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Synopsis

1 Introduction

Steam turbine based power plants constitute mam 8% of the total installed capacity in the
world. The long blades in the LP turbine are thesnstressed components due to hostile steam
environment. Survey has indicated that in over 40%ases the exact reason for blade failure is
not fully understood [2]. The mechanisms respoesibt each of these failures are different and
complex. In view of the serious consequences aledRailure, it is important to monitor blade
vibration to assess overall health of the operatiaghine. Important steps are.

» Understanding the mechanism and root cause oféailu

* Monitoring evolving precursors to take advancearcthat will prevent failure
Blades are not accessible for direct measurementldMdver many research work are pursued to
device methods to quantify blade vibration [1-10hese methods are intrusive by design and
need complicated analysis and extensive instrurtienttor getting limited information. The aim
of the study in this work is to comprehensively i@$d the issue of detecting blade vibration by

non-intrusive technique and to build a robust méttoe detecting blade vibration in plants.
2 Sources of Blade Excitation in the Turbine

Primary source of blade excitation have been pdeufour categories [2].

» Harmonic excitation: Per revolution excitation fes¢c more relevant to long blades.



* Non synchronous excitation: Complex interactiomtaan rotor and stator

* Random excitation: Flow unsteadiness in the statypflow passages

» Self excitation: During Low load and low vacuunmciondenser.
2.10bjective of the Present Resear ch.

Detecting blade vibration through analysis of cgsiibbration is chosen in the present research. It
is well known that the casing of a turbine is tgpig a pressure vessel which responds to all the
dynamics that unfolds when the turbine rotor stanting. These are the cyclic components

identified as blade passing frequency (BPF) whictiiectly related to the blades. The aim of the

research is to analyze BPF and correlate it witldélibration.

2.20utline of the Work

» To collect available information about the behawbthe long turbine blades.
* Propose a non-intrusive method for detecting blaldeation.

» To build a robust online method for detecting blaidation in power plants.
3 Following studies are carried out as a part ofgmesesearch programme.

3a A New Methodology for Monitoring Blade Vibration

Laboratory experiment involving rotating fan antlgéair was carried out to excite the blades of
the fan. The fan in the setup simulates the ragdtimbine, its blades as turbine blades and the air
jet was meant to excite the blades of the fan boate. A dynamic pressure transducer was used
close to the tip of the blades to measure dynamigrassure pulsation during rotation of the fan.
Figure 1 shows frequency spectrum of the pressgralsmeasured by the sensor. Amplitude at
BPF is pressure pulsation due to rotation of thee Eperiment proved that amplitude at BPF
reduces when the blade vibrates due to air jetnggment. All the attributes of BPF peak can be
connected to the blades. A simple MatLab programloeshows reduced amplitude at BPF due

to blade vibration.
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Figure 1 Spectrum of pressure signal (a) BPF & RBMBPF, RPM & blade natural frequency

Finding.
The experiment connects BPF and the natural fre;yuefithe blade.

3b LP Casing Vibration Analysis of 990 MW Nuclear Power Plant

Blades rotating inside the casing of LP turbine oamicate information about the blade in the
form of amplitude at BPF that can be measured binganounted accelerometer. Figure 2 (left)
shows cascaded spectra with BPF BfsBage at 2400 Hz (25 X 48). Figure 2 (right) shows
cascaded spectra with peak at 78 Hz emerging frackground noise when amplitude at BPF
reduces. Blades were found to be vibrating at @sinal frequency due to excitation by steam
Finding

Long LP blades are susceptible to vibration dugtdam turbulence at extraction.

3c Detection of Blade Vibration During Part Load Plant Operation

Long LP turbine blades vibrate due to part loadrafpen. Amplitude at BPF of the last stage

blades of LP turbine showed variation matching wité variation of power and vacuum in the
i



condenser. A frequency peak at 107 Hz appearsearspectrum when the amplitude at BPF

reduced. 107 Hz is natural frequency of the lagjesblades (Campbell diagram).
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Figure 2 Water fall spectrum showing BPF and bleateral frequency in 900 MW plant
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Figure 3 Water fall spectrum showing BPF and blaakeiral frequency in 220 MW plant
Finding
Long LP blades vibrate at its natural frequencyeauriow load and low vacuum.

3d Validation of Proposed Method on Compressor of Gas Turbine

Vibration was induced in the compressor bladesebiycing load by 10 MW for short time. The

compressor blades respond during the transientHz08as confirmed as mode of the blades.
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Figure 4 Water fall spectrum showing blade natfresjuency interacting with 10X component

Finding

Short and rigid compress blades too respond teigahcreated in the compressors.

3e Simulation of fluid structure interaction between blade and
surrounding steam [11]

Long LP blades vibrate under low load and low vawuThe dragged 3-D blade model was
meshed in Lagrangian formulation and fluid was redsi Eulerian formulation. Along the
leading edge of the blade, steam jet is modeleld stgam velocity corresponding to the upper
portion of the blade velocity for reaction type dga

Figure 5 shows FE model of the blade submergekariltiid domain.



Figure 5 Model of the blade and the surroundinglflu

Figure 6 shows steam vectors along the cross sectio
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Figure 6 Flow of steam across the blade

Lagrangian elements of the blade are defined asemasdes and Eulerian elements of the fluid
are defined as slave nodes. A spring element getisdabetween master and the slave node which
remains active until slave node goes beyond thevgdye. Blade vibration due to interaction

with the jet of steam flowing across the bladeitieent angle of incidence is analyzed.
Vi
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Figure 7 Increase in blade vibration due to latgars inlet angle

7 Contribution

1. The evolved method can be used for in situ valkhatif Campbell diagram.
2. The method detects blade vibration during selftexion demonstrated.

3. The method is robust and can be implemented ierdifit types of power plants.
8 Conclusion

1. Casing vibration analysis is reliable method failedéng blade vibration.
2. Direct relationship is established between blatheation and BPF.

3. Long blades are sensitive to changes to processngders.

4. Steam extractions from the LP casing induces \ilmmah the long blades

5. Low load plants operation not good for long turbimades

vii
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Chapter 1

I ntroduction

Steam turbine based power plants constitute maae 85% of the total installed
capacity in the world. Presently the largest stearhine has reached installed capacity of
over 1300-1500 MW and with the current developmemtesign and materials this figure for
single unit of turbine could rise still higher inet near future [1]. Modern turbines for power
applications generally have a high level of religpiprimarily because of rigid inspection
regime backed up by ingenious methods of detedtimgending failures. Together, they
ensure that almost all failures are detected atirtbpient stage and affected components
removed from service before failure actually occiitsis has indeed led to low rate of actual
failure during service. The component most commoejgcted in the screening process is the
blades. In spite of applying stringent criteriaaaiceptance, blades do fail during operation.
Survey indicates that in over 40% of cases the teseason for blade failure is not fully
understood [2].

The blades are the most critical component in tineine. Enormous amount of work
has been carried out in its design, selection oferrad, fabrication, profiling, surface

treatment, tuning and in optimizing its positionthim the steam path to achieve the best

1



possible efficiency [3]. Today the best blade desand manufacturing technology is
available with big companies in advanced countoieEurope, UK, USA, Russia and Japan
only. In rest of the places generally the blades raade available under agreement with
respective power generating companies. This shaws ihvolved are the technologies of
forging and manufacturing of turbine blades. Caestrwith limited infrastructure and
manufacturing base, the challenges of designingnaadufacturing turbine blades is still in
infant stage. In view of large number of blade uak in power plants leading to huge
economic loss, power companies are investing inaeding the limited expertise in
diagnosing the cause of blade failure and industag a whole have become sensitive to
certain operating process parameters detrimenttiechealth of the blades identified over
years of operating experience.

In the beginning of the nuclear power age, nugieaver plants (NPP) were seen only
as base load source of electricity. The main reasmithat the operating NPP at rated power
was more efficient and simpler. Also, when nuclpawer was introduced, its share in the
countries energy mixes was very small and so teeilility in operation were typically
limited to safety needs (e.g. safe shutdowns ire cd6 load rejection) and for frequency
regulation. Since that time, the situation in sal’advanced countries has changed. The share
of nuclear power in the national electricity mixveebecome so important that the utilities had
to implement or improve the maneuvering ability tbéir NPPs, to be able to adapt the
electricity supply to daily or seasonal variatiasfspower demand. This typically demands

plants to be operating in load following mode.

1.1 Vulnerability of Long Bladesto Vibrate

In developing countries where grids are weak andrevkenforcing discipline among

power producers is difficult, the plants have teme over wide range of speeds. Weak grids

2



lead to frequent interruption to turbine operatidarbine blades in low pressure (LP) turbine
are most affected during interruption or duringtdaad operation. Typically in 540 MW
plant, the LP turbine have 6 stages of blades neouon the discs. Of these, the blades in the
last three stages generally are free standing wdrielmore susceptible to vibration. Blades in
each of the three stages have different naturguéecies. Figure 1.1 illustrates a schematic

of a turbine rotor and the blades.

i i;%"i ik I i L-iii';:;i':';'ll
|

Figure 1.1 Schematic of turbine rotor, blades agarings

During each startup and shut down of the plansdgh#ades undergo forced vibration
excited by the speed component and its harmoniesidBs, whenever the plant operates at
low load and low condenser vacuum (common in manyegp plants) blade tend to vibrate
almost always. The combination of these high amd dgcle fatigue loading on the blades
lead to premature blade failure. In the developingntries the turbines are made to run
beyond the original manufacturer's recommended ingntours to meet the demand for
uninterrupted supplyUnder these circumstances, it is most importanhdge a built-in
system to monitor blade vibration and assess ittthem online mode. Blade and shaft
vibration monitoring systems are common in all gwmver plants. In fact, standard turbo-
supervisory systems have matured to an extentth®atdiagnosis has become a routine
activity. Good level of expertise is available dre tshop floor. However, diagnosis for

rotating turbine blade is not common primarily hesmthe technology is not readily available



and whatever it is available it is not easy to iempént and is not economical. In the recent
time, the power industry has realized the needa& for a reliable technology in view of the
importance of monitoring health of operating bladks the last decade, there are many
concerted effort initiated between industry anceaesh organization to evolve a reliable and
affordable method of monitoring blade vibration.eTaim is surely to minimize the cost and
achieve simplicity to a level comparable with staaftl bearing vibration monitoring system.

Dynamic loads which generate blade vibration casedrom different sources. Rotor
imbalances, steam pressure distributions due tecoonentric casings, irregularities in the
stators located up and downstream of the rotorestegjating stall causing asynchronous
vibration, unfavorable interaction between bladed #ow and self-excited vibrations related
to blade and rotor natural frequencies are soméeknown sources [4]. The intensity and
relevance of these sources are unique to differenfiguration of machines. The ensuing
amplitude and frequency of these vibrations hadeep impact on fatigue life, performance
and integrity of the machine. The accurate estwnaf blade vibration characteristics
according to rotational frequency is a crucial esdor the design of new design. It is
important to realize that failure of even one blade of hundreds of rotating blades in a
turbine has a potential to cause grievous damagmamy healthy blades and also to the
machine. In view of the serious consequence ofebfadure, it is most important and highly
desirable to monitor the blade vibration that catphto infer the overall health of the
operating blade.

In an online mode, it is not possible to directlpmitor blade vibration. However,
during Campbell analysis of blades on test rigsirstgages are directly mounted on the
blades and strain data is acquired through sligstifror obvious reasons this method cannot

be implemented on all the blades of working turbinea power plant. Blade vibration



measurement by contact method is therefore not aehat the most can be used only during
the validation stage of the blade design.

The other known methods are based on non-contattpe that use probes located
around the narrow passage between the tip of tebland the casing to measure the arrival
times of individual blades. From the arrival timatal the blade vibration parameter is
estimated through complicated formulations [5]. leer blade tip timing methods suffer
various drawbacks in particular on account of langenber of probes needed to measure all
blades simultaneously. Currently no single methodte for the complete measurement of
the dynamic properties of blade vibrations in arraponal turbine [5]. Additionally the
complexity involved in implementing the known noortacting method outweigh the need
for explicit measurement of blade vibration.

The rotating turbine blades develop both spatialtyl temporally varying pressure
forces acting on the casing. The internal pressargeveloped presents an interesting loading
condition on the casing. Vibration response ofdhsing which primarily is due to dynamic
excitation by the working fluid, carry enormous amb of information about the turbine
rotor, the blades and the steam path as a whoéeaihh of the work presented in this thesis is
to lay robust foundation for a simple and easiliiesue for blade vibration measurement,
which can be readily used to deduce the conditfdrlanles inside any turbine in operation. It
is proposed that this could ideally be achievedugh the measurement of external casing
vibrations thus eliminating the need for sensorsa@laced inside the flow path. The method
offers the desired advantage of the ease with wiielsensors could be mounted on existing
operating turbines in power plants. The measureshgavibration is recorded for further
analysis involving correlation with process parangt FFT for studying the content of the

signal and for generating the 3D waterfall spedtnaassessing he variation of different



frequencies in the signal with time and speed. Suchnalysis can give the cause and effect

relationship manifesting in the turbine casing.

1.2 Objective and Scope

Based on the extensive review of the literatur@wailable methods of blade vibration
the following objectives are set for the preserestigation
1. To develop aeliable, versatile and non-intrusive blade vilmatimonitoring technique
based on known mechanistic behavior of the longdddaunder hostile steam
environment.
2. To extend the present methodology for detectingdolabration in operating power plant
and validate the Campbell diagram supplied by #sgher.
3. Validate the robustness of the method by detechilagle vibration under part load
operation, a condition known to excite the bladegilbrate during operation.
4. Verify the applicability of the methodology for @eting vibration of stiff blades in a
compressors of a gas turbine
5. To propose a robust technique for in-situ detectibturbine blade vibration in all types
of power plants.
These objectives constitute the core theme of theemt thesis, in which we develop a
model of a blade and simulate a condition condudareblade vibration due to self

excitation.

1.3 Organization of the Thesis

This thesis is organized in 8 chapters. Chaptenvésga brief introduction and

objective of this study. A comprehensive reviewtltd literature related design and working



of long blades is presented in Chapter 2. Differmiethods developed for blade vibration

measurement and the science behind each methodlsarepresented here. The working

principle behind each method is discussed wittsttations for better understanding. As can
be seen in the chapter, except for the strain gagbod, the rest of the methods are intrusive
by design which needs extensive arrangement talinahalyze and maintain the system.

Chapter 3 discusses an experimental model builepoesent a rotating single stage
turbine, means to excite the blades during rotagensor to pick up blade related frequencies
and device to acquire and analyze the dynamic kighss is followed by detailed analysis of
the signal to investigate the relationship betwesating blade signals and the characteristic
natural frequency of the blade. It is demonstratieat the amplitude at blade passing
frequency (BPF) of a stage in the turbine, which i®adily measureable parameter from the
casing of any turbine, is unique to a stage andbeaoonnected to vibration of the blades.
Based on the results, an important non intrusivehatk of detecting blade vibration in
operating turbine is proposed.

In chapter 4, the extension of this proposed methdtie actual application on a low
pressure turbine of a 900 MW Nuclear power plantdescribed The long blades of low
pressure turbine are susceptible to vibration faresal known and unknown sources of
excitation in an operating turbine. In the partcukcase, blades were vibrating due to
turbulence caused by steam extraction. The acgsigeahls of all the stages were analyzed
and the amplitudes at BPFs were investigated. # deamonstrated that when blades vibrate
due to steam induced turbulence, the amplitudeP&t Bodulate.

The testing of the application of the proposed metbn low pressure turbine of 220
MW nuclear plant to detect simulated low load amd acuum condition in the condenser is

presented in chapter 5. It was demonstrated tleablhdes indeed vibrate under low load



operation and the proposed method is capable ettiey blade vibration. The results were
compared with the published blade vibration charstics.

It was further demonstrated in chapter 6 that ttop@sed method is also applicable
for detecting vibration of short blades of compogdsiades in a 250 MW gas power plant.

In chapter 7, a description of a model of actuatibland the surrounding fluid, (in this
case steam) to simulate the condition of self akoih is presented. The blade is modeled in
Lagrangian coordinates and the surrounding steaBulerian coordinates. Using a standard
commercial Fluid Structure Interaction program, thaster coordinates of the blade and the
slave coordinates of the steam are coupled in ntexface to simulate condition for self
excitation. It was demonstrated that the amplitoidéhe blade increases due to self excitation.
The important conclusions drawn from the presewstigation together with contribution of

the thesis work and future study are discussetapter 8.



Chapter 2

Literature Review

Extensive studies have been presented till datehwaddresses the urgent need for
evolving an easy method for detecting blade vibrain an operating turbine. This chapter
presents review of the literature related to mesheeblved by several industries, researchers
and institutions. It is always a challenge to manihe health of rotating components housed
in a pressurized casing like the turbine bladesm&hous cantilever like blades behave
individually at the time of failure and as a grodpring healthy condition. This review is
organized in four sections. Challenges faced ieatitg turbine blade vibration in operating
plants. The past investigation method still follawa@uring design stages of the blades as a
bench mark exercises. In the sequel, the intrusigthods available as commercial package
and employed as trial approach in operating plarts is followed by more recent proposal
of non intrusive methods with limited validationhd chapter also covers review of essential
characteristics of long turbine blades needed bettderstanding of applicability of proposed
method and ends with conclusive closure with antemsis on need for a robust detection

method.



2.1 Challenges of Detecting Turbine Blade Vibration

By design, the rotating turbine blades are housezhsing(s) making direct measurement
not feasible on a routine basis. Each stage inrl@n@ consists of several blades. The last
stage blades in a low pressure turbine work in stileosteam environment. Categorizing of
all the forcing functions operating on the bladest iead to vibration and eventual failure is
still an area of intense research. Despite thécdiffes, because of the enormous advantages,
many researchers and manufacturers have invesggditorts in developing techniques for
detecting blade vibration. Primary source of blageitation have been broadly put under four
categories [2][6].

* Harmonic excitation

* Non synchronous but discrete frequency excitation

* Random or broad band excitation

» Self excitation

Each of these sources either exist individuallyjnocombination. They have the potential
to induce vibration in the blade to an extent thatay lead to failure and subsequent damage
to the plant. The long blades vibrate in differerddes depending on its design and source of
excitation. Individual blades could vibrate if & severely mistuned or damaged due to local
corrosion or due to presence of high concentratogss in the blade material. Generally such
deviations are eliminated by thorough inspectionspite of such care during inspection,
several reported failure indicate as initiated mgle blade failure. As fatigue in the blades
are largely addressed by sources of high or lowecggcitations, all the blades of a stage
together are set into vibration. Out of many vilig blades in a stage, the stray blades could
fail due to reasons mentioned above. Except forstrein gage method, all other methods

target for detecting single blade vibration whiobed not indicate the condition of other
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blades in the stage. The time between detectingfahde could be too short. Hence, it is

important to detect global blade vibrations.

2.2 Design Feature of Long Turbine Blades

Steam turbine blades convert the heat energy istébaam to useful shaft work. In that
respect it is important to understand how the tebis designed, how the loads are
determined that closely match actual loads duripgration. This chapter aims to cover all
aspects of long blades that help to make the atgeof this study comprehensively clear.

One of the characteristic properties of large staaivines is the long length of the last stage
blades which are susceptible vibration. The lowsguee turbine blades are designed to
extract the final remnants of energy from the papgsteam flow. The limit of the turbine
output is thus decided by the length of the lasgetblades (LSB). Remarkable improvement
has been made in designing the long blades forawgmnent of efficiency and reliability over
the last ten decades. Major part of the evolutiaa toncentrated on behavior of individual
blades. The key improvements have been in invohadganced analytical techniques for
assessing the behavior of the entire bladed didkaAcement in modal analysis and testing,
fatigue analysis, creep analysis, fracture meclsafigid dynamic analysis and development
of many new materials and manufacturing procesaes hccelerated design of powerful and
reliable blades.

The blades in working turbine not only rotate doechange of steam flow direction
but also due to the additional steam speed up nithe blade channels that cause reactive
forces. Hence the long turbine is named reactipe.tyn long blades, the degree of reaction
varies with in the stage and along the height eftitade because of the centrifugal force. The
degree of reaction is high in the upper sectiom ihathe root section. Raising the length of

the blades is limited by the centrifugal stressethe blades. The decreased rotational speed
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makes it possible to use much longer blades. Spassure in the reaction turbine falls and
undergoes expansion in each row of the blades. Wnersteam pressure is reduced outlet
velocity increases at a much greater rate thaspkeific volume and an equilibrium point is
reached when the equation of continuity is satisfleo accommodate the gradual increase in
the specific volume the heights of the blades thesdage is progressively increased.

Long LP blades are made of common types of starde=el. The exact type of steel
chosen for a particular LP application dependshenstrength and corrosion resistance. Since
the 1960s, titanium alloys, especially Ti-6Al-4Vave also been used for LP turbine stages.
When the steam condenses on the blade surfacesmripits and dimples are formed. These

are particularly harmful to the blade because #erye as stress concentrators.

2.2.1 Velocity Diagram

Velocity diagram [7] is fundamental for improvinget overall efficiency of the turbine
stage. Steam inlet and exit velocity triangles diephe differences between impulse and
reaction blade and vectorially indicate the loacisng the turbine blade. It helps to explain
the steam flow in to the blade during full load gradt load operation. A reaction turbine is
constructed of rows of fixed and rows of movingdasa. The fixed blades act as nozzles. The
moving blades move as a result of the impulse et received (caused by change in
momentum) and also as a result of expansion aneleaation of the steam relative to them.
In other words, they also act as nozzles. The ngohiades of a reaction turbine are easily
distinguishable from those of an impulse turbine thg non-symmetrical geometry and
because they partly act as nozzles, have a shagarsio that of the fixed blades, although
curved in the opposite direction. Figure 2.1 shewgpical velocity diagram for the reaction

stage
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Figure 2.1 Velocity diagram for reaction stage

Blade efficiency is given as

M ==z (2.1)

by puttingp = U/V1, the maximum attainable blade efficiency can leshto be
(Nb)max= CoS a1 (2.2)

In designing the form of the blade, its lengthildakd into equal number of sections.
In view of the negative reaction at part load om lttng blades towards the exhaust end of the
turbine, certain degree of reaction is given atitheer section of the blade.
Typical blade profile at the root, middle and tgcgon of long section of the long LP blade is

shown in Figure 2.2.

Figure 2.2 Cross sections of long blades

For best efficiencies, the degree of rotation igerat the root of the blade and then
increase towards the tip. The taper and twist ¢obilade is given to the blade to resist inertia
and blade bending forces during rotation. The bladeaodified to compensate for the large
variation in the inlet flow angle in the radial edtion, by varying the angle of twist in the
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cross section of the blade. Longer blades incréd@seteam flow capacity, the taper help in
limiting the stresses in the blade due to centafdgrces acting during rotation and twist help
achieve constant specific steam flow lengthwise@lihe radius.

The form of the reaction blade is defined by itatoe line called camber line. The

camber line may be either circular arc or a patiataot as shown in Figure 2.3

Figure 2.3 Blade aerofoil section

Typical setting of the blade is shown in Figure.2.4

181

al |

Figure 2.4 Blade angle settings
ay is the direction of flow into the blade.df is greater thafi; the incidence is said to
be negative. The channel through the flow is grigiwmnvergent and leads to a throat of
width S (opening)
The throat to pitch ratio (S/T) is an aerodynanesign parameter that corresponds to

the outlet flow angle of the blade. If S/T ratiansreased, the speed of axial flow component
14



increases and vice versa. In long blades, the ymeskfference between the root section and
tip section is large because of the tangential arglocomponent produced by the turbine

nozzle blades. The S/T ratio for the blade is degtidased on the pressure difference.

2.2.2 Blades Node and Wheel Modes

Dynamic behavior, meaning the frequency and thecs®d mode shapes are
important in defining vibration of turbine blades stage as a whole. This section aims to
cover nodal diameter modes and wheel modes inbtadgs that help in understanding why a
particular mode is excited and what design changgsbe made to control blade vibrations.
When a single blade is clamped at the root, atldahest natural frequency, the mode of

vibration will be similar to the prismatic bar dsosvn in Figure 2.5.

Figure 2.5 Prismatic bar representation of turlbiaele

In the lowest mode the blade vibrates in the flajglenas shown in Figure 2.5. Figure
2.6 illustrates the direction of the three lowerdas. The blades in a group oscillate in phase
approximating in the same manner as though theg wet joined. This is true for flap wise,
edge wise and torsional modes. Figure 2.7 illustrddur modes of blades joined together.

Figure 2.8 shows wheel mode with 6odal diameter
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Figure 2.6 Overlapped blade cross section andttreof blade modes

w1 w2 w3 w4

A

Figure 2.7 Coupled blade modes

i} mnudal diameter wheel mode

Figure 2.8 Wheel mode in th& @odal diameter
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The wheel and the nodal modes are shown in Fig@re 2

lofor:Y::
0008
0008

Figure 2.9 Nodal and wheel Modes.

Nodal circles

2.2.3 Effect of Rotation on Blade Frequency

The centrifugal stress for most part is steadyaiture and can be estimated accurately.
It is almost never a principle cause of blade failout may become important for numerous
startup and shutdown cycles. Centrifugal forceffestithe roots thus influencing the natural

frequency of the blade. This effect can be seema @ampbell diagram as shown in Figure

2.10

The curved trend of the first mode illustrates stiéfening effect due to centrifugal
force during rotation at different speeds [8].Thgsr coming from the origin of the ordinates
presents the variation of disturbing forces witle tiotational speed and its multiples. The
intersection of these rays with the strip of thadels natural frequencies results in resonance
of the blade at that speed. The steady centrifsgjalsses in the last-row LP blades are
typically 0.5 for about 50% of the blade length, and greater traegual to 0.28, for 80%
of that length, where, is the yield stress of the material [3]. Figur&12shows sketch of

vectorial representation of centrifugal force oe thades.
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Figure 2.10 lllustration of Campbell diagram

Figure 2.11 Vectorial representation of centrifuigate on the blades
Figure 2.12 shows waterfall spectra generated kingaFFT of the time domain
signal of casing vibration during startup of 220 MWuclear turbine. Vibration signals are
measured with general purpose accelerometer andribesignal is analysed in the frequency
domain using standard FFT analyzer. The severalrspare then plotted in waterfall mode to
visualize change in frequency content with tifibe progress of speed component can be

seen from 10 to 50 Hz when the turbine was synébednto the grid. On the way to rated
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speed, the speed component excites different ndterpiencies of the machine. As can be
seen in the figure, the speed component excitesritieal speeds of the LP turbine rotor at 20
and 42 Hz. The increase in the amplitude at thespiéncies happens due to crossing of the
first engine order with the natural frequency o tlotor. In a similar way when the engine

order crosses the trace of natural frequenciesifedrent modes of the blade, the blade

resonates with higher amplitude.

Speed Component

Resonance at 40Hz

i

T EEEYEEEER & Number of Spectrum
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Frequency

Figure 2.12 Water fall spectrum showing criticategs at 22 Hz and 43 Hz excited by speed
component in turbine

2.2.4 Stressin the Blades

The fundamental parameter in blade design is teiween its length and width called
aspect ratio. The vibratory stresses in a bladeladde group are roughly proportional to the
square of aspect ratio multiplies by function rethto its thickness and camber.
ovic = [ Length/Widthi f { camber, maximum thickness} (2.3)

When the length of the blade is increased, its halso increases to control the vibratory

stresses in the blade.
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The tensile centrifugal stress in the blade secsibthe distance fom the root section is
given by,

c=N(©@/F (2, (2.4)
whereF(2) is the current cross section area, and N(z) isémrifugal force in section z. For
long blades, in order to decrease the maximum ifegét stress, the blades are tapered with
decreasingr( 2) towards their tip.

As the steam flows through the turbine blades,stieam pushes the blades causing
them to bend. Like centrifugal bending, steam begdcauses the blades to be bent
lengthwise, creating regions of tensile and congivesstress in the blade. Although the
movement of the steam does induce blade bendiegeffiect of steam bending in moving
blades is not as pronounced as the effects of itegdt forces. In fact, steam-bending

stresses are typically only about 10% of the ckrgail stresses [4].

2.2.5 Fatiguein the Blades

Fatigue in a blade is caused by repeated cyclingeofoad on the blad&oth low and
high cycle fatigue load applied on operating blggay important role in initiating,
propagating the defects in the blade before finalife. Typically, most steam turbine rotor
fractures are caused by low cycle fatigue (L{3}) The high strains caused by LCF typically
occurs during the cold start turbine operation. Duéigh strain rates implicit in LCF, it is
typically accompanied by plastic deformation. LC&cuars after relatively low number of
cycles (typically <10000 cycles) of high stress &tage. LCF happens only occasionally in
the life of the actual machine. For example, therage design life of a steam turbine is about
30 years. Assuming the frequency of cold starhied times per year, the total number of

cold starts will be 90 times in 30 years. Sandeam&r [9] proposed a damage model for low
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cycle fatigue damage in a steam turbine develomugua continuum mechanics approach
integrated with the finite element model.

Figure 2.13 shows that damage D varies quicklhatdst stages of the whole cycling
and slowly at the middle stage from 10% to 80%hef tbtal cycles, which is a characteristic

of LCF damage. High strain leads to faster failfréhe material.
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Figure 2.13 Graph showing damage versus cycles [9]

2.2.6 Sources of Blade Vibrations

This is truly a complicated topic involving fluidracture interaction which is not fully
comprehended. There are still many complicated @inemon yet to be unraveled. EPRI

research project RP 912 in its report has brougih¢ral considerations in design mainly of
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LP turbine blades for stochastic excitations d@edibelow [2].

Non uniform steam pressure, velocities or angléaf into the rotating blades/row
cause harmonic excitation related to the rotatismdeds. The non uniformity is
caused by mismatch in the assembly of stationaagdsd, mismatch of diaphragm
vanes at the horizontal split etc.

Disturbances caused to the blades by the nozzkngaare one of the most studied
sources of discrete frequency excitation. Theseefarise mainly because the trailing
edges of the nozzle vanes have finite thickness,because the steam is discharged
towards the moving blade after passing over segem@inetrical variations.

Random excitation is caused by flow unsteadinesthénstationary flow passages.
These are primarily due to acoustic resonancedniet passage and extraction line,
unsteady flow separation from stationary bladessssure fluctuations due to
impingement of turbulent flow into rotating bladesd flow unsteadiness in the
rotating blades themselves.

Stall flutter occurs in the last row of LP turbinaslow load and high back pressures
when the blades experience a negative angle akadtdeast over the upper portion of
their length. An important feature of flutter isaththe resulting vibration is non
integral and therefore the frequency-speed charsiits is not influenced by the
engine order line as shown in Campbell diagramf Setitation does not need
external excitation frequency; instead, the freqyas internally generated. When the
blade is perturbed from equilibrium, it will vibeaback to equilibrium at its natural
frequency. If this vibration modulates the flow such a way that the resulting
dynamic forces act to sustain the vibration, tHen ltlade is vibrating in self excited
manner. The vibration is maintained right at théura frequency. Such a vibration

due to flutter is well recognized cause for fatignehe blade. Some blades have the
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tendency to flutter more than the others and tloegss is not linearly related to the
load [4].

* Sudden changes in the stream extraction flow betvilee stages, negative angle of
steam flow into the blade significantly change tperating condition of the blades

resulting in stall flutter in the last stage blades

2.3 Different M ethods of Blade Vibration M easurements

Blade vibration monitoring is required and is vénportant to ensure that excessive
vibration that could compromise the integrity of adhime does not occur. Understandably,
large differences exist between vibration techmsgqused during development stage of the
blades and those implemented for online measurembntervice blade vibration
measurement is not just to know if the blades aessively deflecting but is required to
validate the dynamic characteristics of the bladetifferent stages at different speeds and to
detect changes in the blade characteristics. Thegereports on measurement of blade
vibration due to resonance measured by bearing tedwtcelerometers in an operating plant
[10]. This method however depends on the transhiiggiof blade vibrations through the
bearings. Besides, this method can be used duoast cip or coast down of turbine to excite
the blades in resonance. Known tools like Campbelgram and direct measurement by
strain gage based technique are used. That doemewt that the known tools are easy to
implement (during development stage). Implementatieeds extra ordinary preparation just
to verify and validate the measurement. This sadaliscusses different methods of measuring
blade vibration along with the merits and dementsach of the cases accounting for the ease

of implementation.
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2.3.1 Strain Gage Method

Strain gage method is a time tested method an@rnheone technique that can be
used directly on the blades to capture the modek stresses due to vibration during
operation. The type of strain gage to be used,titots on the blades, wiring and remote
transmission of strain data are well mastered ftgcien Strain gage method is the only
method which can capture all the modes of bladeatidn under all working condition and is
in fact a benchmark exercise to validate all oti@r-contacting methods.

Strain gauge methods involve attachment of sewraln gauges on various critical blade
areas with the associated instrumentation conndctdtie rotor itself. Figure 2.14 shows

typical arrangement of using strain gages on tteging blades.

Data Speed sensor
Acquisition Turbine
Card
= (et
Receiver  Transmitter Wires in b Strain
antena antenna drilled shaft gauge

Figure 2.14 lllustration of Strain gage methodrfeasuring blade vibration [11]

Strain gages are mounted on the blades and thal sigiples are shown routed through
the shaft and connected to a transmitting antéAma.measured strain signals are transmitted
to a receiver for onward data acquisition and assalglong with a independent speed signal.
The method is well established and is field-prosgstems for obtaining information related
to the alternating strains arising in certain calti areas of the blade. However, its
implementation has several practical problems. Jdges have limited life; connecting wires

and associated instrumentation are prone to damdgesto exposure to severe steam
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environment [5]. The major problem, however, isatetl to the need to transmit the signals.
Slip ring or telemetry systems are usually employeat they are often contaminated by
noise. Strain gauge based measurements are tleepeiid of a test method that can produce
extremely valuable information on certain partdhed blades, but are statistically unreliable

due to the irregularity of the blade tolerances.

2.3.2Blade Tip Timing M easur ement

Taking the advantage of developed non contactiolnigues of measuring motions,
many researchers have worked on capturing blagenmattion by measuring the tip of the
blade during operation. Advanced front end senandsfast data acquisition systems backed
with robust signal analysis technique has enaldsdarchers to try several approaches.
Currently large numbers of popular methods basedamcontact measurement of blade
vibrations employ use of number of proximity probesated around the periphery of inner
casing for measuring the blade tip time. In viewndiferent difficulties in implementing direct
measurement of blade vibration by strain gage dipdring technique, non-contact blade
vibration measurement has been sought.

Figure 2.15 shows peripherally positioned proximsgnsors and cabling routed to
measuring electronics. Despite increasing abilityttos method, there still exist several
constrains and limitations such as the requirenoéra large number of sensors for each
turbine stage, difficulties in dealing with mulplexcitation frequencies, sensors being
located in the flow path, and the inability to ditlg measure the frequency and mode of the
blade[13][14].

Electromagnetic probes, capacitive and inductiveetigorobes are some of the front
end sensors. In order that maximum probe sengitigirealized in the measurement, it is

necessary to mount the detector in close proximatyhe blade tip. When the gap becomes
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large, required to avoid fouling with the bladdsieisults in reduced sensitivity and reduced
signal to noise ratio in the data. This is a seyilmitation in arriving at accurate arrival time

of blade tips. Asynchronous vibrations, such asthog stall, compressor surge and blade
flutter, which usually occurs at a blade naturalgfrency, are not as easily analyzed from

proximity probe measurements.

Sensor Cabling (Typically 3 to 10meters)

#| Preamplifier
Preamplifier to Data System
{Typically 35-150 meters)
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Figure 2.15 lllustration of blade tip timing measonent [12].

2.3.3 Laser Doppler Anemometry Method

The coherent wave structure of laser is indeedgaabivantage is using them for
measurement of velocity of vibrating body. The tdsght can be used to measure both lateral
and normal velocity of a body in motion. In factsthechnique has been developed into a
commercial product. With proper selection of looatfor installation of laser probes between
the rotating and stationary rows, it is possiblengasure blade vibration at any location along
the length of the blade.
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Figure 2.16 shows the Laser striking the leading tmailing edge of a blade. When
the laser light is directed on the vibrating suefaihe reflected light adds a Doppler shift to

the frequency of the scattered light proportionalelocity of the surface [15].

From E—
laser diode

Laser collimeter

=— To photo diode

Measurement point
on leading edge

Receive fiber bundle for
optical shutter sensor

Stator Blade

=

Measurement point
on trailing edge

Figure 2.16 lllustration of Laser for blade tip kabon measurement [12]

The scattered light is detected by a photomudtidlibe, an instrument that generates a
current proportional to absorbed photon energy, #meh amplifies that current. The
difference between the incident and scattered figigfuencies is called the Doppler shift.

The Doppler shift §, depends on the speed V of the blade, directiormofion, the
wavelength of the light, and the orientation of the observer. Figure 2l1dws schematic of
LDA. Then,

fo = 2V/\ (2.5)
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Figure 2.17 Typical Laser Doppler Vibrometer arramgnt

2.3.4 Acoustic Doppler Method

Interior of any turbine is filled with rich acoustinformation of which many are
deterministic but low in strength. Well tuned adousensor plus processing tools have high
potential to decipher every signal received fromating and other non rotating components in
any turbine [16]. Small sized acoustic sensors that with stand harsh steam environment
inside the casing what makes this technique seitiblthe purpose.

Non-interfering acoustic sensor fixed to the wgsdownstream of the blade row
detects the sound radiated by the vibrating bleameshown in Figure 2.18. It involves
analysis of the characteristic Doppler waveformssenby a nearby stationary acoustic
sensor. The Doppler waveform is the result of ihgle frequency acoustic energy radiated
by the blades and the changing position and veladithe blades relative to the sensor. The
method comprises sensing the total acoustic enatgy fixed location and to generate a

composite electrical signal. The radiated energleiected by the stationary sensor and if the
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energy radiating blade is simultaneously rotatimghsthat it has a velocity component along a
line joining the moving blade and the fixed sengmn the frequency of the energy radiated
from the blade as detected by the sensor will teread from the frequency actually radiated
from the blade This concept is known as moving s®oppler.

The new frequency as detected by the sensor is giy¢he following formula,

_ fW+w)
S (V+w-—v)

fl
(2.6)

where,

f! is the frequency of the vibrating blade

fis the frequency detected by the sensor

v is the instantaneous velocity of the blade towtaed fixed sensor along a line joining the

blade and the sensor

w is the average velocity of the surrounding opereti fluid moving toward the fixed sensor

along a line joining the blade and the sensor and

V is the velocity of sound in the operating fluid

Y,

7 Acoustic Sensor

Vi

V

Stationary Blade ( Rotating Blade

Figure 2.18 lllustration of using an acoustic semsside the casing
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Signal manipulations are then performed upon thepasite signal in both the time
domain and the frequency domain to remove the umaids noise generated in order to
reveal the characteristic Doppler waveform. Thdyammainvolves synchronous averaging out
the non order related background noise followedebiing or blanking out the few order
related components known to be contaminated wittkdraund error such as blade passing
frequency and once per revolution and twice peoltgion frequencies. The resulting signal
is then displayed to reveal the characteristic Depwaveform of the blade vibrations. An
envelope detection technique is employed to acelyrpick out the amplitude peak indicative

of the location of the resonant blade.

2.3.5Torson Vibration Technique

A new direct approach of detecting the blade vibratthrough torsional vibration

measurement of the rotor shaft was proposed by Btayand Trethewey [17]. On research
level they have demonstrated the feasibility ofedehg changes in the blade natural
frequency by measuring torsional vibration of theafs An incremental demodulator and
angular domain converter is used for conditioning measured signal. The signal level
associated with the torsional vibration of the shafvery low. To ensure clean capture of
torsional vibration, signal of large dynamic rarm@d high signal to noise is required. To
meet these requirements, the torsional signal aderosampled followed by frequency
sampling. For effective measurement of blade nhfueguency, the prerequisite is that the
blade natural frequency must have strong coupliitg te torsional vibration of the shaft.
Meaning, only those blade natural frequencies whiehcoupled with the torsional vibration
of the shaft can be detected. Implementation of thiethod needs stationary rotor for
installing the system and trouble shooting. For sneament on the shaft the infrared fiber

optic probes are directed on the shaft to senseze¢bea stripes as shown in Figure 2.19.
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However, torsional vibration measurement technigaes many and are still in the

development stage from both the aspects of pick-apd data processing tools. The
piezoelectric materials have been used as sermoasléng time in vastly different areas and
the corresponding technologies have been well-dpeel. The survey paper by Sunar and
Rao [18] has reported on various applications etpelectric materials. This involves firmly

embedding piezoelectric sensor at the root of thdeband taking voltage signal from the
transmitter which transmits the signal to the etary receiver. The method is more suited

for laboratory setup rather than its use in opegatirbine.

Power Supply

Turbine Blades

A-D
Converter

Demodulator

Figure 2.19 Schematic of torsional vibration meamant of turbine shaft and the blades

2.3.6 Narrow Beam Radar Signal Method

Radar is yet another remote technique that caroh&gured along with a reference
signal of rotor rotation to determine which partanblade is vibrating [19]. The turbine blade
detection system includes radar sensors operalitariemit a relatively narrow beam radar
signal toward the rotating turbine blades of onenore blade rows as shown in Figure 2.20.
The reflected radar signals from the blades ardezedi to derive respective output signals

indicative of relative blade movement toward anchary from the respective radar sensors.
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In order to determine which particular blade israting, the signal is coupled to reference
signal giving each complete rotation or partialatmn of the turbine shaft. The processed
reference signal provides respective running comaisative of the number of turbine blades

which have traversed a reference position to thesebcifically identify the particular blades.

i }|' ' | ‘ 1418

Figure 2.20 Schematic of Radar probe used for bldutation

Gating method is used for selectively gating theareaoutput signal and the running counts.
Signal processing enables arrival of the outputagat predetermined times. It provides an
indication if the analyzed signal exceeds preddtegth limits. For better estimation, the
analyzed signal from each respective blade is geeraover a predetermined number of

rotations of the turbine shaft

2.3.7 Microwave M ethod

Microwave method provides a relatively simple reléa and inexpensive blade
vibration monitoring technique that operates atbaytz frequency range that provides ultra
high bandwidth [20]. In this method a microwavenseeiver is be located within a junction

box on a guide tube kept external to the turbine.
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Continuous wave is transmitted through a wavegualeard the rotating row of
blades as shown in Figure 2.21. A reflected wayaasluced when a blade tip is adjacent to
the aperture of the waveguide. Each passage ofdavidual blade tip through the path of the
continuous wave produces a signal indicative oftime at which each passage occurs. The
reflected wave interacts with the transmitted waveproduce a standing wave inside the
waveguide. The signal is monitored to detect asyudbance in the standing wave resulting
from the passage of the blade tip past the aperbuweh disturbances are detected by
measuring the current drawn by the transmitterytiigage drop across a resistor carrying the
transmitter current or any other means for meagutie change in Q of the microwave cavity
or tube.

Alternatively the wave reflected by the blade @ssthey pass the waveguide aperture
is detected. This is done with a microwave detectmnected to a hybrid power divider
arranged to divert the reflected power to the detecThe ensuing voltage versus time
waveform generally has more peaks. Each peak games in time of passage of a blade tip
through the path of the continuous wave. The timtervals between peaks are analyzed to

yield the desired vibration information.

Transmitter DC Power

Y

Antenna

Figure 2.21 Schematic of microwave method for bhateation
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For example for a 3000 RPM machine the time requie a blade to complete one
revolution is 0.02 s. For a unit with 100 blades qosv the time between blade passing is 0.02
s x 100 blades per row 2.0 X48ec between blade passing. An eddy current sevigoa 1.6
MHz search frequency produces (2.0 £ ¥ x 1.6 MHz) 320 sensor cycles between blade
passing. In contrast with a microwave frequencyt @Hz there are (2.0 x fos x 10 sec)
2.0 xI0™ cycles between blade passing. A zero crossing hdaatt of 24 MHz will produce
(2.0 x 10% sec x 24x1Bsec) 4800 clock pulses between blade passingdeBiaration causes
the measured clock counts to vary about 4800 whéaiation is measured to detect blade
vibration

This method does not require the sensor to beiposd above the blade tip. The
problem of placing the sensor in the small spacwealbhe blade tip is avoided. The system is

immune to residual magnetism and does not reghietdsng.

2.3.8 Radionuclide Method for Nonmagnetic Blades

The eddy currents methods depend on the abilithetensor to induce eddy currents
in the blade. However, in turbine which has bladesde of non magnetic materials it is
extremely difficult to induce eddy currents. Eddyrent method cannot be effective on the
blades whose materials losses their magnetic piepeat the operating temperatures and
pressures. Besides, on blades which are made ofnmagnetic material, eddy current
technique cannot be used. For such blades, radieauticlide method has been developed
and holds promise in detecting blade modes whepaetive nuclides embedded at the tip of
the blade is emitted during rotation [21]. A radithée sensor is positioned on a fixed location
with respect to the rotating portion of the turbi@me of the turbine blades together with the
sensor is shown in detail in Figure 2.22. The tiphe blade carries radioactive nuclides

which are produced as a result of Surface Layeivaiibn (SLA). SLA is achieved through
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the use of an accelerator ion beam to generateatheactive nuclides. It is known that SLA
has no effect on the mechanical properties of tlaeral to which it is applied The
characteristic gamma rays that are emitted fromintdaced radioactive nuclides are strong
enough to be detected but do not present healtrdhdar personnel. The sensor is positioned
within a shield and is mounted in a fixed locatwith respect to the rotating blades. The

shield has a portion shaped to act as a collimator.

Processor

Sensor ——

Figure 2.22 Schematic of Radionuclide’s methodbtade vibration

As the blade carrying the radioactive nuclides nsgvast the sensor, the gamma radiation by
the sensor increases until a peak value is reaghed the blade is directly under the sensor.
Thereafter the gamma radiation reduces as the blealees away from the sensor. The
radiation sensed by sensor begins to increase ag@n the next blade having radioactive
nuclides begins approach the sensor. The signaésponsive to the movement of the

radioactive nuclides past the sensor such thatosepsoduces an input signal which
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representative of blade is passing evefsitprocessor extracts vibration information from the
input signal. A blade is selected for monitoringgmses by designating its degree location
relative to a reference position some angular degtaconstituting a small window As the
selected blade passes a sensor its output sigmaény conditioned to form a pulse is gated
during the time period corresponding to the winddve sequential pulses of the sensors form
a pulse train which is modulated by any blade wibra An FM detector is provided for

demodulating the pulse train to derive vibratioformation

2.3.9 Optical Method

Optical system consists of a transmitter for emitta light beam on to the moving blade and
a receiver for receiving the light beam reflectgdtive moving blade [12]. A light beam is
directed onto the moving blade and being refledteth the latter at an angle of reflection
greater than 45 degree and directed to a recesveh@wn in Figure 2.23. The blade vibration
is calculated from the signal thus received.

A light beam formed by a laser beam is directedthmy transmitter into the flow
passage and onto a moving blade. The moving Wladea shroud band for reflecting light
toward the transmitter. From the reflecting surfdeelight beam is directed as reflected light
beam to the receiver. The transmitter and the vecare separated from one another in such
a way that an angle greater than 90 degree isngatdietween the incident light beam and the
reflected light beam. On the reflecting surfaceliglet beam illuminates a part area which is
less than 1 mfn Due to the separate arrangement of transmit@érereiver it is possible to

take a reflection measurement even in the flowggesélled with flow of steam.
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-~~~ Transmitter

Shroud

Figure 2.23 Schematic of optical method for blatdbeation.

2.3.10 Casing Internal Pressure M easurement

For gas turbines, internal gas pressure actindhercasing wall is used for detecting
deterioration of blade faults [22]. Every bladesigrounded by typical gas pressure profile.
Detection of change in the pressure profile inftiren of distortion in the periodic pressure
trace is used to monitor the blade condition. Téction method mainly relies on extraction
of features in the pressure signal caused by tbaesefault in the blade through experimental
and numerical simulation of pressure signal.

Blade vibration is measured by the demodulatiothefmeasured pressure signal such
that an estimate of the blade vibration amplituda be made. Demodulation of pressure
signal is not straight forward as the measured atsgrare found not conducive for
conventional demodulation. It requires novel waydemodulation. It has been shown with
some initial experimental verification that thedtastic portion of the internal pressure signal

contains set of harmonics of the shaft speed pidswinus the blade natural frequency which
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can be a measure of blade natural frequency. Ththegmitial results are encouraging, lot of
work need to done before it can be used for intsemneasurement of blade vibration.

The patent filed by Edward suggests monitoring ba@ssure in a turbine to assess
the feasibility of blade vibrations. The patenaisut a method of limiting blade vibration by

closely monitoring back pressure at each stageeofang blades in low pressure turbine [23].

2.3.11 Casing Vibration

The approach of indirect measurements has been rkrfow a long time [1].
Accelerometers at the casing of a compressor eabliade tips was first investigated by
Mathioudakis et al [24] to measure the blade vibrat. The collected vibration signals are
rich in frequency contents. This method has shovgneat deal of uncertainties when blade
vibrations are to be monitored in presence of altkimg fluid in the machine and associated
instabilities in the acoustical and housing/fouraatproblems. Working on gas turbines,
Mathioudakis tried to reconstruct gas pressureutjinanverse filtering the casing vibration.
The reconstructed pressure signal was then usedetecting blade vibration by examining
the change in the pressure profile in the form isfadtion in the periodic trace of pressure
signal.

Casing vibration is also used for detecting blatteation when the engine speed is
swept such that the blade is forced to vibrateesonance [10]. On a simple test rig, blade
vibration was detected at single speed from thehsistic component of casing vibration.
Wavelet analysis is used for analyzing casing vibnaalong with the internal pressure signal
and the emanating acoustic signal in order to measade vibration. The analysis technique
showed difference between healthy blade and thdeldaeded with fault in the experiments.
During coast down of engine, wavelet analysis @firga vibration was used to detect loose

blades. Generally, some level of mistuning existdhe natural frequency of the blades due to
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difference in fitments and tolerances. These véslalso contribute to the noise while
carrying out wavelet analysis.

There are obvious advantages of using casingtwior for detecting natural frequency
of turbine blade on an as-installed machine. Thoiighppears simple to analyze casing
signals during steady state operation, the teclenajuconnecting the signal of blade natural

frequency excited by the off design operating ctadiin the engine is still in its infancy.
2.3.12 Closure

Each one of the blade vibration measurement teaksigited in this chapter has its
own merit and demerit with regard to complexitytruisiveness, difficulty in implementation
and calibration. Even then, none of the methodegithe basic information about which
blade mode is excited and what is the margin beiweeitation frequency and the blade
natural frequency. The widely prevailing blade tiiming method with all the complexities
gives vibration amplitude of individual blade tidowever, vibration of a single blade leads to
vibration of the whole stage and with the time dgethblade fails due to fatigue. By this, it
appears that when high vibration of blade tip isedi&d, there is very little time before

failure. Till now there is no published report atvance information provided before failure.
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Chapter 3

Development of a Methodology for Detecting Blade
Vibration and its Experimental Verification

This chapter presents foundation of the methodvedbfor detecting blade vibration
and is organized in two parts. Firstly we presenegperimental method of detecting blade
vibration in a rotating fan. The metallic fan wllblades is rotated by a variable speed motor.
The fan in the experiment represents a turbineestagthe dynamics in both the cases are
comparable. It is well documented that on long ingtblades, the steam not only moves
axially from lower stages to last stage but alseesis up within the blade channels in the
radial direction. These are termed as leakages thentip of the blades especially in the un-
shrouded free standing blades. The steam issuihdrau the tip of the blades strikes the
casing with a certain intensity and frequency. Tieguency of striking corresponds to the
product of speed of rotation and number of bladded as blade passing frequency (BPF).
This phenomenon is simulated in the experiment Withmetallic fan. The leaked air issues
out from the tip of the blades. A metallic ring anal the blades represents the casing. On the
ring, a microphone is mounted in such a way thdages the tip of the blade to measure

intensity and frequency of air pressure striking timg.
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In the latter half of this chapter, an analyticalusion is presented to the phenomena
observed in the experiment. It was demonstratet wihan the rotating blades vibrate, the

intensity of air pressure striking the ring redusegificantly as measured by the microphone.

3.1 Problem Definition

The aim of this study is to arrive at a robust jsgl of detecting blade vibration non-
intrusively. For any operating power plant a notmtisive method of detecting blade vibration
is most desirable from implementation point of vidwnlike for the bearings and shatft, the
rotating turbine blades are not directly accessibiemeasuring its vibration. The proposed
method relies on technique which does not needngasensors in the steam/gas flow path
inside the turbine. The blades rotating insidedaging are strongly coupled with the casing
structure in the presence of the working fluid/gathe turbine. The entire environment inside
the casing is filled with general random noise tusteam/gas flow, deterministic steam/gas
pressure pulsations corresponding to the rotor dspme®l pulsations caused by blade of
different stages of the turbine. All these randond a@leterministic steam/gas excitations
coexist in the volume of the casing identified exdpvely as white noise, 1X component
(shaft speed) and BPFs of different stages assedminte the rotor. Each turbine stage
generates its own unique frequency and amplitugeexsure pulsation. The turbine casing is
subjected to excitation by each of these indepehderisting pressure pulsation signals and
the casing responds with appropriate deflectioreddimg on the impedance at each of the
deterministic frequencies.

The rigid casing responds to internal pressuregbioiss with amplitude proportional
to the intensity of pulsationskigure 3.1 shows typical response of rigid comporaving

natural frequency, excited by forcing functiom <<< w,. The Figure also shows plot of
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phase between response and force function. It easebn that when <<< o, the ratio of
amplitude of response to amplitude of forcing fumttis equal to one and the phase is equal
to zero. That indicates that the rigid flangesh# tasing transmit low frequency vibrations
without any distortion.

The proposed method deals with analysis of thengasignal through separation of
the dominant periodic components related to blaidbeatron contained in the stochastic
portion of the casing response to the dynamic predteld inside the casing.

Figure 3.2 shows schematic cross section of ineida turbine and accelerometer
mounted on the casing. The location of the acceleter on the casing is chosen such that
impedance of the location is conducive for pickung even low intensity signals without
distortion. Since the range of measurement is Jargerder to cover high and low frequency
signals, the accelerometer is mounted with studsassrl on to the casing. Typical frequency
spectrum of casing measured by accelerometer nomt¢he casing is shown in Figure 3.3.
The prominent hump around 30 KHz is the mountedmabfrequency of the accelerometer.
The Figure3.3 indicates that the steam flow exoitatnside the turbine is essentially wide
banded extending beyond 50 KHz. In the low freqyergion of the band, the discreet peaks
correspond to blade passing frequencies (BPF)fterent turbine stages. BPF is the product
of speed and the number of blades in each stageeflarged view of the lower frequency
region is shown in lower part of Figure 3.3. Tharfaolor bands in the lower zoomed
spectrum shows the position of the four BPFs ingbectrum. If the number of blades in a
stage is 96 and the shaft speed is 1500 rpm (23hen)the BPF of the stage will be at 2400
Hz. Figure 3.4 shows two individual spectrums. ©he in red color is during when no steam
is flowing in the turbine and the spectrum in baator is when the steam flow is established
in the turbine operating at 300 MW. BPF peak appedren the steam flows on the blades.

Hence the presence of BPF component in the sigrtale to impingement of steam issuing
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radially outward from the tips of the blades. Tteam works on the blades and the leakage

steam is thrown in the radial direction. The rigasing responds to steam excitation at BPF.

Accelerometer

Figure 3.2 Schematic of turbine casing and positioaiccelerometer on the casing

The amplitude and the feature of the casing resgpah8PF depend on the condition

of the tips of the blades of the stage.
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Figure 3.3 Wide band frequency response of thengasi

44



: :
| ;

Ty TTE STOSERES SRFRES TR FERSETS [SERSE QIS SIS IR e

Er | | [ | | I| | | | | |

g l b | ! N | an [ | g 1 |

= hw.-ﬂ::'k"l.a.,f'* .-J-.L e L ﬂl"wi“ LA 4‘1 ""*‘*‘"IA"‘-J""“"':*,,W u_,l--; N L r: A ,-*1

@ r e h:""‘. - { e AU | A | . Wy .{Inu-\-.l-;._. . "

& W Lo |¢:' 3 J ,.L-'\ f Y | ..-.\ X " . H W l‘\‘.-“-_‘__ h-*- " N \ -

R == NS S e A= i S A =

- | | [ | | | | ' [ |
| | | . ' | | ! |
2200 2600

Frequency (Hz)
Figure 3.4 Individual spectra of BPF at 2400 Hz.

Every stage in a turbine generally has differemhber of blades. That makes BPF of
each stage different and well separated in theuéegy spectrum. As the presence of BPF in
the signal is due to rotation of the blades intthvbine, all the attributes of the BPF namely
the amplitude at BPF, the long term trend of thelgade, modulation of its amplitude etc
have to be directly related to the condition of tiede. Identifying the relationship between
the character of BPF and the dynamics of turbirseldd is the problem definition of the

thesis. This is presented in the next Para.

3.2 Relationship between BPF and Blade Vibration

Laboratory experiment was carried out involvingatotg fan and jet of air to excite
the blades of the metallic fan. The fan in the getimulates the rotating turbine, its blades as
turbine blades and the air jet is meant to exbiéellades of the fan to vibrate.

Figure 3.5 shows schematic of the experimentalpsé&ibe fan wheel is coupled to a
variable speed motor for experiments at differgpeesls. With different fans consisting of
different blades were tested at different speed® pressure in the air jet was varied to

optimize excitation on the blades. In order to @ase the amplitude of blade vibration at its
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resonance, the air jet nozzle was connected takesHor vibrating at required frequencies.
Such arrangement enables fixed frequency excitativer and above the white noise

excitation imparted by the air jet. The jet of simulates non-synchronous excitation on the
blades similar to turbulent steam excitation onrtitating turbine blades inside the casing. A
dynamic pressure transducer is mounted on a rigtste enveloping the fan and facing
towards the tip of the blade. The transducer pibksair pressure pulsation due to rotation of
the fan. As the ring structure was not rigid enqughbcelerometer could not be used.
However, the information in the dynamic pressuresee in the experiment is similar to

information in the accelerometer signal obtainednfthe turbine casing. As covered in

Figure 3.5 Schematic of experimental setup

chapter 2, the acceleration signal of the turlsi&ng is the result of excitation of the casing
by pressure fluctuations in the steam/gas turbine.
Speed of the fan was chosen such that the BPFandahfrequency of the fan blade

is not influenced by any other vibration in theugetBefore the test, natural frequency of flap
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wise mode was identified by modal testing usingutep hammer. The fundamental modal
frequency was at 182 Hz. Figure 3.6 (a) showsukeaqy spectrum of pressure signal. The Y
axis is in pressure units. The peaks marked irFtgare correspond to speed of the fan and
the BPF of the fan. The speed was 24.5 Hz and Bie Bas at 220.625 Hz. Figure 3.6 (b)
shows the same spectrum as in Figure 3.6 (a) exoepicrease in the amplitude at natural
frequency of the blades at 181.250 Hz and decriease amplitude of BPF. The decrease is
about 1.3 mPa. Increase in the amplitude of nativegjluency was achieved by the air jet
excitation. The pressure transducer is able to areasot only the BPF but also the signal
corresponding to the blade vibration. The analgbmwvs that the amplitude of BPF decreases
when the blades vibrate. This cause and effectioakhip connects BPF and the natural
frequency of the blade. The other frequency peakbe spectra like 400 Hz and about 450
Hz are frequencies of the local acoustics generdiedto air impingement during operation

of the fan. Experiments were also carried out withcked fan blades to analyse the
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possibility of detecting cracked blades using thme technique Table 1 shows amplitude of

BPF and the amplitude of the blade natural frequenc

Table 3.1 Amplitude of BPF and Blade Natural fragmein the setup

S.No| Amplitude of BPF (mPa) Amplitude at blade natural frequency (mRPa)
1 7.0 15
2 6.21 2.0
3 5.08 2.4
4 4.87 2.6

The proposed method of detecting blade vibrati@mugih simulated experiments was
successful in connecting BPF and the natural freguef the blade. Steady amplitude of
BPF indicates no blade vibration whereas varyinglaode of BPF indicates blade vibration.
The experiment also showed that for a given fanning at constant speed the amplitude of

BPF is not affected by any other variation exchptlilade vibration.

3.3 Close Form Equation to Predict Reduction in Magnitude at
BPF Dueto Blade Vibration

Mathematical solution was attempted to show thatmwblades vibrate the amplitude
at BPF reduces. Figure 3.7 shows illustration déting pressure wave inside the casing
alongwith the blades. BPF is sinusoidal pressureewatating inside the casing as shown in
the If there are N numbers of blades in a stagetithe varying pressure in the casing can be
written as
P(t) = A Sin () (3.1)

whereo is BPF in radian/sec and A is the amplitude.
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Rotating blades Rotating and vibrating blades

Figure 3.7 lllustration of pressure wave insiderdine & effect of blade vibration

Out of N blades if one blade sets into vibrationdeflects from its equilibrium
position and introduces lag in its arrival timeaagiven position in comparison to the other
blades in the stage. It is assumed that the ridtacpuency of the blade is significantly lower
that the BPF of that stage which is true for theglblades of LP turbine.

The amplitude at BPF with one blade vibrating camiitten as

P (t) = A{(N-1)/N Singt) + 1/N Sin (ot +¢)} (3.2)

If M number of blades vibrate, this relationshigbmes

P (t) = A {(N-M)/N Sin (@t) + M/N Sin @t+e)} (3.3)
When one blade out of N blades vibrates, its cbation to over all amplitude reduces by 1/N
when taken with the delay in phase with respecioto vibrating blades. The remaining (N-1)
blades contribute more to overall vibration amplélA without any delay. As more and more
blades vibrate, contribution for the reduction ekall amplitude increases when delay in
phase is considered with respect to non vibratiagds. When all the blades vibrate, due to
phase delay with respect to condition of no blaitheation, the amplitude reduces. Amplitude
of BPF is always compared with conditions whenhlaeles are vibrating with that when the
blades are not vibrating. In an operating plant nitee blades are constantly vibrating,

amplitude of BPF remains constant. Only on a larghtamplitude trend of BPF, this can be
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identified. The curves are obtained by running Mditlprogram written to solve equation 3.2.
Vibration of more and more number of blades leamsigher phase difference and the
amplitude of P (t) decreases as shown in FigureTh8 single sinusoidal wave characterizes

oscillation of BPF.
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Figure 3.8 Amplitude reduction with increase in gdahift due to blade vibration.

Figure 3.9 shows reduction in the magnitude oft)Pwith increasing phase angle due to

increasing magnitude of vibration of the blades.
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3.4 Closure

The proposed method of detecting blade vibratienldesen successful in relating BPF and the
natural frequency of the blade in simulated expents. Constant amplitude of BPF
component indicates no blade vibration whereas gihgnamplitude of BPF component
indicates blade vibration. The experiment also stithat for a given speed of the fan, the
amplitude at BPF is not affected by any other Ve except for the blade vibration.
Amplitude of BPF is the intensity of impingement aif issuing from the fan blade on the
casing during rotation of the fan. In the experim#me impingement intensity is measured by
a pressure transducer. When the blades vibrateintaesity of impingement reduces and
hence the amplitude of BPF reduces. The next chdetribes application of the proposed

technique in turbine blades of an operating plant.
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Chapter 4

Application of Blade Vibration Detection Method on Low
Pressure Turbine of 900 MW Nuclear Turbine

The application of the of the proposed blade vibratletection technique to the LP
casing of the turbine operating in 900 MW nucleawer plant is further discussed in this
chapter. In an operating plant, it is not possiblexcite a blade by a jet of air as was done in
the previous chapter. However, the long blades tamwdency to vibrate due to slighest
excitation by the flowing steam. As listed in Craa, there are several known and unknown
reasons for the blades to vibrate. In the hostdara environment, especially towards the last
stages in a nuclear turbine, blades vibrate [23][6hong many reasons, the primary reason
for the the blades to vibrate is during the tramsiecreated during power alteration. It is
normal for the plant operators to alter the powenegation, however small, in a day or at
least in a week.

As brought out in Chapter 3, the BPF of any stagie information carrier about the
blades of the stage. The underlying phenomenombtedource of BPF is same, be it a fan,
steam turbine, gas turbine or compressor. Besitiesresponse of the casing in all these
cases due to excitation by BPF can be easily meddoy general purpose accelerometers

mounted on the casing. As the BPF is in kHz rangmn dor the last stage of LP turbine, the
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distortion to the BPF component by the rigid casgess. Hence, the deterministic BPF in
the casing vibration signal can be readily ideatifon any turbine.
In this chapter, the application and validatioriraf proposed blade vibration detection

technique on LP turbine of a 900 MW Nuclear turbane presented.

4.1 Problem Definition

The turbine in the nuclear plant consists of 1 iHB 2 LP. Each LP has 9 stages. The
o™ stage is the last (exhaust) stage with 58 frerdstg blades. The rotating speed of the
turbine is 1500 RPM (25 Hz). The numbers of blades the other stages and the

corresponding BPFs are given in Table 2 below.

Table 4.1 List of BPFs and number of blades inldlse6 stages of LP turbine

Stage No| Number of blades BPF (Hz)
9" 58 1450
g" 96 2400
7" 152 3800
6" 204 5100

General purpose accelerometers were mounted origieparting plane of the LP
casing and casing vibration data was recorded dpie defined interval. Figure 4.1 shows
the BPF component of all the last 4 stages betweeentry of the steam in the turbine and
after the entry of steam. The red and the bluelaxkespectra in the Figure show the two
cases. The BPF peak is distinctly present in tleetspm indicating the ease of obtaining BPF

form the casing.
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In an operating plant there are no provisions tibdeately induce vibration in the
blades to analyze the effect of blade vibrationtbe amplitude at BPF. However, the
literature on dynamics of the blades in steam enwirent say that the last stage long blades
do vibrate during transients and sustain until redoy returns to mode of operation. In the
following, we describe the results of analysis loé recorded casing vibration data during
certain transients in the form of change in powemegation which is adjusted based on the

grid demand.

4.2 Casing Vibration Analysis

The first approach was to identify the processdiemts that could be significant and
has potential to induce vibration in the bladesifddeént power generation level from the
generator is achieved by different steam flow ia thrbine. As the proposed technique is
uniquely dependent on the presence of steam incéiseng for transfer of blade related
information to the casing, vibration data captulaedng power change was analyzed.

Figure 4.2 shows the overall trend of power ford&ds. On % day the plant was
generating about 540 MW. This was changed to 810 WiW¢h continued for two days and
then reduced back to about 510 MW. This duratiors walected for detailed analysis.
Vibration data acquired for about 5 minutes in gv&hours was analyzed and an averaged
spectra was generated for every 2 hours. In al§p@@tra were generated for detailed analysis
over a period of 72 hours.

Figure 4.3 shows 3D waterfall spectra of all ti& spectra are generated from FFT
program from the acceleration time signal measbsedccelerometers mounted on the casing

of the LP turbine close to the parting plane. TiRFERomponent of 9th stage at 1450 Hz can
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be seen prominently in the centre with nearly steatiplitude. The other peak is the side
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Figure 4.1 BPF peak of the last four stages medduwen the casing of LP turbine
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band to BPF spaced 25 Hz away from it. The othi biand appears due to modulation of
BPF by the speed signal at 25 Hz. There were redighle changes in the amplitude trend
of BPF. The amplitudes are in mG units of accelenatThe other peaks are side bands to
BPF due to its modulation by turbine speed spa&ttiz2on either side of BPF. The peak at
1350 Hz in the 9th stage may be 54th harmonic efsipeed component (25Hz). It has been
found to be inconsistent in its appearance in geetsa. The accelerometers are mounted on

the outer casing of one LP turbine near the paglage.
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Figure 4.2 Trend of Generated Power and CurreB90fMW turbine
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Figure 4.3 Waterfall spectrum of showing BPF Bfs@age at 1450 Hz.
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Figure 4.4 shows BPF component df Stage at 2400 Hz seen prominently in the
centre. Side bands spaced + 25 Hz on either sidBRN can also be seen caused by

modulation of BPF of B stage by the speed component at 25 Hz.

Amplitude (mG)

2360 Frequency (Hz) 2440

Figure 4.4 Waterfall spectrum of showing BPF Bfséage at 2400 Hz.

Additionally, the BPF peak can be seen with sigaifitly changing in amplitude
starting from the 9 spectra. The first 12 spectra correspond to sigregbtured on the®day
and so ¥ spectra correspond to signal at 18 hrs. As caseba from Figure 4.2 at around 18
hrs the power changes from 510 MW to around 750 MWe additional steam flow
demanded for increased power generation has cdheeamplitude at BPF to reduce. The
long blades are susceptible to vibration due toaghan quantity steam and the local steam
path across the blades. In case'dfage blades the steam turbulence increased dieaim
extraction port on the downstream. Such disturbsraze known to cause blade vibration

known as steam extraction noise induced blade tioraSpectra with reduced amplitude at
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BPF continue till the 30 spectrum corresponding to 12 hrs noon 8hday. From 3%
spectrum, the amplitude at BPF increases whichespands to power generation of slightly
less than 510 MW. The trend of amplitude at BPRrduthe entire 30 days of data was found
to follow the trend of power generated.

The BPF peak at 2400 Hz is a sine wave signal nhayc steam pressure impinging
on the casing due to rotation df 8tage blades. Abrupt reduction in the amplitugee¢ta in
RED) during operation at higher power (> 810 MW}uatly signifies reduction in the
intensity of pressure signal. As mentioned in Caaft such reduction in amplitude at BPF
cannot be explained without the participation @& thades. While the BPF continues to be at
2400 Hz as the speed of the turbine does not chaedection in amplitude of BPF needed
more investigation. When BPF and the blades areexiad as cause and effect relationship,
further analysis was carried out to assess theatipgrcondition of the blades at different
power.

Having established the relationship between angsditat BPF and natural frequency
of the blade, the possibility of blade vibration smaeeded to be realized in an operating
turbine. From the nature of known sources of ekomaon the blades, which are either
harmonic or random, the blades significantly vierah one of its natural frequencies
described in Chapter 2 Para 2.2.2. As fatiguecdgnamon factor in all types of blade failures,
the lower modes have higher potential to contriliatéatigue in the blade. Additionally, the
long blades get excited with little disturbance arlorate in the fundamental mode. The
fundamental natural frequency of long blades ismadly within 100 Hz for long blades.
Casing vibration was analyzed to investigate thaadiof blade vibration.

Figure 4.5 shows water fall spectrum in the freqyemand of 70 to 100 Hz. The red
and the blue spectra are identically numbered d&3guare 4.4. A continuous and prominent

peak is seen at 75 Hz with same amplitude. 75 Hzsponds to "3 harmonic of the speed.
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This comes because of the residual unbalance itutbae rotor. In the close neighborhood,
a peak at 78 Hz appears in the red colored speotrasponding to power of around 810
MW. The blue colored spectra on either side ofrdte colored spectra correspond to power
generation around 500 MW. The color of the speistrshown in red and blue to emphasize
the presence or absence of the peaks in discugsitims case the presence or absence of 78
Hz component. As can be seen in the Figure 4.5rdggiency peak at 78 Hz is seen only in
the red colored spectra. As each spectrum is gemukernce in 2 hrs, the 22 red colored
spectra correspond to 44 hrs of operation. Thahessay that for 44 hrs, the blade was
vibrating at 78 Hz.

In the turbine, the steam issues out of the tifhefrotating blades and impinges on the
casing at a regular frequency termed as BPF at BBORmplitude of BPF is a measure of
force of impingement in a narrow circle on the desiof casing at BPF. Accelerometers
mounted on the casing senses these forces asraticelesignal. If the rotating blade is also
vibrating, the intensity of impingement reduces doesmeared action of impingement on
wider circle on inside surface of the casing eveugh the frequency of impingement (BPF)
remains the same on account of no change in thedsplerotation and number of blades in
the stage remaining the same. Hence amplitude BfrB&uces when the blades vibrate.

From the Campbell diagram of thd' 8tage, provided by the manufacturer, it was
confirmed that 78 Hz is the first mode of the fetending blades of*Bstage. On reviewing
Figure 4.5 and Figure 4.6 together, it can be seanwhen the blades vibrate the amplitude
of BPF reduces. This relationship is exactly simitathe relation established between BPF
and the natural frequency of the blade in the expat explained in Chapter 3, Section 3.2.
The reason for the blades in th8 Stage to vibrate is due to increased steam turbele

caused near the steam extraction port on the dosamstof & stage. Figure 4.6 shows cross
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section of the exhaust side of the LP turbine. Buacreased steam flow during increased

Amplitude (mG)
L '-'
. N e e -

Frequency (Hz)

100

Figure 4.5 Waterfall spectrum of casing vibratiblowing blade natural frequency at 78 Hz

power generation (510 MWe and 810 MWe), the steamsenincreases near the steam

extraction port. The random steam noise exciteblgmes to vibrate.

Steam Extraction

Figure 4.6 Cross section of exhaust side of theds$ing
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In a separate CFD steady carried out by M/s Hitatis shown that the steam eddies
formed due to steam extraction excites the blagle#btate significantly. Such excitations are
random in nature and so the blades vibrate in lon@de natural frequency. Figure 4.7 shows
CFD results provided by M/s Hitachi [27]. The eddiermed due to steam extraction excites

the blades to vibrate in their lower mode.

No steam extraction i
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Steam extraction

Random extraction caused by turbulant flow

Figure 4.7 Results of CFD study carried out by Mitschi [27]

4.3 Closure

The application of detecting blade vibration tecju@ by analyzing casing vibration acquired
on LP turbine of a 900 MW nuclear power plant wasdnstrated. As described in Chapter
2, the long blades are excited by several knownuarkthown sources in a steam turbine. In
this chapter, it was demonstrated that the bladeate in its natural frequency due to random
steam excitation caused by steam extraction. Theatmng blades reduce the amplitude at
BPF thus validating the conclusion of Chapter 3vds also demonstrated that by trending the

amplitude at BPF, which is easily measureable ftloencasing vibration data, it is possible to
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detect blade vibration in an operating power pl@ihe consistent results obtained in chapters
3 and 4 demonstrate the robustness of the technigoen diagnostic point of view, it is
important to identify the condition at which theabés have tendency to vibrate. In this case,
increased steam noise due to steam extractionowrsko be the cause of blade vibration.
This helps in validating the Campbell diagram o€ tetage provided by the turbine
manufacturer. Before an individual blade fails doethe high vibration, the blade has to
vibrate along with other blades in one of the id@at modes. By detecting the mode of blade
vibration by the proposed method, we can say tiektis a possibility of stray blade to fail if
the blades continue to vibrate.

The subsequent chapters deal with the vibratiotudfine blades under plant load

operation.
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Chapter 5

Study of Vibration of Turbine Blade Subjected to Part
L oad Operation

In this chapter, the application of blade vibratdetection technique on the turbine
operating at part load is looked in to. In almostrg power plant the turbine operates at part
load for significant portion of time. This is alsalled off design condition. Such operation
could be due to various reasons ranging from loid demand to technical problems for
running at full load. During off design operatidhe steam conditions vary along the steam
path due to reduced steam mass flow. There areszoheifferent pressure, radial flow,
counter flows and flow recirculation (flow instah#s) etc. Such operating conditions are not
healthy for the blades. They lead to blade vibratihich in turn can lead to blade failures.
Unit operation with reduced mass flow also causesiction of the steam flow velocity. This
results in change in incident angle on the bladmalthe leading edge (change of stage
velocity triangle). The flow entering into the lormades of exhaust stage with negative
incidence angle strikes the suction surface oftilagle airfoil and excites the blades. The
pressure fluctuation, flow recirculation and cowrftews in conjunction with the negative

incidence angle flow striking on the blades induiteation in the blade [29].
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We recreate low load and low vacuum condition f@hart time in an operating plant
to excite the long blades. Casing vibration acqudaring the part load operation is analyzed

to trend the amplitude at BPF.

5.1 Problem Definition

The turbine operating at part load is a 220 MW PHWIRIlear power plant. The
turbine has one HP module and one LP module. Stzdars LP from the centre and splits
into left and the right LP. Each side of the LP sists of 5 stages. Thé"Stage blades are
laced, 4" stage blades have lacing rods and fA¢d31™ stage blades are shrouded at the free
end. Due to inadequate heat transfer capabilityhef moderator system, the plant was
operating at 165 MW. The long last stage blades9@temm long and laced. There are 78
blades in the last stage and the turbine operatg80® RPM (50 Hz). The intended purpose
of the lacing wire is to damp unwanted blade vibraby the action of friction. To a large
extent the introduced lacing wires are effectiveamtrolling blade vibration. If the damped
blades have to vibrate with significant amplituthes process has to be perturbed.

In the following, the method adopted to perturb ltedes to vibrate and the analysis

results of recorded casing vibration data acquigthg part load operation are described.

5.2 Casing Vibration Analysis

The first approach was to identify the processdierts that could be significant and
has potential to induce vibration in the blades.ilé/the approach is to trend the amplitude at
BPF, to influence changes in the amplitude it wasessary to certainly induce vibration in
the blades. Low vacuum in the condenser is onenpgtea that has potential to induce blade

vibration due to change in the steam incident amglethe blade along the leading edge
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(change of stage velocity triangle). Thus thevflentering the long blades of exhaust stage
with negative incidence angle due to low vacuurikedrthe suction surface of the blade's
airfoil and excites the blades. Such vibrationhe blade is also called self excitation. Under
self excitation the blades vibrate at natural fesgry and it continues until such condition
prevails in the turbine. Casing vibration data aegliduring low vacuum in the condenser is

analyzed.
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Figure 5.1 Variation of turbine load, condenserwan and speed with time

Figure 5.1 shows variation of power, speed, andiwacin the condenser. For about
15 minutes between 17:29 and 17:44 hrs, the coedefasuum reduced from -700 to -680
mm HG and power reduced from 155 MW to 152 MW. Tad line with arrow at ends
indicates the duration of low vacuum. During theated transient, casing vibration was
analyzed. Figure 5.2 shows the waterfall spectrifRF of the last stage for the identified

15 minute duration. The waterfall spectrum is aledi by analyzing the acceleration time
65



domain signal measured by the accelerometer mowmteétie casing of the LP turbine. The
time domain signal is converted to frequency spectand all the spectra are cascaded in
waterfall spectrum. The prominent peak at 3884sthe BPF. The amplitude of BPF shows
a pattern of variation. Comparison between Figuteahd 5.2 shows similarity between trend
of turbine process (power and vacuum) and amplitteted of BPF. When vacuum decreases,
the amplitude of BPF decreases and then recoveisvidlaen the vacuum is normalized. As
shown in Chapter 3 and 4, in the present casdlie@mplitude at BPF reduces for a transient
existing or created externally inside the casihgvds earlier consistently shown that primary
reason for amplitude at BPF to reduce is bladeatitm. The relation between reduction of
amplitude of BPF and blade vibration at naturafjfiency was established in Chapter 3. If
that has been validated, it was important to amayrd detect signal of blade vibration during
part load operation and re-establish the relatietwben BPF with natural frequency of the

blade. Casing signal was analyzed in the low fraqudand.
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Figure 5.2 Waterfall frequency spectrum showing BPRst stage LP blades
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Figure 5.3shows the waterfall spectrum in the band of 101-20A frequency peak
at 107 Hz emerges above the background during Emuwm in the condenser accompanied
by low load. As brought out earlier, the last stegglaced at the free end which inhabits blade
vibration. In spite of the effect of damping, tleevlvacuum condition in the condenser is able
to excite the blades and the low level of bladeatibn is transmitted to the casing. As the
last stage blades are laced, all the blades viatiate with similar amplitude in the first mode.
The method does not detect vibration of individisddde but detects combined stage
amplitude with respect to background. This metlsoa demonstration of the sensitivity of the

technique to capture even low level of blade vibraf30-33].
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Figure 5.3 Waterfall spectrum showing blade natfremjuency at 107 Hz

The time duration during which, the amplitude ¢tBreduces and increase of amplitude
of 107 Hz in the low frequency spectrum shows aelmatch. This comparison establishes
direct relationship between BPF and blade naturadjuency. This relationship closely
matches with the results given in section 3.2. FtbenCampbell diagram provided by the

manufacturer it was confirmed that 107 Hz is thestfimode of the long blades. An
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independent result published based of finite elémedeling of the last stage blades confirm
the first mode and its frequency close to 107 Hgute 5.4 illustrates the mode shape of the
combined model of disk and the blades. In this madlehe blades vibrate axially in phase
with respect to the turbine shaft. Such a moddsis ealled an umbrella mode. This mode
happens to be the lowest mode and the one which egedily excited during transients as

explained in section 5.2. This mode is 0-0 modédlustrated in Figure 2.9.

Figure 5.4 1st Mode shape (Umbrella) and frequéh@y.7098 Hz) of the last stage [34 ]
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Table 3 shows results obtained by two differentlighlbd works. The results in S.No. 1 are
published by J. S. Rao and results of S. No. Zpawduced by BHEL from the test done in
Hyderabad. Both are for the same stage of therterbiThis work was done by the author
with reference to turbine fire accident in Narotanaic power station in 1993. The turbine in
Narora plant and the turbine dealt in Chapter Sadnglentical design. Thus, the results are

relevant and comparableThe present work is consistent with the results liphed

independently.
Table 5.1 First mode frequency of the last stdgdda disk
S. . Bladed
No. Single blade Disk Bladed flexible | ;4
Disk -
disk
1 760 Hz
FE method 107.7098 Hz
Published[34] 10202 Hz (1 Nodal Umbrella Mode | 113H?
Diameter)
2 103 Hz 107 Hz
Test (Tunnel testat |  ------------- (Result of present
BHEL) wor k)
5.3 Closure

The application of detecting blade vibration tecjug on a turbine operating at part load is
demonstrated in this chapter. In the present daseblades were inhibited to vibrate even
under part load operating condition because ofetffiect lacing wire. Blade vibration was

induced by slightly lowering the vacuum in the censer under part load. Under low
vacuum, a correlation was established between asiage value at BPF and blade vibration in
first mode. The results are consistent with theliphed work done by other researcher and
the blade manufacturer (BHEL). Whatever be the aedsr blade vibration, if they are

vibrating it transmits the signal to the casing s#oesponse can be used to detect blade

69



vibration. The consistent results obtained in Céap8, 4 and 5 demonstrate the versatility of

the technique.
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Chapter 6

Application of Present Technique on Detecting
Compressor Blade Vibration in a Power Plant
The versatility of the detecting technique is destrated in this chapter by applying it
on a compressor of a 250 MW gas power plant. Themggoressure fields in the casing due
to the pressure profiles around the rotor bladesedarmonically varying pressure field
inside the casing. In addition, vibration of indiual rotor blades causes modulation of the
rotating pressure profiles around the rotor bladtegias shown in Chapters 4 & 5 how the
steam turbine casing vibration can be analyzeddfmtucing blade vibration parameters.
Compressors in a gas based power plant comprelsesn¢oming air and sends the
pressurized air to a burner chamber from wherehtiteand pressurized gas is directed to a
turbine to rotate and generate power. Unlike thng Iblades in LP turbine in a steam based
power plants, blades in compressors are short, ,wate very rigid. However, under
conditions conducive for vibration, rigid bladessalvibrate. There are many reported
incidences of blade failure primarily due to fatggu
We demonstrate the effectiveness of the detecgohnique on compressors which

had incidences of repeated blade failure due tanderstood reason.
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6.1 Problem Definition

Like in steam turbines, in axial flow compressdie flow proceeds throughout the
casing essentially parallel to the axis of the nmaehThe compressor consists of adjacent
rows of rotor blades and stator blades. The rdemds are mounted on the rotor drum and the
stator blades are fixed to the casing. The blade®faaerofoil section based on aerodynamic
theory. The air stream follows the blade contoure Bnnulus area is reduced from inlet to
outlet to keep the flow velocity constant wherdaes air pressure increases by flow of air in
the diverging passage of the moving blades. Thaostay blades aid in increasing the
pressure energy by diffusion process and in guidimgflow from lower stages to higher
stages without shock.

The first 4 rows named as R1 to R4 consists 028634 and 36 blades respectively.
Figure 6.1 shows typical cross section of axiaWfloompressor. The rotor rotates at 3000
RPM and the air that also flows radially impingestbe casing. The temperature on the outer
surface of the casing at the inlet end does nathrédagh (100 degree C) and so general
purpose accelerometers can be mounted on the cdsirtge following, we describe the

application of detecting blade vibration by anadysi casing response.

Compressor blades R1, B2, R3, R4
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Air inlet

Casing mounted accelerometer

Figure 6.1 Typical cross section of axial flow cawgsor
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6.2 Casing Vibration Analysis

Casing vibration analysis was carried out on a wgylplant. Figure 6.2 shows water

fall spectrum of casing vibration response in tl@d of 200 to 550 Hz. The vertical lines

correspond to harmonics of the rotor speed. Thesalao called engine orders which excite

the blades if the blade natural frequency happensoincide with the engine orders. The

diagram provided by the turbine manufastuessentially gives the same

Campbell

in Figure 6They indicate steam excitation

information as given by the spectrum

frequencies in a turbine. Due to speed variatiba, Higher harmonics do not coincide with

multiples of 50. The higher harmonics are nothing the engine orders shown in the

Campbell diagram. Whereas the™liflarmonic must have coincided with 500 Hz but due t

synchronous speed being less than 3000 RPM tfiehafmonic is coinciding with around

478 Hz. Just beside the Mharmonic, a frequency appears consistently fortime of

recording.
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Designers normally tune the components of the cesgars to ensure sufficient margin
between any natural frequency and the engine otdethis case however one frequency
appeared very close to"l®armonic. To make sure about the origin of thgdency, it was
required to create a short transient in the opsgatiompressor. In the available option,
dropping of load was acceptable to the operatoydrBpping the load, the air intake into the
compressor gets disturbed from normal conditior).[35

During the measurement, the load was dropped byM¥0 for 10 minutes and
normalized. Water fall spectrum of casing respangée band of 200 to 550 Hz during load
drop is shown in Figure 6.3. As a consequencead lrop, the unknown frequency close to

10" harmonic responds and moves closer to tifehEdmonic as can be seen in Figure 6.3.

Natural frequency

" of the blades in
10th engine m:::_ler row R3

Duration of Load Drop

e — —t e

oN |edioads

Amplitude (mG)

Frequency (Hz)

Figure 6.3 Water fall spectrum of casing vibraiesgonse during load drop

Figure 6.4 shows amplitude trend of BPF of row Ri3e dip in the amplitude can be
seen when the load was dropped after confirmingémsitivity of the frequency peak to the

transient, modal test was performed on the comprdsdades on a spare rotor stored in the
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plant to identify the natural frequencies of thadas. As the blades are short in size, the effect
of centrifugal force on the blade's natural frequeis expected to be less and so the natural
frequency measured in static condition will be elts the natural frequencies during rotation.

Table 4 shows the measured natural frequencidgedilades in rows R1 to R4.
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Figure 6.4 Amplitude trend of BPF of row R3

In order to verify the natural frequency of theddan row R3, experimental modal
analysis test was carried out with instrumentedulsg hammer and accelerometer. One
accelerometer was placed on one blade and the kaderapped with impulse hammer.
Rowing hammer method was adopted. The impulse Isigmé the response signals were
analyzed using an analyzer to obtain frequencyoresp function. The averaged frequency
response function in real and imaginary mode waaiogd as shown in figure 6.5. The peaks
in real and imaginary plots marked with arrows anel the natural frequencies of the blade.

The first bending mode is detected at 508 Hz. Teguencies listed under row R3 in Table 4
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can be seen in the graph of Real and Imaginarg plotone of the previous accidents in the
plant, blades in row R3 had repeatedly failed.

Table 6.1 List of natural frequencies of the blaithe$ rows of the spare rotor

Row R1 (Hz)| Row R2 (Hz)| Row R3 (Hz)| Row R4 (Hz)
1A-575 1F-456 1A-508 1A-346
1T-796 1T-606 1T-740 1T 590
865 912 2F-975 865
1F-968 2T-1228 3F-1462 1040
2T-1165 2F-1331 2T-1659 1212
1306 1659 3T-2353 1337
2F-1493 3T-1881 1731

1606 3F-2250 2T-1928
3F-1903 A: Axial F: Flap T:Torsional
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Figure 6.5 Frequency Response Function of row R8ebl
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The tell-tale mark on the failed cross sectionhef blade shown in Figure 6.6 indicate
fatigue due to axial mode. excitation. Becauselageness of the axial mode around 508 Hz,

to the 18' engine order as shown in figure 6.3, the bladeddn fatigue.

Failed R3
Blade

Crack Origin

.
5
£
¥

“
&
|
g
B

Figure 6.6 Cross section of the failed blade wighadh marks
The beach marks indicate active axial mode. Thdysisaconfirmed that the axial mode
blades are continuously excited by"lftarmonic. Harmonic excitation of the blades le@ds

high stress in the roots leading to eventual failur

6.3 Closure

Casing response effectively carried the informmatabout blade vibration of the
compressor during operation. The amplitude at BPFow R3 reduces when the load was
dropped establishing the relationship between BRF the natural frequency of the blade.
The modal analysis carried out on the static blades found acceptable for rotating blades.
Even though the blades are short, wide and riggtili vibrates continuously due to harmonic

excitation by the 10 engine order. The tell-tale beach marks on tHedaurface of the blade
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confirmed that axial mode of the blade is excitgdH® 18" harmonic. The Campbell diagram

of the stage confirmed axial mode at the frequenegisured by modal analysis.
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Chapter 7

Numerical Investigation of Fluid Structure I nteraction
between Blade and the Surrounding Steam
In this chapter the model of actual LP blade isjexibd to condition conducive for

self excitation. Self excitation in long steam fineb blades sets in at low load and low
condenser vacuum when the tip of the blades vibrdiee frequency of vibration during self
excitation is the natural frequency of the bladeit€often the turbines operate at low load
accompanied by low vacuum in the condenser duariation in the condenser cooling water
temperature. The blade vibration modulates thevstmad the steam in turn excites the blades.
This phenomenon of exchanging energy between steairthe blade continues as long as
conducive conditions prevail in the turbine In mgogwer plants in India, due to wide
fluctuations in energy demand and temperature ofimgp water, the off design condition
regularly prevails. Vibration induced in the bladkge to such self excitation causes fatigue
that could lead to failure on a long run. To asshesbehavior of the blade under simulated
low load and low vacuum condition, fluid structungéeraction using standard finite element
package was carried out. In the following, we pnésiee results of fluid structure interaction
between the blade and the surrounding steam methamsimulates flow along the top

leading edge of the blade at an angle that indseké®xcitation.
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7.1 Problem Definition

In fluid structure interaction, the fluid domain most conveniently described in
Eularian reference frame while the structure iscdbsed in Lagrangian formulation. A fluid
flow field can be thought of as being comprisedaofarge number of finite sized fluid
particles which have mass, momentum, internal gnexgd other properties. Mathematical
laws can then be written for each fluid particldisTis the Lagrangian description of fluid
motion. Another view of fluid motion is the Euleni@escription. In the Eulerian description
of fluid motion, change in flow properties at aifltelement that is fixed in space and time
(x,y,z,1), rather than following individual fluidgpticles.

However, these formulations are incompatible ay tiheed continuous adaptation of
the mesh without modifying the topography of thesmeln problems involving large
deformation within the computational domain it isngrally difficult to adapt the mesh
quality. This is normally overcome by continuoupirforming re-meshing using Lagrangian
formulation. Re-meshing however introduces art@idiffusivity and would be difficult to
perform the computation with sufficient robustn@sS8D problems. This problem is solved
by use of Lagrangian multiplier. The method alloesipling of fluid and structural domain
with dissimilar element distribution using Lagraagi multiplier in a fictitious boundary
representing the actual structure.

The governing equations for viscous incompressdlhld in a closed domain are
1. Conservation of mass
2. Newtonian second law ( conservation of momentura)diange in momentum equal
the sum of forces on a fluid particle
3. First law of thermodynamics (conservation of Engrthe rate of change of energy
equals the sum of rate of heat addition to and wlorke on the fluid particle.

These have to be satisfied for the entire fluid Ima@dics problem.
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In many situations of general interest, the flongases is compressible: i.e., there are
significant changes in the mass density as thdlgas from place to place. For the case of
compressible flow, the continuity of mass and th@mmantum equation is augmented by the
energy conservation equation, as well as thermadimaelations that specify the internal
energy per unit mass, and the temperature in tefrie density and pressure.

Conservation of mass in Eularian description i®gity,
Z—’Z +V.(pu) =0 (7.1)

In two dimensional flows, it is given as,

ap , @ d _

5 T3, () +£(,017) =0 (7.2)
Conservation of momentum in Eulerian descriptiogiven by,

Vo+f = p( +uVu) (7.3)

In two dimensional cases, this becomes,

aG'x ao—xy _ ou 6_u a_u

x4 2 +fx—p( +u6x+vay) (7.4)
T iy = p (S rus vy 7.5
ox fy=r Usx V% (7.5)

Oy , Oy, are total stress components

fy, fyare body force vector

Total stress components in terms of viscous stteagponents and hydrostatic pressure is
given by

Gx: Tx - p ,Gy: Ty - p an(b'xy = Txy (76)

The Newton's law of viscosity relates viscous stresith velocity gradient. Hence for
isotropic Newtonian fluid

du  0Jv

ou
a¢— andt, = 2u— 3y andrxy = 2p,(— +— ox (7.7)

L = viscosity of fluid
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Conservation of energy for incompressible fluigéxpressed as

oT oT oT 2t d2T
pc(§+ua+v5)—K(ﬁ+ayx2)+q+<p (7.8)

C = mean heat capacity at constant volume

g = internal heat generation
k = thermal conductivity of the isotropic fluid
¢ = viscous dissipation

For the structure, Lagrangian description of motisnused to express the global
conservation laws. Because of the fixed materiakafids, the conservation of mass is
satisfied. The Newton’s second law of motion seissfconservation of momentum and in
isothermal condition, the energy conservation issBad by considering the equation of
motion.

The primary concern in fluid structure interacti@®l) is computation of fluid forces
that act on deformable structures [36]. Hydrodymaforces act on the structure which is
modeled to carry out dynamic analysis to predittrfe, stresses, damage etc. Application of
FSI methods help to predict the fluid forces bywsa the governing equations and using
appropriate coupling between fluid and the struetdrhe coupling between fluid and the
structures computes coupling forces on the FSI.chupling algorithm computes the contact
force to be applied from the fluid to the structared the other way around. The nodal forces

at the contact interface are updated at each tiepets account for the contact forces.

7.2 Modeling Long Turbine Blade

A single blade has been modeled to examine theteffietangential flow and off-
tangential flow on the vibration characteristicstioé blade. The stainless steel blade is 945
mm long and weighs about 19 Kg. As per the Campubagiram, the first mode of the blade is

107 Hz. In Section 4, detection of vibration otblade for casing vibration was discussed.
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In order to closely match the blade geometry, tivéase coordinates of the blade was read by
Coordinate Measuring Machine (CMM) into CAD toolli8ewvorks software. These curves
were imported in pre-processor tool; Hyper-mesiRADIOSS finite element solver. As the
root of the blade is not important to the presé&mdys, it has not been shown. Cross sections of
the blade at the two end i.e. bottom and tip weeshad with 2-D shell elements in such a
way that each of them have similar number of eldmalong the curve and at the same time
fine enough to capture the bending moments. Theebis modeled as 8-noded brick (Hex)
elements. Dynamic analysis of the blade confirntemd first bending mode at 105 Hz. This
simulates free standing blade in the turbine. RAB®Jinite element solver was used to solve
simulation of dynamics between the blade and tlmesuoding fluid [37]. Since the blade is
submerged in the fluid domain, the fluid is modebsd rectangular domain enclosing the
blade. Figure 7.1 shows the meshed blade houdbe meshed fluid domain.

Primary objective of modeling the fluid and theusture is to assess the response of
the blade to the fluid jet that strikes the leadmalge of the blade at design angle of incidence
and large angle of incidence. This simulates stemmlence angle on the blade during full
load and high vacuum in condenser and part loada@amdacuum in condenser respectively.
In the fluid model, fluid velocities are definedal the leading edge equivalent to speed of
the blade. A typical set of finite elements inchglshell, solid, bar, and spring elements, rigid
bodies as well as loads, number of materials, andact interfaces available in RADIOSS is

used in the study.

7.3 Fluid Structure Interaction

To accommodate interaction between blade and thd, fmaster-slave approach is
adopted. Lagrangian elements of the blade actsaatsemnode and Eularian elements of the

fluid act as slave node. When the slave node ¢oise proximity and is within the predefined
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gap from the master elements, a spring elementaglelsd between master and the slave node
which remains active until slave node goes beybedyap value. The energy and momentum

between master and slave is exchanged via theisg gdements. Choosing the gap value and

Figure 7.1 Model of the blade and the surroundiaigl f

the interface stiffness value are crucial for aacyrof modeling. In this case 1.5 times the
average size of Lagrangian element is chosen agapédetween blade boundary and fluid.
The spring stiffness is computed by using maximiund fvelocity, its density and gap value
[36].
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Blade vibration due to interaction with the jet sitam flowing across the blade at
different angle of incidence is analyzed. The amglecidence changes due to reduced steam
flow and high back pressure. Blade vibration sastaintil the negative incidence angle is

maintained. Due to large angle of incidence, asveha Figure 7.2, blades vibrate.

- - - Loow load high exhaust pressure
—— Normal operation

/

¥ _' Inlet angle

.'*-' Flow separation
Blade i

Figure 7.2 Steam inlet angle on the blade.

Blade vibration modulates the flow around the b$adad vice-versa. This phenomenon is
called self excitation of the blade. Figure 7.3wsdhe flow of steam across the cross section
of the blade. Figure 7.4 shows gross oscillatortyneaof vibration corresponds to the first
bending mode of the blade at different angle oidiecce.

It can be seen that as the angle becomes morantpktude of oscillation of the blade
increases indicating severity of stall/ self exemia. The model of the blade behaves in

similar manner as seen in the operating plant 88][
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Figure 7.3 Flow of steam across the blade
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Figure 7.4 Increase in blade vibration due to latgam inlet angle
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7.4 Closure

Self excitation in long steam turbine blades setati low load and low condenser
vacuum when the tips of the blades vibrate. Thgueacy of vibration during self excitation
is the natural frequency of the blade. Quite oftebines operate at low load accompanied by
low vacuum in the condenser due to variation in ¢bedenser cooling water temperature.
The blade vibration modulates the steam and thersia turn excites the blades. Until this
condition prevails in the turbine the blades vibratits natural frequency.

There is limited work reported on simulation offsekcitation in turbine blades
especially in steam turbines. Chapter 5 demonstiades the technique was successfully used
for detecting self excitation in last stage bladéslue to part load operation. This chapter
demonstrated self excitation in the blades by swimg condition conducive for self
excitation under fluid structure interaction in@vmercial finite element package. The blade
and the steam were modeled separately and theicguipétween the two was achieved
through interface spring element between master dlade element. The results of the
simulation study closely matched with the resuftmmeasurement carried out in the operating
power plant. The turbine mentioned in section Sogrates at part load that is 220 MWe
turbine operates at 165 MWe. The reduced powersksd steam flow. At such part load,
the steam incidence angle becomes negative. Duedative incident angle of steam, the
natural frequency of the blade is excited and issueed on the casing at 107 Hz. In the
simulation also, it is shown that the amplitude naitural frequency of the model blade

increases. The increase is shown in time domaihdter illustration.
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Chapter 8

Conclusions, Contributions and Future Work

This chapter presents the main conclusions of tbe&k wlone under comprehensive
study on the detection of turbine blade vibratiom principle there are many techniques
proposed by researchers and academicians baseldedaktoratory models with intrusive
sensors for either blade tip timing measuremengt@n measurement by mounting strain
gages directly on the blade. In most of the cadestechniques are either complicated to
implement or offer limited direct information abotlte health of the blade. The following
conclusions are derived on the proposed methodetid#cting blade vibration based on the

analysis of casing vibration.

8.1 Conclusions

The new method of detecting blade vibration haslseecessful in relating BPF and
the natural frequency of the blade in the simulaegderiment involving variable speed fan
and air jet impingement. Constant vibration amplguat BPF indicates no blade vibration
whereas varying amplitude at BPF indicates blateation.

The new method was implemented on low pressurénteidf a 900 MW nuclear power plant

and demonstrated that long blades vibrate in itsirabhfrequency due to random steam
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excitation caused by steam extraction. The residsely match with the results of simulated
laboratory experiment.

The new method was successfully implemented foedtiety long blade vibration
induced by part load operation in 220 MW nucleaw@oplant. The blades vibrate due to self
excitation caused by low load and low condenseuwarccreated in the turbine temporarily.
Blade vibrates until the condition conducive todaavibration prevails in the turbine. The
measured blade natural frequency during plant dipereclosely agrees with published
results.

The new method was applied on compressor of 250VBY twirbine to detect
compressor blade vibration. Even though the bladesshort and rigid, they are excited by
transient created by suddenly lowering the loadhenturbine. The measured blade natural
frequency closely agrees with the natural frequendicated in the Campbell diagram of the
compressor stage.

The phenomenon of self excitation in turbine blades to part load operation was
simulated in a commercial finite element packagaidg with fluid structure interaction. The
increase in amplitude of blade vibration at it makufrequency due to variation in the
incidence angle of steam impingement on the leaddyge was demonstrated.

The new method is easy to implement even on a wgrkurbine. The signal analysis
technique can be easily implemented without prongssith complicated signal processing
tools. The strength of the blade related vibrasmmals can be measured by general purpose

accelerometer mounted on the turbine casing.

8.2 Contribution

Primary contribution of the work done is towardsoleing a robust but simple

technique of monitoring turbine blade vibrationsnsaotrusively through analysis and
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successful application of the technique on opegaturbines of different class, make and

design. This has been demonstrated successfultiiédvenefit of power industry.

8.3 Future Work

There are still many reported incidences of blaakife in power plants. In most of
the root cause analysis reports, the tell-tale sark the failed surface point to strong
presence of fatigue before failure. This indicapessibility of blade vibration leading to
micro cracks and its growth with time. The preseoterack on any part of the blade has a
potential to fail during operation. As a part otute work, the blade vibration monitoring
technique will be carried forward to detect crackedades in the turbine. The technique of
detecting blade vibration in an operating turbimenbined with detecting crack in the blade
during operation will be able to address monitorithgg overall health of the turbine

comprehensively.
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