ensure an

accurate model.

4.3.1 Physics-based model

The operation of a mechanical seal involves three major physical processes: the film lubrication
process, asperity contact, and the thermal/mechanical deformation of the seal faces (Ruan et al.
(1997)). These three processes are interacted with each other. Ruan et al. (1997) and Salant and
Cao (2005) develops a physical model that takes into account these three processes to predict

the liquid film thickness and the leakage rate.

This physical model is based on the following assumptions:

1. The seal is axisymmetric. Even though mechanical seals cannot be perfectly axisymmetric
during operation, generally the hydrodynamic pressure caused by nonaxisymmetric face
features could be negligible. Thus only the hydrostatic pressure is assumed to be present

in the film.
2. During normal operation the seal is stable with equilibrium.

3. The thermal and mechanical deformation is small enough to be approximated as a linear
function of the thermal and mechanical loads. In addition, the temperature change is

assumed to be linearly dependent on the thermal load.

4. Since the liquid film is thin, it is assumed that there is no temperature change across the

film, and the film and face temperatures are the same.
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Asperity contact analysis

During equilibrium operation, the stable liquid film should keep the rotor relatively stationary
in axial direction. Thus the net axial force on the rotor face is zero, e.g., the opening force equals

to the closing force in magnitude but opposite in direction:
Ferosing = Fopening (4.1)
The closing force is produced by the sealed pressure and the spring force, and is given by
Felosing = Pst((1o)” = (11)°) + Fopring (4.2)

where r,, r; are the outer and inner radius respectively, p; is the sealed pressure. For a given seal
design and geometry, the closing force is a constant and is easy to determine, since p; can be
measured by a pressure sensor, and F g is calculated by the stiffness and the deformation of
the spring. The opening force consists of the pressure force in the film and the contact force due

to asperity contact, that is

Fopening = Fpressure + Feontact (4.3)

where the pressure force depends on the fluid pressure distribution on the seal face:

To
Fpressure = 277[ prdr (4.4)
T

where r is the radial coordinate, and p is the fluid pressure. Similarly the contact force depends
on the contact pressure distribution. Given a film thickness distribution, for a simple plastic

asperity deformation, the contact pressure p, is assumed to be a Gaussian asperity distribution:

Hfoo 1 —ZZ/ZUZd (4 5)
= —e < .
pe h ovV2m
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where H is the flow stress, i is the film thickness, ¢ is the combined standard deviation of the

surface roughness, and z is the axial coordinate. Thus the contact force is

To
Fcontuct:-z”f perdr
ri

To poo ] 210 2 (4.6)
:2ﬂHf f ———e 2 rdzdr
T h oV2m
Film lubrication
The fluid mechanics of the lubricating film is governed by the Reynolds equation:
0 op oh
—(rh®==) =12ur— 4.7
ar o) T 1T g @D

where p is the viscosity of the fluid, ¢ is the time, and £ is the specified film thickness at each lo-
cation and instant of time. This equation is integrated in space and in time to yield the pressure

distribution at each instant of time, which determines the leakage rate Q:

_arh®op
6y Or

(4.8)

The solution of Equation 4.1 - 4.8 needs the knowledge of the film thickness / that is a function
of time ¢ and radial coordination r. The film thickness is determined by the mechanical and

thermal deformations, which will be discussed later.

Temperature

The thermal deformation and the temperature are influenced by the heat generated at the two

seal faces. The heat generation rate per unit area at node j is given by

2.2
ad “’hr 1 +[foper]; 4.9)

Qj=1I

where w is the rotational speed, and f is the friction coefficient for asperity contact. Since the

temperature change is assumed to be linearly dependent on the thermal load, the steady-state
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temperature at node i is expressed as:

n
Tsi= ) ITikQx (4.10)
k=1

where Qg is the steady state heat generation rate per unit area at node k. The temperature
influence coefficient IT;; is computed by an off-line finite element analysis. Under transient

conditions, using Duhamel’s method, the temperature field can be written as

7=t
T—TO:f aﬁ[d)(r,z,r,t—r)]dr (4.11)
=0 t

where ¢(r, 2,7, t — 1) is the Duhamel’s auxiliary function, that is the time response of T — Ty =
to a steady heat source, and 7 is a dummy temporal variable. ¢ is found empirically from a
numerical experiment using a finite element thermal deformation analysis.At time ¢ = 0 + ¢, the

resulting temperature at node i obeys the empirical equation:

Ti—Toi bile, 1)
Tsi—Toi  Xi_, ITik[Qx(e) — Qi (0)]

(4.12)

Where T; and T,,; are the temperature and initial temperature at node i respectively. By plot-
ting the ratio (7; — Ty;)/ (Ts; — Ty;) versus time ¢, the curve is approximately fitted by 1/(1+ a/ 1),

where a is a constant. Hence,

T'—T'_ftiIT' [Q()—Q(O)]i(;)d (4.13)
i 01—0k:1 iklklE k a1 1+tTaT T .

Deformation and temperature

There are two types of deformation for a mechanical seal: mechanical and thermal deformation.
Mechanical deformation is caused by the pressure in the seal faces and the asperity contact,
while the thermal deformation is caused by the viscous and frictional heating. At radial node i,
the film thickness is presented as:

hi=hy,+0,i +04 (4.14)

where h,, is the nominal film thickness, §,,; and 6;; are the mechanical and thermal deforma-

tion at radial node i respectively. According to Assumption 3, the mechanical deformation is
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computed by a quasi-steady influence coefficient approach, that is

n
Smi= Y IFixFy (4.15)
k=1

where F} is the total force (pressure force+contact force) on the seal faces at the kth radial node,
and I Fj is the influence coefficient that is computed by an off-line finite element analysis. The
thermal deformation is more complicated. According to Assumption 3, the thermal deforma-

tion can be computed using influence coefficients:

8esi= Y 1QikQx (4.16)
k=1

where 6 ;; is the steady state thermal deformation at node i. I1Q; is the thermal deformation in-
fluence coefficient, which is computed using an off-line finite element analysis. Under transient
conditions, using Duhamel’s method, and at time ¢ = 0+ ¢, the resulting thermal deformation at
node i can be computed similarly to the way of computing temperature. Thus for an arbitrary
transient,

)dr (4.17)

r n a
5i—50i:f Q1 [Qk(®) — Q)] (
t t Okgl Qik[Qr (™) — Qg a1 1+%

Substituting Equation 4.15, and 4.17 into Equation 4.14, the film thickness at node i is a function
of time and other parameters and coefficients. Since the parameters and coefficients can be ei-
ther measured or computed through finite element analysis, it is possible to predict the trend
of the film thickness in the coming future. Meanwhile substituting Equation 4.14 into 4.8, it is

possible to predict the leakage rate.

To determine the equilibrium operation of a mechanical seal, numerical iterations are neces-
sary to modify the model, which is shown in Figure 4.7. The first step is to input the physical
parameters that are related to the mechanical seal, including the face geometry, loading, mate-
rial properties, etc. Then based on these inputs, initial guesses for the nominal film thickness
hn,, the face temperature T, and film distribution h. The next is to calculate the pressure profile
from Reynolds Equation 4.7, the contact force from Equation 4.6, and the face deformation from
Equation 4.15 and 4.17, then film thickness can be calculated from Equation 4.14. Afterwards it

is necessary to check the convergence of the film thickness h. If the ith iteration equals to the
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Initial input: 1} face geometry 2) face loading 3) lubricant properties 4) face
material properties 5} seal environment 6) influence coefficients 7) t=t,
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Figure 4.7: Numerical iterations of the physical model (from Salant and Cao (2005))
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(i — Dth iteration, that is k¢ = hi~!, then move to the next check, otherwise the value of & has to
be modified as

Rl = ARt + (1= 1)h'! (4.18)

where A is the relaxation factor, with a value of 0.8 or less to achieve convergence (Ruan et al.
(1997)). When the film thickness converges, Fypening is compared with F¢j4sipg. If the forces are

not balanced, the nominal film thickness is modified as

AfTnkl, — Afiinki;!

AFEITAF (4.19)

hitl = expl

where Afi~! and A f! are the differences between the opening force and the closing force at the
ith and (i — 1th iterations. After the force balance is achieved, the temperature is calculated
from Equation 4.11, then check the temperature convergence. If T? # T~!, the temperature is
modified as

THl =~ (4.20)

When the temperature converges, the leakage rate can be calculated from Equation 4.8. This
procedure is repeated to compute the numerical values at the next time unit. Thus the leakage
rate of the mechanical seal can be predicted at any time unit. Then the remaining useful life
(RUL) can be predicted as the time from now on until the estimated leakage rate reaches the
failure threshold. According to the value of RUL, relevant maintenance decisions can be made,

for example, when to prepare for and when to carry out preventive maintenance.

4.3.2 Data-driven model

According to the literature review, it seems that almost all researches about the prognosis of
mechanical seals have been taken in physics-based models. The reason might be that on the
one hand, the relevant physical knowledge of mechanical seals is already well known. With
finite element analysis, it is not difficult to run a physics-based model. On the other hand, it
is too expensive to run enough experiments to support the high quantity of data that a data-
driven model needs. However, as introduced in Section 4.3.1, the physics-based model is highly

dependent on several ideal assumptions, which do not present the real operating conditions. As



CHAPTER 4. CONDITION MONITORING OF MECHANICAL SEALS 48

a result of that, the predicted result of the physics-based model would be biased. Whereas data-
driven models can overcome this problem and provide more accurate prediction if enough data
is available. Therefore it is still interesting to look into the applicability of data-driven models in

the prognosis of mechanical seals.

Proportional Hazard Model (PHM) is a typical data-driven model, which is widely applied in the
prognosis of bearings, gearboxes, vibration analysis, etc. Owning to its flexibility and successful

applications, it would also be applicable in predicting the hazard rate of mechanical seals.

PHM introduction

Jardine et al. (1999) introduces a Weibull PHM, presented as Equation 4.21, to optimize the

condition-based maintenance decisions of vibration monitoring.

h(p) = E(f)ﬁ—le)q21(r)+y222(t)+...+y,,zn(t) 4.21)
n

where h(?) is the hazard rate function, and  and n are shape parameter and scale parameter re-
spectively. Z; (1), Z»>(t), ..., Z,(t) are time-dependent covariates. And y1, 7>, ..., Y are coefficients.
The reason why Weibull distribution is selected is that it is flexible to describe various types of
machine behaviours. For instance, when f = 1, it is the same with exponential distribution,
which means the hazard rate of the system is independent of time; when f > 1, the system has

increasing hazard rate with time; when § < 1, the system has decreasing hazard rate with time.

The baseline hazard rate function hy(t) = g(%)ﬁ_l is the hazard function of Weibull distributed
lifetime, which denotes the contribution to the hazard rate from working age of the machine
without influences of covariates. Here  and 1 can be estimated from event data by regression.
If there is no sufficient event data to estimate parameters (e.g. no or only one failure happened
in the history), Wang et al. (2000) suggests to use the event data from another identical or similar

component or machine with the same manufacture, type and working conditions.

The second part of Equation 4.21 V141 (0+722(0+-+YnZn(D) jg the contribution to the hazard rate
from condition data, where Z; (1), Z»(?), ..., Z, (t) are features extracted from raw condition data

that could indicate the symptoms or the propagations of failure modes. In the case of mechan-
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ical seals, these covariates could be the temperature, pressure, speed of the shaft, or the feature

values extracted from acoustic emission (AE) signals.

Data collected
In order to run a PHM model, the following data has to be collected:
1. Event data: installation calender time, failure calender time or censoring.

2. Condition data: the raw condition data or the associated covariates that are extracted from

original data or both.
3. Censor indicator: to distinguish whether it is a failure data or a censored data.

Here calender time is used to distinguish the working age that is actually used in the model.
In practice, right censoring is quite common when collecting data due date. Here right cen-
sored data can be simply explained as that when the experiment or inspection is finished, the
component does not fail or fails because of other failure modes that are not considered in this
experiment or analysis. For censor indicator §, 6 = 1 if failure occurs and § = 0 if it is right

censoring.

The application of PHM in mechanical seals case

By selecting different covariates, PHM can be applied in different ways to estimate the hazard
rate function of mechanical seals. Since there are no intrinsic differences between AE technique
and vibration monitoring, and they just deal with signals at different frequency ranges. It is
possible to apply PHM based on the AE signals, like Lin et al. (2004), in which features extracted
from vibration signal, e.g., RFS (standard deviation of the power spectrum of the residual error
signal), RTM (mean of the residual error signal), and RTS (standard deviation of the residual
error signal), are considered as the covariates in PHM to predict the hazard rate of gearboxes.
Similarly, the features extracted from AE signal, such as the essential amplitudes, frequencies,

and root mean square(RMS), can be used as the covariates in PHM.

Another option is to use operating parameters as covariates, e.g., the temperature, pressure,

operating speed, flow rate, etc. To be simplified, if only three covariates are selected, including
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temperature T (t), pressure P(t) and operating speed S(¢), then the hazard rate function based

on PHM is

The original PHM regards every covariate independent of each other, and no interactions be-
tween different covariates are taken into account. However, in the case of mechanical seals,
apparently there is interaction between the temperature and pressure and other variates. In or-
der to make the result more accurate, the interactions have to be considered. In this case, the
operating speed depends on te design and working requirements, and is relatively independent
of temperature and pressure. Hence, only the interaction between temperature and pressure is

accounted. The hazard rate function is modified to be

I’l(t) — ﬁ (E)ﬁ—le)’l T()+y2P(0)+y3S(0)+y12T (D) P(¢) (422)

Parameter estimation

You et al. (2011) introduces the maximum likelihood estimation (MLE) method to estimate the
coefficients and parameters. Firstly, a likelihood function is constructed based on the data col-
lected. When considering right censoring, the right censored data’s contribution to likelihood
function is R(#;) that is the survival function, where ¢; is the jth ordered time with a dataset
Data(j) that includes both event data and condition data. While failure data’s contribution to
likelihood function is f(¢;) that is the probability density function. Let §; denote whether ¢; is
censored (6 = 0) or not (6; = 1). Then the general likelihood function taking into right censor-
ing account is

L(parametersidata)= [] f(t;) [] R (4.23)
j25j=1 j25j=0
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Since h(t) = %, substitute f(¢;) = h(zj)R(¢;) into Equation 4.23, then it is

L(parametersidata)= [] h(tj)R(t)) [] R())
ji6j=1 j:6=0

= [ nap]RG)
j:6j=1 J

= [Ttthe® Ry
J

Let Z(¢t) = (T(¢),P(1),S(t), T(t)P(1)) denote the vector of covariates, and y = (y1,Y2,Y3,Y12) de-
notes the vector of coefficients. The likelihood function for this model is Equation 4.24 given m

data samples Data(l,...,m).

LB, yIData(l,... m) = [ [ {lh(t;; Z(e;)% R(1;; Z(8))) (4.24)
j=1

where

R(tj;Z(t))) = e_fotj h(u;,Z(w)du

Secondly the natural logarithm of Equation 4.24, that is called log likelihood function, is further
analysed asit is easier to calculate and still keeps the characters of the likelihood function, which

is shown in Equation 4.25.

I(B,n,y|Data(l,...,m)) =InL(B,n,y|Data(l,..., m))

m m t;
=Y &;jInh(t;Z(t) =) " h(uw; Z(w)du (4.25)
j=1 j=10

Thirdly, to maximize the likelihood, Equation 4.25 needs to be partial differentiated, and let the

partial differentiations equal to 0, for example.

ol(B,n,y|Data(l,..., m))
ap

=0 (4.26)

The same partial differentiation should be taken to 7, y1, y2, ¥3, Y12. Then there would be six

different equations to solve six unknown variates, i.e., the estimated ,3, 1,71, Y2, V3, Y12 Hence,
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there is

A

N t 4.1 = .
(6 ZGiven) :5(5)’3 Lo Zaiven (4.27)

which means when given the values of covariates Z, the hazard rate function could be estimated

as a function of ¢. The survival function is then

A _rt . A z ﬁ 7TZ iven
R(t; Ziven) = € Jo MsZGiwen)dut g€t 760 (4.28)
With the survival function, it is possible to predict the probability that a mechanical seal can sur-
vive for a period of time, and the probability that it would fail during a certain period, which also

provides information for decision makers about whether it is necessary to maintain or replace

the seal. It is also possible to calculate the mean RUL as

o0
meanRUL(t;Zciyen):f R(x|t; Zgiven)dx
0

1 foo
= R(x;ZGiven)dx (4.29)
R(ZGiven) J:

Randomness of data-driven model

A data-driven model mainly aims to figure out the distribution of a component’s lifetime that
is a random value. For example, the most common ones are exponential distribution, Weibull
distribution, gamma process, Homogeneous Poisson Process (HPP), etc. In the PHM model, it
assumes that when there is no influence from external factors, the lifetime of a mechanical seal
follows a Weibull distribution, which is the baseline hazard rate function h(¢). Then by taking
into account the covariates, a more realistic hazard rate estimation is given by h(#) in Equation
4.22. The process of identifying the most fitted distribution is usually carried out in a statistical

method. For instance, the parameter estimation method, MLE, is a typical statistical methodol-

ogy.

Due to the randomness of the lifetime, there is no way to calculate a deterministic RUL for a me-
chanical seal. This is why a PHM model finally computes the mean RUL (Equation 4.29) instead
of an exact RUL in the physics-based model. And the estimated result is usually along with a

variance or a standard deviation to show the possible fluctuation of the real value. The smaller
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the variance is, the more accurate the estimation is. Thus it is always pursued to reduce the vari-
ance for a data-driven model. In statistics, an effective way to reduce the variance is to increase
the sampling size. In the case of PHM, it is important to collect enough event data to improve

its precision, since the likelihood function is mainly based on event data.

In comparison with the physics-based model, a data-driven model focuses more on the prob-
ability of the occurrence of failures. Therefore, instead of giving a judgement on when a failure
would occur, it tries to state the probability that it would fail or survive during a certain period,
which usually gives a better support for decision-makers because it takes into account of the
stochastic properties. However this is also the reason why it needs a high quantity and quality
of data, which is the main limitation of the data-driven models. Another issue is that the esti-
mated data-driven model is constructed based on the history and current data, which might be
only accurate enough for short-term prediction. And it needs to be updated regularly when new

condition data and event data are collected.



Chapter 5

Twin Screws Wear Monitoring

Since the MPP is mounted upon the wellhead, the whole pump system is subjected to brutal
crude oil conditions, e.g., heavy sands, formation water, carbon dioxide and hydrogen sulphide.
Therefore corrosion and erosion caused wear is a highlight in the application of MPP. A great
many efforts have been taken to research new materials that are high-resistant to corrosion and
erosion. According to Klein and Hoffmeister (2008), the components that experience the most
serious corrosion and erosion in a MPP are the liner, the shaft nut, the mechanical seals and
the screws. The corrosion of the liner is less critical than other three components. The corro-
sion of the shaft nut and the mechanical seals can be prevented by using high grade corrosion
resistant stainless steels. But the wear of the screws is inevitable due to the aggressive medium

processed.

Since the screws perform the main function of the pump, the health conditions of the screws
determine directly the functioning and capacity of a MPP. Hence, it is very necessary and im-
portant to execute condition monitoring (CM) for the screws to predict the coming failure and

avoid unnecessary maintenance.

However, for MPP is relatively new technology, most researches about the screws still focus on
the design phase, especially the screw geometry. As the most important boosting equipment in
subsea field, the CM of the screws in a twin-screw MPP should be a highlight topic sooner or
later to improve the availability of the oil production system. Therefore this thesis proposes a

new method to monitor and analyse the wear conditions of the screws, including which type of

54
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data need to be measured and how to measure, afterwards Hidden Markov Model (HMM) and
Hidden Semi-Markov model (HMM) are applied for diagnosis and prognosis, in other words,

classifying the wear conditions and predicting the mean remaining useful life (RUL).

5.1 Wear Profile of the Screws

Owing to the special structure of a twin-screw MPP, there are mainly three clearances inside the

main pump unit(Vetter et al. (2000b)), as shown in Figure 5.1:
* Circumferential clearance (CC) between the screw peripheral diameter and the liner;
e Radial clearance (RC) between the internal and external diameter of the screw profile;

* Flank clearance (FC) between the flanks of the screw profile

A

Flow direction —~

Figure 5.1: Three main clearances inside the pump unit (Vetter et al. (2000b))

In a twin-screw MPP it is unavoidable that a small quantity of pumped flow would go back to
the suction area through these clearances, which is called backflow. Usually the amount of the
backflow is within the acceptable level due to the high-precision design. However the corrosion
and erosion caused wear of the screws can lead to the increase of these three clearances, which
results in increasing backflow as well. The more the backflow exists, the less capacity the MPP
has. When the wear level reaches a predetermined threshold, the MPP’s capacity can no longer

meet working requirements, thus corresponding maintenance has to be carried out to replace
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the screws.

The wear profile of the screws is shown in Figure 5.2. The wear in horizontal direction (ASpeginning—

Rounding of the flank

- Adp,

6"".yul.'lu...:

Figure 5.2: The wear profile of the screws (Klein and Hoffmeister (2008))

ASfailure) 1eads to increased FC, while the wear in rotation direction (Ad¢4ijyre) results in in-

creased RC and CC. Asfqi1yre and Adygijure are the failure threshold.

5.2 Condition Monitoring and Analysis Method

5.2.1 Data type and measurement

To learn about the wear conditions of the screws, the most direct way seems to measure the
ASfaiture and Ady gijure shown in Figure 5.2, just like that the wall thickness of pipeline is usu-
ally measured to indicate the corrosion conditions of the pipeline offshore. However, unlike the
static pipeline, the screws keep rotating all the time with various speed during operation. In
addition the precisely designed clearances leave very limited space for sensors. Therefore it is

almost impossible to measure them in an on-line condition monitoring system.

Another thinking is that since the wear of screws leads to the increase of backflow, it might be
applicable to monitor the backflow to indicate the wear conditions. But the problem is that it is
very difficult to obtain the actual amount of backflow. Since the backflow is dynamic in different

directions, there is no way to measure the backflow amount directly. In an indirect way, the ac-
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tual backflow (Vj,.1) equals to the theoretical volume flow (V;y,.,) subtracts the actual delivered
volume flow (V)(Scharf (2006)), where V., can be calculated based on the screw geometry,
and V can be measured at the pump discharge point. However this is based on the assumption
that there is no external leakage through other parts of the pump, such as bearings and seals.
Apparently this assumption does not work with a degraded MPP, thus backflow is not a good

indicator for the condition monitoring of the screw wear in this case.

Pressure distribution along the screw axis is an important parameter for the performance of a
twin-screw MPD since it reflects the flow distribution and delivery inside the pump. D. Mewes
(2008) shows that the backflow determines the shape of the resulting pressure distribution along
the screw axis. Hence, the pressure distribution can be measured by installing several pressure
sensors along the screw axis to infer the backflow amount, and then indicate the wear condi-

tions.

According to Gao et al. (2011), miniature pressure sensors are applied and mounted in the root
grove on the discharge side of the screw, as shown in Figure 5.3. To measure the pressure distri-
bution, it is necessary to mount several pressure sensors uniformly distributed along the screw

axis.

Pressure sensor

Figure 5.3: The position of the pressure sensor(Gao et al. (2011))
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5.2.2 Analysis method

Despite the backflow, other operational parameters, such as GVE rotation speed of the shaft,
differential pressure between the suction and discharge, and fluid viscosity, also have impact on
the pressure distribution. Therefore the change of the measured pressure distribution cannot
be directly utilized as wear conditional data. To solve this problem, the modelling illustrated in
D. Mewes (2008) can be used to calculate the pressure distribution of a healthy twin-screw MPP
based on the screw geometry and relevant operational parameters. Then the difference between
the measured and calculated pressure distribution can be obtained as AP = P04 — P.4;. Since
P, indicates the healthy conditions, if AP is very small, then the screw is healthy, otherwise it
may suffer wear in different degrees. In this way, the influences of the operational parameters

are subtracted, and the changing trend of AP can reveal the wear trend.

D. Mewes (2008) carries out experiments to verify its modelling for pressure distribution, and
the result is shown in Figure 5.4. Seven pressure sensors are mounted equally along the screw
axis. It shows that when the modelling takes into account the flank gap (i.e. FC), the calculated
values matches the measured ones quite well. Hence, this pressure distribution modelling can
be used as a baseline that represents healthy screws. Then a basic estimation could be that the
further the measured value deviates from the baseline, the more serious the screw wear is. Thus

AP is determined as the wear condition indicator.

The next question is to select a mathematical model that uses the datasets of AP to identify the
current wear condition and further predict the RUL of the screws. Since the real wear condition
is unobservable during operation, and AP is an indirect indicator, it is easily to think of Hid-
den Markov Model (HMM). HMM is composed of two stochastic processes, a hidden Markov
chain, which is unobservable and represents the real state of the deterioration, and an observ-
able process, which is the observed condition monitoring information from monitoring and
tests(Si et al. (2011)). The interconnection between the sequence of unobservable states and the
observable process is the essential part of HMM. One advantage of HMM is that it is available
for both diagnosis and prognosis. Thus it is applied in this case to classify the wear level and

predict the RUL as well. The procedure is shown in Figure 5.5. For the modelling of pressure
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Figure 5.4: Measured (dots) and calculated (continuous line) pressure distribution (D. Mewes
(2008))

distribution requires highly the corresponding physics knowledge, which is not the objective
of this thesis, it is not explained in detail. More information can be found in D. Mewes (2008).

Whereas the theory and application of HMM will be illustrated.

5.3 Hidden Markov Model

5.3.1 Theoretical background

Hidden Markov Model (HMM) is an extension of Markov chain. The Markov chain is a stochastic
process which shows how the researched object transits among different states with time. While
in a HMM there are two related stochastic processes: a hidden stochastic process that is the real
concerned condition states, and another stochastic process which is observable with a sequence
of symbols. The hidden stochastic process has the same properties with a Markov chain, i.e.,
each state has a transition probability distribution that determines which state it will be in the
next time unit. And the state selected at time unit ¢, depends only on the state that was selected

at time unit (¢ —1), thus is independent of the state history from initial time 0 to time unit (z —2).
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Measured
operational
data

Figure 5.5: Procedure of condition monitoring and analysis of screw wear

According to Qiu et al. (2005), a HMM has the following elements:

It describes the pressure
distribution of healthy screws

Modelling of Calculated

pressure j\> pressure
distribution distribution

Measured pressure +
distribution
Difference
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I
v L 4
Current wear state Mean RUL
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1. N, the number of possible (hidden) states, denoted by {1,2,..., N}. The state at time ¢ is s;.

For continuous process, usually it is divided into segments to be discrete states.

2. Transition matrix A = {a;},1 < i, j < N} represents the probability of moving from state i

to state j, and aij :P(St+1 :j|5t: i),l < l,] SN, with aij >OandZ§V:1 aij =1.

3. The observation probability distribution in state i, which is also called emission matrix,

denoted by B = {b;(k)} = P(O; = k|s; = i), where k is the observation symbol, and O is the

observation at time ¢. These distributions are either mass functions in case of discrete ob-

servations or specified using a parametric model (e.g., Gaussian) in the case of continuous

observations.

4. The initial state distribution n = {m;} where n; = P(s; = i),1 < i < N with n; = 0 and

Zé\ilﬂi =1.
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Generally a HMM is represented by a triplet A = (A,B, 7). A simple discrete HMM example is
shown in Figure 5.6. The three tables in Figure 5.6 represents the emission matrix B, in which

the first column is four distinct observations for each state.

N=3
1 ={0.2,0.4,0.4)
1
2 1 |02
3 2 02
4 3 0.1
4 |05

Figure 5.6: A discrete HMM example (Qiu et al. (2005))

There are three basic problems of interest to be solved given a HMM A:

* Problem 1: given A and an observation sequence O = (01, 0y, ...,07), how to compute the
probability of the observation sequence, i.e., P(O|A). This is to evaluate how well a given
model matches a given observation sequence. Then the model that best fits the observed
data can be figured out, which is widely used in fault diagnostic. This probability can
be calculated through forward-backward procedure, which is introduced in Baum et al.

(1967).

e Problem 2: given A and an observation sequence O = (01, 02, ..., 07), how to find the hidden
state sequence S = (s1, $2,..., S7) that has most likely produced the observation sequence,

i.e., that maximizes P(S|O, A). This problem is solved by Viterbi algorithm(Viterbi (1967)).

e Problem 3: find the model parameters (A, B, ) that best fit the observation sequence O,
i.e., that maximize the probability P(O|A). Itis solved by the Baum-Welch algorithm(Dempster
etal. (1977)).
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5.3.2 Application of HMM

In the case of screws wear situation, the observed stochastic process is the random values of AP
in time series, while the hidden stochastic process is the state transition of the real wear proce-
dure. Generally a wear procedure can be divided into four phases according to the wear degrees:
normal, slight wear, medium wear, serious wear (or failure). Thus the states space is denoted by

{1,2,3,4} that represent four different wear degrees.

The value of AP consists of two parts: the real deviation caused by the wear of the screws, and
noises that include environment noise and uncertainty cased by data measurement. For healthy
screws, AP equals to the noises that should fluctuate randomly around value zero. While when
wear appears, AP would be obviously away from zero. To be simplified, the possible values of
AP can be classified into ascending groups, e.g., 5 groups denoted by {1,2, 3,4, 5}, where Group
5 has the highest possible values and Group 1 contains the lowest ones. The estimated result

should be more accurate if more groups are classified, but the computing load is also increased.

To investigate the wear conditions of the whole screw, several pressure sensors are required to
be mounted along each screw axis. Thus HMMs analysis should be taken at each position of the
sensors to identify the local wear conditions. The analysis of each point is identical and inde-
pendent of each other. After all local wear conditions are identified, the global wear conditions
of the whole screw is obtained. Then it is possible to decide whether it is necessary to replace
the screw according to the number of local points that have serious wear. The mean RUL of the
screw can also be estimated by analysing the mean RUL of each point. The procedure is shown
in Figure 5.7, assuming the number of pressure sensors along one screw is m. Since the analysis
at each point is identical and independent, the following part of the thesis focuses only on the

diagnosis and prognosis based on HMMs at a single point.

5.3.3 Diagnosis based on HMMs

Diagnosis in this case is to identify the current wear state of the screw, which is based on the
recognition capacity of HMMs. Firstly, a basic HMM for the wear conditions of the screw is

established in Figure 5.8. Since the wear process is irreversible and quite slow with time, it can
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Figure 5.7: The wear conditions identification and prediction for a whole screw

only transit one state to the next one gradually.

Normal Slight wear Medium wear Serious wear

Hidden
states

Observations

Figure 5.8: A basic HMM for the wear conditions of the screw

To recognize which state the screw is currently in, four HMMs have to be trained for the four
states respectively. In detail, four groups of datasets are required from the screw in four different
states, which can be obtained either by running four experiments with four screws in different
states (i.e., a normal screw, a slight wear one, a medium wear one, and a serious wear one), or
getting data for the four life phases from the whole lifetime data of a screw. Then introducing the
current observed data, the probability P(O|A) is calculated for each trained model, and the one
with the maximum log-likelihood (i.e., logP(O|A)) is the current state, which means the current
observations are most likely produced from this trained HMM. The schematic demonstration is

shown in Figure 5.9.
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Figure 5.9: Diagnosis procedure based on HMMs

5.3.4 Prognosis

Prognosis in this case is to predict the mean RUL of the screw. A new HMM needs to be trained
by the whole lifetime data. Thus the four groups data, that are used to train four different HMMs,
now are used together to train a single HMM that represents the transition process of the whole

lifetime rather than an individual wear phase, as shown in Figure 5.10.

To estimate the mean RUL, another parameter has to be introduced, which is D;, the sojourn
duration it stays in state i. If the sojourn duration in each state is estimated, then the mean
RUL can be predicted. Here two methods are presented to solve this question: straightforward

method and Bayesian Model Averaging (BMA) method.

Straightforward method for HMM

Since the model is strictly left-right, the RUL can be estimated as the summation of the residual
time of staying in the current state and the duration of staying in the future health states before
entering the failure one. In this model the state 4 serious wear is regarded as failure. If the

current state is identified as i (i =1,2,3), let Dl? denote the residual sojourn time in the state i at
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Figure 5.10: Diagnosis and prognosis based on HMMs(adjusted from Dong and He (2007))

the current time ¢, then the RUL is calculated as Equation 5.1 (Le et al. (2014a)).

3
RUL!=D!+ ) D; (5.1)

j=i+l
The random variable D f = D; — Djpast, where D; 45, is the time that it has spent in the state i,
which can be estimated through Viterbi algorithm. Viterbi algorithm can find the most likely
state sequence given the observations and the HMM A. Then D; could be obtained by simply

counting the time units that it has spent in the state i through the state sequence.

D; is also a random variable so that its probability mass function is computed rather than an
exact value of D;. Let P;(d) denote the probability of the event of staying in state i for exactly d

time units, which is presented in Equation 5.2 (Dong and He (2007)), where a;; is the element
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in transition matrix A of the HMMO(A) trained by the whole lifetime data sets. This equation
means that P;(d) is the joint probability that it takes the self-loop for (d — 1) times and takes the
out-going transition once.

Pi(d) = a7 (1 - aj)) (5.2)

Since D; is independent of each other, the mean RU L;f can be computed in Equation 5.3,

3 —
meanRUL! =D; - Dipast + Y Dj (5.3)

j=i+l

where D; is the mean sojourn time in state i, and there is
_ o0
D; :f tP;(n)dt (5.4)
0

BMA method for HMM

BMA method calculates the RUL distribution as an average of the posterior distributions under
each constituent model, weighted by their posterior model probability. The following derivation
procedure is based on the theory illustrated in Le et al. (2014b). The probability mass function
is given by

P(RUL; = 1) = P(Sten =4, Srn-1 # 4y oery Sea1 7 45y = 1)
Denote hﬁ.”) = P(RU Llf = n). Since the model is strictly left-right topology HMM, at state 3, there

is

1
hy = as,

h:()’n) = das33 hén_l) =..= aég_l) a3 (5.5)
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At state 2, there is

h;_l) =dps=0
2 1 1
hY = anh + ayshy’ = ax ass

hén) = ay» I’lén_l) + o3 hén_l) = ayo(ax h;n—Z) + a3 hén—Z)) + dy3 hén_l) =...

n-3
n-2 i n—i-2
= a}, “ax3dza+ a3 Y Ayyaly ' ass (5.6)
i=0

At state 1, there is

1 2 3
hY =h? =0,h¥ = arpar3a34

n-4
-1 -1 -31.(3 j —-i-1
hin) = a11h§” )+ Cllghén ) =..= a{ll hi ) + a2 Z ahhé” =)
i=0
3 n-4 - n—i-1 i on—j-2
= ay; > ai2a3azs + a2 Z ap lay, ' ag3azs + ags Z Ay Qqq” "~ A34] (5.7)
i=0 j=0
Hence, the RUL distribution at each state is computed. The mean RUL; is
o0
meanRUL} = f nP(RUL; = n)dn (5.8)
0

In comparison, straightforward method is much easier then BMA method, but may be too sim-
ple to get an accurate enough result. BMA method takes into account the backward transition
probabilities and computes an average of the posterior distributions, thus is more advanced
than straightforward. The common point is that both of them are just geometrically decaying
functions of d or n, for HMM follows the Markov chain properties. However, it has been widely
argued that most real-life applications would not obey this function (Dong and He (2007)).
Therefore Hidden Semi-Markov Model (HSMM) is introduced to improve the duration estima-

tion.
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5.4 Hidden Semi-Markov Model

In HMM, the inherent Markov property makes the sojourn time in each state geometrical or
exponential distributed, which is not often true in practice. HSMM could overcome this prob-
lem by allowing arbitrary probability distributions such as Gaussian or Gamma for the state
sojourn time (Le et al. (2014a)). In addition to the A = (A, B, 7) for HMM, a HSMM is denoted by
A = (A,B,D, ), where D is the matrix of the parameters for the state sojourn time distribution.
Assume the state sojourn time is Gaussian distributed, since it is the most commonly used, then

D = {(u;,0)}, where u; and o; are the mean and standard deviation for D;.

Dong and He (2007) illustrates the HSMM structure by defining macro-states and micro-states,
as shown in Figure 5.11. The macro-states are the same with the hidden states presented in a
HMM. It assumes that under each macro-state there are a group of micro-states that show the
wear process under the macro-state. Even though the macro-states transition follow the Markov
chain properties, the micro-states transition within one macro-state is assumed to be Gaussian

distributed instead of Markov chain, that is the reason why the model is called "Semi-Markov".

T~
Micro-states — —» —» S" _'

Figure 5.11: HSMM structure(from Dong and He (2007))

Macro-states —» @ m

The diagnosis and prognosis procedure based on HSMM is the same with HMM, which is shown
in Figure 5.10. The main difference is that HSMM calculates RUL based on the Gaussian (or oth-
ers) distributed D;, while HMM uses geometrically distributed D; as demonstrated in Section

5.3.4. The straightforward method and BMA method are also available in the case of HSMM.

Straightforward method for HSMM

Recall the Equation 5.1, where Dt D; — Djpas:. Given that D; is Gaussian distributed, i.e., D; ~
N(ui, o), it can be deduced that the residual time D? follows N(u; — Dipast, o) but truncated
to the left of zero, since there should be D; > D 4. Denote Z = Z] i1 Dj, then Z ~ N(uz,0,)

where u, = Zj=i+1'uf and o, =, /23 il 0 , since D; is independent of each other. Thus RULt
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becomes the summation of a truncated normal distributed Dl? and a normal distributed Z. The

cumulative distribution function of RUL! is given by (Le et al. (2014a)):

X—u

1 X—a
P(RUL! < x) = Fryp(x) = ————~ f o) - o) pwdu (5.9)
1-0(4) ) oo o

o

/Ji_Dipast

where a = — ,
Oz

o= g—i, and ¢(-) and ®(-) are the probability density function and the

cumulative distribution function of the standard normal distribution.

BMA method for HSMM

Like the BMA method for HMM, here it computed RUL also by the following backward recursive
equations. The following deducing procedure is based on the theory illustrated in Dong and He
(2007). Since the model is strictly left-right structure, at state i, it either stays in i with probability

of a;; or transits to the next state (i + 1) with the probability of a; ;. Then at state 3:
RUL3 :D3 ~N([J3,0’3) (5.10)

At state 2:

RULy = ayy(Dy + D3) + ax3 D3 = axpy D, + (ag + az3) D3

Since a;; is constant, with normal distribution properties, there is ax; Dy ~ N (a2 2, az202) and

(azz + ax3) D3 ~ N((azz + az3) u3, (a2 + az3)os), then

RULy ~ N(ap2 + (az2 + az3) us, \/a§20§ + (azz + az3)?07%) (5.11)
At state 1:

RUL, =a;1(D1+RULy) +a12RUL,
= ay1(D1 + age Dy + (ag + ax3) D3) + ayz(azp D2 + (azp + az3) D3)

= an Dy + (a1 azz + a12a22) Dy + (ay1 G + arpap2 + ayy dzs + aipapz) D3 (5.12)
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Since RUL, is the linear summation of three independent Gaussian distributions, RUL is also
normal distributed, and the mean and standard deviation can be calculated in the same way

with calculating for RU L;.

5.5 Numerical Example of HMM

With HMM toolbox in Matlab, it is possible to execute the forward-backward algorithm, Viterbi
algorithm, and Baum-Welch algorithm that are needed to train HMMs. Since there are no avail-
able data sources from the real practice, this thesis would try to make some datasets to show
how HMM can be well applied in the case of screws wear. Thus the numerical results would
not provide any practical help, it is only an example that HMM can be utilized for diagnosis and

prognosis. The HMM toolbox in Matlab refers to Murphy (2005).

5.5.1 Data generation

There are four hidden states defined, thus four different groups of datasets are necessary to train
four HMMs corresponding to the hidden states. Each group of datasets is denoted by a 20 x 30
matrix, which means the observation sequence length is 30 time units and 20 sets of observation
sequence are used to train one HMM. Apparently the more datasets are used, the more accurate
the trained result would be. Since this example does not have any practical meaning, to be sim-

plified, only 20 sets of data are used to show how it works.

In state 1, the screws are normal, thus the obtained difference between the measured and theo-
retically calculated pressure should be only noises caused by measurement. It is very common
to represent the noises by Gaussian distribution with mean of 0 and standard deviation of 1, i.e.,
N(0,1). Therefore, for Group 1 of datasets, the code ">> datasetsl=randn(20,30)" in Matlab is

used to generate a 20 x 30 matrix that is randomly Gaussian distributed.

In state 2, in additions to the measurement noises, the slight wear of the screws would lead to
the further deviation from the theoretically calculated pressure. Hence, datasets2 for the state 2
is defined as

datasets2 = random values from N(0,1) + e*21+0-
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The part (e%27*0-%) could be any other distribution that can make datasets2 different from datasets1.
Since datasets2 should also be a 20 x 30 matrix, the value range of t is discrete values {0.01, 0.02,

0.03, ..., 6}. In the same way, in state 3, there is

datasets3 = random values from N(0,1) + e*>'*!

and in state 4, there is

datasets4d =random values from N(0,1) + g8 1.2

For simplification, it is reasonable to classify the values in each group of datasets into several
levels to transform the original data into finite and discrete observations. For instance, the data
is classified into 8 levels in this example, where Level 1 means the smallest values, and Level 8
means the largest ones. In this way, the observations become simple {1,2,3,4,5,6,7,8} instead

of the original data directly from the Gaussian distribution or others.

5.5.2 Simulation results

With four hidden states and eight possible observations, the estimated parameters of the trained
HMM1, HMM2, HMM3, HMM4 are shown below. The log-likelihood for each HMM is so small
because the datasets used for training is too less, only 20 sets. For state 1, the corresponding
HMM1 is A = (7,A,B). In detail, 7; = 0.4597 means the probability that the initial state is 1 is
0.4597, a;, = 0.4186 means the probability that it would transit from state 1 to state 2 is 0.4186,
and b;3 = 0.0005 means the probability that the observation is 3 when it is in state 1 is 0.0005.
After the HMMs are well trained, it is possible to do diagnosis when the current observations are
obtained. To verify the HMMs are able to identify the current state, one dataset is extracted from
each group of data as current observations. Then the log-likelihood (i.e., logP(newdatall)) is
calculated for each HMM, and the one with the maximum log-likelihood is the current state.

The analysis results are shown below, where —In f means negative infinity.

The results show a strong recognition ability of HMM. When the new data comes from Group 1,

HMM1 has the maximum log-likelihood, and when the new data comes from Group 2, HMM2
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HMMI — Statel
loglikelihoodl = -432. 6558

nl = (0. 4597 0.0338  0.0073 0.4992)
Al = 0.1139 0. 4186 0. 3311 0. 1363
0. 4529 0.1621 0.0109 0.3741
0. 2754 0. 1854 0. 1840 0. 3551
0. 1651 0. 2490 0. 1227 0. 4632
Bl 0. 4450 0. 5545 0. 0005 0 0 0 0 0
0. 5200 0.4744 0. 0056 0 0 0 0 0
0.6770 0. 3083 0.0147 0 0 0 0 0
0.4434 0. 5529 0. 0036 0 0 0 0 0
HMMZ — State2
loglikelihood2 = -369. 4103
n2 = (0. 5046 0.1855 0.0898  0.2201
A2 0. 8935 0. 0093 0.0924 0.0047
0. 0060 0. 7958 0. 0085 0. 1897
0.7528 0. 0697 0. 1244 0. 0531
0.0173 0.6194 0. 0261 0.3371
B2 0 0. 0000 0.2142 0. 7827 0.0031 0 0 0
0 0. 0673 0. 8185 0.1142 0. 0000 0 0 0
0 0. 0000 0. 0426 0.9184 0. 0390 0 0 0
0 0. 0000 0. 3320 0. 6634 0. 0046 0 0 0
HMM3 - State3
loglikelihood3 = -480. 1558
n3 = (0. 2081 0. 1253 0.45 0.2167)
A3 = 0. 5571 0. 3430 0. 0000 0. 0999
0.6753 0. 2482 0. 0000 0.0764
0. 0000 0. 0000 1..0000 0. 0000
0. 8507 0. 0286 0. 0000 0.1208
B3 = 0 0. 0000 0. 0000 0.0010 0.3741 0. 6248 0 0
0 0. 0000 0. 0000 0. 0002 0.4179 0. 5818 0 0
0 0. 0185 0. 4444 0. 5037 0.0333 0. 0000 0 0
0 0. 0000 0. 0000 0. 0221 0.3014 0.6765 0 0
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HMM4 — State4

loglikelihood4 = -729. 1106

n4 = (0. 4162 0.2109  0.2684 0.1046)

A = 0.7473 0. 0881 0. 0008 0.1637
0. 3270 0. 2202 0.1101 0. 3427
0. 0042 0. 0220 0.9158 0. 0580
0. 6442 0.0786 0.1324 0. 1447

B4 = 0 0. 0025 0. 0969 0. 1365 0.2732 0. 3452 0. 1457 0. 0000
0 0. 0001 0. 1542 0. 3027 0. 0230 0. 2896 0. 1900 0. 0404
0 0. 0007 0.0130 0.0719 0. 0000 0. 0065 0. 0081 0. 8998
0 0.0019 0. 1045 0.3125 0.0738 0.2921 0. 1568 0. 0583
log—likelihood HMM1 HMM2 HMM3 HMM4
data newl -20. 8139 —Inf —Inf —Inf
data new2 —Inf -21. 9356 —-22. 3728 -56. 2245
data new3 —Inf —Inf -19. 3988 -38. 2095
data new4 —Inf —Inf —Inf -19. 3757

has the maximum log-likelihood, etc.

5.5.3 Mean RUL estimation

To estimate the mean RUL, another HMM needs to be trained by the whole lifetime data. With
the four groups of datasets together, the estimated parameters of the trained HMMO is shown
below. According to Equation 5.1 and 5.3, and the values of A0, the mean sojourn time in each
state can be calculated, and the results are shown in Table 5.1. In state 1, the mean sojourn time
is 1000 time units. In state 4, that is the failure state, the sojourn time is infinite, which means
that if no maintenance activities are carried out, it will always stay in the failure state once it

jumps into it.

Table 5.1: Estimated mean duration in each state
| State 1 2 3 4|

| Mean duration | 1000 285.7 39.83 Inf |

To calculate the residual sojourn time in state i at current time ¢, the function of "hmmuviterbi"
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HMMO - whole lifetime

loglikelihood0 = -2716

10 = (0.1888 0.4159  0.2573 0. 138)

A0 = 0.9990 0. 0000 0. 0004 0. 0006
0. 0000 0. 9965 0.0010 0. 0025
0. 0005 0.0029 0.9749 0.0217
0. 0002 0. 0008 0. 1947 0. 8042

BO = 0.1171 0. 8039 0.0790 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000
0. 0000 0. 0000 0.0176 0. 3940 0. 2346 0. 3539 0. 0000 0. 0000
0. 0000 0.0416 0.5165 0. 1993 0. 0000 0. 0000 0. 0657 0.1769
0. 0000 0. 0446 0. 6002 0.1119 0. 0000 0. 0000 0. 0665 0.1768

in Matlab is utilized to estimate the most likely states sequence based on the history observa-
tions. For instance, the current time is 800 time units, and the last 800 observations at each time
unit have been recorded, then the most likely states sequence during the past 800 time units
can be computed by Viterbi algorithm in Matlab. The result is shown in Figure 5.12. It looks a
little unusual that it jumps from state 1 directly to state 3, afterwards it jumps to state 2, which
is violate to the strictly left-right model structure that has been established. Looking into the
values in the matrix A0, it also does not follow a strict left-right model structure. For instance
a2 = 0 that means it is not possible to transit from state 1 to state 2; and as, = 0.0029 that means
it is possible to transit from state 3 back to state 2, which is obviously against the real situation.
However from the view of statistics, there might be two reasons for this problem: the first one is
that the datasets are roughly made without deep considerations, which is not so appropriate for
the case of screws wear situation; the second reason is the number of datasets are not enough,

which leads to the inaccuracy of the estimated parameters in each trained HMM.

According to the computed result, the current state is 2 at the 800th time unit, and the com-
puted states sequence in Matlab shows that it jumps into state 2 at the 628th time unit, which
means it has been in state 2 for 800-628=172 time units. Then the mean RUL at the current time

is 285.7-172+39.83=153.53 time units.

Even though the datasets made in this example do not fit well the real wear situations of the
twin screws, the application of the HMM toolbox in Matlab and the corresponding numerical

computation show apparently that HMM do have the potential to carry out the diagnosis and
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Figure 5.12: The most likely states sequence during 800 time units by Viterbi algorithm in Matlab

prognosis for the wear of the screws. Once real data can be obtained, this model can be applied
to identify the current wear conditions and predict the mean RUL. The codes for running this

example are provided in Appendix C.



Chapter 6

Summary

6.1 Summary and Conclusions

Even though condition monitoring (CM) techniques have been well developed in other areas
such as railway and aerospace, in subsea field it is still in the beginning phase. Mostly the subsea
CM focuses on the flow process, e.g., the monitoring of the pressure, temperature, flow rate at
the key points, and the detection of oil leakage. But gradually the CM of subsea equipment has
been paid more attention. Unlike many literatures present only an abstract framework of CM,
this thesis uses the CM of the twin-screw multiphase pump as a case study to show how CM
techniques can be applied for the subsea equipment. Through the case study, the following

conclusions are made:

1. According to the FMECA of the twin-screw multiphase pump, the critical components
are identified as gearbox, twin screws, bearing, mechanical seals, control unit and valves,

among which the mechanical seal and twin screws are determined as study objects.

2. For the mechanical seal, the most important feature to show its performance is the film
thickness between the rotor and the stator of the mechanical seal. Too thin film thickness
would cause the contact of the rotating and the static faces, which is the main reason
for the wear of the mechanical seal. Whereas too thick film thickness would lead to oil

leakage.
3. There are four existing methods for the CM of a mechanical seal. Thermal method uses

76
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temperature sensors to measure the temperatures of the seal faces. Rotor displacement
method uses eddy-current sensors to measure the axial and radial displacements of the ro-
tor. Acoustic emission method uses piezoelectric sensors to detect the acoustic emission
from the mechanical seal. Ultrasonic method uses also piezoelectric sensors to measure

the reflected ultrasound from the seal faces.

4. A physics-based model can be used to compute the trend of the film thickness with time,
which can indicate the occurrence of the contact or leakage, and further predict the re-
maining useful life (RUL). The proportional hazard model (PHM) can also be applied to
estimate the hazard rate function of time for the mechanical seal, and predict the mean

RUL.

5. The twin screws are always rotating at various speed during operation, and the shape of
the screws is special, therefore it is very difficult to measure the wear conditions directly.
An indirect method is to measure the pressure along the screws. The wear of twin screws
will lead to the increase of the backflow, which is the flow goes from the discharge area
back to the suction area, thus reducing the capacity of the pump. Meanwhile the amount
of backflow can influence the pressure distribution along the screws. Hence, the pressure
can be measured to analyse the wear conditions of the screws. But the pressure distri-
bution along the screws is also influenced by other operational parameters, e.g., rotating
speed, gas void fraction (GVF), flow rate, and viscosity of the flow. To exclude the influ-
ences of other operational parameters, firstly based on the physical equations, the theo-
retical pressure distribution is calculated as a function of these operational parameters for
healthy screws. Then the difference value between the measured pressure and the calcu-

lated pressure can be utilized as an indicator for the wear conditions of the screws.

6. The difference value between the measured and calculated pressures is further analysed
by Hidden Markov Model (HMM). With an numerical example, the HMM is proved to be

able to identify the current wear state of the screws and predict the remaining useful life.
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6.2 Discussion

This thesis presents the application of condition monitoring (CM) techniques at component
level. It would be more interesting to research how to construct a CM system for the whole sys-
tem to evaluate and predict the conditions of the whole system rather than individual compo-
nents. The outputs from the CM analysis of components can be the inputs for the system-level
CM. Then with some certain algorithms, the condition of the whole system can be estimated
based on the condition of each component. A simple solution is Technical Condition Index
(TCI) that has been mentioned in Section 2.2, in which the system TCI is computed as the av-
erage of each weighted TCI of every component or sub-system. For complex system, more ad-
vanced algorithm is necessary to be developed. And it would be better to take into account the

impacts of maintenance planning and company strategies.

6.3 Recommendations for Future Work

Usually FMECA is carried out by a team with both professional knowledge and practical expe-
riences. Hence, for practical application, a more professional FMECA worksheet for the twin-

screw multiphase pump (MPP) should be implemented.

For the CM of MPP it is also necessary to research the CM of other critical components including
the gearbox, bearings, control unit and valves. Afterwards it is valuable to research the method

for estimating the condition of the whole system based on the CM of each critical component.

For mechanical seals, the current analysis methods are mostly physics-based models. This the-
sis proposed the proportional hazard model (PHM) as a data-driven model to compute the per-
formance of the mechanical seal. But no real data is available to verify this model. If there is
real data, it would be very interesting to calculate the numerical results for both physics-based
model and data-driven model. Then compare the results of these two types of models to anal-
yse which one is better for the case of mechanical seals, and research whether it is possible to
combine the two models together to obtain more comprehensive diagnosis and prognosis for

the conditions of the mechanical seal.
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For the wear of the twin screws, if more knowledge of the operating process of the screws is ac-
quired, it might be possible to use other parameters as the indicators of the wear of the screws,
thus more robust CM of the twin screws can be executed. Besides, Hidden Semi-Markov Model
(HSMM) is more advanced than Hidden Markov Model (HMM), since the former assumes the
sojourn duration in each state follows arbitrary probability distributions such as Gaussian dis-
tribution, which comforts better with the real situation. If real datasets are available, both HMM
and HSMM can be trained and compared to show which one is more accurate for diagnosis and

prognosis.



Appendix A
Acronyms

MPP Multiphase Pump

CM Condition Monitoring

PM Preventive Maintenance

FMECA Failure modes, effects, and criticality analysis
GVF Gas Void Fraction

GLCC Gas Liquid Cylindrical Cyclone
RPN Priority Number

FFT Fast Fourier Transform

AE Acoustic Emission

PHM Proportional Hazard Model
RUL Remaining Useful Life

HMM Hidden Markov Model

HSMM Hidden Sime-Markov Model
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FMECA of A Twin-screw Multiphase Pump
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Appendix C

Codes for Calling HMM Toolbox in Matlab

%Define the number of states and observations for each HMM;
8;

-b-bw(IAIJI\.)I\.)H
¢4}
O Sv OO S

% training data
% the training data is defined in another file

% initial guess of parameters

prior_11 = normalise(rand(Q_1,1));
transmat_11 = mk_stochastic(rand(Q_1,Q0 1));
obsmat_11 = mk_stochastic(rand(Q_1,0_1));

prior_21 = normalise(rand(Q_2,1));
transmat_21 = mk_stochastic(rand(Q_2,Q 2));
obsmat_21 = mk_stochastic(rand(Q_2,0_2));

prior_31 = normalise(rand(Q_3,1));
transmat_31 = mk_stochastic(rand(Q_3,Q _3));
obsmat_31 = mk_stochastic(rand(Q_3,0_3));

prior_41 = normalise(rand(Q_4,1));
transmat_41 = mk_stochastic(rand(Q_4,Q0_4));
obsmat_41 = mk_stochastic(rand(Q_4,0_4));

% @mprove guess of parameters using EM
[LL_1, prior_12, transmat 12, obsmat_12] = dhmm_em(data_1, prior_11,
transmat_11, obsmat_11, size(data_1,1));
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LL 1
prior_12
transmat_12
obsmat_12

[LL_2, prior_22, transmat_22, obsmat 22]
transmat_21, obsmat_21, size(data 2,1));
LL 2

prior_22

transmat_22

obsmat_22

[LL_3, prior_32, transmat_32, obsmat 32]
transmat_31, obsmat_31, size(data_3,1));
LL 3

prior_32

transmat_32

obsmat_32

[LL_4, prior_42, transmat_42, obsmat 42]
transmat_41, obsmat_41, size(data 4,1));
LL_4

prior_42

transmat_42

obsmat_42

% use model to compute log likelihood

loglik_1 = dhmm_logprob(data_1, prior_12,
loglik_2 = dhmm_logprob(data_2, prior_22,
loglik_3 = dhmm_logprob(data 3, prior_32,
loglik_4 = dhmm_logprob(data 4, prior_42,

% use model to clasify giving new data

dhmm_em(data_2, prior_21,

dhmm_em(data_3, prior_31,

dhmm_em(data_4, prior_41,

transmat_12,
transmat_22,
transmat_32,
transmat_42,

obsmat_12)
obsmat_22)
obsmat_32)
obsmat_42)

data_newl=[2
1 2 2 1

1:

loglik_1newl
loglik_2newl
loglik_3newl
loglik_4newl

12 1 1 1 2 1 1 2 2
11 2 2 2 1 2 2

dhmm_logprob(data_newl, prior_12,
dhmm_logprob (data_newl, prior_22,
dhmm_logprob(data_newl, prior_32,
dhmm_logprob(data_newl, prior_42,

datanew2=[3 4 4 4 3 4 4 4 4 4 3

3 4 4 4
loglik_1new2
loglik_2new2
loglik_3new2
loglik_4new2

4 4 3 4 4 3 3 4];
dhmm_logprob(data_new2, prior_12,
dhmm_logprob (data new2, prior_22,
dhmm_logprob(data_new2, prior_32,
dhmm_logprob(data_new2, prior_42,

data new3d=]6 6 5 5 5 5 5 6 6 5 6

5 6 6 6
loglik_1new3
loglik_2new3
loglik_3new3
loglik_4new3

6 6 6 6 6 6 6 6];

= dhmm_Rlogprob(data_new3, prior_12,
= dhmm_logprob (data_new3, prior_22,
= dhmm_Rlogprob(data_new3, prior_32,
= dhmm_JRlogprob(data _new3, prior_42,

2 2 2 1

transmat_12,
transmat_22,
transmat_32,
transmat_42,

4 4 4 3

transmat_12,
transmat_22,
transmat_32,
transmat_42,

6 6 6 5

transmat_12,
transmat_22,
transmat_32,
transmat_42,

1 2 1

obsmat_12)
obsmat_22)
obsmat_32)
obsmat_42)

4 4 4

obsmat_12)
obsmat_22)
obsmat_32)
obsmat_42)

5 6 6

obsmat_12)
obsmat_22)
obsmat_32)
obsmat_42)
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data newd=[7 7 7 7 7 7 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 8 8 8 8 8 8];

loglik_1new4 = dhmm_logprob(data_new4, prior_12, transmat_ 12,
loglik_2new4 = dhmm_logprob(data_new4, prior_22, transmat_ 22,
loglik_3newd4 = dhmm_logprob(data_new4, prior_32, transmat_ 32,
loglik_4new4 = dhmm_logprob(data_new4, prior_42, transmat 42,

%a HMM trained by lifetime data for prognosis
0=8;
Q=4;

prior_1 = normalise(rand(Q,1));
transmat_1 = mk_stochastic(rand(Q,Q));
obsmat_1 = mk_stochastic(rand(Q,0));

8 8 8

obsmat_12)
obsmat_22)
obsmat_32)
obsmat_42)

[LL, prior_2, transmat_2, obsmat_2] =dhmm_em(data_all, prior_1, transmat_1,

obsmat_1, size(data_all,l));
LL

prior_2

transmat_2

obsmat_2

loglik = dhmm_logprob(data_all, prior_2, transmat 2, obsmat_2)
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