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Summary

Efforts are being made to improve the availability of the machine. Better availability ensures
economic operation of the gas turbine saving in the order of millions. One step towards such an
approach is to develop real-time monitoring methods. Real-time monitoring allows users to monitor
the performance of the gas turbine and ensure proper functioning of the engine. Moreover changes
in gas path components can be used to identify the deteriorated components thereby decreasing
the downtime of the engine. This project was carried out in collaboration with Shell Global Solutions.
The aim of the project is to develop a performance monitoring method and propose a fault isolation
mechanism. The study is carried out on a three shaft gas turbine, GE LMS100. This is the latest
developed gas turbine with intercooler and is used extensively by the oil & gas industry. The
challenge in developing a performance monitoring method for such an engine lies with the
configuration of the gas turbine itself. Gas turbine Simulation Program (GSP) is used to model the

gas turbine.

Different diagnostic techniques used for performance monitoring of gas turbine are studied and a
suitable method is proposed by the end of the project. Component parameters of a healthy engine
are simulated using GSP and deviation of operating points from their respective baseline indicates
deterioration in performance of the gas turbine. An attempt is made to quantify the deviation in
component measured parameters owing to respective deterioration cases. The fault isolation tool
created will help in reducing the dependency on expert analysis and reduce downtime of the
machine. The proposed method proves to be able to detect, quantify and isolate fault in the gas
turbine based on a few indicating parameters. The conclusions and recommendations made from

this project can be used to develop a complete engine health monitoring tool.
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Chapter 1. Introduction

Gas turbines are complex systems with high operational cost. The project aims to bring about fault
isolation mechanism using gas path analysis. Various faults occur in a gas turbine and there are quite
a lot of methods to monitor them [1]. An attempt is made to bring about the most suitable method
and implementing in an online remote monitoring tool. Each and every configuration of gas turbine
has to be approached with a unique method [2]. A three-shaft gas turbine with intercooler
configuration is modelled to understand the behaviour of the gas turbine under various operating
conditions. The objective is to develop a generic method of diagnostics of this configuration and
identify the key parameters to monitor. The project will give a brief idea on how to proceed with
modelling and monitoring such a gas turbine configuration with very limited data. Implementing the
developed methods in a remote monitoring tool can save millions of dollars in terms of availability

and reliability of the machine.

1.1 Problem Definition

Usage of gas turbines has increased tremendously over time. Gas turbines are found to be useful in
many sectors including aviation, power generation and as mechanical drive in oil & gas industry [3].
The operational cost of the machine is very high and development in technology made sure the
efficiency of the operation is high enough. To make the operation economical, the availability and
the reliability of the machine has to be higher. Though the machine is highly reliable, availability of
the device is subjective. Availability is measured as the number of hours the device is operational

over a period of time [4]. High downtime affects the availability of the machine. Owing to the



complexity of gas turbines, downtime is usually very high. To fix the challenge in reducing downtime,
performance monitoring of the gas turbine and condition based maintenance were introduced.
Condition based maintenance is a technique where maintenance is done according to the fault
diagnosed in a specific component of the machine rather than performing a scheduled maintenance
of the overall machine. It requires fault isolation mechanisms to monitor and predict the component

at fault.

Company like Shell has a large fleet of gas turbines in their operations [5]. An attempt towards a
complete engine health monitoring tool is required. The unique behaviour of every gas turbine
configuration requires special attention in order to monitor and identify deterioration in gas
turbines. A novel aero-derivative gas turbine 3-shaft configuration with integrated intercooler has
been introduced to the industry [6] and a study on such a configuration is necessary to assess the

capability of the present health monitoring tool at the sponsor company.

1.1. Objective

The objective of the project can be divided into a set of questions which can eventually lead to a

better way of approaching the problem. The objectives are as follows,

e What are the various gas path faults?

e What are the causes and implications of such gas path faults?

e How does the remote online monitoring tool work?

e How to simulate performance of the gas turbine configuration under study?
e What are vital indicating parameters to monitor?

e How to implement the monitoring method in an online environment?

e What is the behaviour of the gas turbine under deterioration?

e What is the possible fault isolation method?

e  Which is the best method for implementation in given the premise?

Based on these questions, the report follows the described structure. Chapter 2 describes the GT
theory, various cycles of operation and explains in detail various gas path faults and their effects on
components. The chapter ends with the common gas turbine deterioration cases to study. Gas

turbine diagnostic methods are discussed in detail in Chapter 3 and also a small comparison is done.



Chapter 4 explains in detail the steps taken to simulate the gas turbine configuration and validate
the model. Chapter 5 describes the online monitoring tool and the contribution of the case study to
its performance. Performance monitoring trends are developed in this chapter. Chapter 6 discusses
the behaviour of the gas turbine in various deterioration modes and suggests a fault isolation
method that can be implemented in the sponsor tool. Finally Chapter 7 sums up the whole report

with some future recommendations for using the method and conclusions.



Chapter 2. Gas Turbine Theory

Gas turbines (GTs) are one of the most important mechanical devices invented. Air is usually the
working fluid of a GT. The thermodynamic cycle of such a device varies with the configuration and
will be discussed further in the report. The basic principle is that the air is compressed, burnt with
fuel and expanded using turbine. GTs can be used as mechanical drives in oil and gas sector,
electricity generation in the power sector and propulsion in case of civil/military aviation engines.
Since GT has applications in many fields, many configurations exist. Unlike the processes mentioned
above, the device is a complex system with many components. The engine components can be

distinguished as follows [1],

Gas-path components: compressor, combustion chamber, turbines
Rotating components: engine bearings, shafts, rotors, gear trains
Accessory components: fuel control, fuel pump, control system, lubrication system, ignition

system, sensors and bleed system.

Realising the importance of gas turbines, there has been lot of enhancements in design,
aerothermodynamics, cooling technology, materials etc., aiming to increase the application
envelope of the devise as well as economic usage. Economic working means improvement in

efficiencies, reliability and availability of machines.

In this chapter, gas path components and their operation is discussed. The thermodynamic
performance of every individual component is independent and the operating point of the whole gas
turbine is a single equilibrium point of operation satisfying mass, momentum and energy balance

between all the components [7].



Conservation of mass equation is given by,

g A g Av) =0 (1)
E(P)*‘a(l) v) =

Conservation of momentum equation is given by,

0 d dp
— — Y= —A— 2
5% (pAv) + % (pAv*?) o2 (2)
Conservation of energy equation is shown below,
a(A)+6(Ah)—0 (3)
gg PO T gy AV =

Where p is gas density, 4 is the cross sectional area, v is the velocity, p is pressure, u is specific
internal energy and h is specific enthalpy. The following section will discuss the various ideal

thermodynamic cycles involving gas turbines of different configuration.

2.1 Simple Ideal Brayton Cycle

Gas turbine works on the ideal Brayton cycle shown in Figure 2.1. The working fluid of the gas
turbine is air. The first process 2 to 3 is the compression of the air. At constant pressure 3 to 4, fuel is
injected and combusted in the combustion chamber. The gas is then expanded through a series of
turbines as shown in step 4 to 5 and then released the fluid is released to the atmosphere through
the exhaust or re-circulated back for compression. Between the stages 4 and 5, there is a point (“g”)
where the power extracted is used to compress the air. The process 2-3-4-g takes place in the gas
generator. The excess power available at the turbine (stage g- stage 5) is used for other applications

like propulsion, mechanical drive or power generation. This is called the specific gas power.
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Figure 2.1: Ideal Brayton Cycle H-S Diagram [8]
Some basic relations are given below for calculating various parameters in a gas turbine cycle. In
combination with conservation laws listed before, the operating point can be found. The relations
shown are related with the ideal cycle shown in the Figure 2.1. These relations can be expanded or

modified for different configurations.

Compressor power:

W3 =mcy(Ts —T,)  [W] (4)
Heat input rate:

Q3-4 = me, (T, —T3)  [W] (5)
Turbine power:

W4-—g = Tth(T4 - Tg) (W] (6)

Gas power:

Vi(gg = Wg—S = Ti’le(Tg -Ts) [W] (7)



Specific gas power:

w
M/s,gg = Cp(Tg —Ts) [@/5]
Waste heat:
Qs—z = me(Ts —Ty) [W]
Ideal isentropic gas equation:
kK

P3 (T3>k—1
P, \T,

The thermodynamic efficiency of the cycle is given by the relation,

Ws.gg _ Ty —Ts

Ntherm.dyn. = =
Qs3-2 T4—T3

(8)

(10)

(11)

In order to increase the thermodynamic efficiency and/or power, few enhancement techniques are

followed such as a recuperated cycle, intercooled cycle and reheat cycle [3].

2.2 Recuperated Cycle

The above Figure 2.2 shows the h-s diagram of the recuperated cycle. The recuperated cycle uses

the waste heat from the exhaust and added to the compressed working fluid, decreasing the fuel

flow needed. The amount of fuel needed to increase the temperature from stage 307 to stage 308 is

conserved and hence the lower specific fuel consumption. This process can be done as high as the

optimum temperature ratio. The same constrained is applied to the amount of heat that can be

extracted from the waste flue gas.
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Figure 2.2: H-S Diagram of an Ideal Recuperated Cycle [8]

2.3 Intercooled Cycle

The desired process in compression would be an isothermal process. It is highly impractical to
achieve. The work needed for compression can be reduced by splitting up the compression stages
and inter-cooling the fluid. In the above Figure 2.3, the process of inter-cooling is shown by 2.3-2.5.
The work required to pressurize the air from 2 to 3 can be reduced by this method. However there is
a need for increased heat addition in order to reach the required peak temperature of the cycle. This
means that this cycle produces higher power at lower thermal efficiency. By inter-cooling higher

temperatures can be achieved at the turbine inlet.
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Figure 2.3: H-S Diagram of an Ideal Intercooled Cycle [8]

Specific compressor work:

Wy 3= f Vdp (12)

From the above equation it can be seen that reducing the specific volume of the fluid reduces the
work required by the compressor. Inter-cooling between stages aims at reducing the specific volume

thereby reducing the work required.

Intercooler effectiveness can be given by the equation,

6= Qmax (13)

Qactual
Where Qpqx is the maximum heat that can be extracted considering the heat capacity and

temperature of the flows.
Qmax = Cp,min(Thot,inlet - Tcold,inlet) [W] (14)

Cp,min = min(maircp,airl mcoolantcp,coolant) (15)
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Quctuar is calculated from either one of the flows by using the energy equation. It is considered that

the heat lost from the hot fluid is equal to the heat gained by the coolant flow.

Qactual = milotcp,hot(Thot,inlet - Thot,outlet) [W] (16)

2.4 Reheat cycle

p = constant

..';*..Q::

Figure 2.4: H-S Diagram of an Ideal Reheat Cycle [8]

The above Figure 2.4 shows the H-S diagram of a reheat cycle. After the first expansion stage from 4
to 4.5, heat is added again to raise the temperature at constant pressure. This increases the power
available to be extracted. The reheated cycle has a higher specific power and lower thermal

efficiency. The system is complex to implement.

All the above cycles are ideal and have made quite some assumptions. When it comes to real cycles,

e The working fluid is not an ideal gas and also constant specific heat values cannot be
assumed.
e The expansion and compression processes cannot be isentropic due to the increasing fluid

entropy.
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e Mechanical losses, pressure losses in the combustion chamber and other components like

inter-cooler and exchanger cannot be neglected.

2.5 Gas Path Faults

COMPRESSOR COMBUSTOR
e Fouling e Corrosion
e Blade fatigue e  Fretting corrosion
e Blade corrosion/pitting e  Cracking
e  Surge promoted by fouling, e  Fuel Quality
IGV control and steam injection e Nozzle imbalance/clogging
e  Erosion, Corrosion e Leakages
e LCFHCF e Vibration and pulsations
e FOD
CC |—»
o™
< c | T LOAD
/ -
FILTER
e Fouling, Clogging
e Airflow distortion
e Icing problems
e Loss of airtightness TURBI_NE
a0 e Fouling
e  Humidity effects :
e Corrosion
MECHANICAL PROBLEMS e Blade coating problems
e Bearing problems ¢ FOD/DOD
e  Critical speeds e  Bearing distress
e Unbalance, Looseness and Misalignment *  Excessive back pressure
¢ Foundations e Erosion, HCF, LCF
e  Rotor bows e Hot corrosion/sulphidation

e Nozzle bowing, Creep

Figure 2.5: Faults in a GT [1]

The most common known faults are listed in the above Figure 2.5. The figure shows a simple single
pool gas turbine configuration with compressor (denoted as ‘c’), turbine (denoted as ‘t’) and a

combustion chamber (denoted as ‘CC’).

From these, combustor can be omitted since it is always considered to be highly efficient and

deterioration is very rare [1]. Some of the faults are really complex and happen in combinations.
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In this chapter a short description of the common faults is given. First we consider the process and
discuss the possible failure mechanisms and causes and later generalise the failure mechanisms and

their effects to be simulated considering gas path analysis.

2.6 Faults and their causes

The gas turbine components face threats of failure and the degree of damage by virtue of their

operation. This chapter will discuss the fault that can happen with the engine components.

2.6.1 Compressor

Axial flow compressors are the most common type of compressors in large gas turbines. The
compressor is multi staged and also the pressure ratio can be from 7:1 to as high as 40:1. With
change in design and operation of gas turbine, failures are also differ. With more stage and pressure

ratio, the operational margin reduces.

Dirt in the compressor section can cause several problems like reduced efficiency of the compressor,
distortion of the mass flow leading to a surge, erosion and corrosion of the blades, block in the
cooling air passages, unbalance and foreign object damage. To reduce this risk, filters are used which
removes the particles from the inlet air. The working environment is not intense as a turbine. So, the
intensity of problems is minimised. In sandy areas if the filter system is poorly designed or at fault,
heavy deposits of dirt and sand can be seen. Evaporative cooling or water fogging is used to cool the
inlet air [9]. These systems operate at high pressure and thus can cause erosion. The benefit of using
evaporative cooling outweighs the erosion damage caused to the blades. Deposits on the
compressor blades often contain sodium and potassium chlorides [10]. This when combined with
water droplets can form acids causing pitting corrosion in the blade. This type of corrosion can be

seen in Figure 2.6
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Figure 2.6: Salt Deposits on Compressor Blades [10]

Developments have made the compressor blades thinner, larger and three-dimensional. The blades
are having less clearance and higher loading. Combination of having higher pressure ratios and
smaller clearance gives more chance of tip rubbing with the casing. Boyce [4] denotes that the tip
rubs occur near the bleed flow regions where the casing of the compressor can be a little out of
round. Blade rubs can also occur due to rotor thermal expansion, blade bending caused by surge and
excessive creep in the hot sections [10]. Tip rubs can cause an increase in tip clearance with a
reduction in efficiency of the compressor. Figure 2.7 shows a tip rub where it is seen that the profile
of the blade has been disrupted. In severe cases the blade may fail completely and trigger domestic
object damage. FOD can cause many symptoms so it is difficult to use gas path analysis as a single
tool to isolate the fault [10]. Vibration analysis can be used together with gas path analysis to yield

better results. Damage can be as severe as shown in the Figure 2.8.
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Figure 2.7: Blade Tip Rub [4]

Figure 2.8: Foreign Object Damage [10]

Apart from the physical damage, deposits of foreign material can cause blade flutter, stall and surge.
The deposits change the air angles leaving the blade and causes flow separation. Blade flutter
problems can also be due to excessive bleeding of the compressed air at high stages of compression.
For a safe operation, monitoring performance and vibration is a good choice [4]. The indicators can

include,

e Gas turbine exhaust temperature

e Compressor discharge temperature and pressure
e Compressor efficiency

e Degradation of power

e Increase in heat rate

e High vibration readings
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2.6.2 Turbines

The turbine section operates at very high temperatures. It reaches as high as 1500 °C. The initial
stages of the turbine are protected with thermal barrier coatings. The turbine nozzle and blades
depends heavily on the fuel properties and can be affected with erosion and corrosion due to the
operating conditions. The liquid hydrocarbons which are present in the gaseous fuel can cause hot

spots which leads to crack in the vanes and in blades.

Figure 2.9: Corrosion in Turbine Blade [10]

The figure above shows the corrosion that can happen in a turbine blade. This has many side effects.
This can cause the disrupted cooling causing the blade to fail completely. Due to the thermal and
centrifugal stresses acting on a blade, elongation of the blade can happen which in turn can cause
“blade rub”. Turbines face with higher chance of domestic object damage than foreign object
damage given the position of the component along the gas path, shown in Figure 2.10. In cases of
fuel injection failure, allowing more fuel to flow, excess fuel can reach the stages of the turbine and
can cause a large flame. This causes bowing of the nozzle vanes. This distorts the mass flow of the

turbine.
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Figure 2.10: Domestic Object Damage of a Turbine Blade [9]

Sometimes the fuel can seep to the later stages also causing flames and uneven thermal expansion
of the turbine rotor. This occurs when the combustion during starting up is not proper. This
mechanism can be seen from the fact that the initial stages will have less damage than the
downstream stages. The turbine blades are manufactured with shrouds to reduce the tip losses and
to provide strength. However due to operations at high temperature, shrouds can lift from its
position. This can affect the casing and also may cause complete failure of the blade. The flow
capacity and the efficiency of the turbine are reduced drastically. This can compromise the casing
and hence create uneven temperatures. Monitoring the spread of exhaust gas temperature can give
a good overview of the functioning of the combustion chamber as well as the nozzle stages of the

turbine [9].

The above mentioned mechanisms are very specific and to isolate such faults there is need for
intensive maintenance schedule. Before boiling down to the cause of the problem, it is necessary to
isolate the component at fault. Gas path analysis can be used effectively in that sense. The passages
below will discuss the most common and generic modes of failure which can be detected using gas

path analysis. The mechanisms are characterised by their effects on the independent parameters.

2.7 Generic Considered Fault Mechanisms

The following section discusses the definition and their characteristic impact on the engine health

parameters suitable for a case study of a gas turbine.
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2.7.1 Fouling

It is nothing but the accumulation of foreign and/or domestic particles and deposit on the blade
surfaces. This causes change in the surface roughness and has an effect on the aerodynamic shape of
the blade. Fouling can also cause reduction in throat area thereby affecting the flow. One of the
major effects would be a decrease in mass flow and pressure ratio of the compressor. The efficiency
of the compressor can also be affected. In turbine, fouling can affect the vanes, blades and seals.
This reduces the efficiency of the turbine. A reduction in power generation, increase in heat rate and
exhaust gas temperature can be expected. Fouling is limited by the force exerted by the working

fluid

2.7.2 Tip Clearance

Tip clearance has a major effect on the flow capacity of the rotating equipment. If the tip clearance
is increased, it reduces the efficiency and the flow capacity. Tip clearance shows a greater impact on
the efficiency of the machine than caused by fouling [1]. Tip clearance can happen because of many

reasons like wearing of blades, foreign object damage, erosion, corrosion and thermal stresses.

2.7.3 Erosion

Surface material erodes due to impact of materials at high temperature and pressure. Erosion
causes deterioration of surface quality, airfoil profile, throat openings. It also increases tip clearance
and seal clearances. The strength of the material is also compromised and can cause sudden failure.
The effects of erosion can be of different levels of deterioration. In compressors, erosion can lead
to decreased pressure ratio and mass flow rate. In a complex gas turbine configuration with multiple
compressors, erosion can make the upstream compressor stages prone to stall [1]. The rear stages of
high pressure compressors can be affected more due to the nature of its operation under high
pressures. Erosion increases the mass flow thereby reducing the efficiency of the operation and so it

affects the power generated.

2.7.4 Corrosion

There is a possibility of the foreign objects reacting with the components of the gas turbine under
high pressure and temperature. This proves to be an adverse effect causing corrosion of materials. It

affects the material properties of the components. The contaminants can enter the flow through the
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inlet or the fuel, steam injection. Rate of corrosion gets higher with higher temperatures and
pressures. Elements such as vanadium, sodium and lead can be present as impurities in the fuel and

can cause performance deterioration of turbines.

2.7.5 Object Damage

There are two ways damage can happen to the engine components. Domestic object damage is
when a part of a component becomes loose and hits the components along the flow. Foreign object
damage is when a foreign object enters through the inlet duct and damages the components along
the fluid path. Object damage can be very drastic or in some cases can cause lesser extent of

damage showing little symptoms.

2.8 Summary

This chapter discussed the working theory of a gas turbine and the thermodynamic relation between
the components of a gas turbine. Various cycles of operation were discussed and the equations of
conservation were also discussed. Using the relations, parameters at different stations of the gas
turbine components can be calculated. Gas path deterioration cases were discussed in-depth and
gave a good idea of the mechanism and other complexities. In order to simulate and study fault
mechanism, a generalised list of faults for each component was listed. It is now feasible to study the
behaviour of the gas turbine using simple and combinations of the faults in various components of
the gas turbine. Fault in an intercooler component ends up in decreasing the effectiveness and
hence increasing the temperature of the flow. The symptoms related to each faults has been listed

so that it would be helpful to come up with a fault isolation mechanism.
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Chapter 3. Fault Diagnosis Techniques

The previous chapter gave a good overview of the faults related to the process conditions and
generalized faults that can happen. It is desirable to monitor the engine performance and diagnose
the faults even before the damage is done since the faults can cause permanent damage to the
components. Preventive maintenance proves to be a better way considering the longer run. In this
chapter, study on different techniques followed by the industry will be discussed along with the
advantages and their disadvantages. Engine health monitoring techniques may include a variety of
methods and tools to diagnose and isolate faults [1] [11]. Engine health monitoring has given rise to
condition based maintenance where they monitor the performance of a machine and performs
maintenance procedures only to the specific machine under deterioration. This has reduced the
downtime of the machine considerably [3]. Out of the many approaches a few important methods

are discussed below.

3.1 Visual Inspection

This is one of the simplest methods of monitoring the engine. Visual inspection can be done to find
leaks, cracks, improper installation and flaw in inaccessible sections like tears, burns, deposits,
corrosion and deformation. To assist in the inspection light probes, dye penetrants, infrared imaging,
X-ray inspection and other non-destructive testing methods are used. A complete engine monitoring
systems rely on visual inspection to confirm the diagnosis done. The disadvantage with this method
is that the experience of the tester is very important and the symptoms for a fault can be subjective.
Moreover there are many catastrophic faults that leave no trace of symptom for the visual

inspection to find out.
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3.2 Fault Tree

Fault tree contains map of faults and the chain of symptoms. Using fault tree is one of the oldest
methods for engine monitoring. The method is to find the varied engine parameter which is the root
and find its chain of events to the top eventually narrowing down the physical fault. It does not
consider multiple faults or a fault in sensor. Again it requires experienced personnel to relate the

parameters to isolate the physical fault.

3.3 Fault Matrix

The fault matrix method compares change in measured parameters of an engine with a pre-
calculated deviation matrix of a fault. The match between them helps to boil down to the cause of
deterioration. With limited measurement the rate of accuracy achieved can be very low [11]. This is
because multiple faults have a common range of symptoms which can be easily misinterpreted. It is
possible to eliminate error to an extent by creating different fault matrix based on different health

parameters [1].

3.4 Vibration Monitoring

Vibration monitoring is a common technique used widely to monitor rotating equipment. Gas
turbines have many rotating parts which vibrate about an equilibrium position. Changes in vibration
of the components can identify the defect components and along with gas path analysis can provide

a very good engine monitoring system.

The Figure 3.1 shown below illustrates the principle behind using vibration monitoring system. The
waveform obtained is made up of simpler waveforms of various components. This obtained
waveform in time domain should be transformed into the frequency domain. Monitoring the
frequency of every component gives an idea of the level of deterioration from the equilibrium.
Spectral analysis is a powerful tool where the frequency is plotted against the frequency of a healthy
engine. This helps the user visually to identify abnormality in the operation of the engine [12]. The
engine can deviate from the OEM suggested vibration levels. The system is fed with a margin above

which the engine is considered to deteriorate and considered for further investigation.
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Figure 3.1: Time and Frequency Domain [12]

3.5 Gas Path Analysis

Gas path analysis (GPA) is the focus of this chapter. This method is very useful in terms of obtaining
guantitative values of deterioration for multiple faults. Using this as a tool prognostics can be done
hence increasing the reliability and availability of the machine. Gas path analysis depends on the
logic of relation between the measurable values and the component characteristic parameters i.e.,
variation in measured parameters can be related to corresponding variation in the component
characteristics. The accuracy lies with the data available and its credibility [13]. The robustness of

the model is very important as the noise in sensor can cause serious accuracy issues.

GPA detects the change in measured variables and connects them with possible faults. The
dependant variables are related to the independent variables thermodynamically. The working
principle of GPA can be found in the Figure 3.2. Error with the sensors can cause wrong diagnosis.
GPA has methods to give a relative variation rather than an absolute value which overcomes this

problem. This gives GPA the ability to cope with a wide operational regime from the design region.
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Figure 3.2: Working Principle of GPA [1]

3.5.1 GPA Approach

Based on the relation between the dependant and independent variables of the engine, GPA has few

types of approaches.

Linear GPA

As the name suggests linear approach considers a linear relationship between the dependant and
independent variables. It depends on the first derivative of the Taylor series expansion of the
governing equations of the gas turbine. A fault coefficient matrix is obtained and can be used to find

the health parameters of the engine. The relationship can be expressed as:

8y = [J16x (17)

ox = [J71]8y (18)

Where &x are the changes in the independent parameters,
Oy are the changes in the dependant parameters and

Jis the fault coefficient matrix.
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Since the relationships are not linear, this method is applicable for ranges nearer to the design point
of operation. Further away from the design point, this method generates values with more error. It

does not consider sensor faults as well.

Non-linear GPA

This method is nothing but the iterated linear method discussed above. This process reduces the
residual error between the output and the actual values. One of the techniques used is the iterated
Newton-Raphson method to generate the fault coefficient matrix. The applicable range of this
method is wider than the linear method as it handles abrupt changes in measurements. A

representation is shown in the Figure 3.3.
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Figure 3.3: Linear and Non Linear Method [1]

The steps followed in a non-linear method are explained below.

A small change in the independent parameters (6x) will cause the dependant parameters (8y) to

change.

F(x+6x)=y+dy=F(x)+ dy (19)

Applying Taylor series expansion for the left hand side of the equation gives,
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F(x + 6x) = F(x) + J6x + Higher Order Terms (20)
Where J is the matrix with first order derivatives of the parameters. Neglecting the higher order

terms and equating the above two equations:

oy = Jox (21)

Inversion of the matrix J will help to find the independent health parameters 6x from &y values.

The new parameters are found using the above relations. A minimisation function is used to reduce
the actual value and the predicted value. The values of engine parameters are varied iteratively until
the solution is converged and the function is minimized. The schematic representation is shown in
the above figure where the first step alone is the linear method and doing the process iteratively
forms the non-linear method of approximation. Measurement faults are not considered in the
system as well. The fault matrix can be used to find the faults but has to be interpreted by an expert.

The following topics will describe a few of the GPA based techniques used in the industry.

3.5.2 Differential GPA

Differential GPA is very similar to the non-linear gas path analysis. Both compare the actual and
estimated values of the engine. Differential GPA can be done by using adaptive modelling. A healthy
engine module is created within the system and it compares with the measured data. The model
changes the health parameters of the module to match with the measured data. This can be

qguantified as the level of deterioration of the component. A schematic has been shown below.

The healthy engine parameters are calculated using a set of differential equations considering the
conservation of mass and energy at various stations of the components. Error equations and
unknown state equations are added to the model and are equal to the number of parameters to be
estimated. This provides a matrix as shown in the Figure 3.5. According to W.P.J. Visser et al., the
upper left part of the matrix forms the equation for the reference engine. In the matrix, f; to f, are
the error equations of the unknown states. The m additional equations shown at the lower left
corner of the matrix are equal to the number of measurements. The equations are solved for the

convergence criteria given by € [14].
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3.5.3 Expert Systems

Engine health monitoring techniques mostly have a similar approach. Expert systems can be used
with any of the techniques and infer data using logic or rules. Expert systems have applications in
bio-medical field, computer architecture design, chemical analysis and situation analysis. The
literature has shown that expert systems can be used for engine health monitoring as well [1]. An
expert system has a database of possible faults, relationship between parameters and necessary

algorithms.
To implement expert systems there are some considerations like,

e Scope of problem

e Expected symptoms
e Model to be codified
e Coding language

e Verification and validation

These systems can be used along with Gas path analysis (GPA) and can be used to generate required

symptoms for diagnosing a fault.
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Figure 3.5: Adaptive Modelling GPA - Equations [14]

3.5.4 Genetic Algorithms

Genetic algorithm works like natural selection and natural genetics [15]. It has three operators
namely selection/reproduction, crossover and mutation. The selection finds the strings which are
possible solution for a function. Closer the solution, better its chances to enter the next generation
as in “survival of the fittest”. The crossover operation swaps information of the parameter string.
The surviving fitter strings move to mutation phase where the values are changed randomly within
the prescribed limits. Algorithms can be used when the fault diagnosis is considered as an
optimization problem. This is possible since there is often more than one cause for a problem. One
of the main disadvantages of using genetic algorithm is the computational time required. The

flowchart of such an algorithm is shown in Figure 3.6.
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Figure 3.6: Schematic Diagram of a Genetic Algorithm [1]

3.5.5 Artificial Neural Networks

Artificial neural network works like the neural network of human brain. They are not thermodynamic
based solvers. The neural network is trained such that an input will generate respective output. One
type of neural network is the feed forward back propagation method [1]. ANN can be trained well to
map the non-linearity of the relationships of the parameters. A model will consist of an input layer
where the input parameters are fed into. The middle layer consists of weights according to which
outputs are generated. In a feed forward back propagation method, error in desired output and the

actual output is propagated back to adjust the weights accordingly.

The accuracy of this model depends on the extensive data used to train the model. Another
disadvantage of this method is that, the networks should be trained every time maintenance is
done. The time and data required to train the model is enormous but once the model is trained, the

model can be used more effectively and accurately.
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3.6 Comparison of GPA methods

Different methods of GPA have been discussed so far. Comparison between these methods is shown

below in the Figure 3.8 below.

Earliest Model Model Computation Coping Coping

Diagnostic methods year of use based complexity speed with noise with bias
Linear model-based methods

Linear GPA 1967 Yes Low High No No

Optimal estimates 1980 Yes Fairly low High Yes Yes
Non-linear model-based methods

Non-linear GPA 1992 Yes Low Fairly high No No

Conventional optimization 1990 Yes Medium Low Yes Yes
Neural networks 1989 No Fairly high High Yes Yes
Genetic algonthms 1999 Yes Fairly high Low Yes Yes
Rule-based expert systems Early 1980s No High High Yes Yes
Rule-based fuzzy expert systems 1997 No High Fairly high Yes Yes

Figure 3.8: Comparison of GPA Methods [13]

Systems like neural network, expert systems are not model based and need to have more
experimental database and expertise. Model based systems will reduce the dependency on experts
in the respective field. Although some of the methods need to be interpreted by experts for further
usage. The model complexity and computation speed is very important when it comes to
implementing it in an industry. Based on these two parameters, non-linear GPA proves to be the
best. Adaptive modelling GPA requires more data as the system requires at least equal number of
error equations. Linear and non-linear methods do not take sensor faults into account. This makes it

very important to get reliable data from the field.
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3.7 Conclusion

The various diagnostic techniques were discussed and compared. Given the limitations on the
available data, application, and architecture of the software to be loaded, the non-linear gas path
analysis proves to be the best approach. This method requires relatively less data, less change in the
existing tool and provides sufficient accurate results for a condition based maintenance system. In
order to achieve a complete engine health monitoring system, the gas path analysis can be coupled
with vibration monitoring. Since the faults can be too complex to isolate a single component,

vibration monitoring can be used effectively thereby increasing the effectiveness of the tool further.
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Chapter 4. Gas Turbine Modelling in GSP

The gas turbine under study is discussed briefly in this chapter. The gas turbine modelling tool used
to generate healthy clean engine model is introduced. Based on the literature study the preferred
approach towards modelling the gas turbine configuration is discussed in detail. Finally the model
developed is validated against the OEM provided performance curves. Validation of the model

ensures the performance of the model is closely accurate to the real gas turbine engine.

4.1 Gas Turbine Simulation Program

Gas turbine simulation program is a 0-D component based modelling tool developed by the Dutch
National Aerospace Laboratory in collaboration with the Delft University of Technology. GSP has a
wide collection of gas turbine components in its library. The interface is simple and allows the user
to model any configuration of gas turbine using the available components. The components are
blocks loaded with thermodynamic relations. The modelling approach starts with modelling the
design point of the gas turbine configuration. It is preferable to have an operating point where the
user has more performance data. The off-design simulations require usage of component maps. In
most of the cases component maps are considered proprietary and GSP has the capability to tune
generic component maps. Moreover GSP can be used to analyse effects of ambient conditions,
installation losses and deterioration of components on the performance of the modelled gas turbine
[2]. This makes GSP a good choice to use for modelling and developing diagnostic methods for gas
turbine. Adaptive modelling can also be done using GSP [16]. A simple non-linear gas path analysis

approach is followed due to the reasons discussed in the previous chapter.
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4.2 Gas Turbine Configuration

The gas turbine under study is LMS100 manufactured by General Electric. It is a three-shaft
intercooled gas turbine with a free power turbine. It is an aero-derivative gas turbine based on
combination of CF6 aircraft engines. The simple cycle thermal efficiency is up to 46%. The gas
turbine is designed for various applications from power generation to mechanical drive. The variants
offered include different combustion chamber systems for emission control, power turbine speed

variation for mechanical drive and fixed speed power turbine for power generation [17] [18].

Table 4.1: Configurations of LMS100

PRODUCT CONFIGURATION FUEL COMBUSTOR

LMS100 SAC, 50/60 Hz Gas, Liquid or Dual Fuel Single Annular(SAC)
LMS100 SAC Steam, 50/60 Hz Gas Single Annular(SAC)
LMS100 SAC STIG, 50/60 Hz Gas Single Annular(SAC)

LMS100 DLE, 50/60 Hz Gas DLE2

The manufacturer also optionally provides an intercooler with the system. The intercooler can be dry
or wet depending on the needs of the user. Provided the flexibility of the engine, the application in

LNG industry is tremendous [6].

The operating envelope of the gas turbine depends on its application. The configuration under study
is used in natural gas liquefaction plants. Natural gas is liquefied to allow transporting and storing it
easily. The process involves cooling the gas to lower temperatures around -160°C. After transporting,
the liquefied natural gas is converted back to its gaseous state. Gas turbines are used as driver for
the refrigerant centrifugal compressors. Usually the gas turbine operates at full base load conditions.
Inlet guide vanes are used only during variable load operations. It is safe to model the engine

considering full load operation and constant inlet guide vane angle.
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Figure 4.1: LMS 100 Schematic [17]

The specification of the selected gas turbine configuration is listed below in Table 4.2.

Table 4.2: LMS100 PB 50Hz - DLE Specification

Compressor Type Axial
No. of Compressor Stages 20

Power Turbine Speed (rpm) 3000

No. of Turbine Stages

- Intermediate Pressure Turbine (IPT) 2
- High Pressure Turbine (HPT) 2
- Power Turbine (PT) 5

Pressure Ratio 42
Combustor Type DLE

ISO Power Output (MW) 102

Fuel Natural Gas

Exhaust Temperature (°C) 409
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4.3 Modelling Procedure

To develop diagnostic methods for deterioration of a gas turbine, its behaviour at varied ambient
conditions must be known. The modelling procedure would aim to simulate the gas turbine as
similar as possible to the real engine. The healthy engine characteristics can be used in the online
monitoring tool of Shell Global Solution for performance monitoring of their assets. This section
gives information on the steps carried to model the present gas turbine configuration. The behaviour

of the engine is studied under steady state conditions.

There are specific inputs required along these steps which will be explained in this section. The first
is to model the design point of operation. Usually a condition with ample amount of data is used for
design point modelling. The accuracy of the model simulation lies with the accuracy of the data. In
order to simulate the off design conditions, the control schedule of the gas turbine and the
component maps are required. Component maps are considered proprietary by the OEM and so
generic maps have been used and tuned for better accuracy. Validation of the simulated data
against the OEM provided performance curves is necessary to carry on with the diagnostic model as

this seals the healthy parameter relationships of each of the gas turbine component.

The components used for modelling is show in Figure 4.2. It is seen that there are two compressor
components, three turbine components, combustion chamber and intercooler. The information of
the compressor being connected to the respective turbine is specified. The power turbine is
specified as a free power turbine. There are two control components which are the manual fuel
control and inter-cooler control. The manual fuel control can be used to specify the fuel flow or the
turbine inlet temperature required. The intercooler control can be used to specify the coolant flow,
temperature at the inter-cooler exit, effectiveness or the heat extracted from the flow as input. It is

also possible to specify an effectiveness map to obtain varying effectiveness at different flow values.
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Figure 4.2: GSP Model of LMS100

4.3.1 Design Point Modelling

Design point modelling is iterative and requires numerous performance data of the gas turbine. The
source of data can be obtained from site measurements and/or from the OEM provided
performance data. Measurement data from one of the gas turbines is deemed enough to model and
simulate. The simulated performance data can be used for the entire fleet of the same engine. It
must be ensured that the measurement data is got from a healthy gas turbine which will account to
the accuracy of the model. Data from the OEM is often considered proprietary and it is hard to
obtain. LMS100 configuration selected for this particular project has not yet been commissioned and
hence onsite data is not available. Certain performance data provided by the OEM at ISO rated
conditions are available and the project is based on this information. The method to model design
point is to tune the component parameters to achieve certain given performance. From Figure 4.2 it
can be seen that the model has 10 stations and measurable parameters at these stations are
required. It is necessary to calculated parameters at the intermediate stations where performance
data were not available. Below in the Table 4.3, all the data needed to model the design point is

tabulated.
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Table 4.3: Design Point Data

Inlet Mass Flow [kg/s] 205.5 Calculated
LPC Pressure Ratio 4.12 Tuned
LPC Outlet Temperature

454 Given
(K]
Coolant Mass Flow [kg/s] 76.8 Calculated
Intercooler Effectiveness 0.814 Tuned
Heat Extracted [MW] 26.649 Given
HPC Inlet Temperature [K] BEPA] Calculated
HPC Exit Pressure [bar] 42 Given
HPC Exit Temperature [K] 679 Calculated
Fuel Flow [kg/s] 4917 Calculated
HPT Exit Temperature [K] 1214 Calculated
IPT Exit Temperature [K] 1081 Calculated
Exhaust Flow [kg/s] 213.09 Given
Exhaust Temperature [K] 682.15 Given
Power Output [MW] 101.097 Given
Heat Rate [KJ/kWh] 7921 Given
Compressor Efficiency
LPC 0.8844 Tuned
HPC 0.888
Turbine Efficiency
HPT 0.8775

Tuned

IPT 0.915
PT 0.917

The temperature and pressure parameters are calculated using the mass — energy relations

explained in Chapter 2. The component parameters are iteratively tuned to attain the calculated
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performance. No inlet and exhaust pressure losses were considered during the design point
modelling as the performance data were rated at ISO conditions with no pressure losses. The

operating conditions are shown in the Table 4.4

Table 4.4: Operating Conditions of the Model

Ambient Temperature [K] 288.15
Ambient Pressure [bar] 1.01325
Relative Humidity [%] 60

Elevation [m] 0

The cycle design point forms the basis for the calculation engine when off-design simulations are

done.

4.3.2 Off-design Simulation

Cycle operating points deviating from the design point conditions given in the previous section are
off-design points. In order to simulate the gas turbine in off-design conditions, component
characteristics maps are required. Component maps relate the deviation in ambient conditions to
the change in component performance. Apart from component maps, it is also necessary to find the
controlling schedule of the gas turbine. The whole procedure again becomes iterative as the
simulated performance must be validated against the OEM provided performance curves. The
component maps and scheduling must be tuned to achieve relative accuracy of the model to the real

engine performance.

Controlling Schedule

LMS 100 is featuring an inter-cooler and the controlling schedule also includes the inter-cooler. In
GSP, the intercooler is controlled by using the intercooler control component. There are different
control logics possible by specifying variable effectiveness, coolant mass flow or heat extracted. The
coolant mass flow is varied to achieve a constant outlet temperature at the intercooler exit. This was
specified in GSP using the ‘equation control component’ and specifying the mass flow as ‘free flow’.
This will ensure the user to maintain a specified temperature at the intercooler exit by varying the
mass flow of the coolant. The temperature that has to be maintained is obtained from the design

point data discussed in the previous section. As mentioned before the power turbine is free and
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hence the change in speed would not affect the gas generator as long as the power turbine is
chocked. During base load operations, it is safe to assume that the power turbine is chocked. Thus
the controlling schedule is gas generator exit temperature. The temperature at this station can be
specified by using the ‘equation control component’ and the fuel flow as ‘free state’. The validation

of the simulated performance also validates using such a control schedule.

Component Maps

Component maps are proprietary and generic component maps are tuned to model the present gas
turbine configuration. Generic component maps are available in public domain [19]. Component
maps are selected based on the pressure ratio, mass flow capacity and geometry of the component.
Pressure ratio is the most important factor as the number of stages required depends on it. Keeping
these factors in view, a collection of compressor and turbine maps were selected. Using the control
schedule discussed in the previous section, off-design simulations are made. These are validated
against the OEM provided performance curves to get better accuracy. Different maps are used and
simulated and compared with the results. The scaling of component maps is done in GSP. The

scaling factors can give an idea of how much the map has to be tuned to match with the design point

parameters.
PRdesign -1
Skpp = —F"F— Eqgn.(22
PR PRomgp — 1 an.(22)
Wcgesion — 1
SFy, = —_design Eqgn.(23)

Wemap — 1

Based on the scaling factors obtained, component maps are selected which are close enough to the
performance data. There is even better way to tune the compressor map by adaptive modelling.
Adaptive modelling has better accuracy than non-linear methods [16]. However due to the amount

of data that is required for using adaptive modelling, the present method is followed.

The position of the design point on the component map also is an important factor to be taken into
account. The practical reason behind it is that the range of operation depends on the position of the
design point on the component map. The position can be changed by specifying two values, ‘map
design rotor speed’ and ‘map design beta value’. Another reason is that the characteristics of the

component depend on the contour of speed lines and slope of the efficiency lines around the
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operating point. Hence the design point location on the component map is iteratively tuned to offer

better performance characteristics.

4.3.3 Model Validation

Model validation and off-design modelling go hand in hand. For every tuning made in the schedule
or in the component map, the simulation result is validated. Model validation can be done using
data from engine tests or from OEM provided data. For this present gas turbine, OEM provided
curves include power output, exhaust mass flow and exhaust temperature plotted against ambient
temperature. To validate the model, the ambient condition is incremented from 258.15 K to 320.15
K. The intercooler outlet temperature was fixed at 329 K and the power turbine inlet temperature

was fixed at 1081 K. After numerous steps of tuning, the final validated curves are plotted below.
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Figure 4.3: Model Validation - Power Output Curves

The simulated curves match with the performance curves with acceptable level of accuracy. The
power output curve seems to be well in accordance to the OEM performance curve. The exhaust gas
temperature and mass flow seems to deviate from the required performance curve at higher

ambient temperature.
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Figure 4.5: Model Validation - Exhaust Mass Curves

The maximum deviation is found to be 2.47% in the exhaust mass comparison and 1.85% in the
exhaust temperature comparison. This accuracy level is deemed sufficient to consider and carry on

with developing diagnostic methods.

The deviation in performance is due to the usage of generic component maps. To correct the
deviation in the simulated performance, calibration factors can be applied. It relates the simulated

and reference performance data by calibration factors. The simulated values are multiplied by these
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factors to obtain the required values [7]. This again requires a lot of measurement data which is not

available and also the deviations are quite small to apply this method.

4.4 Summary

The approach to model LMS100 in GSP was described in detail. Various steps involved in modelling
and simulating the off-design conditions are shown. Finally the model was validated against the OEM
provided curves. The simulated performance is in good correlation with the reference performance
curves. This allows the user to simulate for any condition and expect the performance to be in

accordance with the real engine performance.
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Chapter 5. Online Monitoring Tool

This chapter explains the online monitoring tool of the sponsor company. Application of a gas
turbine diagnostic concept in such a tool is discussed. The working principle and the system
architecture of the tool are explained. Understanding the concept of the tool will help in deducing

the method of performance monitoring and apply diagnostics.

5.1 Concept of Online Performance Monitoring

Condition based maintenance requires constant performance monitoring of the machine. The
monitoring tool at the sponsor company is designed just for that. Real time performance data of the
machine such as the temperature, pressure, flow, power, speed, vibration and bearing conditions
are saved on a pi server. Each parameter is assigned a specific tag such that any data can be
accessed using the specific tag. The sponsor company has an exclusive calculation engine which uses
the data to calculate theoretical performance and actual performance. The data is used to compare
against the healthy performance trends developed for each and every component by the tool. Based
on this comparison, the company provides technical expertise to diagnose the reason for
deterioration in performance and to rectify the fault. This is done for all rotating equipment like
compressors, gas turbines, pumps, motor and generators. The company offers varied levels of

performance monitoring solutions. The levels are,

e Level 1 —Run Status
e Level 2 — Performance Monitoring
e Level 3 — Health Monitoring

e Level 4 — Advanced Health Monitoring
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e Level 5 —Benchmarking Calculations

Level-1 being the lower order indicates only whether the machines are running. This gives the
availability of the machine and other such basic values. Performance Monitoring (Level-2) gives the
user, details on the operating point of the component, performance parameters, theoretical
performance and other similar information required to assess the performance of the machine.
Level-3 monitoring focusses on condition based maintenance. Diagnosis of health deterioration of
the component is done and expert help in repairing the fault. Level 4 & 5 are beyond the scope of
the project and hence not discussed below. Level 2 & 3 are considered important for this project and

the following sections will focus on the same.

The tool has a dedicated module to calculate the performance of gas turbines. Healthy engine
performance data and OEM provided performance data for each gas turbine are available. For Level-
3 support, vibration analysis is used to diagnose deviation in performance. Based on the previous
study to have a complete engine health monitoring system, gas path analysis can be effective when
used together vibration data. One of the objectives of the project is to assist in developing a
complete engine health monitoring tool. The remainder of this chapter will deal with performance
monitoring (Level — 2) and health monitoring (Level — 3) is discussed in detail in the following

chapter.

5.2 Gas Turbine Module Input

Gas turbine module of the tool can be used to any configuration of gas turbine. The sensor set of
every gas turbine can be different and Sponsor Company uses a general set of data for this tool. To
develop performance monitoring for the current configuration under study, it is important to know
the inputs and output required of the tool. The Table 5.1 below shows the generic input and output

accessed by the tool.

Table 5.1: 1/0 of GT Module

Inputs Outputs

e Ambient conditions

e Overall thermal efficiency
e Design data

e Component efficiency
e Pressure loss at different components

e Turbine inlet temperature
e Fuel properties and flow

e Heatrate
e Airflow

e Power Output
e Pressure & Temperature at specific sections
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Based on this information, the proposed method of performance monitoring must take into account

the various input data available at the site and also the outputs required.

5.3 Proposed concept

The proposed concept is based on gas path analysis. It relies on performance parameter trending at
standardized conditions so that it can be compared to actual performance. As discussed earlier a
deviation in the measured gas path parameter can be accounted because of deviation in
component’s health. Off-design simulation of the gas turbine model earlier done can be used for the
performance monitoring. The following sections will discuss the performance parameter trends,

assumptions and method of implementing it within the present online remote monitoring.

5.3.1 Performance Trends

Trending performance parameters for a range of conditions is a usual method used in diagnostics
and prognostics in the oil & gas industry. This chapter will discuss the considerations and the method
used to develop performance trends for the LMS100 configuration. Performance trends can be used
to validate the maintenance performed over a component. Using different parameter trends of the
machine, deterioration modes of the engine can be deduced. Since the gas turbine operates in
varied ambient conditions, the performance trends should be common and independent of its
ambient conditions. Each parameter is corrected to neglect the effect of ambient conditions in which

the engine is operating. The Table 5.2 below shows the corrected parameters.

Table 5.2: Corrected Parameters and relation
Parameter Standard Correction Correcting Relation
Gas mass flow rate, [kg/s]
Temperature, [K]

Pressure, [bar]

Fuel flow rate, [kg/s]
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N N
Shaft speed, [rpm N.,,hB =— N, —=——
p [ p ] cor \/.5 cor \/,5. w0.7
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Where the correction variables 8 and § are found by the relations shown below.
T ..
9 = ambient Eqn.(24)
Tref
P ..
§ = —ambtent Eqgn.(25)
Pref
PT,
w = ——nremp Eqn.(26)
PTIn Temp,ref

Trer is the reference temperature and P, is the reference pressure which are 288.15 K and
1.01325 bar respectively. PTy, remp,res is the reference power turbine inlet temperature and the
value used is 1081 K. Including w value allows the baseline curve to include the effect of changing
power turbine inlet. The values are found by trial and error method to reduce the discrepancy when
plotting operating points at different control schedule. Figure 5.1 and Figure 5.2 below shows the
effect of correcting the parameters using the modified correcting relation. The scatter plots show
the standard corrected parameters and the modified corrected parameters. The graphs are plotted
for varying power turbine inlet temperature from 1050 K to 1120 K. It can be seen that the corrected
parameter values are converging into more or less a single line. Similarly all the corrected parameter

trends converge closer when using the modified correction parameter.

The effect of relative humidity on the performance of the gas turbine is less and the claim is
supported by the plots available in the appendix. The simulated results for a range of humidity
values are plotted. Variation in engine operating line due to variation in ambient humidity can be

referred in section Appendix A.
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Assumptions

The following assumptions are made during the simulations and should be duly noted before

implementing in the remote monitoring tool.

o Inlet pressure losses are neglected as the performance rating provided by the OEM does not
include them. Various inlet filtration systems are installed according to the operating

conditions and this might have different impact on the pressure losses.
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e No secondary flows are considered during this simulation. With mass and energy
conservation perception, this is a valid assumption but the efficiency calculated by the
model will differ.

e The simulations are carried out for base load conditions only.

e The intercooler design is not revealed and hence it is assumed that the intercooler is
working at its rated condition.

e The power turbine is designed for variable speed applications. The model is designed with
design power turbine speed as 3000 rpm.

e The outlet pressure losses are considered negligible.

Theoretical Background

The basic conservation equations for a 3-shaft gas turbine configuration are shown below.

e Mass flow compatibility between low pressure compressor and high pressure compressor.

Mg/ T23 _ ma-\/T_Z*&* E Eqn.(27)
P23 PZ P23 TZ

e Mass flow compatibility between high pressure compressor and high pressure turbine.

mg.\/ﬁzma.'ng*@*E* E*& Eqn.(28)
Py P33 P; P T3z mg,

e Mass flow compatibility between high pressure turbine and intermediate pressure turbine

My.\Tass _ mg'\/774 . P, N T4ss Eqn.(29)
P455 P4 P455 T4’

e Mass flow compatibility between gas generator and power turbine

Mg/ Tae _ My.+/Tys5 . Pys s . Tas Eqn.(30)
P4-6 P45_5 P46 T4-5.5

e  Work requirement between the low pressure compressor and low pressure turbine
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Nm-Mg. Cpg (Tyss — Tae) = Mq. cpa(T2z = T2) Eqn.(31)

e Work requirement between the high pressure compressor and high pressure turbine

NMm-My. Cpg(T4 —T4s5) = mg. cpa(T3 — T33) Eqn.(32)

e Shaft speed compatibility between high speed spool components

Ny, N T33

— = x |—= Egn.(33)
\/T_4 VTss3 Ty
e Shaft speed compatibility between low speed spool components
N T.
2 2 Eqn.(34)

Vs - JT2 " Tyss

The operating point of the compressor has to satisfy the mass and energy compatibility equations
mentioned above [3]. The various operating points comprise together to form the equilibrium line of
operation. The operation of the gas turbine depends on the flow capacity of the power turbine.
During base load, the power turbine is in chocked condition. So this fixes the mass flow capacity
through the power turbine and indirectly other components. For a fixed mass flow capacity, the
speed of the component will fix the other component parameter such as the pressure ratio and
efficiency of the component. The present configuration has a gas generator with two spools and a
free power turbine. It is necessary to find the relation between the spool speeds of both low
pressure spool and high pressure spool. The Figure 5.3 below shows the high pressure compressor

map with operating lines for varying power turbine inlet temperature from 1050 K to 1120 K.

For the same operating conditions, the compressor map of the LPC shows that the operating lines
vary. The low pressure compressor map with operating lines is shown in Figure 5.4. This will cause
the parameters to differ for different control settings. Figure 5.5 shows the variation in corrected

LPC exit pressure against the high pressure spool speed.
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Figure 5.4: LPC Compressor Operating Lines
Correcting the measured parameters has decreased the variation between corrected parameters

when engine is operated at different control settings. Thus the baseline trends simulated are plotted

against the high pressure spool speed.
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Moreover the power turbine is operating in chocked conditions. This implies that the parameters
upstream the power turbine is independent of the power turbine speed and the parameters of the
power turbine itself are dependent on the high pressure spool speed as well as the power turbine
speed. Figure 5.6 shows the dependence of power turbine parameters on the power turbine speed.

The gas generator parameters are independent of the power turbine speed.
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Clean Engine Trends

The clean engine trends are the baseline performance trends derived from the simulation of the
LMS100 model in GSP. Considering that the intercooler output temperature as fixed, the power
turbine inlet temperature has been varied over a range to obtain these trends as explained
previously in off-design modelling section - 4.3.2. The operating range is displayed in the Table 5.3
below. Using the relations from Table 5.2, the parameters are corrected and plotted against the high

pressure spool speed.

Table 5.3: Operating Range

Parameter

Ambient Temperature, [K] 258.15 - 320.15
Ambient Pressure, [bar] 093-1.2
Relative Humidity, [%] 50-80

PT Speed, [RPM] 2600 - 3400
Intercooler Outlet Temperature, [K] 329

PT Inlet Temperature, [K] 1050-1120

The baseline trends simulated are plotted below. The gas generator parameters are plotted against
the high pressure spool speed and the power turbine parameters are plotted against high pressure
spool speed for a range of power turbine speed. The consolidated trends are shown in the figures

below.
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Figure 5.7: Corrected LPC exit temperature trend
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Figure 5.8: Corrected HPC exit pressure trend

Similarly LPC exit pressure, LPC exit temperature, HPT exit pressure, IPT exit pressure, IPT exit
temperature and PT exit temperature are plotted against high pressure spool speed. The reader can
refer to Appendix A to view the other plots. The clean engine trends developed are usually validated
against real time engine measurement data. Since real time data is not available, GSP is used to
simulate the operation of the gas turbine at various possible operating conditions. The following

plots show the baseline trends and their corresponding operating points obtained from the
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simulation. The plots show that the correction factors used are appropriate and can be used in

performance monitoring application.
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Figure 5.9 Operating points on baseline curve - HPC Exit Temperature
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Figure 5.10: Operating points on baseline curve - HPC Exit Pressure

Apart from these two above shown plots, operating points of other corrected parameters can be

found in the Appendix A section.
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5.4 Summary

The remote online monitoring tool of the sponsor company was introduced and the various levels of
performance monitoring were discussed. The project focusses on Level-two and Level-three
performance monitoring and diagnostics. This chapter dealt in detail with the level-two health
monitoring of the gas turbine. The parameters were corrected to its inlet conditions to neglect the
effects of its ambient condition of operation. Correction parameter was determined by trial and
error method. The mass and power compatibility equations helped in determining the operating
point of the component. Further investigation led to plot trends of the gas generator performance
parameters against high pressure spool speed and the power turbine performance parameters
against speeds of both high pressure spool and power turbine. The generated performance trends
can be used in an online monitoring environment. A lookup tool was created to facilitate plotting the
clean engine trends. This can be used in the level two health monitoring stage of the sponsor tool.
Plotting the actual operating conditions with the clean engine trends will indicate possible deviation
from healthy trends because of component deterioration. Diagnostic method of component

deterioration is discussed in detail in the following chapter.
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Chapter 6. Diagnostic of Component Deterioration

In the present chapter, the method of diagnosing component deterioration is discussed. This
method will be an addition to the present capability of the sponsor company tool to diagnose
component deterioration using vibration analysis. Based on the extensive literature study, using gas
path analysis with vibration analysis technique would provide a complete engine health monitoring
system. The proposed method can also be extensively used for condition based maintenance.
Various gas turbine components deterioration was discussed in section 2.6 and also their
implication on gas path parameters is known. It was discussed earlier that the measured parameters
of a component has non-linear relation with their respective health parameters. In this chapter,
deterioration of health parameters are introduced to the LMS100 model in GSP and their respective
deviation in measured parameters are noted. Various intensity of deterioration is simulated in GSP
and sensitivity analysis is done. A diagnostic method is developed based on the deterioration data.

Limitations and conclusion are given about the proposed diagnostic method.

6.1 Sensitivity Analysis

The common gas turbine component deterioration simulated includes variable geometry fault,
fouling, corrosion, erosion and rotor fault. The simulation is done for a specific power turbine inlet
temperature setting and it is compared to the parameters of healthy parameter trends. The
operating condition of the model is from 258.15 K to 320.15 K. The deviation in corrected

parameters is used for the sensitivity analysis.

The implication of deterioration over the health parameters of the component is shown in the Table

6.1 below.
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Table 6.1: Deterioration Case and implication on health parameters

Health Parameters
Deterioration Cases

Variable Geometry Fault

Fouling
Erosion
Rotor Fault

Corrosion

Deterioration study can be done using GSP tool where the user can specify the percentage of

deviation in the health parameters.

Table 6.2: Index table of Deterioration Cases

Index - 2 Index - 3 Index - 4

Deterioration

Cases

Variable

Geometry Fault

Fouling

Erosion +10%

Rotor Fault - -2% - -4% - -6% - -8% - -10%

Corrosion +2% - +4% - +6% - +8% - +10% -

To facilitate simulating deterioration cases of varying intensity, the deterioration cases were indexed
ranging from 1 to 5, increasing the intensity of deterioration. The magnitude of deterioration of
various health parameters for their respective component deterioration cases are shown in Table

6.2.
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Deterioration can happen in single components and also in multiple components at the same time. It

is also possible that multiple deterioration cases can occur in a single component.

6.1.1 Single Component Deterioration

In this section single deterioration study is done considering either one of the component at
deterioration. Various cases studied with different components are shown in the Table 6.3 below.
Totally 48 cases of single component deterioration was studied.

Table 6.3: Single Component Deterioration Cases

No. of cases

Component Deterioration case

studied

RSOl s (e i Variable Geometry Fault
(LPC) Fouling 5
High Pressure Compressor

(HPC)

Fouling 5

Corrosion 5
High Pressure Turbine

Rotor Fault 5
(HPT)

Erosion

Intermediate Pressure
Rotor Fault

Turbine (IPT)

3
Corrosion 5
5
5

Erosion
Corrosion 1
Power Turbine (PT) Rotor Fault 5

Erosion 1

The following sections will discuss the sensitivity of the measurable parameters to their specific
deterioration. Significant shift in the parameter trends are plotted from their respective clean engine
parameter trend. Parameter trends of all other parameters not plotted in this section is available in
the section Appendix B. The following figures show the deviation of measured parameters due to
varying ambient temperatures from 258.15 K to 320.15 K. The difference in deviations is due to the

error in modelling because of using inaccurate generic component maps. Even though deviation



57

results shows variation with ambient temperature, the accuracy is deemed sufficient for using in the

diagnostic tool.
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Figure 6.1: Deviation in parameters due to fouling in LPC
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Figure 6.2: Deviation in parameters due to corrosion in HPT

The remaining plots showing deviation in parameters due to various deterioration cases can be
found in Appendix B. Analysing the deviation plots of corrected parameters, it is safe to assume that
the averaged deviation values can be used for quantifying deterioration effects. Thus the following
sections will describe the deterioration case and the averaged deviation parameters for their

respective deterioration intensity.



58

Variable geometry fault (VGF)

The variable geometry fault is simulated by introducing deterioration in the low pressure
compressor. The corrected flow rate parameter is decreased in the GSP model to simulate this kind
of deterioration. Variable geometry fault is denoted by VGF and its corresponding intensity
according to the Table 6.2. Figure 6.3 shows the sensitivity of all measurable parameters to variable
geometry fault. On investigating the data it can be seen that the deviation is significant at higher

intensity of deterioration and increase in low pressure spool speed is the most sensitive parameter.

Deviation in %
N
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Figure 6.3: Sensitivity analysis of variable geometry fault

The analysis shows that the speed of the low pressure spool speed, N, increases. The pressure at the
exit of the LPC increases and this affects the pressure at every station downstream the LPC. The high
pressure spool speed does not change and the mass flow compatibility equations requires the low
pressure spool to increase in speed thereby increasing the pressure ratio of the component. The
intercooler negates the increase in temperature at the LPC exit. Since the temperature at the
intercooler exit and power turbine inlet is fixed, there is excess flow of fuel. The pressure ratio

available for the power turbine is high and the power output is increased.
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Figure 6.4 shows the variation of N, speed for different deterioration level of VGF.
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Figure 6.4: Variation of N2 due to VGF

Further figures below show that the deviation in corrected power and corrected fuel flow.
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Figure 6.5: Variation of corrected power by VGF
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Figure 6.6: Variation of corrected fuel flow due to VGF
Fouling

Fouling is characterised by decrease in efficiency and corrected mass flow of the component. Fouling
is denoted by “F” and its corresponding intensity according to the Table 6.2. Fouling in the low
pressure compressor is simulated by introducing decrease in corrected flow and efficiency of the

component. The Figure 6.7 shows the deviation of all the parameters due to fouling in LPC.
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Figure 6.7: Deviation of parameters due to fouling in LPC
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The most sensitive parameter measured due to fouling at LPC is the power output. The power drops
from -2% to -16% upon increasing intensity of deterioration. Fouling in LPC does not affect the speed

of the high pressure spool speed significantly.

The compressor equilibrium line shifts down, thus reducing the pressure ratio and speed of the LPC.

Lesser pressure ratio in the compressor requires lesser work.
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Figure 6.8: Variation in corrected power due to fouling in LPC
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Figure 6.9: Variation in corrected HPC exit pressure due to fouling in LPC
Reduction in the mass flow allows the fuel flow to reduce to maintain the power turbine inlet

temperature. The power output is reduced significantly. Figure 6.8 shows the deviation in corrected

power output trends due to various intensity of fouling in LPC. There is equivalent amount of
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decrease in percentage of pressures at the compressor outlet and at the intermediate pressure
turbine inlet. The exhaust temperature of the gas turbine is increasing but comparatively very less

percentage of deviation.

The parameter deviation from the clean engine trends due to fouling in HPC is shown in the Figure
6.10. The analysis shows similar effects on the components as fouling in LPC but the magnitude of

deviation in higher.
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Figure 6.10: Deviation of parameters due to fouling in HPC
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Figure 6.11: Variation of corrected power due to fouling in HPC
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Fouling in HPC affects the speed of both spools. Reduce in efficiency and flow capacity shifts down
the compressor equilibrium line of both the compressor components. Thus the power produced by

the power turbine is decreased. There is an increase in the temperature of the exhaust flow.
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Figure 6.12: Variation of corrected HPC exit pressure due to fouling in HPC

Corrosion

Corrosion is indicated by an increase in corrected mass flow of the component. The same case can
be used for deterioration like tip clearance, corroded vanes and nozzles. Corrosion is denoted by

“Co” and its corresponding intensity according to the Table 6.2.
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Figure 6.13: Deviation in parameters due to corrosion in HPT
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The deviation of parameters due to corrosion in high pressure turbine is shown in Figure 6.13. The
most sensitive parameter is the high pressure compressor exit pressure. Increased mass flow
reduces the power extracted from the flow. This slows down the high pressure spool speed due to
which the pressure at the exit of the high pressure compressor reduces. The equilibrium line of
operation of the compressor components shift towards down left. Figure 6.14 and Figure 6.15 shows

the variation in compressor exit pressure and the corrected power parameter.
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Figure 6.14: Variation of corrected HPC exit pressure due to Corrosion in HPT
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Figure 6.15: Variation of corrected power due to corrosion in HPT

Corrosion in intermediate pressure turbine has a unique pattern of deviation. The deviation pattern

of parameters is shown in the Figure 6.16. The intermediate turbine extracts less power and allows
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excess mass flow. This slows down the low pressure compressor causing pressure drop at its exit.
Whereas the high pressure compressor speeds up to match with the mass flow and increases the
pressure ratio. This negates the reduction in pressure to some extent and there is a rise in exit

temperature of the HPC.
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Figure 6.16: Parameter deviation due to corrosion in IPT
Still the overall pressure ratio is less than the clean engine value. Higher HPC exit temperature allows

reduced fuel flow to match the temperature control schedule and followed by less power generation

at the power turbine.

— e
G
is ,/ /// —ed
// ——Co-4

3 Co-5

L

, [bar]

LPC Exit Pressure_Corrected

2.5 T T T 1
8500 9000 9500 10000 10500
N1_Corrected, [RPM]

Figure 6.17: Variation of corrected LPC exit pressure due to corrosion in IPT
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The exit pressure of the low pressure compressor is the most sensitive parameter and is shown in
Figure 6.17. The pressure at the high pressure turbine exit also shows significant deviation and is

shown in Figure 6.18.
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Figure 6.18: Variation of corrected HPT exit pressure due to corrosion in IPT

Corrosion in the power turbine leads to the power turbine operating in non-chocked conditions. The

deviation of parameters can be seen in the Figure 6.19.
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Figure 6.19: Parameter deviation due to corrosion in PT
Both the spool speeds increase to match the increased mass flow. Increase in low pressure spool

speed is higher compared to the increase of the respective parameter in high pressure spool.

Presence of an intercooler limits the deviation of compressor exit pressure. Therefore the fuel flow
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increases to maintain the power turbine inlet temperature. Power and fuel flow parameters are
found to be the most sensitive in this deterioration case. The figures plotted below, Figure 6.20 and

Figure 6.21 show the variation in fuel flow and compressor exit pressure due to corrosion in power

turbine.
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Figure 6.20: Variation in corrected fuel flow due to corrosion in PT
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Figure 6.21: Variation in corrected HPC exit pressure due to corrosion in PT
Erosion

Erosion in a turbine is characterised by the increase in corrected mass flow and a decrease in the

efficiency of the component. Erosion is denoted by “Er” and its corresponding intensity according to
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the Table 6.2. Figure 6.22 shows the deviation of parameters for various intensity of erosion in high
pressure turbine. The power extracted from the flow by the HPT reduces and this reduces the speed
of the respective spool compressor. The overall pressure of the compressor reduces and also

indicated by the reduction in temperature at the compressor exit.
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Figure 6.22: Deviation in parameters due to erosion in HPT
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Figure 6.23: Variation of corrected power due to erosion in HPT

The deterioration has its greater impact on the power generated at the power turbine. The
compressor exit pressure also decreases significantly. There is also an increase in the power turbine

exit temperature. Decrease in both the spool speeds show the shift of the equilibrium operating line

to down left.
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Figure 6.24: Variation of corrected HPC exit pressure due to erosion in HPT

Figure 6.25 shows the deviaiton of various parameters when the intermediate pressure turbine

undergoes erosion.
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Figure 6.25: Parameter deviation due to erosion in IPT

Exit pressure reduction of LPC and HPT are the most significant deviation recorded. The reduction in
power generated by the IPT causes the low pressure spool speed to reduce. This has an reducing
effect on the pressure ratio and temperature at the LPC exit. The slight increase in mass flow at the
IPT is matched by the high pressure spool by increasing the speed. This increases the pressure ratio

of the HPC. Therefore the increase in compressor exit temperature. Figure 6.26 and Figure 6.27
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show the shift in corrected HPT exit pressure and the corrected LPC exit pressure. The shift is

towards down right direction because of the increase in speed of the high pressure spool.
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Figure 6.26: Variation in corrected HPT exit pressure due to erosion in IPT
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Figure 6.27: Variation in corrected LPC exit pressure due to erosion in IPT

Figure 6.28 shows the parameter deviation for erosion in the power turbine. Fuel flow, exit pressure
of HPC and HPT are the most sensitive parameters. As erosion pertains to an increase in mass flow,
the power turbine operates in non-chocked condition. Both the spools increase their speed to match
the mass flow requirement at the power turbine. Thus it increases the pressure ratio of the

compressors. There is less deviation in temperature due to the presence of intercooler and the
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control schedule. Fuel flow increases to maintain the temperature at the power turbine inlet. Now

that the pressure ratio is higher the power generated at the power turbine is higher.
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Figure 6.28: Parameter deviation due to erosion in PT
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Figure 6.29: Variation in corrected fuel flow due to erosion in PT
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Figure 6.30: Variation in corrected HPC exit pressure due to erosion in PT

Figure 6.29 and Figure 6.30 shows the shift in parameter trends with respect to their respective

clean engine parameter trend.

Rotor Fault

Rotor fault is simulated in GSP by introducing a deterioration of the component efficiency. Rotor
fault is denoted by “Rf” and its corresponding intensity according to the Table 6.2. Figure 6.31 shows
the deviation in the measurable parameters for various intensities of rotor fault in high pressure

turbine.
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Figure 6.31: Deviation of parameters due to rotor fault in HPT
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The power at the power turbine and the compressor exit pressure are the most sensitive parameters
for this type of deterioration. The exit pressure of the high pressure turbine exhibits a significant
drop in measurement. The turbine exhaust flow temperature displays a significant rise. Among the
spool speeds, the low pressure spool speed decreases more than the high pressure spool speed. The
deviation in the spool speed shows the operating line shifting in the downward direction. Figure 6.32
and Figure 6.33 shows the variation in corrected HPC exit pressure and corrected power due to rotor

fault in HPT.
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Figure 6.32: Variation of corrected HPC exit pressure due to rotor fault in HPT
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Figure 6.33: Variation in corrected power due to rotor fault in HPT
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Figure shows the deviation of parameters from the clean engine trends due to rotor fault in the
intermediate turbine. Deviation data shows that the trend of deviation is the same as the earlier

case where rotor fault was simulated in HPT. The magnitude of deviation is much lesser than the

previous stated case.
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Figure 6.34: Parameter deviation due to rotor fault in IPT
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Figure 6.35: Variation of corrected power due to rotor fault in IPT
Rotor fault at IPT has negligible effect on the high pressure spool speed. Reduction in efficiency

causes decrease in shaft speed. This effect causes drop in pressure ratio at the respective

compressor and a reduction in corrected mass flow. That is the reason behind reduced corrected
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temperature at the LPC exit. Intercooler matches the temperature at the inlet of the HPC and hence
no significant shift in HPC exit temperature. The fuel flow reduces to maintain the temperature of
the power turbine inlet and finally a significant power reduction at the power turbine is seen. The
downward shift in corrected power and corrected fuel flow is shown in the Figure 6.35 and Figure

6.36 respectively.
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Figure 6.36: Variation in corrected fuel flow due to rotor fault in IPT

Since the rotor fault affect the efficiency of the turbine, simulating rotor fault in power turbine

results in a unique deviation pattern. Figure 6.37 shows the various parameter deviations.
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Figure 6.37: Parameter deviation due to rotor fault in PT
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The power turbine operates in chocked conditions and the upstream stations have no effect of the
rotor fault in power turbine as expected. The following figures show the respective parameter shift.
The power drop and increase in power turbine exit temperature are the only two parameters
indicating the referred deterioration case. In this case of a rotor fault in power turbine, the exhaust
temperature of the gas turbine and the power generated are the only two indicating parameters.
Figure 6.38: Variation in corrected power due to rotor fault in PT and Figure 6.39: Variation of
corrected exhaust temperature due to rotor fault in PT shows the shift in corrected power and

exhaust temperature.
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Figure 6.38: Variation in corrected power due to rotor fault in PT
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Figure 6.39: Variation of corrected exhaust temperature due to rotor fault in PT
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Intercooler Deterioration

In order to study the gas turbine behaviour with respect to deterioration in the intercooler,
extensive amount of data is needed. There is not enough data available to carry out the study and
the intercooler is considered to work without any deterioration. Considering the fact that any
deterioration case with the intercooler will either result in increase in temperature or decrease in
pressure at the outlet, a generalised study can be performed. Off design steady state simulations
were performed with specifying a range of temperature and pressure at the outlet of the
intercooler. The reader is urged to refer to section Appendix C to learn more on the behaviour of the

gas turbine when intercooler is under deterioration.

6.1.2 Multiple deterioration study

As discussed before deterioration can happen in multiple components. A single component can also
be affected by multiple deterioration modes. It is important to study the behaviour of the gas
turbine in such multiple deterioration modes. This section will discuss a few of the simulated
multiple deterioration cases. The cases were simulated in GSP using the same method specifying the
percentage variation in component health parameters. The deterioration mode and the intensity are
represented in the same index as used for the single deterioration study. Figure 6.40 shows the

parameter deviation due to fouling in LPC and corrosion in HPT.

F-1inlLPC&Co-1inHPT

Deviation in %

Figure 6.40: Parameter deviation due to fouling in LPC and corrosion in HPT
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Figure 6.41, Figure 6.42 and Figure 6.43 shows their parameter deviations according to the
deterioration cases simulated. It is noted that the deviation can be accounted to a simple addition of

deviation of their respective single deterioration cases. This can be observed in all of the simulated

multiple deterioration cases.
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Figure 6.41: Parameter deviation due to fouling in HPC and corrosion in HPT
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Figure 6.42: Parameter deviation due to fouling in HPC and erosion in HPT
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Figure 6.43: Parameter deviation due to fouling in HPC and rotor fault in IPT

So the developed deviation trends are enough to determine the deviation pattern of any multiple

deterioration case.

6.2 Proposed methodology

From the simulated deviation data, consolidated trends of significant indicating parameters are

plotted.
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Figure 6.44: Deviation trend due to fouling in LPC
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The deviation trends can be used as a means to identify the shift in health parameters of a

component. The significance of having deviation trends is that it can be used to quantify the

intensity of deterioration in components. The deviation trends are plotted for other deterioration

cases and can be found in the appendix section Appendix B.
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Figure 6.45: Deviation trend due to corrosion in HPT
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The figure above shows the actual operating position of the various parameters with respect to their
clean engine trends. Deviation is noted and matched with the deviation trends discussed before. To
assist in relating the deviation to the cause of deterioration, a colour coded matrix was developed.
Figure 6.47 shows the colour matrix which can be used for fault isolation. The colours are coded with
respect to the positions on the line (OL), left to the line (L), right to the line (R), below the line (D),
above the line (U), down-right (DR), down-left (DL), up-left (UL) and up-right (UR).

LPC HPC HPT IPT PT

Parameters
LPC Temp
HPC Temp
GG Temp
LPC Press
HPC Press
HPT Press
GG Press
Pow
T9

Figure 6.47: Fault isolation matrix

The position of the actual parameters is noted and then it can be matched with the matrix to find
the component undergoing deterioration. In the figure shown above, gas generator exit
temperature is the vital indicator. The relative position of this parameter can be used to isolate the
deterioration to the respective spool. The position of the other actual parameters like the HPC exit
pressure and temperature is used to find to determine whether the fault can be due to change in the
corrected mass flow of the component or efficiency or both of them. It can be seen that each
column is unique and indicates the probable cause and component at deterioration. Using this
method, dependency on expert analysis can be reduced. Along with the present vibration analysis,

the exact deterioration mode can be found.

6.3 Summary

The trend of deviation of parameters due to various modes of deterioration was discussed. The
behaviour of the gas turbine under each deterioration mode was discussed in detail. The significant
indicator for such deterioration case was highlighted and deviations were plotted with the clean
engine trends for comparison. Finally based on the position of the actual parameter, a colour coded
matrix was designed. The matrix can be used to isolate the deteriorating component. Having
deviation trends and the fault isolation matrix, the deterioration can be quantified and condition

based maintenance can be applied.
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Chapter 7. Conclusion & Recommendation

7.1 Conclusion

The significant conclusions made from the project are listed below.

e Gas turbine theory and their performance are well understood. Gas turbine components and
their limitations in operation were discussed. A detailed study on deterioration and failure of
components due to their nature of process was done.

e Various gas turbine diagnostics approach was studied and gas path analysis was found to be
a suitable method for implementing in an online remote monitoring environment. However
to achieve a complete health monitoring system, techniques like vibration analysis should be
used together with GPA.

e A good understanding on the working of GSP was achieved. This helped in modelling and
simulating the gas turbine configuration under study. GSP proved to be user-friendly and
highly capable of simulating any configuration of gas turbine. GSP allows user to model and
simulate using limited data as well as extensive method of approach can be done.

e A clear picture of the approach to model a three-shaft gas turbine with intercooler was laid
out. The control schedule of the gas turbine was determined and the resulting off-design
performance was validated with the OEM provided performance curves.

e The off-design simulation was carried out for base load conditions and the power turbine
operates in chocked condition at base load. Vital indicators of performance monitoring were

found and trends of the parameters were plotted. Deviation from these clean engine trends
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can be used to compare the actual parameter measurement and state the performance
status of the component.

The control schedule of the gas turbine fixed the intercooler outlet temperature and the
power turbine inlet temperature. So, the deviation trends show very little deviation of
temperatures at different stations of the gas turbine. Thus the magnitude of deviation in
pressure is the vital indicator of engine health.

Deterioration study suggested that the operation of high pressure spool is more stable than
the low pressure spool. Deterioration in low pressure spool has minimal effect on the high
pressure spool components. Whereas the operation of high pressure spool has significant
effects on all the components of the gas turbine.

The behaviour study of the gas turbine under various deterioration modes helped in
developing deviation trends to quantify deterioration in every component. Fault isolation
matrix was developed to help identify and isolate the component under deterioration. The
indications caused by different deterioration modes can be identical however the developed
trends can be used to identify the component undergoing deterioration. To further pinpoint
the deterioration reason, assistance from other technique like vibrational analysis must be

needed.

7.2 Recommendations

The project was carried out to assess gas path analysis as a means to develop fault diagnostics tool.

Assumptions and certain considerations were made during the simulations which are significant for

the reader to understand before implementing the concept in the online monitoring environment.

Accuracy of the developed clean engine trends developed depends on the data acquired
from the public domain. The author was restricted from OEM provided information.
Correcting the developed engine trends according to the provided data would yield better
results. However trending the actual parameter measured can help in determining the
deviation in performance.

Simulation was carried out for base load conditions and neglecting duct losses. Correcting
the trends for the pressure loss in the ducts can be done to improve the monitoring accuracy
of the tool.

The simulations have considered proper functioning of the intercooler system. A further
study on the operation of the intercooler is needed to increase the scope of diagnosis for

this configuration of gas turbine.
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The deviation trends available are regarding single component faults. In case of multiple
component deterioration, the developed trends can be used as a thumb of rule to
determine the deterioration mode.

The fault isolation matrix can be extended to multiple component deterioration combined
with vibration analysis. This will reduce the dependency of expert analysis and increase the

value of the online monitoring tool.
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Appendix A. Clean Engine Trends
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FigureA.1: Effect of varying relative humidity on LPC speed

This section the clean engine trends are plotted.
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FigureA.2: Corrected LPC exit temperature trend
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Figure A.3: Corrected LPC exit pressure trend
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Figure A.5: Corrected gas generator exit pressure trend
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Figure A.6: Corrected HPT exit pressure trend
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FigureA.7: Corrected PT exit temperature trend

The following plots show the operating points simulated at different operating conditions and

control settings.
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Figure A.8: Operating points - LPC Exit Temperature
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Figure A.10: Operating points - HPT Exit Temperature
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Figure A.11: Operating points - HPT Exit Pressure
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Appendix B. Deterioration study
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Figure B.1: Deviation due to fouling in HPC
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Figure B.2: Deviation due to erosion in HPT
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Figure B.3: Deviation due to rotor fault in HPT
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Figure B.4: Deviation due to erosion in IPT
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Figure B.8: Deviation due to corrosion in PT




98

_%52.15

268.15 278.15 288.15 298.15 308.15 318.15 ==Tt9-D

“=e=Pw-D

Figure B.9: Deviation due to rotor fault in PT

Deviation in %

1.8

VGF - LPC

1.6

14
1.2

/
/// P3-D

0.8

0.6

/ P45.5-D

0.4

Pw-D

0.2

Figure B.10: Deviation trend of indicating parameters due to VGF




99

Fouling - HPC

20
10 —
0 ——'I T T T 1
© e P£3-D
c
P Pt45.5-D
.0
- e Pt46-D
S
a ——Tt9-D
e PW-D
-50
Figure B.11: Deviation trend of indicating parameters due to fouling in HPC
20 S
Erosion - HPT
10 f—
O T T 1
) Er-1 Er-2 Er-3 e Pt3 D
c
£ 10 \ ——Pt45.5_D
2
-
_g 20 e T19_D
]
3 \\ e PW_D
-30 \
‘40 \
-50

Figure B.12: Deviation trend of indicating parameters due to erosion in HPT
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Rotor Fault - HPT
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Figure B.13: Deviation trend of indicating parameters due to rotor fault in HPT
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Figure B.14: Deviation trend of indicating parameters due to corrosion in IPT
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Appendix C. Intercooler Deterioration

The figure below shows the parameter deviation when the intercooler exit temperature rises from

329 Kto 359 K.
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FigureC.1: Parameter deviation due to increased intercooler exit temperature

The fuel flow reduces to maintain the power turbine inlet temperature. The reduction in mass flow
in the turbine components reduces the power generated and hence reduces the speed of the low
pressure spool. Eventually the pressure drops from their ideal value at both LPC and HPC exit
stations. The reduction in power extracted but maintaining the PT inlet temperature causes the rise
in gas turbine exhaust temperature. The vital indicating parameters for this deterioration case are

the power output and increase in exhaust temperature.



