SLDV TECHNOLOGY FOR MEASUREMENT OF MISTUNED BLADED
DISC VIBRATION

A thesis submitted to the University of London

for the degree of Doctor of Philosophy

Dario Di Maio

Department of Mechanical Engineering

Imperial College London

May 2007



Abstract

Bladed discs are very sensitive structures and the amplitude vibration of each
blade can vary significantly from blade to blade due to a series of factors such as
geometrical inhomogeneity between blades or material properties. These factors
lead to bladed disks mistuned thus the forced response amplitudes can be much

higher than the level predicted for a tuned assembly.

Designed models need to be “validate” to predict the response of a real bladed
disc within the tolerances set by the manufactures and this process is very
expensive as well as difficult. The validation process needs “reference data” as
fundamental input against what all predictions can be compared and validated.
Data that can be provided both under stationary conditions and under rotating
conditions and the latter is the most difficult to achieve, especially for bladed
disc assemblies which are very sensitive to any structural modification as it
could be attaching a transducer to measure vibrations. There are contact-less
measurement techniques available which, however, provide limited information

because they can measure only limited areas of the vibrating structures.

The aim of this study is to design measurement methods, using a standard
Scanning Laser Doppler Vibrometer (SLDV) and to integrate it into a software
platform which will be able to handle a series of measurement tasks both under
stationary and rotating conditions. The main contribution of this thesis is to
extend the use of Continuous Scanning LDV (CSLDV) to the rotating structures,
such as bladed discs, thus to perform synchronous measurements. Hence, a
bladed disc is needed to be designed to perform vibration predictions and
measurements and a mathematical model of the measurement test to control,

critically, all possible sources of errors involved in measurement under rotating

-11 -



conditions; all these to produce a robust measurement method. While the
primary focus is the measurement method, the study also extends to evaluation
of the sensitivity properties of the bladed disk test pieces that are the object of

the measurement tool.

- 1ii -



Acknowledgements

I would like to express my gratitude to my supervisor Professor David J. Ewins.
As a Master and Commander, he gave me the guide and the freedom to experience
the passion for the scientific research during these years. I also acknowledge his

great patience and guidance during the writing up of this thesis.

Special thanks are due to Mr. D. Robb, Mr. A. B. Stanbridge, Mr J. Miller and P.
Woodward for sharing with me their professional and working skills, from

which I could gain such useful experiences.

Thanks to A. Tuchinda, E. Wing, M. Martarelli, H. Elizalde, M.Cand, W. Liu, G.
Chen, E. Petrov, I. A. Severe, S. Nayagam, C. Zang, S. Huang, M. Nikolic, G.
Girini, C. Schwingshackl, Professor J. Griffin, D. Feiner, all ERASMUS students
and many others for having shared with me this wonderful inter-cultural

experience.

Thanks to Professor Enrico P. Tomasini and Dr. L. Scalise for having given to me

the chance to start this long journey.

I acknowledge the financial support of the US Air Force which entirely funded

this research.

Special thanks are due to my parents because without them I would not be here

enjoying this life. Finally, thanks to S. Montagnino and D.D.M.

-iv -



Nomenclature

Ve, Real component of the vibration
Vi Imaginary component of the vibration
Q Rotational speed

® Vibration frequency

t Time

R Radius

Q o Radial LDV scan rate

Q, o Circumferential LDV scan rate
&, &, Mirrors’ rotation angles

S, S, Mirror’s constants

VoV, Mirrors’ voltages

a Generic angle

Rotation of the laser head around Y axis

Y Rotation of the laser head around X axis
dx Offset of the laser head along X axis

dy Offset of the laser head along Y axis

L Distance of the laser head from the target
c Distance between X and Y mirrors

T Initial angle

o, 0, X-Y mirrors phase lag

o(t) Phase along the circumferential direction
F Force

X Coordinate in the rotating frame of reference
{4} Eigenvector

[K] Stiffness matrix



Mass matrix
Damping matrix
Damping loss factor

LDV scan rate

Vibration in z-direction

Rotation vector

-vi-



Abbreviations

BL

NS

UR

P

ODS
LDV
CSLDV
T-CSLDV
MF
DAC
EO

DC

AC

TTL

Buffer length

Number of samples

Update rate

Pulses

Operational Deflection Shape
Laser Doppler Vibrometry
Continuous Scanning LDV
Tracking-CSLDV
Magnification factor

Digital Analogue Converter
Engine Order

Direct Current

Alternate Current

Transistor-Transistor-Logic
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Chapter 1 Introduction

1 Introduction

1.1 Overview

The research described in this thesis aims to develop a new vibration
measurement methodology using the Laser Doppler Vibrometry (LDV) principle
to investigate the vibrations pattern of the bladed discs which are used in gas
turbines, both under stationary and rotating conditions. Bladed disc vibration
amplitudes are known to be seriously amplified and varied from blade to blade
due to the scatter in blade geometry or due to the variation in material
properties. The phenomenon of having non-identical blades due to these kinds
of variations is called mistuning and the distribution around a bladed disc is
called a mistuning pattern. This pattern is generally random and unknown to the
manufacturer and the user when installed. This problem has been the primary
concern of many research studies and researchers working on this topic have
developed several numerical models to represent the bladed disc assemblies to
facilitate prediction of the relevant behaviour. All the numerical models
produced need to be validated against real data acquired from real bladed discs
to check the reliability of the numerical models. Different vibration

measurement transducers have been used during the past to acquire the
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Chapter 1 Introduction

response of the blades during their operating conditions but the process is
difficult. The transducer that would offer a great advantage in the study of the
mistuning problems is the LDV system thanks to the contact-less feature of the
vibration measurement which does not affect the dynamic behaviour of the
blades and the mistuning pattern of the bladed discs. Since the installation and
the enhancement of scanning mirrors into the head of the laser, two important
measurement techniques have been developed in recent years: the Continuous

Scanning LDV (CSLDV) and the Tracking LDV technique (TLDV).

Blade vibration response prediction has been extensively studied at Imperial
College, and, as a result, several numerical models have been developed. The
Continuous Scanning LDV (CSLDV) technique is a relatively new innovative
vibration measurement method developed in the past 8 years at Imperial
College. The purpose of the present study is to ensure that mistuning analyses,
such as those carried out at Imperial College, are effective for the design and
manufacture of bladed discs. In order to achieve this, a new powerful vibration
measurement tool has to be designed to perform vibration measurements of
bladed discs during rotating conditions running in a well-controlled test rig.
This is essential since testing at full-scale level is generally difficult and
inadequately controlled and that could lead the measurements analysis to an

improper interpretation of the results.
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1.2 Definition of problem

The laser Doppler vibrometry (LDV) method operates by detection of a Doppler
frequency shift, fo, in the light backscattered from a vibrating surface. This
backscattered light from the target is optically mixed with a mutually coherent
reference beam and heterodyned on the photodetector surface. Frequency
demodulation of the photodetector signal produces a time-resolved voltage of
the target component vibration. The traditional way to use the LDV is as a single
point sensor which measures the spatial vibration pattern by discretely stepping
the laser beam through a succession of predefined grid points marked on the
target. The introduction of the scanning device, made up of two mirrors having
orthogonal axes which deflect the laser beam towards the target, and a video
camera into the head of the laser head constitute the so-called Scanning Laser
Doppler Vibrometer (SLDV). The SLDV system enhanced the performance of the
measurement tests. Actually, now, over the image of the target, acquired by the
video camera, a grid of points can be defined which can be scanned one-by-one
automatically by the laser beam driven by the scanning mirrors. The Continuous
Scanning LDV (CSLDV) method is a vibration measurement method that has
been developed at Imperial College and is a step forward of the use of the SLDV
system. CSLDV is a type of spatial field measurement where the SLDV system is
employed as a velocity transducer whose laser beam can be continuously

scanned over the vibrating surface of the target so that, ideally, all the points
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constituting the surface are addressed and measured. The main concept behind
the CSLDV method is that the laser beam, scanned continuously along a path of
a structure vibrating sinusoidally at any excitation frequency, o, will give a
modulated LDV signal output whose frequency spectrum contains a set of
sidebands which describe the vibration pattern. Then, the LDV output signal
acquired can be post-processed to obtain the Operating Deflection Shape (ODS)
of the structure under study. The CSLDV technique overtakes some limitations
of the traditional acquisition point-by-point performed using the SLDV system
in step scan mode, the most important of which is the time consumption of the

full measurement test.

A brief overview of the deliverables and milestones of the project supporting
this study will help the reader to have a better understanding of: (i) the Dynamic
tield on which the CSLDV method will have to operate and (ii) how this method
has to be enhanced to achieve the final goals. The project is divided into a set of
hard deliverables, some of them as reported below:
1) Literature survey of CSLDV methods for Rotating Structures
2) Numerical simulation of the CSLDV method for stationary and
rotating Structures in order to understand and to optimize its
application in practice

3) Blisk Testpiece design
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4) Suite for CSLDV measurement methods of Stationary and Rotating
Structures

5) Vibration Tests on Non-Rotating and Rotating Mistuned Testpieces

This study must aim to move a further step forward on the development of the
CSLDV technique for the vibration measurement of structures under rotating
conditions, in order to provide measured data and so to validate the numerical
models of the structures under study. The new measurement tool must be able
to perform vibration measurements of rotating machines during operating
conditions which are, for the actual study, rotating bladed discs. The SLDV
system will have to track a rotating target and to measure its vibrations
continuously during the rotation of the target. It has to work both at fixed point
on the structure or simultaneously scanning across its surface and, for the
specific case of rotating bladed discs, up and down the length of the blade.
Therefore, in order to define paths, such as a straight-line, to be scanned on the
surface of the rotating target, some functions have to be studied and coded to
feed the scanning mirrors. Actually, whatever path chosen to be scanned on a
rotating target, a rotating frame of reference coordinate system, will be achieved
by coding such functions in a stationary frame of reference coordinate system.
Then, according to the functions developed to drive the scanning mirrors, it will

be possible to check both the performance of the scanning device and those
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problems which will arise at different frequency scan rates. Once the SDLV
system can perform tracking measurements, it will be necessary to post-process
the data acquired using the CSLDV technique. The acquired data will be
analysed and studied carefully in order to understand which sources of noise
or/and additional components can pollute and lead to misinterpretation of the
data for the reconstruction of the ODSs of the structures under tests. When the
enhanced CSLDV technique for vibration measurements of rotating structures is
reliable, it will also be possible to use the CSLDV measurement method to gain

valuable info for validating models (of bladed discs).

1.3 Objectives of the study

The solution strategy to achieve the final goal, which is represented by the
CSLDV method for vibration measurements of rotating structures, can be
divided in a series of phases:

1) A literature review of measurement techniques based on the LDV method has
to be produced, focussing the review for vibration measurement studies of
structures under rotating conditions.

2) A detailed FE model of the test piece will have to be prepared. At this stage,
the model will be assumed to be verified since none of the dynamic
characteristics of the structure are compromised during the modelling.
However, the bladed disk must satisfy a number of important criteria which

were set at the beginning of the design process:
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2.1) The family of 1% torsional modes has to be ‘above’ the family of 2™ flap-
wise modes by a few tens of Hertz at 0 rev/min.
2.2) The veering region has to be localized at around 4-6 nodal diameters at 0
rev/min.
2.3) The two families of curves have to be fully separated, meaning no overlap
between them, at 2400 rev/min.
The surfaces of the blades have to be wide enough to easily perform a scan using
the CSLDV method.
3) A Virtual Test Simulation (VTS) software package has to be developed so to
be able to reduce the level of uncertainty of the LDV signal output and to have
all the parameters which have to be taken into consideration under optimal
control.
4) The next phase of this study will consist in the conversion of the numerical
models, developed under the simulation processes, into the actual functions
feeding the scanning mirrors and thus in the production of panels to control the
scanning laser device itself. All the information gathered by the simulation
processes will be used in order to reduce the time consumption both during the
real measurement set-up in the laboratory and during the analysis of the data

acquired.

-25-



Chapter 1 Introduction

5) The final stage of the thesis will present true applications of all measurement
methods developed. Results of vibration measurements under rotating

conditions will be produced.

1.4 Overview of the thesis

This thesis presents a theoretical and, consequently, an experimental approach to
the development of the continuous scanning LDV techniques under rotating
conditions. Besides the main focus of the thesis, the design of the test piece, a 24-
bladed disk, and the updating of an existing test rig are also presented. During
the design process, a study focussed on the bladed disk geometrical

optimization could be explored and one chapter is dedicated to that.

Chapter 2 presents an overview of CSLDV methods developed during the past
years and some possible applications. This chapter, then, introduces all tracking
techniques performed on moving structures using LDVs, to conclude with some

applications on bladed disk measurements.

Chapter 3 focuses on three main aspects of the synchronous measurement
methodology: 1) Scanning mirrors description and the role played by an external
time base clock for sampling the X-Y mirrors waveforms, 2) possible sources of
misalignment presented as mathematical models and 3) the study of X-Y
waveforms and their codification into a control panel for performing tracking

tasks.

Chapter 4 is focused on the design of the test piece, a 24-bladed disk, and on the
description of the test rig design. The geometrical shape of the blades forced the

development of a specific laser beam pattern to be traced over the surface in
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order to measure the Operational Deflection Shape (ODS) under rotating
conditions. Then, the chapter evolves through the description of the test rig
presenting the original design and the updated one to meet the new
measurement requirements such as ODS and FRFs measurements at speed.
Three possible ways to perform the excitations on rotating targets are also

explored.

Chapter 5 introduces briefly the software platform CAISER MYMEASIS. The
main focus of this chapter is on the virtual test simulations (VTS). These are a
reproduction of real vibration measurement tests but resolved in mathematical
models to be run in any computer. To help the understanding of the simulator
panels, the chapter develops along an introduction of VTS to go into the
Operational Deflection Shape (ODS) mathematical concept followed by
Polynomial curve fitting concept to conclude into the simulator panels’

explanation and practical use of them for time signal predictions.

Chapter 6 provides some examples of tracking CSLDV measurement methods
used during the past years. The chapter logic path follows the order of tracking
methods complexity and starts from the Point Tracking to conclude with Area
Tracking method. Several examples of measurements are provided for all three
techniques and for the first time an ODS of whole 24-bladed disk, measured
under rotating conditions, is shown. The software platform, CAISER MYMESIS,
designed to control all measurement methods is presented, at this time, and the

acronym of the software name is explained in detail.

Chapter 7 focuses on the study of the geometrical sensitivity of bladed blisk to
geometrical variations when a datum random mistuning pattern under both

stationary and rotating conditions is superimposed. The research focuses on the
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change of forced response ratio between mistuned and tuned FE models of
which a high number was constructed. By plotting the highest forced response
ratios of all FE models we should be able to see whether a geometrical variation

can affect amplitude response of mistuned models
The overall conclusions are summarized in Chapter 8. The degree of success in

achieving the task undertaken is discussed and some recommendations in the

furthering of the work performed here are presented.
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2 Literature review

2.1 Overview

The aim of this chapter is to present a survey of vibration measurement methods
for moving components based on the laser Doppler vibrometry (LDV) concept.
Since the 1960s, the laser Doppler system has been continuously developed to
meet the needs of industries requiring a reliable transducer for non-contact
vibration measurement, especially for measurements on moving structures. That
goal has been achieved by enhancement of the performance of the scanning LDV
system installed into the head of the laser and the consequent development of
two important measurement techniques: the Continuous Scanning LDV

technique (CSLDV) and the Tracking LDV technique (TLDV).

The laser Doppler vibrometer operates by the detection of a Doppler frequency

shift, f,,, in the light backscattered from a vibrating surface. This backscattered

light from the target is optically mixed with a mutually coherent reference beam
and heterodyned on the photodetector surface. Frequency demodulation of the
photodetector signal produces a time-resolved voltage analogue of the target

component vibration.

The traditional way to use the scanning LDV is as single-point sensor which
measures the vibration pattern by discretely stepping the laser beam through a
predefined grid of points marked on the target. By coupling the LDV with a

scanning device, made up of two mirrors having orthogonal axes, the laser beam
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can be precisely deflected towards pre-selected measurement points. The
assembly of the two systems, laser sensor and scanning device, constitutes the
so-called Scanning Laser Doppler Vibrometer (SLDV). The SLDV system
performs point-by-point scan that means the predefined acquisition points on
the target are measured by the laser beam one-by-one. At each stage the

acquired information is saved therefore, there is a high time consumption.

The Continuous Scanning LDV is a type of spatial field measurement that aims
to overcome the limitations of conventional contacting transducers. The SLDV
system is employed as a velocity transducer whose laser beam can be
continuously scanned over the vibrating surface of the target. Ideally, with
CSLDV method all the points constituting the surface are addressed and

measured in few seconds.

Tracking LDV (TLDV) is a type of measurement that opens a new era in the
measurements of moving structures. Actually, making use of its scanning
mirrors, the laser beam in a conventional SLDV can be moved to perform

measurements tracking a point of the structure under operating conditions.

The possibility of combining these two methods, performing continuous scan
measurements tracking a structure during its operating conditions such as
rotating bladed discs, could offer enormous advantages.

Hence the CSLDV and TLDV can easily overtake the limitations occurred using

other measurement methods for rotating structures.
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2.1 Introduction

During the last few years, automotive industries and aero engine manufacturers
required to perform tests on moving components. New measurement methods
able to save time and new transducers able to measure whatever target without
contact have been always required. Since 1960s, Laser Doppler system has been
developed to satisfy the needs of these industries and new measurements
methods have been designed to work with such a device. The Laser Doppler
vibrometer offers a great advantage to measure the velocity of a vibrating target
without contact. It is an effective alternative of a traditional contacting
transducer which is unable to be used on hot, light or rotating components. The
aim of this document is to offer an overview of vibration measurement methods
developed in the last decade based on the LDV concept. Continuous scanning
LDV (CSLDV) and tracking LDV (TLDV) methods will be presented in the first
two parts of this paper. The introduction of scanning mirrors into the head of the
laser opened a new era in approaching to the measurement methodologies. They
offer a reliable possibility to measure the vibrations while the laser beam is
scanned over a grid of points, previously defined over the surface. That
technology has been further developed, allowing the system to perform a
continuous scan over the target, comparing to the traditional, SLDV, discrete
point-by-point approach. The fastest signal processing to get the ODS of the
investigated test piece has been also developed [1]. When the scanning mirrors
are driven by particular software that permit to the laser beam to track a point
on a moving structure, then a Tracking LDV has been yielded. The system
operating in tracking measurements opens a wide range of applications over the
investigation of moving structures. A survey of the turbo machinery blades
vibrations measurement by LDV and fibre-optic LDV will be illustrated in the

third section. Last part of this document will illustrate the employ of the LDV
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and its developments in torsional and bending vibrations occurring in rotating

shafts.

2.2 Continuous Scanning Laser Doppler Vibrometry

2.2.1 Introduction

Often it is important to investigate the vibration of moving components during
their operating conditions in order to understand what vibration mechanisms
are at work. Even if the actual measurements are very difficult to perform, they
may be of considerable importance in, for instance, rotating discs such as turbine
bladed discs or brake discs or gear-wheels. The Scanning Laser Doppler
Vibrometer offers a great advantage in such measurements thanks to the
particular capability of being able to measure the vibration of a moving object
while the acquisition point is being scanned over the surface. The scanning
device, installed into the head of the LDV, allows us to scan the laser beam
continuously along a straight line, or around a circle, or in an arc, or over an area
if it is properly driven by sinusoidal functions. Measurements performed using
CSLDV techniques are applicable equally for targets in stationary condition and
in rotating condition. All the parameters to perform continuous scanning LDV
are controlled by the user, hence no external input from other transducers are

needed.

2.2.2 Vibration measurements of moving structures using the

CSLDV technique

In general case [1], a straight line scan on a stationary structure vibrating at
frequency, o, will give a modulated LDV signal output whose frequency
spectrum contains a set of sidebands. The straight-line scan is achieved by

imposing to the scanning device a co-sinusoidal signal: x(¢) = Acos(€2,,,¢) where

-30-



Chapter 2 Literature review

Quov is the frequency scan rate and A is the amplitude. The vibration response of

the LDV beam direct to trace a straight-line scan at frequency of Q.ov will be:

ZV cos” (Q,,,)cos( ZV cos” (Q,,,t)sin(ar) 2.1)

Expanding out trigonometrically, multiple terms arise at frequencies (@ +n<Q,,, ),

which are called upper and lower sidebands and they are symmetrical respect to
the central frequency . Their values, in magnitude and phase, can be used to
derive the Operating Deflection Shape (ODS) of scanned pattern. That
measurement method can be applied to the vibration measurement of the
moving timing belt [2]. The spectrum of the measured LDV signal will have a

symmetrical set of sidebands spaced about the frequency scan rate.

A circular scan on a stationary circular structure vibrating at frequency, o, will
give a modulated LDV output whose frequency spectrum contains a couple of
sidebands corresponding to several different nodal diameter components in the
measured vibration pattern (an ODS) [1]. When the laser beam is driven by
horizontal and vertical mirrors fed by two sinewaves equations
x(t)=Rcos(Q,,,t) and y(¢)=Rsin(Q,,,t), respectively, a circle of radius, R, is
traced. The vibration response of the LDV beam direct to trace a circle scan at

frequency of Q will be:

p

v, (£) =V cos(ax)+V,, sin(ﬂ)+2{% cos(w—nQY,,, )t + Vao ;VIO cos(w+ nQLDV)t} 2.2)

n=1
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The vibration velocity then consists of harmonic components at frequencies

(w+nQ,,,) and its spectrum can be seen as a collection of sideband pairs spaced
at (w+nQ,,,, ) about the vibration frequency, w.

This technique can be extended to the measurements of vibrating of rotating disc
[3], [1]. Since the rotation of the disc about, Q, the response frequencies are
modified. Actually, if a sinusoidal excitation at frequency, ®, in a non-rotating
frame of reference can be applicable to the rotating disc, n-diameter ODSs are
excited, in the local, rotating disc coordinates at two distinct

frequencies (w+nQ). When the laser beam scan a circle at a frequency rate,Q,,,,

the actual scan speed over the vibrating surface of the rotating disc will be

(Q,,, —Q). Under that circumstance the vibration response of the LDV signal

will be:

v, (a,t) 2%005[(0)—11(29—(%” ))t]+

Ve +V,
+%cos[(a)—§2wl,)t:|+

Vi +V, (2.23)
+—

5 10 cos[(a)+QLDV)t:|

wcos[(a)—kn(ZQ—wa ))t]

As result, there are four frequency components in the SLDV output spectrum for
each diametral order. They appear as sidebands, spaced by multiples of the laser

beam speed relative to the disc, n(Q,,, —Q), centred on the disc
frequency (w+nQ).

The application, [2], of the circular-scan LDV is also suitable to wheel-road

contact deflection measurements on automotive tyres.
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Sometimes under certain circumstances, it can happen that the optical access to
the disc is restricted and then it could be convenient to scan around an arc of a
circle arranging the scan to be sinusoidal, so that the scan position « is
described by the equationa(t)=0®cos(Q,,,?), [2]. That is equivalent to a
sinusoidal straight line-scan where the line is curved around into an arc. The

spectrum of the measured LDV signal will have two symmetrical sets of

sidebands, equispaced about the scan frequency, Qiov.

The circular-scan LDV and the arc-scan LDV are also suitable for vibration
measurements on irregular rotating structures, such as rotating square plate [2].
The arc-scan spectrum is much more complicated comparing it to the circular-

scan spectrum.

Last continuous scan technique, [3], that can be presented for vibration
measurements of rotating disc it is area-scan LDV. When the scanning mirrors
are driven by two equations x(f)=(R,+R,cos(Q,_;,,))cos(Q, ;,,¢) and
() =(R, + R, cos(Q,_,,1))sin(Q,_, 1) , respectively, where Q, ,,, is the circle-
scan frequency and Q _,,, is the radial-scan frequency then two different area-
scans can be performed. Actually, if Q_,,, >Q, ,,, the scanning circle will then

spiral in and out to cover an annular area or, if Q <Q, ,p, then a ‘daisy’

r=LDV
scan is produced in which the laser beam scans to and fro along a radius which

sweeps at lower frequency around the circular area.

Speaking about this vibration measurements approach, it is appropriate to refer
to some problems which can arise when using the laser beam scanned
continuously. One of them, [1], is speckle noise that it is noted at certain points

in the spatial field of the velocity information measured by the LDV, it appears
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as occasional velocity drop-outs. Speckle can cause several problems because it
can become synchronous with the vibration, leading to a severe harmonic
distortion. Another problem using the circular-scan LDV method is that the laser

beam is deflected by two scanning mirrors separated by some distance, d_,

driven by cosine and sine functions. This arrangement will not necessarily yield
a perfect circle for the scan but an ellipse carrying some additional components
in the signal measured by the LDV [4]. Nevertheless, this problem can be
resolved by employing different amplitudes for cosine and sine mirror drive

signals.

2.3 Tracking Laser Doppler Vibrometer

2.3.1 Introduction

As illustrated in the previous section, a rotating structure such as a disc can be
measured using CSLDV approach. In some other situations to investigate the
dynamic behaviour of a moving object it is necessary to measure a point or some
points on the structure during operating conditions. That could be done tracking
these acquisition points. A tracking system can be arranged by enhancing the
performance of the Scanning Laser Doppler Vibrometer (SLDV), making use of
its scanning mirrors to move the laser beam during measurements to follow the
motion of the target structure. As mentioned in the previous section, all the
parameters to perform continuous scan are totally controlled by the user. Using
the tracking measurement approach, the user needs of additional devices, such
as state sensors, to provide external input to the functions driving the scanning
mirrors. In this section, we shall present an overview of the vibration

measurements carried out using such as approach.
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2.3.2 Application of the Scanning Laser Doppler Vibrometer to
tracking a target point on a moving structure (Tracking LDV-

TLDV)

The enhancement of the performance of the scanning laser Doppler system
offers many advantages both for the suitability of monitoring the target under
operating condition and because it could allow to eliminate any relative velocity
between the laser spot and the surface, thus reducing the optical noise like the
speckle noise and improving the Signal-to-Noise ratio (SNR) [5]. Depending of

the specific application different configurations of TLDV can be developed.

Tracking LDV approach was used to measure rotating disc vibrations, [6] and
rotating bladed disc vibrations, [7]. The laser beam was controlled so as to follow
a fixed point both on the rotating disc and on the rotating blade. Those
arrangements required driving the scanning mirrors respectively by sine and
cosine signals causing the laser to trace a circle on the surface of the projection.
The rate at which the laser control signals were updated was controlled by a
pulse-train rate coming from the shaft encoder. It assured that perfect tracking of

the rotating target is achieved even when speed variations occur.

An important application where the TLDV approach has being used is in the
vibration measurements of the automotive components such as timing belts,
tyres and windscreen wipers.

The timing belt, [8], covers a wide range of applications in the transmission of
the motion between two rotors. In order to track a linear motion that is realised
by the belt for a certain period of its revolution between two pulleys, both

scanning hardware and control software have been designed.
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A test bench, made up of a drum on which surface a tyre was rolling, has been
used to study the vibration occurring on the side-wall of the tyres. Hence SLDV
configuration had to be configured to track a point on the side-wall of the
rotating target [9].

Even a circular-scan LDV approach can be used to track a point on a rotating
structure as carried out for the previous task. Actually if the scan frequency,
Qupv, of the cosine and sine functions driving our scanning mirrors is set equal to
the frequency Q of the rotating tyre it makes us able to perform tracking

measurements [4].

Three different Tracking LDV system versions have been developed to perform

vibration measurements on the windscreen wipers.

For the first method, [10], an advanced version of the TLDV has been developed
for specific applications. In particular the so configured TLDV system is able to
work with unknown a-priori motions through the application of a couple of
sensors able to detect the actual position of the target point. In this way the rigid
body motion of the object is subtracted and the vibration time history on each

point of the grid can be measured with high sensitivity and accuracy.

A second system, [11], proposes an innovative approach to the tracking task. The
arrangement of the system is more complicated because of an additional CCD
camera employed with the SLDV system. Two scanning mirrors are the
actuators of a closed loop control system and a high speed camera has been used
as feedback sensor. Actually while the target object moves, the control system,
PC, provides to correct the position of the laser beam using the information

coming from the camera which observes the moving object.

-38 -



Chapter 2 Literature review

The last method, [12], works with a different approach from those adopted for
previous tracking systems. It has been designed as an open loop tracking system
for arbitrary motions. The basic concept of following an arbitrary motion
consists in a teaching phase and in a measurement phase. During the teaching
phase the position of some reference points on the test piece relative to the
vibrometer are used to interpolate the complex motion of the structure. The
positions of these reference points are detected by a state sensor installed on the
moving object. In the measurement phase, the trajectory of the actual
measurement point is calculated online from trajectory of adjacent reference

point.

Source of noise, performing tracking measurements, can be cause of uncertainty
in vibration measurements and they can be presented as follow. Misalignment
can occur between the optic axis of the tracking system and the axis of the
rotation of the object and when it is present then it will produce a additional
velocity components measured by the vibrometer. Some additional velocity
components are also measured by the LDV when the scanning mirrors are
driven by cosine and sine signal at uniform frequency scan rate as already
illustrated at the end of the section (2.2.). Speckle noise problem can play an
important rule in this type of acquisition. It can appear when the laser spot is not
fixed on a precise point on the vibrating target but has a relative motion to the
vibrating surface. Kinematics of the mirrors and vibration of the body of the
vibrometer induced by oscillation of the scanning system inside the

measurement head can be cause of noise sources.
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2.3.3 Tracking-Continuous Scanning LDV, TCSLDV

It is reported in literature an additional step forward in laser Vibrometry
technology from the simple point track technique [13]. In this Synchronized-
Scanning technique, the scan amplitude and frequency may be continuously
modulated during the tracking to perform a synchronized scan across the area of

the rotating target.

A straight-line scan profile is achieved by imposing to the scanning mirror

functions which have the generic form:

0, (t) = O cos (Qt + g ) (2.4)

in which ®; is the scan amplitude and Q is the scan frequency equal to the

rotational speed of the target. To achieve the line scan, for example of a rotating
blade, s, which would be constant in a circular tracking measurement, becomes

a function of time, thereby modulating the scan amplitude:

ry(£) =75 + Arg cos(mQ + ¢, ) (2.5)

where 7, and Ar, are the mean and time dependent components of the scan
radius, m is the number of radius cycles per revolution and ¢, is the initial
phase. When one dimensional scan cannot provide enough information about
the vibration of the structure, for example the measurement of torsional mode
shapes, then a bi-dimensional scan has to be performed. In such a case, the area
scan can be achieved by considering a simultaneous phase modulation of mirror

drive signals:
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B (1) = f + A cos(mnQit + ¢, ) (2.6)

where ¢, and Ag,are the mean and time dependent of the scan phase, 7 is the

number of phase cycles per radius and ¢,  is the initial phase.
2.4 LDV measurements of rotating blade vibrations

2.4.1 Introduction

One of the important design factors in the modern turbo machinery is the
vibration of bladed discs. The blades are usually subjected to enormous stresses
during operating conditions and they are the principal cause of the turbine
tailure. Different measurement techniques have been used in the investigation of
the blade vibrations through the past years, from the use of the strain gauge-

telemetry method to the employment of the LDV system.

2.4.2 Blade vibration measurements by non-intrusive techniques

Fiber-optic-laser-Doppler probes, [14], [15], [16], [17], are one possible solution to
perform non-intrusive measurements on vibrating blades. These probes work in
manner that the laser light is transmitted down to the target through the fibre-
optic and the scattered light is returned in the same way up to the photo-
detectors. Different measurement set-ups can be arranged with these probes, for
example Blade Tip Timing (BTT) measurement methods, as well as different

possible methods for signal processing.

BTT measurement methods aim at determining the time at which a point on a
rotating blade tip passes a stationary optical laser probe. In absence of any
structural vibration, the blade arrival time would be dependent only on the

rotational speed. However, when the tip of the blade is vibrating, the blade
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arrival times will depend o both the amplitude and the frequency of vibration,
and hence the blade motion can, in principle, be characterized from knowledge
of such data. The BTT systems need an optical access to the vibrating structure
as well as the SLDV systems in order to perform the measurement. However, the
BTT systems can be installed at any stage of an engine casing while the SLDV

system can only operate facing the structure under measurement.

The potential of the LDV methods for non-contact measurement, during the last
decade, have appeared very promising. The LDV technique allows for all the
blades of a particular group to be monitored and an experimental set-up has
been developed in measuring rotating blades vibration frequencies and
amplitudes, [18]. In this set-up the LDV was placed in front the rotating bladed
disc and the intermittent LDV signal was detected as result of rotating the blade
through the laser beam. The blade vibration frequency and amplitude have been
estimated from a least-square curve-fitting procedure and by applying a modal
filtering in the signal processing, the limitations due to the curve-fitting process

have been overcome.

In the vibration measurements of a rotating blisk reported in [19], the LDV
system has been used in two different ways to investigate the complexities of
forward- and backward-travelling waves and circumferentially regular and
irregular blade vibration response pattern occurring in bladed-disc under
rotating conditions. One these two methods employed the LDV as single-point
transducer where the laser beam was directed along the rotation axis of the
blisk’s rotor, on which tip was fixed a small 45° mirror, and then redirected in a
radial direction to encounter an annular, 45° mirror that turns the measurement
beam onto a point near the tip of one of the blisk’s blades. That arrangement

allowed the measurement point to rotate with the blisk and to measure
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vibrations at the tip of the given blade in a rotating frame of reference, in a
direction parallel of the rotation axis. The alignment of the LDV in this method is
very critical: in fact, any misalignment with respect to the axis of rotation is
detected by the LDV as additional component in the signal measured and at the
same time it is also necessary to maintain the measurement point at a designated
position on the blade throughout the rotation cycle. In the second measurement
method, a circular-scan LDV, already presented in section (2.2), has been used to
perform an acquisition on the blisk equally in the stationary and in the rotating
conditions. The latter requires the LDV scan rate to be set suitably close to, but

not identical with, the blisk rotation speed.

2.5 LDV vibration measurements on rotating shafts

2.5.1 Introduction

In the previous sections we referred to different applications and measurement
methods of moving structures where the LDV system offers great advantages
with respect to other transducers. The LDV system has also been shown to be

useful in investigations of the dynamic behaviour of the rotating shafts.

2.5.2 Laser vibrometer in torsional and bending vibration
measurements

One of the first arrangements adopted to carry out those measurements was a
cross-beam laser Doppler velocimeter, [20]. The laser beam, once split in two
beams, was addressed to a converging lens which focused the beams on the
rotating shaft. In this way, the system was capable in measuring tangential
surface velocities and hence torsional vibration. With this optical geometry the

backscattered light produced a Doppler beat frequency on the photo detector
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output equal to: f, = (27Uj sin (gj ; where U is the tangential surface velocity at

the point of intersection of the beams, A is the wavelength of the laser light and 6
is the included angle between the incident laser beams. Demodulating the
Doppler signal produced a time-resolved voltage analogue of U, the fluctuating
part of which was proportional to the torsional vibration velocity.

The cross-beam laser velocimeter suffered from two major disadvantages: one
was because the target had to have a circular cross-section and, secondly, it was

unable to distinguish the torsional oscillation from solid body movement.

Since this is not a practical use, the actual optic geometry has been modified. The
laser beam has been split into two equal intensity parallel beams of separation,
d, which measure two points, A and B, on the shaft surface, [21]. In this case the

Doppler frequency detected was: f), = (%) cos(@)N ; where N is the rotational

speed of the shaft and 0 is the angle between the normal to the plane of the
incident beams and the rotational axis of the shaft. Disadvantages suffered by
this system configuration were due to the multiplication of the two very small
intensities in the backscattered beams, such that the amplitude of the AC signal
was very small. For this reason the surface of the test piece required to be
covered with retro-reflective paint or tape to increase the amplitude of the
signal. In addition, that was a lack of directional information, due to the absolute
peak value produced in the frequency domain, [22]. To improve that
arrangement a dual interferometer has been developed requiring only one laser

and one Bragg cell to introduce a frequency f,,.. into both interferometers. This

revised configuration solved aforementioned problems and wide ranges of

measurements were achieved [23].
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However, research using the system employing just one interferometer with the
laser beam split in two beams has also been carried out. It produced the first
comprehensive theory to describe the velocity sensed by a multiple laser beam
incident on a rotating structure requiring three translational and three rotational

co-ordinates to describe its vibratory motion fully, [24], [25], [26], [27].

2.6 Conclusions

In this chapter we have presented a survey of vibration measurement methods
applicable to moving structures. We have seen how by improving the
performance of the scanning mirrors in a conventional SLDV device, two new
measurement methodologies have been developed: Continuous Scanning LDV
(CSLDV) and Tracking LDV (TLDV). With the CSLDV technique we can achieve
a spatial field measurement on a disc under rotating conditions. By the TLDV
technique, we are able to perform tracking measurements on moving target.
These two new methodologies offer an improvement to a wide area of vibration
studies that includes the rotating turbo machinery bladed discs. In practice the
possibility of combining these two techniques and performing continuous scan
measurements while tracking a structure during operating condition, could offer
enormous advantages. In particular, they can help to study the circumferentially
regular and irregular blade vibration response pattern occurring in bladed-disc
under rotating conditions. It is believed that the CSLDV and TLDV methods can
easily overcome the limitations which other measurements methods

encountered in performing tests of rotating structures.
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3 The path to Tracking-CSLDV: X-Y
scanning mirrors, study of X-Y mirror
waveforms and sources of

misalignment

3.1 Overview

This chapter focuses on three main aspects of synchronous measurement
methodology: 1) description of the scanning mirrors and the role played by an
external time base clock, such as an encoder, 2) possible sources of misalignment
presented as mathematical models and 3) the study of X-Y waveforms and their
codification into a control panel for performing tracking tasks. The description of
the scanning mirrors is presented in depth in combination with the use of the
encoder, these being the main contributors of the synchronous measurement
development. Having gone through those two essential devices, the interest
moves to one of the more unwanted issues represented by problem of alignment
of the laser head with the rotating target followed by all possible sources of
misalighment due to the inability to control all the degrees of freedom involved
into the measurement chain system. Finally, we present a study of the
waveforms required to achieve the final goal of the tracking process and the scan
patterns developed to perform the Continuous Scanning LDV measurement

under rotating conditions.
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3.2 Scanning device characterization and synchronization

method

The introduction of the scanning mirrors and a video camera into the head of the
laser head constitutes the so-called Scanning Laser Doppler Vibrometry (SLDV).
SLDV is a method used to perform synchronous measurement of rotating
targets. Another important contributor to the tracking process is played by an
encoder that provides the time base clock for sampling the output X-Y
waveforms, thereby keeping the laser beam synchronous to the target at all

times, no matter the rotational speed.

3.2.1 X-Y mirrors scanning device

Laser Doppler Vibrometry (LDV) is one of the best methods to perform
measurements of bladed discs which are known to be very sensitive to any
structural modification such as attaching even very light transducers to measure
their vibrations. The introduction of a pair of movable mirrors in front of the
laser head has aided its capabilities very much. The mirrors, called scanning
mirrors, allow the laser beam to be moved anywhere over the surface of a target,
either discretely or continuously. The two mirrors are mounted orthogonally, as
shown in Figure 3.1, and they are driven by two galvanometer actuators: by
applying a voltage to each of theses, the mirrors can be rotated about their axes
by two angles related to the voltages and some constants defined via a prior
calibration of the scanning system. The voltages supplied to the horizontal
mirror and vertical mirrors, Vx and Vy respectively, and the mirrors’ rotation

angles (indicated as ¢, and ¢ ) will be described by the following relationship:

8x = SXV)C
6 =SV (3.1)
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S being the galvanometer static sensitivity.

y-mirror

beam out of the
scanner system

laser beam to the
scanner system

x-mirror

Figure 3.1 Schematic representation of the mirrors rotation

The scanning angles, ax and ay, can be specified by software and used as inputs
for the scanner control which is basically an interface between the data
acquisition/processing computer and the mirror driver motors and consists of a
digital-to-analogue converter (DAC). This transforms the specified values of the
angles into voltages. The latter are applied to the galvanometer actuators to give
the specific rotation to the mirrors and to deflect the laser beam to the sought
position on the test item. The galvanometer scanner consists not only of the
mirrors and the actuators, but two further components are included in the
device: a built-in capacitive rotation sensor to measure the actual angular shaft
position of the mirror and a PID (Proportional, Integrative, Derivative) control

system to generate a feedback control signal. This means that the galvanometers
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work within a closed loop control, as shown in the flow-chart illustrated in
Figure 3.2, which allows it to determine precisely the spatial relationship
between the test structure and the SLDV system. It then accurately positions the

laser beam on the desired location.

angle from
software
PID control

galvanometer
motor

l

capacitive
Sensor

measured
angle

Figure 3.2 Flow-chart of the feedback control action

The dynamic performance of the scanner system is related to the rotor and
mirror inertias, actuator torque and PID control algorithm. Response time in step
mode depends on torque to inertia relationship and PID parameters. Mirror
dimensions should be chosen as a compromise between the need for a large
optical aperture for the scanning, and low mirror inertia, in order to have a fast
response of the mirror itself. Unfortunately, using a built in scanning device, the
only compromise possible would be to design the test piece whose dynamic
properties, to be studied under rotating conditions, are shown within a

rotational speed range suitable for the mirrors.
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3.2.2 Scanning device of Polytec PSV-300

The development of the tracking measurement technique was based on the use
of a standard commercialized Polytec scanning Vibrometer. Polytec is a provider
of industries standard laser transducer products and one segment of those it is
represented by scanning laser Vibrometer (SLDV) which is sold with inbuilt
scanning mirrors. The Polytec PSV-300 mounts a couple of mirrors of different
sizes; the biggest, whose inertia is 1332 gmm?, is mounted vertically and it scans
in x-direction while the smaller, whose inertia is 515 gmm? is mounted
horizontally and it scans vertically. The mirrors, having large areas, are able to
collect more back scattered light thus to increase the ratio of Signal-To-Noise
(SNR) however their dimensions penalize the performance when they are used
to carry out synchronous measurement at high rotational speed. Figure 3.3 and
Figure 3.4 show the shape and dimensions (mm) of the X and Y mirrors,

respectively [28].
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Figure 3.3 X-Mirror, technical Figure 3.4 Y-Mirror, technical drawing
drawing

The scanning device, galvanometer motor and mirror, is affected by two
problems: (i) a time delay, generally known as phase lag, between the input
waveform into the scanning device and the actual rotation of the mirror, the

phase delay is frequency dependent and it increases with that and (ii)
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nonlinearity of the galvanometric motor at high oscillation frequency where a
large input voltage is not converted into an equivalent angular rotation but into
a smaller one. Hence, whenever a waveform is built and is output to one of the
scanning devices it must to take into account the phase lag to compensate that
time delay and the reduced output angular rotation delivered, both of these
being related to the input oscillation frequency. A series of plots where produced
for both of the scanning mirrors to outline what was explained and Figure 3.5
and Figure 3.6 show a measured FRF of X-mirror, Amplitude and Phase
respectively, while Figure 3.7 and Figure 3.8 show a measured FRF of the Y-
mirror. Because the X-mirror size is bigger than the Y-mirror one that leads to a
loss of performance confirming that smaller mirrors are preferable for the

tracking measurement methods.
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An aim of the research reported in this thesis was to develop a robust
measurement technique for validation of methods for prediction of vibration
amplitude of forced response and so the SLDV was used as delivered with its
inbuilt scanning device, even though the dynamic properties are not optimal for

the type of measurement method being developed.

3.2.3 Synchronization method

We previously mentioned briefly the important role played by the encoder. This
device is one of the transducers used to measure the rotational speed of rotors
and the one employed for this research is a rotary encoder. This is an electro-
mechanical device used to convert the angular position of a shaft or axle to a
digital code, making it a sort of transducer. This type of encoder outputs a
Transistor-Transistor Logic (TTL) signal. The encoders can be classified
according to one of its most important specification which is the number of
pulses emitted per revolution. However, they can also provide one pulse per
revolution from one of the output. Once the encoder is mounted on the shaft it
will provide two TTL output signals to the output DAC card controlling the
scanning device. The encoder used for this study is able to supply a maximum of
2000 pulses per revolution from one output plus an additional one pulse per
revolution from another one. The DAC card used to control the scanning device
is a National Instrument output card NI 6711 with four output channels. That
card has the feature either to use its internal time clock base to sample the output
waveform or to use an external clock for waveform sampling. Obviously, for this
application the card is used in the second mode and the waveform sampling rate
will depend on the number of pulses per revolution emitted by the encoder.
Now we need to make a very short introduction about the functioning of the
DAC output card. Any digital waveform needs to be defined by the number of

samples which are sampled at some frequency rate. When we use a DAC output
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card we have to allocate some of its memory, called a buffer, defined by the
number of samples that will be used to build the waveform. When the buffer
length, BL (number of samples), is divided by the update rate, UR (Samples/sec),
we obtain the length of the buffer expressed in seconds and depending on the
number of cycles in that buffer, we can define the LDV scan rate. Having
decided to use an external time base clock for waveform sampling rate the
update rate will be dependent on the rotation speed of the shaft and is given by

the equation:
UR=RS*P (3.2)

RS being the rotational speed expressed in rev/min and P the maximum number
of pulses per revolution of the encoder expressed in Pulses/rev. The encoder
employed for this study was able to deliver 2000 pulses/rev. Then, the time
length of the DAC buffer no longer coincides with the actual time length of
waveforms because it is variable with the rotational speed. The LDV scan rate
defined as a number of cycles in the waveform time length will be variable with
the rotational speed of the target. Accordingly to the time length of the DAC

buffer we can scan a number of times the path length as given by the relation:

BL
Cycles = oy (3.3)

scan—rate

Unfortunately, the BL is related to the number of samples, NS, by the following

relation:
NS
BL="w (3.4)
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which means that the number of samples on the DAC is function of the

rotational speed, RS, as shown by the following relation:

NS =BL*UR=BL*RS*P (3.5)

the rotational speed, RS, being the only parameter to set up.

3.3 Tracking accuracy

One of the first challenges to be tackled in develop synchronous measurement
techniques was to identify and to study the sources of uncertainty introduced by
any external typical matter deriving by the use of a non contact measurement
transducer. It is well known that LDV are prone to be sensitive to speckle noise
which is present for tests carried out under both stationary and rotating
conditions. The fact the laser beam is now involved in a “double test”: meaning,
the measurement of the vibration and the tracking of the same target while it is
moving increases the number of unknown measured quantities contained in the
LDV output signal. One of these unwanted factors was clearly identified in the
misalighment issue and so the first task to accomplish in practice is the
alignment of the laser beam with the rotational axis of the rotating testpiece. If
the alignment is not well performed, it is likely that the measured data will be
polluted by "pseudo” vibrations and any LDV output signal post-processing can
lead to wrong conclusions about the dynamic properties of the structure.
Experience gained working with LDV transducers and the work performed
using vibration force response prediction tools, helped to developed a sensitivity
to anything that might appear ‘unusual’ with the measured data. Misalignment
of the laser head with a rotating testpiece can introduce two sources of
inaccuracy into the measured data. The first, and more evident inaccuracy, seen

using a point tracking method was that the LDV time signal could contain a
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spurious sinewave whose vibration frequency depends on the rotational speed
of the target, which frequency content could clearly be seen in the frequency
domain. As those undesired frequency harmonics are related to the rotational
speed at which the measurement is performed, it is desirable when possible to
avoid any proximity of them with frequency harmonics of the real vibration, as
can be the case of sidebands used to reconstruct the Operational Deflection
Shape (ODS) of the measured surface. Any overlap of those spurious frequency
harmonics with the real ones can result in a failure of post processing of the
acquired data. Unfortunately, one less obvius inaccuracy caused by a bad
alignment is the position of the laser spot on the structure while it is rotating.
When a case of first type, described above, occurs it can be immediately spotted
by looking at the LDV time signal, but just how precisely it is possible to track
the same point on the rotating structure would be more difficult to determine. A
couple of questions can be raised about this type of inaccuracy: does it introduce
significant amount of unwanted frequency harmonics into the measured data? If
the answer is negative, why does this parameter need to be evaluated? From
experience, it can be said that the frequency content is very small and is unlikely
to produce any type of serious corruption of the time data. However it was
necessary for it to be studied. Actually, during the design phase of any type of
structural model it is possible to predict the amplitude of the vibration for any
point of the model and this task is achievable both under stationary and rotating
conditions. When a real measurement is performed under rotating conditions,
the position of the laser spot is very important because any previous prediction
can be validated only if there is a match between the position on the model and
the measured position on the testpiece and this is a first answer to a
aforementioned question. Another answer comes from the inability to predict
LDV scanning parameters adequately, and to avoid speckle noise pollution of

the time data, because the designed scanning path would actually be different
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due to the misalignment. This concept will become clearer below. There are a
number of ways by which misalignment occurs between the laser beam and the
structure and the most important ones will be included will be shown and
mathematically modeled, to predict the effect on the measured data. The way to
perform alignment of the laser head with the target is now presented. The laser
head is placed on a tilting table which sits on a rotating table and all three are
placed on the table of a milling machine. The blue, red and grey arrows

represent the degrees of freedom controllable by rotation of knobs.

7

Figure 3.9 Alignment system

A practical and rapid way of achieving the LDV alignment by utilising the
adjustments shown in Figure 3.9 is given in Figure 3.10. A flat mirror tilted by a
few degrees is attached at the tip of the shaft. The LDV beam is fired though a
small hole, barely the size of laser beam, in the middle of the suspended plate
and onto the centre of the tilted mirror (i.e., the centre of the drive shaft). When
the mirror is rotated at a very slow speed, the reflected LDV beam tracks a circle
on the plate. By making use of the adjustment controls, the LDV beam can be

forced to follow one of the concentric circles on the plate. This, assuming that the
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axis of rotation is normal to the suspended plate, will sucessfuly align the LDV

beam with the axis of rotation.

Concentric
circles

Push road

_ tilted mirror
Suspended plate
Axis of rotation

Figure 3.10 Alignment method

3.3.1 Misalignment due to shaft and Blisk mounting

The technique shown in the Figure 3.9 and Figure 3.10 can produce a good
alignment whenever the shaft is perfectly straight, as shown for the ideal case in
Figure 3.11. When the shaft is not straight the tilted mirror mounted at the tip of
the shaft, as shown in Figure 3.10, to reflect the laser beam towards the plate
might already contain an initial misalignment error which is unknown.
However, we hypothesized that error very small thus to focus on errors
introduced by a poor alignment of the laser head. Given that, we assume that the
system of reference is set on the target and so the laser head must be aligned
with respect to that reference. We set up four degrees of freedom to define the
misalignment of the laser head such as to have offsets along the X and Y axis and
rotations around the X and Y axis, as shown by the red arrows in Figure 3.12 and

as reported in Table 3.1.
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Target Target

Figure 3.11 Ideal alignment Figure 3.12 Sources of misalignment
Rotation around X P Translation along X dx
Rotation around Y A Translation along Y dy

Table 3.1 Table of misalignment parameters

When problems like those just described are encountered, the position of the
laser spot is no longer fixed at the same point during tracking but will trace a
small path around the desired position. In the end this can result in poor
agreement with predictions made for the target point, which is supposed to be

measured.

3.3.2 Mathematical description

Although we introduced qualitatively the two types of misalignment, we did not
provide any mathematical model to describe their effect on a simulated LDV
output signal. In this paragraph, mathematical descriptions are introduced and
described to quantify the effect of this inevitable problem which is found in
synchronous measurement techniques. The equations refer to the path traced by
the laser spot when point tracking is performed and they are expressed in the

Cartesian system of reference.
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3.3.2.1 Laser head aligned

It is important to define the equations of an aligned laser head before to start
with the mathematical description of the sources of misalignment. Figure 3.13
and Figure 3.14 the laser head aligned and the initial laser spot position, a=0
degree, respectively. The equations representing the motion of the laser spot

while is performing a point tracking are:

X = Rcos(a)
Y = Rsin(a) (3.6)

where R is the radius.

Y

Xu

A
%

e
N

Figure 3.13 Laser head aligned Figure 3.14 Initial laser spot position
(=0 degree)

3.3.2.2 Misalignment cause by the offsets of the laser head along X and Y axis

The laser head can be offset, with respect to the system of reference (X, Y, Z),
along either the X or Y axis, as shown in Figure 3.15 and Figure 3.16, or like a
combination of those. When this type of misalignment occurs the laser beam will
trace a small path around the initial target position. The path traced by the laser
beam, for a misalignment cause by an offset along the X axes, is expressed by the

equations:
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AX=X-X, =Rcost—rcost,
X X

AY=Y-Y, =Rsinz—rsinz, (3.7)

where the coordinates of the laser spot in the misaligned condition are expressed
by equations:

X, =rcost,

(3.8)

Y, =rsinz,

_dX

whererand 7, =a tan( j are the radius and the laser beam angle aperture

of the misaligned configuration.
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Figure 3.15 Offset of the laser head along X axes

When the misalignment is caused by an offset along the Y axes the radius of the
misaligned condition, 7y, can be approximated to the radius of the aligned

condition, R, and so AX can be approximated to zero. The path traced by the

laser beam can be expressed by the equations:
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AX=X-X, =Rcosa—-r, cosa~0
AY=Y-Y, =Rcosa—-r, cosa+d, ~d, (3-9)

Offset>dy

Figure 3.16 Offset of the laser head along Y axes

Generally, both the sources of misalignment are present therefore the
superimposition of equations (3.7) and (3.9) is needed to describe the path traced

by the laser beam.

3.3.2.3 Misalignment caused by the rotation of the laser head around X and Y axis

Other undesired sources of misalignment are caused by the rotation of the laser
head around either around X or Y axis, even though a combinations of both of
those is always expected to occur. Figure 3.17 and Figure 3.18 show the rotation

of the laser head around the X and Y axis, respectively.

Figure 3.17 Rotation of the laser head around X  Figure 3.18 Rotation of the laser head around
axis Y axis
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The equations describing the motion of the laser spot when the laser head is

rotated around the X axes are:

VA s
—+tgp||1-—tgpcosa
Y L L

= —tgp |Lcosa
l—ﬁgp
L
R R (3.10)
—+tgp || 1-—tgpcosa
L L .
Y = Lsina
I—B@p
L

where L is the distance of the laser head from the target and p is the rotation of
the laser head. When there is a rotation of the laser head around the Y axes the

equations become:

(f + tglj(l —ftgﬂ, sin aj
X =

I_Btgﬂ Lcosa
L
3.11
(® e[ 1M esina) .
Y= L L —tgA |Lsina
I—Etgl
L

where A is the rotation of the laser head. As already mentioned, all these
configurations can occur simultaneously and so the laser beam, while it is
tracking the target, will also trace a very small path around the targeted position.
It is very difficult to measure precisely the rotation of the blisk plane around its
axis and the degree of bending of the shaft and, even if that rotation is measured

once the testpiece is installed in the test rig, it should be repeated every time it is
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dismounted and reassembled again in the rig. Having said that, it is possible to
provide an example to show the path traced by the laser spot around the
designed position during the tracking both in a fix and rotating frames of

reference as shown in Figure 3.19 and Figure 3.20, respectively.
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’ -1.2E+0 ¢ [m] 1.2E+40 -200.0E-3 X [m] 200.0E-3
Figure 3.19 Path traced around the Figure 3.20 Path traced in rotating
designed position frame of reference

When the sources of misalignment are caused by the rotation of the laser head
the laser beam will measure a ‘pseudo’ vibration, from the not excited structure,

which can be expressed by the equation:

1 1 2 .
v, (t)= 27zQLDVL( + - jsm(2ﬂQLDVt) (3.12)
COS ﬂ COSK COS ,0 COSK COS ;//

where x=a tan% +A, y=a tan% and o =27Q,,,t. All the illustrated cases can

happen simultaneously, the equations reported can be combined to simulate the
pseudo vibration polluting the LDV time signal whenever a misalignment is
present, as shown in Figure 3.21. The real vibration is carried by a sinewave

whose frequency content depends by the rotational speed of the blisk.
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Figure 3.21 LDV output signal polluted by pseudo vibration

3.3.2.4 Misalignment caused by the X-Y mirrors scanning device

An additional source of misalignment comes from the scanning device which is
made of two mirrors mounted orthogonally to one another. Having the mirrors
at a certain distance apart also makes the laser beam also to travel on the mirrors
when they are scanning continuously [4]. Therefore, for example, performing a
circular-line scan whose input radius is for both of the mirrors R, the output

radii are expressed by equations:

(3.13)

where R is the input radius, d is the distance between the laser head and the
target and c is the distance between the mirrors. This will result in an elliptical
pattern rather than the circular one that was meant to be traced and the LDV
output time signal will show a series of harmonics in the frequency spectrum
which are multiples of the LDV scanning rate frequency. Because this type of
problem is inherent for any type of scanning device devised with two mirrors, it

is important to take it into account.
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3.4 Point tracking

The point tracking measurement method is the first synchronous measurement
method that was performed and it involves one measurement point at a time.
The technique is fairly simple to implement and it suits very well for the
vibration measurement of bladed disks because one measurement point per
blade is generally enough. Combining this method with a rotating exciter, it is
possible to measure Frequency Response Functions (FRFs) under rotating
conditions and thus can be very useful in many case studies where otherwise
such a measurement would be very long and tedious to perform. In this section,
a study of the X-Y mirrors waveforms is presented and an explanation given for
how the output waveforms can be generated and the scanning device can be

controlled by using a very simple control panel.

3.4.1 Waveform study

Point tracking is the simplest synchronous measurement to perform because the
laser beam needs to address only one point of the structure at the time. Actually,
a circle traced by the laser beam synchronized to the rotating blisk will perform
a point track. The waveforms to drive X-Y mirrors in a circle are expressed by

the equations:

x(1)=Rcos (27,1 +7)
y(t)=Rsin(272Q,,,t+7)

(3.14)
where R is the radial position of the measurement point and Q,,, is the LDV

scan rate which is synchronous with the rotational speed of the blisk and 7 is the
initial phase angle. However, the above equations are for an ideal system

because they do not take into account the possibility of a delay between the
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output of the sine waves and the actual rotation of the mirrors due to their

inertia as was explained in section 3.2.2. The equations are then rewritten:

x(1)=Rcos(27,,,t + 5, +7)

y(t)=Rsin (220, 1+, +7) (3.15)

whered,, o, are the phase delays due to the inertia of the X and Y mirrors,

respectively. Some SLDV systems mount mirrors of the same size and for them,

0,=0,=0 . The LDV scan rate is dependent on the rotational speed of the target,

the phase lag of the mirrors will increase accordingly. The sine waveforms,
constructed taking into account the phase lags at the corresponding speed of the
target, will trace a slightly distorted circle as shown in red in Figure 3.22, while
the actual circle traced by the laser beam is as shown in blue in Figure 3.22.

Figure 3.23 shows the X-mirror sinewave in blue and the Y-mirror sinewave in

red.
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Figure 3.22 Generated pattern in Figure 3.23 Output X-Y waveforms

red and the actual traced in blue.

3.4.2 Scanning device driver control

Having studied the X-Y sine waveforms to feed to the scanning device, it was

important to design a panel which could control all the parameters to drive the
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output card and to carry out a point tracking measurement. This is made of one
front panel where we input all the values necessary to drive the scanning
mirrors and one back diagram panel where all the inserted values are used to
build the waveforms and to set up the driver of the output card. One of the
requirements of the design is to have a control panel which is very versatile for
use everywhere with several computers and test rig configurations. The first
check to perform on the test rig is to determine the number of pulses per
revolution output by the encoder attached to the shaft. Actually, a ring control
sets up that parameter and it is of vital importance to insert the right number
otherwise the tracking may fail because a wrong waveform sampling frequency.
Another small check to be performed on the test rig is to assess the direction of
the shaft rotation otherwise laser beam rotation direction could be inverted. The
panel can be run on different computers where the identification number of the
DAC cards could be assigned differently, by the Operating System, than the
original configuration, and then a ring control is used to input the right id
number to the DAC driver. Once those preliminary checks are done, the blisk
can be spun and the initial phase angle for tracking found to address the laser
spot position on the blade. That phase angle is given by the one pulse/rev,
emitted by one of the outputs of the encoder, which triggers the output
waveforms. Another important parameter to insert is the radial amplitude of the
laser spot position. Last parameter to insert in the panel is the actual rotational
speed of the target thus to adjust the phase delays of the X-Y mirrors. Figure 3.24

shows the Point Tracking front panel.
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Figure 3.24 Point Tracking front panel

3.5 Line Tracking

Straight line tracking measurement method is a further development of the
continuous scanning technique for measuring the deformation of the scanned
line of a bladed disk under rotating conditions. Clearly, this technique is more
complicated than a single point measurement for a number of reasons, one of
which could be the line traced by the laser beam can drift off the designed path.
The waveforms to drive the scanning mirrors have to synchronize the laser spot
with the rotating target as done for point track but at the same time must allow
the laser spot to travel up and down along the blade. This technique provides
more information than a single measured point and functioning in very short
time. Also in this section, we present a study of the X-Y waveforms needed to
drive the mirrors properly and, finally, we show the control panel to control the

scanning device.

3.5.1 Waveform study

The next step to the point tracking method is to be able to scan across the blade

along one line. The laser beam will now travel along one dimension of the
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structure and this translation will complicate the waveform definitions.
Considering one point, situated initially at the tip of the rotating blade, that
starts to travel down the blade along a straight line, the motion of that point in a
fixed frame of reference will trace a spiral pattern. Therefore the task is to
synchronize a spiral pattern, scanned in stationary conditions by the laser beam,
to the rotating blade. To achieve a spiral pattern the laser spot travels
simultaneously both circumferentially and radially and the terms that control
the motion circumferentially must be synchronized with the rotational speed of
the shaft. The sinewaves to drive both mirrors in a spiral pattern are expressed

by the following equations:

Rf - Ri Rf + Rz’
x(t) = Tcos(br!)r%mt)-l—T cos(2mQt+d, +71)

(3.16)

Rf - R, Rf + R,
y(t) = #cos(?_nQr_th)—i-# sin(2zxQt+o6,+7)

where Ry and Ri are the final and initial radial position amplitudes, @ _,,, is the
LDV scan rate at which the laser beam travels along the path, Q is the rotational

speed of the target, J, is the phase lag of the Y mirror, J, is the phase lag of X

mirror and 7 is the initial phase angular position. Figure 3.25 shows the spiral
pattern built taking into account the phase delays of the two mirrors depicted in
red while the actual pattern traced is depicted in blue. Figure 3.26 shows the X-Y

waveforms needed to drive the scanning mirrors.
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red and the actual traced in blue

3.5.2 Scanning device driver control

The front panel of straight Line Tracking method is similar to the Point Tracking
one except for two additional input parameters required to control the length of
the line scan and its scan rate, while the coding diagram, where the waveforms
are programmed, is much more complicated. So, by defining the starting radial
position, as was done for the previous panel, and the ending radial position, we
obtain the line scan length. The parameter to control the rate at which the line is
scanned depends strongly on the rotational speed of the target which has to be
inserted to adjust the phase delays of the mirrors although this parameter is
more important than the simple phase correction. In fact in section 3.2.3 we have
defined that the number of samples allocated into the DAC output card is
related to the rotational speed of the target. Figure 3.27 shows the front panel to

perform straight line tracking.
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Figure 3.27 Line Tracking front panel

3.6 Area Tracking

The Area Tracking method is the top of all the methods considered in this
research because the laser beam, sweeping all the surface of the vibrating blade,
measures all its vibration and not just that of one point or along a line of it.
Without doubt, this technique is also the most difficult to perform because when
the scanned area is not synchronized very well with the rotating blade the laser
beam can drift off the surface, thereby producing sharp spikes in the LDV time
signal. Nevertheless, it is the only method that can measure the vibration of the

blade area in a matter of a minute just using a standard SLDV.

3.6.1 Waveform study

When performing an area scan, the laser beam will travel both along the length
of the blade and across its surface. The mirror drive waveforms to achieve this
type of scanning will be more complicated than the others because the laser
beam will need to maintain synchronous with the rotating blade and
simultaneously travel over its surface. Depending on the shape of the blade, it is

possible to design a scanning pattern such as a rectangular pattern (if the shape
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of the blade is rectangular) or a triangular pattern (when the blade has a
triangular shape). The blisk used for this study was designed to have blades of
essentially triangular shape and so the scan pattern, shown in Figure 3.28, was

chosen to be of the same form so to scan the full area.
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Figure 3.28 Triangular scan pattern

Because of the triangular shape of the scan pattern the output waveforms to
drive X-Y mirrors are much more complicated the previous ones, as shown by

the equations:

R, - R, R, +R,
x(t)z( f2 “cos(27QY, 1)+ f2 lj*cos(2ﬁ9t+¢)(t)+§x+r)
(3.17)

Rf - R, Rf+R,. .
y(t) = 5 cos(2zY, ,,, 1)+ 5 *sin(27Qt+ (1) + 6, +7)

where Ry is the final radius, Ri is the initial radius, Q is LDV scan rate in

r—LDV

radial direction, Qis the rotational speed of the blisk, 5, and §, the phase lags of
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X and Y mirrors, respectively, while ¢(t)is the phase which is described by the

equation:

o(t)= Edsin2mt (3.18)

Ed being the edge amplitude of the blade. Figure 3.31 shows the scan pattern in a
fixed frame of reference. The figure shows both the scan patterns when the
phase lag of the mirrors are taken into account for the construction of
waveforms, in red, and when the same is not taken into account, in blue. Figure
3.30 shows one period of the X-Y waveforms, blue for the X-mirror and red for

the Y-mirror.
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Figure 3.29 Generated pattern in Figure 3.30 X-Y waveforms

red and the actual traced in blue

3.6.2 Scanning device driver control

For the Area Tracking front panel, many features are similar to those described
earlier for the Line Tracking panel and so common features will not be repeated
here. Now, the laser beam moves both along the blade and sidewise across it and
motion occurs at two different LDV scan rates so that two parameters control the
length of the scan lengthways and edgewise and two control the rate at which

the blade is scanned. Having two parameters controlling the speed at which the
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beam scans the area of the blade means that it is crucial to have their actual
output values corrected. The initial radial position, together with the initial
phase angle, is to be specified with maximum care so that the laser spot falls at
the middle of the blade otherwise the laser beam will fall off the blade because

the scanned triangular pattern is not overlapping the area of the blade.
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Figure 3.31 Area Tracking front panel

3.7 Conclusions

The aim of this chapter has been to present a complete overview of all the
practical issues encountered when performing any of several types of
synchronous measurement. We have studied the scanning mirrors, the main
contributors of this measurement methodology, and the limitations of using an
inbuilt scanning device because the dimensions of the mirrors. We have
explained the important role of the encoder used to trigger the waveform output
and its use of an external time base clock for the waveform sampling rate output
from the DAC card. A wide overview of all possible sources of misalignment,
together with a technique for alignment of the laser head with testpiece was

presented and mathematically modelled to predict pseudo vibrations. Finally, all
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three tracking methods were presented through the study of the waveforms to
achieve one specific scanning pattern and the explanation of how the waveform

was coded into a control panel to drive the scanning mirrors.
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4 Blisk and Test rig: design and

instrumentation

4.1 Overview

This chapter describes the design of the testpiece, a 24-bladed disk, and the test
rig. The blisk design specifications were decided in order to study an interesting
phenomenon concerning the forced response in the veering region of the 2nd
Flap-wise and 1% Torsional families of modes, both at rest and under rotation.
The shape of the blades forced the development of a specific laser beam pattern
to be traced over the surface in order to measure the Operational Deflection
Shape (ODS) under rotating conditions. Then, the chapter evolves through the
development of the test rig previously employed for another project and the
modifications needed to meet the new measurement requirements such as ODS
and FRF measurements at speed. The chapter presents three possible ways to

perform the excitation, focussing on the description of a rotating exciter.

4.2 Blisk design

Bladed disks are designed to be cyclically symmetric. However, variations due
to manufacturing tolerances and wear cause each blade to be slightly different
from the rest. Since these blade-to-blade variations alter the frequencies of the

blades, they are generally referred to as mistuning.
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Mistuning is a concern in the gas turbine industry because it can significantly
increase the vibratory stress of a blade relative the stress it would have if all the
blades were identical. As a result, researchers have developed reduced order
models to efficiently determine the mistuning of a bladed disk and predict its
vibratory response in the engine. However, much of this research has focused
on families of modes that are isolated in frequency, i.e. neighbouring mode
families are far enough away as to have little effect on their dynamic response.
This is frequently true of first bending modes. But when two mode families of a
bladed disk are close in frequency, they can interact.

We recall the matter of frequency veering because the interest in that
phenomenon has led to a specific blisk design, before to introduce the 24-blded
disk design mechanical specification. Frequency veering, sometimes called
‘curve veering’ represents a phenomenon in which the locations of the
eigenvalues of a system converge and then veer apart without crossing when the
eigenvalues are plotted as a function of a characteristic parameter. In bladed
turbine discs, this phenomenon can be clearly observed in conjunction of nodal
diameters. In fact, it can be easily located in a plot of frequencies against nodal
diameter modes where some families of modes can approach and veer apart,
apparently without crossing one on other. This phenomenon, associated with
rotor speed, involves interaction between blade modes that occurs because of the
change of the rotational speed and, consequently, due to the change of
centrifugal force acting on the blades. When one flap-wise family of modes veers
away from a torsional family of modes, any change of centrifugal load, due to
rotor speed change, forces the flap-wise family to cross the torsional family
because that is less sensitive to that load. That above explained physically by an
increase of stiffness, and then of the natural frequency, of the bending modes
while torsional modes do not have a so sharp increase of stiffness, [29]. This type

of interaction between modes produces many difficulties for modal
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identification and forced response interpretation, especially when the bladed
disk shows a strong modal localization due to mistuning. Because of the nature
of the phenomenon, the bladed disk design had to be carefully selected to
exhibit curve veering and a complete crossing of the two families of modes at a
reasonable rotational speed, compatible with the LDV scanning mirrors

operation limit.

Recently, researchers at Carnegie Mellon University have developed the
ID&Predict analysis method, which is capable of identifying mistuning of a
bladed disk in a veering region, analytically adjusting for centrifugal stiffening
effects, and predicting its response under rotating conditions. In order to
experimentally validate the ID&Predict method, researchers at Imperial College
and Carnegie Mellon worked together to design a test piece which exhibited a
veering behaviour. The blisk was also designed so that the relative spacing of
the bending and torsion modes would change significantly between 0 and 2400

rev/min, thus changing the interaction between the bending and torsion modes.

The test plan was to first measure the FRFs of the blisk in stationary conditions.
These FRFs would be evaluated by ID&Predict to determine the blisk’s
mistuning. Once the mistuning is determined, ID&Predict could then predict
the forced response of the blisk at various operating points between 0 and 2400
rev/min. The FRFs would be re-measured under rotating conditions, and

compared with the predicted response.

4.2.1 24-Bladed Disk Testpiece

This testpiece is designed to allow study of vibration response levels of the 1+

torsional modes and of 2" flap-wise modes in the veering region using the
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Continuous Scanning LDV measurement method, as introduced in the previous
chapter. The simplified bladed disk will be subjected to vibration excitation
while rotating, and the blade responses will be measured and studied. The test
disc is to be such that the blades can be ‘tuned’ to have near-identical dynamic
properties to each other, and also mistuned in specific mistune patterns. A

number of important criteria were set at the beginning of the design process:

1) The family of 1¢t torsional modes has to be “above’ the family of 2 flap-wise
modes by a few tens of Hertz at 0 rev/min.

2) The veering region has to be localized at around the 4-6 nodal diameter
modes at 0 rev/min.

3) The two families of curves have to be fully separated, meaning no overlap
between them, at 2400 rev/min.

4) The surfaces of the blades have to be wide enough to easily perform a scan
using the CSLDV method.

Before starting with the blisk FE modelling, an initial study of the single blade
sector was needed to estimate which geometrical parameters were driving the
two families of modes to veer apart. After several attempts it was found that the
veering phenomenon could be obtained varying two geometrical parameters:
the disc thickness and the width of the blade tip. Figure 4.1 shows the variation
of the blade tip width, on the left hand side, and the variation of the disc
thickness, on the right hand side. Figure 4.2 shows results of several FE
simulations where we can see the influence of the two geometrical parameters
on the 2 flap-wise and 1% torsional modes. We can see that the blade tip width

was varied in the range of 65.5 (0.5) 59 mm and three values of disc thickness
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were used: tckns-1= 1.8mm, tckns-2= 3mm and tckns-3= 5mm as shown on the

plot legend. The veering region is outlined by a red circle.
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Figure 4.2 Veering study for blade sector

After the initial study of blade sector, several FE blisk models were simulated to

meet the foresaid requirements and using the indications provided by the

previous

study. The results produced by the FE model of the final design
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matched closely the initial requirements. The geometry dimensions of the blisk

are reported in Table 4.1 :

Overall Disc Diameter: 540 mm | Blade Gap at the Tip: 8 mm
Inner Disc Diameter: 188 mm | Blade root 14 Deg
Thickness Inner Disc 3.79 mm | Thickness Blades 1.89 mm
Bore 60 mm

Table 4.1 Geometry dimensions of the 24-bladed blisk

The FE model was constructed in ANSYS using the following parameters, as

shown in Table 4.2 :
Element Type: SHELL element | Young Modulus: 207 MPa
N. of Nodes: 659 | Poisson ratio: .33
N. of Elements: 643 | Density: 7594 Kg*m=
Analysis Type: Cyclic Symmetry | N. of Blades 24

Table 4.2 FEM construction parameters

Figure 4.3 and Figure 4.4 show a basic sector of the blisk, as used in the cyclic

symmetry analysis using ANSYS software, and the zoomed region where the

clamping mechanism will work so a suitable number of nodes were locked to

simulate the locked area. Figure 4.5 shows the overall bladed blisk which

resembles a fan blisk because the shape of its blades.

AN

Figure 4.3 FEM blade sector

Figure 4.4 FEM blade sector; zoomed
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Figure 4.5 24-Bladed disc

Figure 4.6 Dimensions of the USAF 24-Bladed disc

Some basic dimensions of this USAF 24 Bladed Disc testpiece are shown in
Figure 4.6. FE analysis was used to predict tuned-blade natural frequencies and
mode shapes for the blisk, using ANSYS cyclic symmetry analysis for modelling.
Figure 4.7 shows the two families of modes, 1T and 2F, which are separated by

about 20Hz on the left hand side. While, Figure 4.8, on the right hand side,
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shows the modal content (Flap Vs Twist) of the two families of modes where the

nodal diameter at which veering occurs can be seen clearly.

1st Torsional curve and 2nd Flap-wise curve at 0 [rpm] Higher Frequency Modes
310 ‘ ‘ [ ‘ 1 T T
08 -
305 — P— _
1T>2F — ),
8
300 § 04t |
=
02
295
_ o . . . n n
3 0 2 4 6 8 10 12
g
g 290
% Lower Frequency Modes
© 1
285 0 < D
e 08t 4
A
= — Bending
280 2 o0sr — Torsion |
H
3
2F>1T T oap 1
g
275 =
] e ‘ 02
T
270 0 . . . n n
0 1 2 3 4 5 6 7 8 9 0 1 12 0 2 4 3 8 10 12
Nodal Diameter Nodal Diameter

Figure 4.7 1T and 2F natural frequencies Figure 4.8 Modal content of the two

plot calculated at rest families of model at rest

Figure 4.9 shows the corresponding curves calculated for a rotational speed of
2400 rev/min. Figure 4.10 shows the modal content calculated at 2400 rev/min.
Figure 4.11 shows the 1T and 2F curves calculated for rotational speeds of 0

rev/min and 2400 rev/min.
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1st Torsional curves and 2nd Flap-wise curves at 0 and 2400 [rpm]
340
I I | 3/6,/45/<
330
320
w 310
T
oy S
g )/@/6’/’6/’6
g 300 1T
w
290 —
j/@,/e’/f P §
9\6/@/ L o
P
280 S
A 2F>1T
. — I —
270
0 1 2 3 4 5 6 7 8 9 10 1 12
Nodal Diameter

Figure 4.11 Curves 1T and 2F calculated for rotational speeds of 0 rev/min and

2400rev/min

Considering the geometry of the blade, which shows a sharp corner at the blade
root, it was necessary to carry out a detailed stress analysis. The steady stress,
calculated using Von Misses formulas, at the root of the blade for a rotational
speed of 2400 rev/min is 59.4 MPa, which is lower than the yield stress of the

steel. Figure 4.12 shows the result of the stress analysis.
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Figure 4.12 Result of the Steady Stress analysis (Von Misses) calculated at

rotational speed of 2400 rev/min
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Despite the fact that the geometrical shape of the blisk appears very simple, the
parameters governing the proximity of those families of modes were hard to
find: in fact the overall design took nearly six months. Several attempts were
made, often unsuccessfully, until one of the key geometrical parameters was
found to be the inter-blade tip slot width and, surprisingly, its variation showed
very well how the two families could be controlled, as shown in Figure 4.13
where the blade gap was varied in the range 5 (0.5) 11 mm. That design
experience triggered an important thought about the relationship between
geometrical sensitivity and mistuning perturbation which can be easily
summarized by the following question: ‘How sensitive would be a blisk to a
datum mistuning pattern when one of its geometrical dimensions is varied.
Hence, this simple blisk design offered the possibility to study two phenomena:
(i) the curve veering effect, studied from an experimental point of view, and (ii)
geometrical sensitivity, studied for a datum mistuning pattern. The latter point

will be explored in a separate chapter.

[ [ [ [ [ [

320 5| Increment of inter-blade tip slot, (1T->2F)

Frequency [Hz]

A DD D

Increment of inter-blade tip
slot width, (2F>1T) curves.

Nodal Diameter

Figure 4.13 Series of curves for 2F and 1T families
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4.3 Development of the rotating test rig

The vibration measurement tests on the 24-bladed disk were carried out on a
well controlled test rig. That had been designed and built, in the past, to perform
experimental investigations of the sensitivity of bladed disk to mistuning. That
specific phenomenon presents a wide range of difficulties for measurements
therefore it was important that all unwanted phenomena but not the one being
studied were eliminated by designing a well-controlled test rig. Most of the
original structure and features were retained; however, some parts of the rig
were removed or substituted by others, included the measurement technique for
the vibration measurements, developed to be independent of mechanical

components.

4.3.1 Original ADTURSB test rig description

The Adturb test rig was designed to meet several demanding requirements. In
fact, it could operate under vacuum conditions, the rotor being enclosed in a
chamber whose front side could be closed by a glass window allowing full
operational conditions to the LDV laser beam. This feature proved to be very
useful to perform measurements without the presence of aerodynamic effects
such as damping due to the air. The rig was equipped with an electric motor
whose maximum achievable speed was 6000 rev/min. The motor could be
electronically controlled via software which could perform several tasks, such as
setting up the rotational speed. The chamber could be equipped with up to six
exciters, although only one is usually used for the measurements. The exciter
consisting of a DC magnet was mounted on a stepper motor, schematically
shown in Figure 4.14, which could be controlled electronically to adjust the
clearance between the magnet and the blade tip, thus controlling the level of

force [30].

-86-



Chapter 4 Blisk and Test rig: design and instrumentation

Rotation prevention pin

Stepper motor

|_ Variable gap |

I

Permanent magnet

Force tranducer Power cable

M8 tapped

blind hole Coupling

Blade Communication cahle

Force signal cable

Figure 4.14 Stepper motor

Figure 4.15 shows the front and the rear faces of the test rig where it is possible

to see one of the rotors used in the past for measurement tests.

| 1- Optical sensor
2- Indexer

3- Magnet holder
4- Vacuum pump
5- Pnuematic actu.
6- Add. exciter locs
7- Stepper motor

| 8- Elec. motor

| 9- Back-plate

| 10- Vacuum gauge |
v

/| 1-Bladed disk
2-45-deg fixed conical mirror
3-45-deg centre mirror
4- Balancing plane
5- Fixed mirror adjustments

Figure 4.15 Front and rear of test rig

Bladed disks are very complex and sensitive structures and any type of
contacting transducer can significantly change their dynamic behaviour, so the
only transducers usable for accurate measurements are contact-less ones, such as
the Laser Doppler Vibrometer (LDV) which was then used in all the Adturb
project measurements. Despite the use of a Scanning LDV, that transducer was
employed as a single point device because the measurement method employed
consisted of self-tracking measurement system. The system consisted of an index

45 degree mirror mounted on a push-rod inserted into a hollowed shaft, as
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shown in Figure 4.16. The mirror could be rotated in increment of 15 degrees,
thereby aligning with any of the 24 blades, by a pneumatic actuator which,
electronically controlled, could push forward the push-rod to allow its
incremental rotation. That tracking method delivered a robust single point
measurement technique in fact the laser spot located on the target position could
be always synchronous with the target. A crucial feature was the positioning of
the 45 degree annulus mirror and its alignment in order to properly deflect the

laser beam, the operational working scheme is shown in Figure 4.17.
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Figure 4.16 Index mechanism

Drive shaft Indexer i
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front cover
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Figure 4.17 The self-tracking system scheme

Finally, Figure 4.18 show in detail the measurement set-up used in the past.
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Figure 4.18 Measurement test set-up

4.3.2 USATF test rig updating

Essentially, the test rig set-up required for the actual project was kept the same;
the main body of the rig was not modified. The requirements of the USAF
project were obviously different, mainly focussed on the development of a new
tracking measurement method, and so the components used to achieve the self-
tracking technique were removed and stored. In fact, the new test rig set-up was
lighter, in terms of mechanical components, with the SLDV system able to drive
the laser spot synchronously with the rotating target. The hollow shaft had to be
replaced as it was no longer straight, one of the causes of misalignment, and
replaced by a solid one. The new shaft was equipped at one end with an encoder
(2000 Pulses/rev) which serves as time base clock for the X-Y mirror waveform
sampling rate, as already explained in Chapter 3. Thanks to improved
electronics, the acquisition and output board cards were more compact and
easily mountable into a PC desktop digitally controlled by software only. The
output card was a National Instruments (NI) 4452 PCI with 4 input channels
sampling at a maximum of 200 Ksamples/sec, and the internal clock was shared

by all channels, meaning that if all acquiring that sampling frequency was % of
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the original. The output card was an NI 6711 PCI with 4 output channels two of
them used for driving the LDV scanning device. That card has the option to use
an external time base clock to sample the output waveform, represented by the
TTL output signal of the encoder. One of the features of the test rig which is now
exploited more than in the previous design, and it is the possibility to have a
greater variety of excitation methods. Previously, the excitation system consisted
of one or more, up to 6, DC magnets placed right behind the blade tips.
However, this excitation method, called Engine Order (EO) excitation, is speed-
dependent and therefore excitation of some blisk resonances can be only
obtained at rotational speeds beyond the operational frequency limit imposed by
the scanning device. To overcome this limitation, the test rig should be equipped
with either a fix AC exciter or a rotating one to achieve two different excitation
configurations as shown in Figure 4.19. Following paragraphs describe the

excitation methods.
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1 1 1 1
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Figure 4.19 Fixed AC exciter, left hand side; Rotating AC exciter, right hand side

4.3.3 Excitation Systems; DC and AC magnets.

We have seen that the test rig offers several options to produce an excitation of

the rotating blisk. By using a fixed DC magnet, placed behind the blade tip, an
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EO excitation method can be performed which is very similar to the one
experienced by real rotors under operating conditions. However, that excitation
method is speed-dependent, and that may cause some problems for the scanning
device performances, when the blisk resonances to be studied are only
achievable at high rotational speeds. Any way, the excitation frequency can be
easily controlled by mounting an AC magnet, thus removing the dependency of
the resonance excitation on the rotational speed. This feature offers the chance to
carry out measurement tests under rotating conditions at lower speed. A useful
solution for using the AC excitation method was to mount the exciter on a disc
support clamped at the shaft thus to have the exciter and the laser spot in the
same system of reference, a clear picture of this excitation system will be given in

the next sub-paragraph.

4.3.3.1 DC excitation system

The blisk excitation can be achieved through a permanent magnet fixed in space

as shown in Figure 4.20.

Figure 4.20 DC magnet

Using this type of excitation arrangement the bladed blisk experiences a phased
pulse excitation whenever a blade passes the exciter magnet and, in fact, the
excitation force fluctuates from near-zero when the magnet is between blades, to

a maximum when the magnet is centred on a blade tip. In the present case, the
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magnet only attracts the blades; therefore, all the force values are positive. An

example of a train of magnetic pulses is shown in Figure 4.21.
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—— Force transducer signal

= Force on a blade in one rotation
i " i 5

L] 0.02 0.04 0.06 0.08 0.1 0.12
Time (5}

-

Figure 4.21 Example of a typical train of magnet pulses

Given a magnet pulse such as the one given in red in Figure 4.21, the amplitude
of the force exciting different EOs can be calculated by performing a Fourier

series analysis. Assuming that the discrete force signal, f, is defined at N time
points, t=¢;, (k=12,..,N) and is periodic, with a period T, in the form

f(t)= f(t+T), it can be represented by a finite series:

N-1
f]'{ — ZEleZmnk/N (41)
n=0
where:
1 N-1 -
F :Nkae‘z’”" W n=12,...N 4.2)
k=0

F,

Here the absolute value of the complex F,, |F,|, gives the amplitude of the nth

harmonic, or the amplitude of the nEQ excitation. The first 48 harmonics of a
typical magnet pulse, together with the reconstructed pulse using these

harmonics in ((4.1), are given in Figure 4.22.
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Figure 4.22 Harmonics of a magnet pulse and its reconstruction through these

harmonics

4.3.3.2 AC excitation

Another way to excite the blisk is to use an AC magnet, such as the one shown in

Figure 4.23.

Figure 4.23 AC magnet

The AC magnet can be used in two ways to excite the blisk, either fixed in space
or rotating with the disc, thus to always excite the blisk at a fix point. It is
important to note that the magnetic force is related to the gap by the inverse
square, and so the exciter must be set up very close to the structure to input
enough exciting force. When measurements are carried out with the blisk at rest,
there are no problems about safety which may arise whenever the blisk is
rotating and the vibrating blades can hit the exciter being very close to them. A

solution to overcome that is to mount the exciter either the root of blade or at a
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location at which the exciter can still transfer enough energy to the structure but
whose vibration amplitude is small enough to avoid unwanted contacts between
the test structure and the exciter. Figure 4.24 shows the operational scheme of

the AC magnet.

-— -

o
< [N

Electromagnet

F, *cos(wt)

Figure 4.24 AC operational scheme

Supposing that the magnet is driven at the frequency, @, in the form:

£(t) = F, *cos(wt) (4.3)

and recalling that the magnet force is always positive, the force experienced by

the blade may be related to the gap and be described as follows:

F(t)—> (4.4)

% F, *cos(wt)

Having a fixed AC exciter mounted behind the blisk turned out to be very
practical because the excitation frequency could be easily controlled using a

signal generator to excite any desired ODS at any rotational speed. However,
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that solution was not helpful when a Frequency Response Function (FRF) had to
be measured under rotating conditions because the excitation and the response
are not measured in the same system of reference. Under these circumstances,
the coordinate of any point of a bladed blisk rotating at speed of {2 can be related

to the coordinate of fixed frame of reference by the following equation:
X=X+ (4.5)

where y is the coordinate in the rotating frame of reference and y,is the

coordinate in the fixed frame of reference. With the exciter being fixed in the
space, a harmonic stationary point force is represented by the equations (4.3),

and the force acting on a bladed blisk can be represented by:
F(4,t)=(F,coswt)S(y—x) (4.6)
where 0, the Kronecker delta, satisfies:

5(;{—Qt)=() for (;(—Qt)i()

T§(;{—Qt)d;(=l @7)

—00

When the pair of n-th nodal diameter (ND) bladed blisk modes have the form of

mode shapes:

¢ (x)=sin(ny)

4.8
¢, (x)=cos(ny) (48)

the generalized forces for the assumed modes become:
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Qm:TF(z,tM (2)Mx

27 (4.9)
O, | F(x:t) (x)x
0
which after integration can be expressed as:
0, %sin(a)— nQ)t+%sin(a)+ nQ)t
(4.10)

Q2n=%cos(w—n9)t+%cos(a)+ nQ)t

Thus, it can be seen that the excitation experienced by the bladed disk in rotating

the frame of reference is at two distinct frequencies, (a)inQ), for each n ND

mode. It was decided to mount the exciter on a disc which could be locked onto
the shaft right behind the bladed blisk so as to be fixed in the same frame of
reference. One of the main concerns was to feed the exciter with the appropriate
signals during rotation. The solution was to install two brushes on the disc
which could slide on two slip rings attached on a fixed support to finally transfer
the signal into the AC exciter. Any loss of signal voltage level due to the slippery
contact was not affecting the performance of the exciter which could deliver
enough force to excite the blisk. The first prototype was assembled using scrap

materials as shown in Figure 4.25.
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Figure 4.25 Rotating exciter and slip ring; prototype

Having designed such an exciter, the use of chirp signal as excitation force could
speed up the FRF measurement which was not possible when using the exciter
fixed in space. An example of FRF data measurement using rotating and fixed
AC exciters is shown in Figure 4.26. Because of the prototype arrangement, the
measurements could only be performed at 6 rev/min and 60 rev/min, as shown
on the left hand and right hand side, respectively. The input signal was a sine
sweep signal in the range of 15-35 Hz whose sweeping time was 10 sec. The
picture shows clearly that when the AC magnet is used fixed in space the
frequency spectrum of the measured LDV output signal was unreadable

whereas by using the rotating exciter the measurements show up clearly.
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Figure 4.26 FRF data using rotating and fixed AC magnet; sine sweep excitation

Encouraged by results measured using a temporary prototype device, it was
decided to design and manufacture a more robust one able to accomplish tasks
at higher rotational speeds. The results of measurements made using that
excitation method will be presented in Chapter 6. Figure 4.27 shows the slip
rings mounted on a fixed support and connected to the signal generator, the
rotating AC magnetic exciter installed into a disc plate counter balanced by a
weighted mass and the overall assembly which shows the position of the AC
magnet respect to the blisk. All tests were carried out by setting up the gap
between the exciter and the blisk at 1.5mm. However, when using such an
assembly it was necessary to perform a force measurement to assess the level of
force delivered by the exciter. The exciter was fed with sine waves in the
frequency range between 20 (1) 300 Hz whose amplitude was set for the first
measurement test at 6V, and for the second measurement test at 12V. Figure 4.28

shows the results of the force measurements.
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Figure 4.27 Slip rings, rotating exciter and overall assembly
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Figure 4.28 Measured force produced by the exciter with Imm gap inputting

sinewaves at 6V (blue) and 12V (red)
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4.4 Conclusions

In this chapter we have presented the design of the 24-bladed disk test piece. A
series of criteria were set for the rotor design to be able to study the dynamic
behaviour of the blisk at the veering region both under stationary and rotating
conditions. Some of these criteria can be recalled by saying that the 2" flap-wise
and 1¢ torsional families of modes had be very close in frequency at rest and
well separated at 2400 rev/min, the maximum rotational speed agreed, and the
geometrical shape of the blade should allow the laser beam to sweep the surface
easily. The designed blisk was similar to a fan blisk and it was also use for other
research studies. Having presented the testpiece, the chapter also described the
developed test rig used to carry out vibration tests. We have seen that the USAF
test rig was a modification of an existing one previously used for another project.
We have shown the differences between the two configurations, outlining the
possibility of the later one to use a wider variety of excitation methods. A
detailed explanation of the rotating exciter was provided and thanks to that
excitation method it was possible and very easy to measure FRFs under rotating

conditions.
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5 Virtual Test Simulation (VTS)
using Tracking-Continuous Scanning

LDV methods

5.1 Overview

This chapter is focussed on the Virtual Test Simulations (VTS). The simulators
performing such tasks are coded into panels which are part of a software
platform, called CAISER MYMESIS, which can perform several tasks in the
CSLDV measurement process. VISs are reproduction of real vibration
measurement tests but resolved in mathematical models to be run in any
computer. One of the aims of these simulators is to provide a software tool to
mechanical designers to experience ‘virtually’” measurement tests using CSLDV
methods. In addition, this software aims to help those who periodically work
with experiments, in the identification of the best measurement parameters to
obtain optimum measurement results, such as ODS, of reliable quality. Virtual
test simulation (VTS) is presented through the explanation of some software
panels which can perform virtual measurements both under stationary and
rotating conditions using continuous scanning LDV techniques. To help the
comprehension of the simulator panels, the chapter develops along an

introduction of VTS to go into the Operational Deflection Shape (ODS)
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mathematical concept followed by Polynomial curve fitting concept to conclude

into the simulator panels” explanation and practical use of them for predictions.

5.2 Virtual Test Simulation (VTS) concepts

Any vibration test requires both lot of experience to be properly carried out and
a lot of time to set it up. Experience is without doubt an important attribute for
any person dedicated to that type of work. In fact, non experts are to make
trivial mistakes, even in setting up the measurement system. Any little error
accidentally introduced anywhere in the test set up will inevitably be reported in
the final measured output data. Even when the test rig is ready to run, some
time can be required to set up the right measurement parameters such as
instrument sensitivity and others. All this “experience” is something gathered
from many years of practice, step by step, and of course this preparation costs
time and money. Unfortunately, time is increasingly critical and everything is
being sped up faster and faster. However, tests can be improved, at least to
avoid an improper use of measurement parameters. Here, Virtual Test
Simulations (VTS) can help, even experts, to test virtually on computers in order
to assess what would be the best parameter choices to use in the laboratory. The
main aim of VTS is to simulate the intended output measured data as close to
the real situation as possible by mathematically modelling the output behaviour
and, based on that, to perform a virtual test to obtain the best measurement
parameters. With the LDV transducer used in this study, the challenge was to
code and structure into a software platform a detailed mathematical model of
the LDV and its output signal. That is not the only model involved because in
reality we do not have a measurement without noise pollution and sources of
signal corruption, hence the aim is to include models of any source of noise
introduced by the scanning mirrors, roughness of the tested surface which is

linked with the speckle noise, laser misalighment and any many others. Once
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mathematical models are coded to describe sources of noise, we can
superimpose them on the LDV output signal model. This modus operandi turns to
be very useful for the Continuous Scanning LDV method. Because of the nature
of LDV techniques, mathematical modelling can be used to perform simulations
under several “operative” conditions in order to optimize the real measurement
test set up, once in laboratory. On the other hand, the VTS method is also useful
for training non experts to use a measurement method such as CSLDV by
providing a basic knowledge of its use before application of the test rig itself. In
the next paragraph it will become clearer how the VTS can be employed for the
CLSDV method under stationary and rotating conditions for the test piece and
the tracking methods, such as Point Tracking, Line Tracking and Area Tracking,

introduced in Chapter 3, will be seen from a mathematical point of view.

5.2.1 Structure of a VTS for the CSLDV method

Before presenting an explanation of the VTS for the different tracking methods,
it is important to introduce the structure of the simulator codes and to show how
a common basic scheme is shared by all simulated methods. Schematically, the
simulators are composed of panels divided into three tabbed sections working
sequentially. The first one is generally called “ODS simulator and polynomial
titting” because it uses data from an FEM model to produce a desired ODS in the
frequency range of the calculated solutions. The second section is called the
“LDV output signal simulator” and is dedicated to simulate the LDV output
signal (time history) using polynomial coefficients as input, which have been
produced in the previous section by polynomial curve fitting. The last section,
“ODS contractor”, post processes the LDV time signal simulated to reconstruct
the ODS. Figure 5.1 shows the flow chart of a general simulator panel in order

to make clearer the process summarized above.
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Figure 5.1 Flow chart scheme of simulator panel

5.3 ODS theory

CSLDV is a structural vibrations measurement method which allows rapid
determination of the Operational Deflection Shape (ODS) of a vibratory
structure. Accordingly VTS simulators calculate any ODS at any excitation
frequency and excitation location as their first task. The initial simulated ODS
will then become the reference data used to validate the subsequently
reconstructed ODS from a simulated LDV time signal. If we consider the general
equation of forced vibration for the particular case of harmonic excitation and

response of a MDOF system with general hysteretic damping:

[K1+iD)- @* (M) X e = {Fle™ (5.1)
and the hysteretic damping matrix [D] is, typically:

[D]= AIK]+7IM] (5.2)

the solution of the general equation is:
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X3 =K1+ D]~ (M) {F} = [a(0)]{F) (53)

but this equation is not efficient for numerical application and so a more helpful

form of this solution may be derived by modal analysis:

=3 95, 5195,

r=1 a)z _a)z +l77ra)r2

r

(5.4)

e
2

where 17, = S+ is damping loss factor for that mode. Equation ((5.4) may be

used to study an ODS in terms of mode shapes, force vectors, excitation

frequencies and damping factors [31].

5.4 Polynomial Curve Fitting

This section will describe the polynomial curve fitting used in the simulators to
curve fit a simulated ODS to recover polynomial coefficients. It should be noted
that, the reason why curve fitting is essential for the VTS, and why any error
produced by that process will have repercussions on the simulated LDV output
time signal, is a consequence, explained in this section, of the measurement
methodology and time data post-processing. When a structure is excited
sinusoidally the LDV output signal, when laser beam is travelling continuously
across the surface of the structure, is an amplitude-modulated signal whose
frequency spectrum includes a series of sidebands, equally spaced apart the
excitation frequency. The amplitudes of those sidebands can be transformed into
coefficients of a polynomial series which will describe the ODS of the structure.
Hence, the polynomial coefficients are key points both for the actual
reconstruction of the ODS from real time data and for the simulation of the LDV

time history. Whenever we want to simulate time data, the initial task is to
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simulate an ODS which is then curve fitted to obtain the polynomial coefficients
to start the overall process of VIS. The introduction of the key role played by
polynomial coefficients and by polynomial curve fitting is important to
understand and that any error introduced at the first phase of the simulation will
be transmitted throughout the overall simulation process and ODS
reconstruction. The next section will clarify the consequences of inaccuracy in

the polynomial coefficients.

5.4.1 Polynomial curve fitting inaccuracy

When the modal solution has been obtained for an FEM, the eigenvectors and
eigenvalues and the damping loss factor (either from real measured data or from
a simulation), can be input to equation (5.4) to produce any ODS in the
frequency range of the calculated modal solutions. The ODS can then be curve

titted to obtain the polynomial coefficients by using equation:

_ 2 2 n-lyr n
zZy=a,+ al,OXl + a0,1Y1 + az,le Y+ a1,2X1Yl +...+ anfl,nXl Y,

.............................................. (5.5)
_ 2 2 n-lyr n
z,=ay+a X, +a,Y +a, XY +a,X Y +.+a, X"

where [ao...ann] are the polynomial coefficients, [Z1...Zx] are the displacement
values of the ODS, [Xi...Xxn] and [Y1...Yx] are the coordinates of the FEM model
node points. When a straight-line scan is performed, the resulting ODS is mono-
dimensional and therefore the simulated ODS and the curve fitting equations

become:

_ 2 n
zy,=a,+a X, +a, X" +..+a,X,

.............................................. (56)
z,=a,+a X, +a, X, +..+a X,
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There are several algorithms to improve the polynomial curve fitting but this is
not the place to discuss it where the primary intention is to show how a poor

titting reflects on the next stages of the LDV time data simulation.

5.4.1.1 Inaccuracy of polynomial curve fitting and LDV simulation

Consider a simulated ODS of the second flexural bending motion, as shown in
Figure 5.2. A poor polynomial curve fitting will produce coefficients containing
errors and then the reconstruction of the polynomial is poor, as shown in Figure
5.3. When the curve fitting is properly performed, the polynomial coefficients

will fit a polynomial matching the simulated ODS perfectly, as shown in Figure
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Figure 5.2 ODS; 2nd flexural mode shape Figure 5.3 Zoom of dotted circle
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Figure 5.4 Zoom of dotted circle when the curve fitting is good

Good or poor polynomial curve fitting will reflect on the simulation of the LDV
time history, and eventually on the reconstruction of the ODS. Figure 5.5 shows
a simulated LDV time data from a poor polynomial curve fitting where these
errors can be seen as ‘pseudo vibration” by the constrained root, as already
shown in Figure 5.4. In fact, a good curve fitting returns clearly the simulation

of the LDV time data, as shown in Figure 5.6.
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Figure 5.5 LDV time data; poor fitting  Figure 5.6 LDV time data; good fitting

- 108 -



Chapter 5 Virtual Test Simulation (VTS) using tacking-CSLDV methods

If we now simulate the ODS of a blade sector for the 1¢ flexural bending motion,
as show in Figure 5.7, a poor polynomial fitting will affect the simulation of the
LDV time signal. Figure 5.8 and Figure 5.9 show simulations of LDV time data
from poor polynomial coefficients and from refined polynomial coefficients. The
main problem of curve fitting any ODS, both for 1D and 2D scan, is due to the
constrained nodes, with zero displacement, of some coordinates of the ODS. As
a result the solutions of equation (5.5), even when the polynomial order is
correct, will contain small errors which can be reflected in the LDV time data

simulation.
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Figure 5.8 LDV time data; bad fitting  Figure 5.9 LDV time data; improved fitting
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5.5 Point Tracking method VTS

‘Point Tracking VTS’ is one of the three panels dedicated to the simulation of
LDV output time signal of synchronous measurement methods of rotating
structures. This software panel is used to perform simulations of single point
measurement time data of rotating structures. Despite the simplicity of the
method, the Point Tracking panel must help to reproduce a real measurement
including all sources of noise and any misalignment, which can cause a series of
problems. One unwanted feature is an overload of the decoder which occurs
when a resonance of the vibrating structure is encountered; however, that is not
the case met during the measurements. It was already noticed in the previous
chapter that when misalignment is present the laser spot position is not fixed at
the specified location but it traces a small path around it. Generally, only a visual
inspection of the laser spot during slow rotation of the blisk can determine if the
level of misalignment is acceptable or not, whether the spot stays in a reasonable
area around the target position. The simulator can only predict the effect of
misalignment on the LDV output signal. Unfortunately, sources of misalignment
such as offsets and rotations of the laser head are rarely input correctly because
they are extremely difficult to measure. Speckle noise is always part of laser light
but can become more severe when the laser beam travels on the structure surface
thus the Point Tracking simulator takes into account those unwanted conditions

for LDV time history predictions.

5.5.1 Point Tracking-VTS, Polynomial curve fitting

We already noted that all simulator panels are designed from a common basis as
shown schematically in Figure 5.1. In modern mechanical design, one of the first
tasks to accomplish is the construction of an FE model of the structure in order
to study its mechanical characteristics, including its dynamic properties. This

study can be extended to provide a virtual test simulation using the same FE
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model. This way, bridging experimental and theoretical approaches can be
considered quite interesting because analysts can have the opportunity to run a
virtual measurement using the model they are developing and, at the same time,
they can approach by numerical simulation the work often done by
experimentalists in the laboratory. The panel, shown in Figure 5.10, offers
options to set up the excitation frequency, location and force level as well as the
response location by using a cursor to decide where to calculate it and
eigenvalues are also listed. When all the parameters have been input, the ODS is
calculated and presented in a 3D graph plot to show the deflection of the
structure: this can be animated to visualize it. Some examples of calculated
ODSs are shown in Figure 5.11 where both the excitation and response locations
can be seen. The excitation position is assumed to be at one node despite the fact
that in real tests the exciter generally acts on an area rather than at a single point.
It could be possible to adjust the simulation of the excitation, but this extra
mathematical modelling effort was not considered necessary, the ODS

simulations being in good agreement with the measured ones.

Vibration Frequency [Hz]
\; 32.00

1 Exitation point

Figure 5.10 Front panel of Point Tracking VTS-Polynomial Curve Fitting tab

-111 -



Chapter 5 Virtual Test Simulation (VTS) using tacking-CSLDV methods

Figure 5.11 ODS simulations with excitation and response positions

5.5.2 Point Tracking-VTS, LDV time history

Once the response at the desired location is calculated, the value of the
displacement is used in the next section of the Point Tracking panel, as shown in
Figure 5.12, to simulate the vibration at that location. This section of the panel
has to reproduce as accurately as possible a measurement test procedure from
virtual control of the scanning device by inputting the values to generate the X-Y
mirror waveforms to control the acquisition of the LDV time history by setting

up input parameters.

Sctup | LDV output signal | Laser pathern

J yFreauency span [He]  pothaRicname o save L:gﬂl/Udh ate [Hz]
" I 10000 1000
Save file?
& | fumborst eyhez inene Batfer-Y mierer
5.50
/ \Mumber of Gyeles  Sample rate [Ha]
o jrmw 1000 Number of eyles in one Butfer- X mir
[s0.00 i
Mumber of samples [n] 50:00. tive: mation

10000

LV Sensivity Speckie

[mm/=/¥] Fa mber f ll meni 5.08-3-
= o 7 y

Amplitud

- Spamp
) White nsise 1] [y Ak -5.0E-3-
a

20000 40000 60000 30000 100001
Number of Cycles in one Buffer

Figure 5.12 Front panel of Point Tracking VIS-LDV time history simulator

The panel has to provide a series of controls to generate sources of speckle noise,
white noise and sources of misalignment to be superimposed on the virtual

vibration. Finally, the result of the simulation can be seen on two plots, in the
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time and frequency domains respectively. The main achievement of this
simulator panel is to allow anyone to actively act on the controls and to simulate
as much as LDV output time signals as are desired. By doing this it is possible to
assess the ideal parameters with which eventually to run measurements on real

structures.

5.5.2.1 Mathematical formulation

The vibration, which is expressed here as a velocity in the z-direction, is

perpendicular to the structure surface in the X-Y plane:

v.(t)=V coswt+V_ sinwt 5.7)

where V, and V,, are the Real and Imaginary components of the vibration in z-

direction, w is the vibration frequency and ¢ is time. For simplicity, we consider

the vibration real and so the equation (5.7) becomes:

v, =V_,cosmt (5.8)

This equation is not taking into account any source of noise or misalignment
therefore it could not be representative of real LDV time signal data. We have
already introduced the problem of misalignment which is seen by the transducer
as a pseudo vibration and which forces the laser beam to travel along a very
small path around the designed measurement position. The frequency at which
the small path is travelled depends on the rotational speed of the structure and
because of that the laser beam will be more sensitive to speckle noise. It is now
important to introduce a mathematical model to simulate the speckle noise and
which was used for all the tracking methods simulations [1]. That mathematical

model is based on the fact that the laser beam travels sinusoidally always on the
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same path, such as backward and forward along lines. Thus its motion is
periodic with a frequency which is governed by the rotational speed of the
testpiece. This means that the speckle changes are also periodic and their
frequency content is concentrated at the fundamental motion frequency (the
rotational speed) and its harmonics. The most influential parameter for the
speckle noise is the scan speed and so the speckle model was built on the basis of
this since, when varying the scan speed, the noise characteristic changes

accordingly. The speckle model superimposed on the velocity response is:

n.of harm
Spk = Agprckie i o {cos(27zQLDVt)+b z v(n) cos(n27zQLDVt)} (5.9)
n=2
Agppckipan, = 1-34€7°Q),, —1.17¢7Q],, +3.57¢7°Q,,, +1.11e” (5.10)

Qrov being the scan frequency of the measuring laser beam, v(n)a normalised
random variable which represents the amplitudes of the LDV spectrum at the
harmonics of the scan frequency, 7 is an integer which it depends on the number

of harmonics of the scan frequency that is decided to be included, Agpeyipyi0,,, 18

the amplitude of the speckle noise at the scan frequency and b, assumed to have
the value of 0.28, is a parameter which links the noise level at the scan frequency
with the noise level at its harmonics. On the actual velocity response model
produced it is superimposed an additional source of uniform white noise which
is to allow for the spurious sources of noise that can, generally, affect the
measurement data. The speckle noise is present with or without misalignment
since the LDV technology is sensitive to that and when the laser beam is forced
to trace a path that issue could become not negligible at all. Using the equations
expressed in paragraph 3.3.2 and equation (5.9) above superimposed on

vibration expressed by equation (5.8), we can now perform simulations of LDV
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output time history whenever a single point synchronous measurement is
carried out. It is important to note that the parameters to be set up in equations
of sections 3.3.2 are arbitrary because it is difficult, if not impossible, to measure
the exact amount of misalignment of the laser head. Therefore, for the
simulations, values are used which make the LDV time history closest to the real
measured ones. Assuming that we have set up the excitation location and the
response location as shown in Figure 5.11, we can perform a simulation of Point

Tracking using the parameters reported in Table 5.1:

Excitation Frequency: 24 Hz
LDV sensitivity 25 (mm/s)/V
Frequency Span: 500 Hz
Number of speckle noise harmonics 500
Rotational speed 60 rev/min
- Rotation around X-axis(*) 0.1 Degree
ES g Rotation around Y-axis(*) 1 Degree
% '7;0 X-Offset(*) 4 mm
= 5 [Y-Offset() 2 mm
Table 5.1 Parameter setup for the simulation
(*) arbitrary value

Thus, we obtain a path of the laser beam across the targeted location, as shown
in Figure 5.13, and a simulated LDV output time history, as shown in Figure

5.14 while Figure 5.15 shows the frequency content of the simulated signal.
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Figure 5.13 Path traced by the laser beam around the targeted location
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Figure 5.14 LDV output time signal of Point Tracking-simulation
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Figure 5.15 Frequency spectrum of LDV output time signal

When we perform a real test we find that our measurement prediction is close to

the measured one but it cannot be an exact representation of the measured data.
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Actually, looking Figure 5.16, the LDV output signal is distorted by the presence
of the misalignment but it shows also a slight modulation. This is due to the
unwanted excitation of other near by modes, as shown by red circles and square
boxes in Figure 5.17. Even if the modes are lightly excited, they add a

contribution to the time signal making it different from the simulated one.
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Figure 5.16 LDV output time signal of Point Tracking-measured
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Figure 5.17 Frequency spectrum of the measured LDV output time signal

5.6 Line Tracking method VTS

We presented the X-Y mirrors waveforms to perform continuous straight-line

synchronous measurement in the Chapter 3. Despite the complication of the
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waveforms involved in practical tests, the laser beam being synchronous with
rotating target sees that as stationary therefore that method can be readdressed
to a mere line scan under stationary conditions and LDV output time signal is
simulated accordingly. Clearly, also for this method, sources of misalignment
add their contribution to distort slightly the designed straight line. However, the
ability to simulate the LDV time history, and to add any kind of noise pollution,
help us to predict the right parameters to scan the structure in order to avoid
corruption of the LDV time signal because of noises and, consequentially, to fail
data post processing. Finally, the aim is to help the user of this technique to

perform measurement tests easily and more effectively.

5.6.1 Line Tracking-VTS, Polynomial curve fitting

The first task to accomplish, also for the Line Tracking VTS, is to calculate the
ODS for which we wish to simulate the LDV output time signal. Using one point
track simulator, the displacement of a selected point of the ODS was enough to
reproduce the LDV time signal. Now, a straight line scan method is involved
and to reconstruct the time signal we need to obtain the polynomial coefficients
of the blade sector we wish to test. Once the ODS is calculated by inputting the
desired excitation force, location and frequency parameters, the polynomial
curve fitting can be performed by choosing both the blade and the number of
polynomial coefficients for the curve fitting, as explained in section 5.4. Figure
5.18 shows the Polynomial Fit front panel where on the right hand side is shown
the projection of the blisk ODS with the chosen blade in colourful spectrum, the
straight-line is in white colour. The calculated coefficients are then transferred to

next panel section to be used in the LDV time signal simulator.
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Figure 5.18 Polynomial curve fitting for Line Tracking VTS; straight-line in white

5.6.2 Line Tracking-VTS, LDV time history

The time signal simulator of the second section of the panel presents the same
input parameters of the Point Tracking time signal simulator with an additional
one corresponding to the X/Y-LDV mirror scan rate, meaning the frequency rate
at which the laser beam travels the path length. Figure 5.19 shows the tab where
the simulated time signal is plotted in the time domain, on the left hand side,
and its frequency content is plotted on the right hand side. An additional tab for
this section is also provided to plot a possible line path when misalignment is

included.

Setup LDV output zignal | Lazer pattern

LDV time zignal Frequency spectrum

2.500 1.0E+0
2! 900.0E-
1 | 300.0E-.
1. | h 700.0E-
S 0500 ﬂ h Eum.uE-
ﬁ 0.000- L & 500.0E-
E‘-n.snu- f v i g 4000
B = 300,08~
-1 HH‘ 200.0E-
Uw A
2,500 ! 0. A A .
00 02 04 06 08 1.0 12 14 15 13 2.0 0.00 10.00 20.00 30.00 44.00
Time [zec] Frequency [Hz]
[time ey Bl | BRI [rrogency ) 81282 | BRI
[amplive (v B12]0y [amplitade (v pig B8]

S

Figure 5.19 Front panel of Line Tracking VTS, time history simulator; graph plots tab
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The Line Tracking-VTS simulator panel has two very important aims to achieve:
(i) to be a training console for non experts in CLSDV method and (ii) to be a
prediction software tool. Obviously, the second one could offer a valuable
contribution for designing a measurement test procedure however the number
of, known and unknown, variables involved in any vibration test under rotating
conditions is, generally, too wide to be assessed and mathematically modelled
therefore some disagreements between simulations and measurements data tests

might be possible.

5.6.2.1 Mathematical formulation

The straight-line scan involves a one-dimensional scan along a line that can be
swept by the laser moving with sinusoidal-varying velocity, and the scan is
performed under stationary or rotating conditions, for which case a spiral scan is
created whose circumferential frequency rate is synchronous with the rotational
speed of the target. In the general case, a straight-line scan on a structure
vibrating at frequency, o, will give a modulated LDV output signal whose
frequency spectrum contains a symmetrical set of sidebands spaced about the
frequency scan rate, Quov. The Line Tracking simulator can also perform time
signal simulations under stationary conditions by setting the rotational speed
equal to zero. Whether the test is performed at the rest, or under rotation, the
structure will see, in its frame of reference, a straight-line hence all the
simulations, whether or not rotational speed is superimposed, are treated for
simplicity as de-rotated. The straight-line scan is achieved by imposing, either to
X-mirror or to Y-mirror, a waveform signal of zero amplitude expressed by

equations:

x(t)=0

(5.11)
y(t) =cos(27Q 1)
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where Qipv is the scan rate frequency. Expressing the velocity in the z-direction

as follow:

v.(t)=V_coswt (6.12)

where V, is the Real component of the vibration in z-direction, w is the
vibration frequency and t is time. Now, V, is function of the instantaneous

position of the laser spot as expressed by equation:

p
V()= V. X" (5.13)
n=0

x being the normalized position vector representing all the points along the line.
It goes from -1 to 1, considering the zero position as the centre of the line and

normalizing at 2 its total length. V, , is the n" polynomial coefficient describing

the velocity pattern along the line, which were calculated in the section of the
panel where the ODS of the selected blade is curve fitted. The vibration response
of the LDV beam directed to trace a straight-line scan on the test piece at

frequency, Quov, will be:

P
v, (t) =DV, , 008" (272, 1) cos(er) (5.14)
n=0

where w is frequency vibration of the structure. Expanding out this expression

trigonometrically, multiple terms arise at frequencies(w*n<,,, ), referred to as

‘“upper and lower sidebands” which are symmetrical with respect to the central
frequency, ®. Their values, in magnitude and phase, can be converted into

polynomial coefficients, p, that later can be used to derive the Operating
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Deflection Shape (ODS) of the scanned pattern. The LDV output signal
simulated using the equation (5.14) is an ideal signal. Actually, it does not take
in consideration the mirror phase lag which is always present because of the
inertia of the mirrors, so that there is a time delay between the instant when the
mirror signal driver is at zero and the instant when the laser spot is starting its
scan on the surface. Thus equation (5.14) is modified by introducing a delay,

9, for the mirror and the mirror drive signal is given by a sinewave of equation:
x(t) =cos(2,,,t+0)

Consequently, the vibration response as defined in equation (5.14) becomes:

v.(t)= i Vi, €08" (Q, 5t + ) cos(wt) (5.15)

n=0

Now, a mathematical model of the speckle noise, expressed by equation (5.9),
will be superimposed on the velocity response of the equation (5.15) to make the
LDV signal similar to real experimentally measured data. That mathematical
model is based on the fact that the laser beam travels sinusoidally always along
the same path, such as backward and forward along a line, so that its motion is
periodic with a frequency equal the scan rate. This means that the speckle
changes are periodic as well, and their frequency content is concentrated at the
fundamental scanning frequency (the scan frequency) and its harmonics. The
most influential parameter of the speckle noise is the scan rate of the mirror and
so the speckle model was built on the basis of this parameter since, when
varying the scan rate, the noise occurrence changes consequently. The speckle
model is then superimposed on the velocity response expressed by the equation

(5.15). An additional source of noise, uniform white noise @wn , is also
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superimposed. This takes into consideration the spurious sources of noise that
can, usually, affect the measured data. Having mathematical models for both
LDV output signals, sources of noises and sources of misalignment, a simulation
of LDV time history of a straight-line scan under rotating conditions can be
performed and compared to a real measurement test data. Both simulation and
measurement were performed at very low rotational speeds to be able to see the
line path travelled, being the blisk slightly misaligned with the laser head. The

simulation of the LDV time history was carried out by inputting the values listed

in Table 5.2.
Excitation Frequency: 22 Hz
LDV sensitivity 25 (mm/s)/V
LDV scan radial scan rate 0.1Hz
Frequency Span: 500 Hz
Number of speckle noise harmonics 500
Rotational speed 6 rev/min
- Rotation around X-axis(*) 1 Degree
E g Rotation around Y-axis(*) 2 Degree
5 2 [ XOffset") 1 mm
(] R
- 3 Y-Offset(*) 2 mm
Table 5.2 Parameter setup for the simulation
(*) arbitrary value

The misalignment parameters used to simulate a possible scan path have
produced the laser locus shown in Figure 5.20. The decision to run the blisk at a
very slow rotational speed, 6 rev/min, was necessary in order to visually inspect
the laser path when it was set to travel along one edge of the blade, as this
provided a fair reference for the comparison of the simulated and real laser scan
paths. However, the path traced in Figure 5.20 shows a very much exaggerated

loop which is never experienced in real tests.
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Figure 5.20 Possible scan path traced by laser beam due to misalignment

The simulated LDV output time signal is plotted on the left hand side of Figure
5.21 and it reproduces very well the measured one plotted on the right hand side
of Figure 5.21. Figure 5.22 shows the frequency spectrum of both measured and

simulated LDV time histories, left and right hand sides, respectively.
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Figure 5.21 Measured and simulated LDV time data; left hand side and right

hand side, respectively
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Figure 5.22 Frequency spectrum of measured and simulated LDV time data; left

hand side and right hand side, respectively

5.6.3 ODS reconstruction

Once the LDV time history has been simulated, the data are exported to the last
section of the Line Tracking panel for the reconstruction of the ODS. A series of
options are offered here and one of those is the possibility to compare the ODS
obtained from noisy simulated LDV time data with the original ODS simulated
at the first section of the panel, the ODS Polynomial Fit. This feature is very
useful to understand whether the LDV mirror scan rate chosen for the VTS was
close to optimal, or not. In fact, two indicators such as Maximum Assurance
Criterion (MAC) and Mean Square Error (MSE) are used to assess the quality of
the reconstructed ODS with the simulated one, by inputting the eigenvectors of
both ODSs into the formulas of the indicators. Figure 5.23 shows a flow chart of
how the software panel operates from the original ODS simulation of the FEM
through to its reconstruction from the LDV time data corrupted by sources of
noise. The reason for this type of procedure is due to the identification of the
LDV scan rate at which the laser beam has to travel backward and forward along
the structure. It was explained in the previous paragraph that the frequency
content of the speckle noise is dependent on the frequency rate of the scanning

and when harmonics of speckle noise overlap with the some of the sidebands,
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then the reconstruction of the ODS fails because of corruption of the sideband
magnitudes and phases. The possibility to select the LDV mirror scan rate
independently from the excitation frequency gives an extra option for testing the
structure and thus, the best parameter to set up during the measurements. All
that can be carried out in laboratory, but these it is very time consuming. The
Line Tracking panel might overcome that by allowing the user to simulate
thousands of possible LDV output time signals using different LDV mirror scan

rate values and to assess them immediately by comparisons of the ODSs.
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ODS from FEM data e :
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Simulated LDV output time
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---------------------------- L]
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Figure 5.23 Flowchart of ODSs comparison

Another important feature offered by this section panel is the possibility to
import time data actually measured during a test procedure and to reconstruct
the ODS. The real measured ODS can be stored and used later for comparison
with ones obtained from simulated time data: both ODS amplitudes can also be
normalized whether or not the level of simulated excitation can be compared

with the actual level. This additional comparison provides an “extra touch” to
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the software because it can directly link experimental and analytical
measurement test approaches and, ultimately, the mechanical design approach.
Figure 5.24 shows two tabs of the Line Tracking-ODS section. The top picture
shows the tab where all parameter settings can be input, either by importing
actual measured time data or by using simulated ones. Some parameters, such as
excitation frequency and LDV mirror scan rate, are transferred from previous

sections. The bottom pictures shows the ODS plot itself.

fiashanls) Fip 7 Seale & Normalize Tnvert 2
Vibration Froquency [Hz], PEF  Mirror triggered. C
22.00 s £
CH1 Tl
MSE [%]
Jo.00000

0.7
0.
N
05
T 04
I3
vz
01
IR

-t i !
-1 03 06 -0d4 02 00 02 04 0.6 03 1.0

Figure 5.24 Line Tracking-ODS section. Parameters settings, top. ODS plots, bottom.

5.6.3.1 Mathematical description

We, now, provide a brief mathematical explanation for the reconstruction of the
ODS from an LDV output time signal, this having already been fully explained

[1]. The simulated LDV output signal can be expressed by the equation:
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v.(t)= Zp: Ap sy COS[(@ 11 ) )] (5.16)

where 4,,is the amplitude of the spectrum component at the excitation
frequency, ® and 4,,, are the spectrum sidebands amplitude at (o + Qiov ), and
so on up to n = p. However, it can be demonstrated that 4, , = 4,,, and the

equation (5.16) becomes:

v.(t)= ZP:ARW cos[(w+nQ, ), )t] (5.17)

After some manipulations the sideband coefficients, Az, can be seen to be related
to the corresponding polynomial coefficients, Vr, by a simple matrix transform

[T]:

W} =[THATT (5.18)

where the matrix [T] is defined as:

1

10-20 2 0 -2 0 2 0 -2 0 2 0 -2 0
020 -6 0 10 0 -14 0 18 0 =22 0 26 0 =30
00 4 0 -16 0 36 0 -64 0 100 0 —144 0 196 0
000 8 0 -40 0 112 0 =240 0 440 0 —728 0 1120
000 0 16 0 -9 0 320 0 -800 0 1680 0 —3136 0
000 0 0 32 0 -224 0 864 0 2464 0 5824 0 —12094
000 0 0 0 64 0 =512 0 2240 0 -7168 0 18816 0
oo o0 0 0 0O 0 128 0 1152 0 5632 0 -19968 0 57600
[ﬂ: oo o0 0 0 o0 0 0 256 0 -2560 0O 13824 0 —53760 0 (519)
000 0o 0 0 0 0 0 512 0 -5632 0 33280 0 —14030
0o o0 0 0 o0 0 0 0 0 1024 0 -12288 0O 76848 0
0o o0 0o 0 o0 0 0 0 0 0 2048 0 -26624 0 18432
0o o0 0 0 o 0 0 0 0 0 0 4096 0 -57344 0
0o o0 0o 0 o0 0 0 0 0 0 0 0 8192 0 —12288
0o o0 0o 0 o0 0 0 0 0 0 0 0 0 16384 0
000 0o 0 0o 0 0 0 0 0 0 0 0 0 32768
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The ODS of the scanned pattern can be derived from the simulated velocity
response. In fact, the sideband coefficients can, now, be recovered from the LDV
simulated output by multiplying the time signal by sine and cosine

at(wxnQ,,, ).

5.6.4 VTS simulations and real measurement test results

The last part of the Line Tracking VTS procedure reports the results for the ODSs
obtained from simulations of LDV output signals where the only parameter

changed was the LDV mirror scan rate, as shown in Table 5.3.

LDV scan rate [Hz] {0.1 {0203 (0405060708 09|1|2|3[4|5

Table 5.3 LDV mirror scan rate used both for the simulations and measurements

The LDV time data, both simulated and measured, were obtained under rotating

conditions and all parameters used for simulation and acquisitions are reported

in Table 5.4.
Simulation | Measurement
N. of LDV scan cycles 10 10
Sampling rate [Sample/sec] 1000 1000
Excitation frequency [Hz] 22 22
Number of speckle harmonics 500 -
White noise [V] 0.01 -
LDV sensitivity [mm/s/V] 25 25
ODS sidebands 6 6
Rotational speed [rev/min] 60 60

Table 5.4 Measurement tests parameters settings
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Figure 5.21, in section 0, shows an example of measured and simulated LDV
output time signals and we also noted that the laser beam does not trace a
straight-line but something closer to a small loop because of the misalignment.
We also noted that because of the slow rotational speed of the target, the path
has been verified visually under running conditions. One obvious question can
be raised because of that odd line shape whether the time data post-processing
can be affected by that. To clarify this issue, one straight-line scan and one very
small loop line scan were performed under non-rotating conditions for the same
2 ND mode resonance inspected under rotating conditions. The results of both
scan type are shown in Figure 5.25 where the ODSs are plotted together and

they can be seen to overlap perfectly.
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Figure 5.25 ODSs reconstructed from straight-line and small line loop scan

A series of LDV time data simulations were performed and afterward post
processed to obtain ODSs, using the LDV mirror scan rate shown in Table 5.3

and parameters shown in Table 5.4. All simulated and post-processed LDV time
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signals yielded a good agreement with the reference simulated ODS from the
tirst section of the Line Tracking panel. Therefore, the LDV mirror scan rate used
was proved to be suitable for use in actual tests. Figure 5.26 shows all the
reconstructed ODSs from the LDV time data simulations and all of them overlap
very well, being no differences of using a specific LDV mirrors scan rate. If the
results of all simulations were correct, then all the LDV time data acquired
according to Table 5.4 should return a good ODS reconstruction. All ODSs
obtained from the actual measurements returned good results. In fact, in this

case also all of them overlap perfectly, as shown in Figure 5.27.

EDE /
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Figure 5.26 ODSs obtained from simulated LDV time data
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Figure 5.27 ODSs obtained from measured LDV time data

5.7 Area Tracking method VTS

The same comments can be repeated for Area Tracking-VTS, in spite of the very
complicated X-Y mirror waveforms required to drive the scanning device. The
virtual test simulation can be treated as if under stationary conditions, taking
into account any possible sources of misalignment which could distort the
prescribed laser path. However, having now the laser spot travelling across the
whole area, the chance of encountering difficulties because of the speckle noise,
or other general sources of noise, might be higher than might happen scanning
along a line. Therefore, the Area Tracking-VTS plays a crucial role in the
identification of the best X-Y LDV mirrors scan rates to perform any
measurement test, either under stationary or rotating conditions, without
incurring polluted LDV time data or the possibly of an incorrect ODS
reconstruction. This software panel can also be used for both non-rotating and
rotating conditions simply by inserting the appropriate rotational speed value.
The Area Tracking-VTS panel has, like the previous ones, the ODS Polynomial
Fit method to obtain the polynomial coefficients. It will not be described again in

this last part of the chapter, having already been explained in detail previously.
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5.7.1 Area Tracking-VTS, LDV time history

The Area Tracking-VTS panel has an LDV time signal simulator section which is
very similar to the Line Tracking-VTS panel but, for the earlier case, the laser
beam had to be both synchronous with the rotating target and travelling radially
across the blade. Now, the laser beam must also sweep circumferentially across
the blade as well as radially and an additional parameter which called “span

7

frequency” rate is required to perform any Area-Tracking LDV time data
simulation. This panel can work both for stationary and rotating conditions by
inputting the relevant rotational speed of the bladed blisk. However, blade
shapes can be different and so the panel can be set up to virtually perform a
square/rectangular shape and triangular scanning pattern. In fact, there is a
dedicated tab to allow the user define that. It is appropriate again to stress how
the simulator panels were designed to minimize the gap between practical and
theoretical vibration measurement procedures in order to provide a basic and
efficient training for anyone not already expert. Figure 5.28 shows the tab where
laser patterns are plotted. Despite that we have to use radial and circumferential
LDV scan rates, all are expressed in the Cartesian coordinate system so as to

avoid any confusion whether, a square/rectangular plate or bladed blisk ODSs

are used for the LDV time signal simulations.

Sctup | LDV output zignal Lazer pattern

Tringular shape
1.0-

0.9
0.8
0.7
0.6

> 0.5-]
0.4-
0.3
0.2

0.1

0.0-—— — o I ST
-1.0 -0.3 -0.6 0.4 -02 0.0 02 0.4 0.6 0.3 1.0
X x

| ———

Figure 5.28 Front panel of Area Tracking-VTS, time history simulator; Laser patterns
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5.7.1.1 Mathematical description

Also for the 2D scanning pattern, the mathematical description is performed
using the reference system of the structure, and so the laser beam is either a
square/rectangular or triangular shape. In order to perform an area scan of a
square/rectangular shape, as shown on the left hand side of Figure 5.28, the laser
beam of the LDV must scan at frequency of Q_  in the x-direction and a

frequency of Q in the y-direction and those two frequencies must not be

fractionally related to each other in order to describe a non-closed Lissajou
pattern on the scanned surface. Taking into account the delays occurring on X-

mirror, 0., and Y-mirror, 5y, the sinusoidal signals feeding the scanning mirrors

are:

x(t)=cos(QQ,_,,,t+9.)

(5.20)
(&) =cos(Q, ,,t+6,)

When a triangular shape is performed, as shown in the right hand side of Figure
5.28, the waveform equations to feed in the scanning mirrors are slightly more

complicated and are expressed as follow:

x(1) = coS(Q,_pyt+ %) xcos(Q_,, 1 +3. + %)
(5.21)
T
y(t) = cos(Qy_LDVt + §y +E)

The velocity in the z-direction is expressed by equation (5.12) where V, is

expressed as follow:
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P29
Ve, 9) = D Vi ux"y" (5.22)

n,m=0

x and y being the normalized position vectors representing all the points on the

surface. As already stated for the straight-line scan, in the section 5.5.2.1, V_,, is

z,Rn
the n” polynomial coefficient describing the velocity pattern of the scanned line.

Now, V.

wmis the (n”"xm") polynomial coefficients describing the velocity
pattern of the scanned area. These coefficients are recovered, as explained for the
straight-line scan, by surface curve-fitting the calculated ODS of either one blade
sector of the bladed blisk or of the plate. The velocity response, when a

square/rectangular shape laser pattern is performed, will be:

P.q
v.(t)= z Viewm €08" (Q,_pyt +8,) 08" (Q,_, 1 +5,) cos(t) (5.23)

n,m=0

otherwise, when a triangular pattern is performed, it will be:

& n T n T m T
Vz (t) = Z VRn.m Cos (Qy—LDVt +E) *C0S (Qx—LDVt + é:c +E) Cos (Qy—LDVt + §y E) COS((Ot) (524)

n,m=0

According to equations (5.23) or (5.25), we are now able to simulate the LDV
output signal on which sources of noise and misalignment can be superimposed.
An example of an LDV time history, both measured and simulated, obtained
from an X-Y area scan on a square plate under stationary conditions, is provided
in Figure 5.29 to show the good agreement of both time data. Table 5.5 lists the
parameters used to run both measurement and simulation of the continuous
area scan. Figure 5.29 shows just a small portion of the LDV output time signal,

simulated on the left hand side and measured on the right hand side,
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respectively. Both LDV time histories look very similar thus confirming the
quality of the time data-simulator. Figure 5.30 shows the frequency spectra of

the LDV time histories, and the sidebands are clearly visible.

Simulation Measurement
X-LDV mirror scan rate [Hz] 20 20
Y-LDV mirror scan rate [Hz] 1.1 1.1
N. of X-LDV mirror scan cycles 100 100
Excitation Frequency [Hz] 127 127
Sampling rate [Sample/sec] 10000 10000
N. of speckle harmonics 1000 -
White noise [V] 0.1 -

Table 5.5 Parameter setup for the simulation and measurement of Area scan
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Figure 5.29 Simulated (left) and measured(right) of LDV time history; X-Y area scan
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Figure 5.30 Frequency spectrum of simulated (left) and measured(right)time history
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5.7.2 Area Tracking-VTS, ODS

The Area Tracking panel has one last section where the LDV output time signal,
together with the X-Y LDV mirror signal, is transferred for post-processing.
Conceptually, this panel works like the equivalent one on the Line Tracking
panel and the flow chart shown earlier in Figure 5.23 is still valid for 2D
scanning method applied here. Accordingly, this last section is used to assess
whether the measurement parameters used virtually for the time data
simulation can produce a good reconstruction of the ODS which is always
compared with the simulated one in the first section ODS Polynomial Fit. This
panel provides the possibility of animating the reconstructed ODS to give a
better visualization and comprehension of the vibration characteristic. Also, this
section offers the feature of importing real measurement data. Figure 5.31 shows

the front panel of Area Tracking-ODS section.

ODS scttings | MAC & MSE | Animation sotfings

LDV scan rate [H1]

X Mirror on: o X mirror
CH1 s Y .10

LDV zcan rate [Hi]

< inversion ¥ Mirror en: Y mirrar
10.00
5

Figure 5.31 Area Tracking-ODS section, ODS settings and plots

-137 -



Chapter 5 Virtual Test Simulation (VTS) using tacking-CSLDV methods

5.7.3 VTS simulations and real measurement test results

This last paragraph reports simulations and actual measurements of continuous
area scanning performed under stationary conditions on a square plate. The
main reason for these series of simulations at rest, rather than under rotation, is
to show effectively that the LDV time data simulator can easily predict the worst
X-Y LDV mirrors scan rate without any the additional time signal pollutions due
to the rotation. It was already noted that the speckle noise level depends by the
LDV frequency scan rate at which the laser beam moves, and thus the higher the
beam scans the area higher the level of noise will be. Obviously, the resolution of
the ODS deflection depends on the number of polynomial coefficients we can
use, and so on the number of sidebands we can use. If the background noise
level is too high, the furthest sidebands will disappear into the noise level and
possibly their use will produce a poor ODS quality. Under these conditions, it
was decided to run the simulations as well as the tests at high LDV frequency
scan rate as reported, in Table 5.6. Both simulation and measurement set up

parameters used were already reported in Table 5.5.

X-LDV scan rate | 10 |11 |12 (13 |14 |15 |16 |17 [18 |19 |20 |21 |22 |23 |24
[Hz]

Y-LDV scan rate | 1.1 | 1.1 | 1.1 (1.1 |11 |11 |11 |11 |11 |11 |11 |11 |11 | 11|11
[Hz]

Table 5.6 LDV mirror scan rate used both for the simulations and measurements

All simulated LDV time histories were then post-processed to reconstruct the
ODSs and these compared with the reference, ODSrer plate obtained originally
in the first section of the panel. Maximum Assurance Criterion (MAC) and Mean
Square Error (MSE) were used to check the quality of the ODSs and Figure 5.32

and Figure 5.33 show the results, indicating which LDV frequency rates should
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be avoided so as not to fail the measurement process in laboratory. Using the
indications provided by the simulator, the same measurements were performed,
using exactly the same parameters, on a real square plate under ‘free-free’
conditions as had been assumed for all simulations. The number of sidebands
used to reconstruct the ODSs from measured time data and simulated time data

was set to 5.

40—
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Figure 5.32 MAC, ODSs/ODSrer Figure 5.33 MSE, ODSs/ODSrer

The VTS indications of the worst LDV mirror frequency rates to be avoided
proved absolutely right and, in fact, the area scan measurement performed using
21 Hz and 1.1 Hz for X-Y LDV frequency rates, respectively, produced a poor
quality ODS result. To outline the difference of using one LDV frequency rate
rather than another is shown in Figure 5.34 and Figure 5.35 where the X-Y LDV
scan rate used were [20,1.1] Hz and [21, 1.1] Hz, respectively. It is clear that the
ODS in Figure 5.35 shows poorer quality than the one in Figure 5.34. This is also
confirmed by inspecting the ODSs reconstructed from measured time data as

shown in Figure 5.36 and Figure 5.37, respectively.
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From simulated LDV output time signal

Figure 5.34 ODS at 127Hz; X=20, Y=1.1  Figure 5.35 ODS at 127 Hz; X=21, Y=1.1

From measured LDV output time signal

Figure 5.36 ODS at 127Hz; X=20, Y=1.1  Figure 5.37 ODS at 127 Hz; X=21, Y=1.1

5.8 Conclusions

We have presented in this chapter some of the simulator panels featuring the
CAISER MYMESIS software platform. We have provided detailed explanations
of the Virtual Test Simulation (VTS) as powerful mathematical approach to
represent vibration measurement tests, introducing the double role of: (i)
teaching continuous tracking scanning methodologies, and (ii) helping to

identify the best measurement parameters. The entire philosophy is focussed on
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the reconstruction of ODSs from simulated LDV output time signals and the
choice of optimum measurement parameters. Inevitably, ODS theory had to be
explained, being the starting point of LDV time history simulation, and the next
connection to the modal solutions calculated during the design FE modelling
phase. The ODS is a consequence of the transformation of measured sidebands
magnitudes into polynomial coefficients; therefore, any calculated ODS needed
to be polynomial curve fitted to obtain coefficients. Any sources of errors
deriving from that curve fitting process may affect the simulation of LDV time
data. Using some example of 1D and 2D ODSs, it was demonstrated that poor
coefficients may affect the LDV output time signal simulation by generating
pseudo vibrations when they do not really exist. The Chapter concludes with the
presentation of the Point Tracking, Line Tracking and Area Tracking VTS panels.
All are explained in detail and results of simulations and measurements are
provided to confirm the effectiveness of the simulator panels in helping the user

to identify right measurement parameters.
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6 Tracking-CSLDV measurement

methods: applications

6.1 Overview

This chapter presents all three types of tracking CSLDV measurement method
used for validation of vibration predictions. The logical path of the chapter
reflects the degree of complexity involved in performing synchronous
measurements, so it starts with the simplest one, the Point Tracking method and
concludes with the most complex one, the Area Tracking method. The software
platform, CAISER MYMESIS, designed to control all measurement methods is
presented (and the acronym of the software is explained in detail). The Point
Tracking technique, combined with the use of a rotating exciter, was employed
in two different studies for FRF measurements. Examples of the Line Tracking
technique are presented in spite of the fact that there were no specific studies
requiring the use of such a method. The two-dimensional scan, Area Tracking
technique, was successfully used to measure the ODSs of rotating blades and
thus to simplify modal identification in the veering region of two close families
of modes. Examples of blade ODSs are provided for a maximum rotational
speed of 2400 rev/min and, for the first time, the measurement of an ODS of a

whole bladed disc is presented and compared with a simulated one.
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6.2 CAISER MYMESIS software platform

CAISER MYMESIS is the synthesis of all Continuous Scanning LDV procedures
developed in this work, some presented in Chapter 3 and also in Chapter 5. Why
such a name for a software? Basically, it is an acronym from Continuous
scAnning laSEr DoppleR vibroMetry thechnologY for MachinEry and Structural
dynamlcs meaSurement. Obviously, the spellings of CAISER as well as
MYMESIS are not correct, but it is perhaps interesting to give an explanation of
the two words. The word CAISER, standing for Kaiser in German and Csar in
Slavic, comes from the Latin name of Gaivs Ivlivs Caesar, Roman emperor. This
name would be awarded to every Roman emperor, and it became a signal of
great power and authority far beyond the bounds of the Roman Empire. The
word MYMESIS correctly spelled as ‘mimesis’ is a Greek word and in its simplest
contest means imitation or representation. However, both Plato and Aristotle
use it to refer to the representation of nature. Thus, we could say that CAISER

MYMESIS could indicate IMPERIAL SIMULATION.

CAISER MYMESIS is a software platform which can handle a series of tasks.
Most of those are CSLDV measurement methods but also traditional
measurement techniques can be performed. The software structure has been
designed to guide the user along a logical path of performing measurements
which can be summarized as follows:
1. Selection of measurement parameters using the Virtual Test Simulation
(VTS) method, some of which are presented in Chapter 5.
2. Use of those parameters to set up the CSLDV panel, as shown in Chapter
3, to perform the vibration test.
3. Possibility to perform Step-SLDV measurement method when CSLDV

methods are not required.
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Hence, CAISER MYMESYS front panel shows a series of options which can be
loaded dynamically, as required. Figure 6.1 shows the front panel of the
software where menus to run VTS simulators are shown on the left hand side,
the centre of the panel shows the menus which call the CSLDV panels to
perform tests under either stationary or rotating conditions and on the right
hand side there are menus to call the panel used to perform the traditional Step-
SLDV method, or other utilities, such as calling ICATS software or PSV Polyec

software.

CAISER MYMESIS

Virtual Test Simulation Continuous Scanning Step Scanning LDV &
(vTS) LDV Utilities

csLbv
Statienary Conditions

Choose Scan Type: v‘

Choose Scan Type: =

May I Help You?

Figure 6.1 CAISER MYMESIS front panel

The design of the CAISER MYMESIS front panel, as well as all the individual
CSLDV front panels, was made to be as simple as possible so as to avoid any
difficulties during its use, while giving a degree of freedom to the user when

needed.

The next sections will provide a series of examples of the use of the Point
Tracking, Line Tracking and Area Tracking techniques, respectively. The Point
Tracking technique was employed for two specific research studies: (i) the effect

of the Coriolis forces acting on rotating bladed disc and (ii) a study of the bladed
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disk dynamics in the veering region between two modes families by using
measurements of FRFs under rotating condition. The Line Tracking did not have
a specific target study, such as validation of predictions, during the research
study as it was superseded by the more general Area Tracking method.
However, some measurements were performed on a bladed disk to show the
advantage of using such a technique when the blades width is narrow. The Area
Tracking was actually used for blade vibration measurements under rotating
conditions. The two-dimensional plot of the ODS obtained by that method
provided helpful measurement tool to resolve complicated modal identification

problems as they could occur for two families of modes at the veering region.

6.3 Point Tracking method: applications

The first practical use of the Point Tracking software panel was for the
measurement of the frequency split of blisk modes due to the effect of the
Coriolis force under rotating conditions. The excitation of backward and
forward travelling waves of a rotating bladed disc could be achieved by using an
AC magnet, as explained mathematically in Chapter 4. Hence, the validation of
theoretical predictions could be obtained by a combination of those two
methods. The same approach was also used for the measurements of FRFs at
speed in the frequency range of the 2d flap-wise and 1¢t torsional families of
modes. In order to be able to measure FRFs at speed, both response and
excitation must be in the same frame of reference, and this required adaptation

of the original test rig.

6.3.1 Experimental validation of the effect of Coriolis force on the

dynamics of bladed disk

For the first time, an experimental validation of the effect of Coriolis forces on

the dynamics of a bladed disk was carried out. The test piece employed for the
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tests was an existing 24-bladed disk which was slightly modified to incorporate
a prominent radial flexibility to enforce the action of Coriolis force. The FE
model of the modified bladed disk exhibited a phenomenon of natural frequency
splits for all nodal diameter (ND) modes. This section will focus on the
experimental validation of that phenomenon, however a short background to the

effect is provided.

6.3.1.1 Background

In rotor dynamics analysis, mode shapes associated with 0 and 1 nodal
diameters are considered important because these modes are the only ones
which can interact with the motion of the shaft carrying the bladed disc. In fact,
bladed discs with 0 nodal diameter are characterized by a resulting axial force
that interact with the longitudinal and torsional deformation of the shaft while 1
nodal diameter modes are characterized by a transverse deformation which is
related to the transverse bending deformation of the shaft. Thus both inertia and
gyroscopic effects are taken into account in rotordynamics studies. Coriolis
forces are experienced by rotating blades when there are components of motion

orthogonal to the primary axis of rotation of the disc:

F_:C()r[olis =-m (25)X ; ') (6 1)
where F, . is the Coriolis force, normal to the blade frame velocity, 7', and to

the rotation vector, @, and m is the blade mass. Generally, the effect of Coriolis
forces is not taken into account in vibration analysis, it being considered
negligible with respect to other forces. Here, it is appropriate to note that all
nodal diameter (ND) modes, except 0 ND and 1 ND, have the bending moments
balanced at the centre of the disc and such a feature allows us to perform an

analysis of bladed disc vibration in isolation from the supporting shaft. It should
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be noticed that the dynamic properties of the bladed disc changed significantly
when the Coriolis forces were included in the analysis. Perfectly-tuned
cyclically-symmetric bladed discs are characterized by having double modes
with identical natural frequencies for each number of nodal diameters. When the
Coriolis forces are included, each pair of double modes was found to split into
two single modes with different natural frequencies corresponding to forward
and backward travelling wave mode shape. The Point Tracking measurement
method, combined with the rotating exciter, was employed to demonstrate that a
bladed disc designed to exhibit a strong Coriolis effect shows the predicted

frequency split in the n nodal diameter modes.

6.3.1.2 Measurement results

Tests were carried out using a modified design of the USAF 24-bladed disk. The
original design did not exhibit any Coriolis forces because the blisk was flat. In
fact, those forces can be generated when there is rotation combined with
significant radial as well as tangential and/or axial components in the blade
vibratory displacements. There are several ways to introduce such a coupling
and the one used with this blisk was to bend the blades in the axial direction to
give so-called “swept blades”. The higher the angle of inclination of the blades,
the stronger is the effect of the Coriolis forces. The unmodified and modified

bladed disks are shown in Figure 6.2

Figure 6.2 USAF 24-bladed disk with straight and swept blades respectively
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The swept angle was chosen to be 15 degrees which was reduced to 7 degrees, at
1300 rev/min because the centrifugal forces acting on very flexible blades. Figure
6.3 shows the measurement of the angle on the left hand side and the resulting
angles measured at different rotational speed on the right hand side. As a result,

hence the effect of Coriolis forces reduced while the blisk was rotating.
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Figure 6.3 Straightening of the blade due to the centrifugal load

The combination both of the Point Tracking method and the rotating exciter
made possible the measurement of the frequency split at speed by sweeping the
excitation frequency around the resonance of interest. Figure 6.4 shows the
frequency split measured at 0 rev/min, 120 rev/min and 180 rev/min,
respectively, of the 3ND mode for the tuned blisk configuration. It is noticeable,

as expected, that at rest there is no frequency split.

3ND measured at 0 revmin 3ND mode measured at 120 revimin

. . . . . T : n . . IR
2200 2300 2400 2500 2600 2700 2800 "10% 2400 2420 2440 2460 2480 2500 2520 2540 2560 2580 2600 *102
Frequency [Hz] Frequency [Hz]
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Figure 6.4 Frequency split of the 3ND mode measured at 0 rev/min, 120 rev/min
and 180 rev/min, respectively

Predictions of the frequency split were made, [32] and [33], both for the tuned
and mistuned blisk configuration for all ND modes of the first flap-wise family.
Measurements were carried out on the 2ND and 3ND modes which were
showing the highest splits at speed and were not presenting any frequency split
due to inherent mistuning for the virtually tuned testpiece used. Figure 6.5
shows a plot of the measurements carried out on the 2ND and 3ND modes,
respectively. The left hand side presents results of frequency split measured
between 240 and 900 rev/min of the 2ND mode. The red curve shows predictions
of the frequency splits while the blue one presents the measured data. The shape
of the latter curve shows that the frequency split grows up to a certain rotational
speed and then it starts to decrease slightly. It was realised that this was because
of a reduction in the sweep angle due to an increase of the centrifugal force
acting on the blades at higher speeds. The same behaviour is observed for the

3ND mode on the right hand side plot of Figure 6.5.
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Figure 6.5 Measurement and predictions for the 2 ND and 3 ND mode, respectively

6.3.2 USAF IBR FRFs measurements under rotating conditions

Another interesting application of the Point Tracking method and the rotating
exciter was to measure FRFs under rotating conditions for the USAF IBR 24-
bladed disk, both for tuned and mistuned configurations. The FRFs were
measured at both corners of each blade tip. These measurements were made
because the proximity of the 27 flap-wise and 1% torsional family so that only
measuring both corners could assure the identification of both flap-wise and
torsional modes. All measurements were carried out under vacuum conditions
so as to avoid any air damping which could be very significant on this type of
non-aerodynamic testpiece design. Figure 6.6 shows the FRF data measured at
rest, at 600 rev/min and at 1000 rev/min, respectively, for the tuned
configuration. Centrifugal forces forced the flexural modes more than the
torsional modes so that the frequency resonances of the flap-wise modes will
grow faster than the others, and thus overlapping the torsional ones when the
rotational speed is increased. Figure 6.7 shows a zoom of the 2ND mode region
FRFs presented in Figure 6.6 where, clearly, the increase of the resonance

frequencies due to the rotational speed can be seen.
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FREGUENCY 012) FRECUENCY g1z)
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Figure 6.6 FRF measurement of tuned USAF 24 bladed disk at 0 rev/min, 600
rev/min and 1000 rev/min, respectively.
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Figure 6.7 FRF measurement of tuned USAF 24 bladed disk at Orev/min (red),
600 rev/min (black) and 1000 rev/min (blue), respectively. Zoom on 2ND mode

Following the measurements of FRFs for the tuned blisk, a random mistuning
pattern was introduced with very small cylindrical masses applied at the blade
tip corners according to data given Table 6.1. The weights of the 24 masses had
to be carefully chosen to avoid any unbalance of the blisk that could be seriously
dangerous once at speed. Figure 6.8 shows the FRF data measured at rest, at 600

rev/min and at 1000 rev/min, respectively, for the mistuned configuration.
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Blade n.1 1.6g Blade n.2 1.0g | Bladen.3 1.2g | Bladen.4 1.6g
Blade n.5 1.6g | Bladen.6 1.0g | Bladen.”7 1.2g | Bladen.8 1.6g
Blade n.9 1.6g Blade n.10 1.0g | Bladen.11 1.2g | Bladen.12 1.6g
Blade n.13 1.6g | Bladen.14 1.0g | Bladen.15 1.2g | Bladen.16 1.6g
Blade n.17 1.6g Blade n.18 1.0g | Bladen.19 1.2g | Bladen.20 1.6g
Blade n.21 1.6g Blade n.22 1.0g | Bladen.23 1.2g | Bladen.24 1.6g

Table 6.1 Mistuning pattern applied on the USAF IBr 24-bladed disk

WODULUS dB-
MOOULUS dB- &F

FREGUENCY 012)

MODULLS 68 4

;;;;;;;;;;;;;;

Figure 6.8 FRF measurement of mistuned USAF 24 bladed disk at Orev/min,
600 rev/min and 1000 rev/min, respectively.

Figure 6.9 shows a zoom of Figure 6.8 for the 3ND mode region as outlined in
the dotted rectangular area. Having mistuned the blisk, it is clear that each ND
mode now presents two different natural frequencies, corresponding to

backward and forward travelling waves, so that the plot looks very crowded.
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MODULUS dB - AF
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Figure 6.9 FRF measurement of mistuned USAF 24 bladed disk at Orev/min (red),
600 rev/min (black) and 1000 rev/min (blue), respectively. Zoom on 3ND mode

Some of the FRFs measured were post-processed to be sure that the
measurements were correct. However, the aim of this study was to prove the
ability of performing such measurements and further interpretation of the data
was undertaken at the Carnegie Mellon University (CMU) which was involved

in the study of the veering phenomenon [29].

6.4 Line Tracking method: applications

Line Tracking method is a one-dimension scan which, when the scanning path is
radial, cannot provide information about torsional motion of a blade, unless
several line scans are performed on the same blade. Nevertheless, it is very
useful when the blade’s profile is quite narrow, thus to justify the use of a one-
dimension scan. The USAF IBR has a very wide blade profile, similarly to a fan
bladed disk, which make the use of such a technique less effective. However,
ODS measurements were performed on that blade which was not crossed by any

nodal diameter lines, thus to avoid torsional component due to that.
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6.4.1 USAF IBR and measurement results

The very first synchronous CSLDV measurement which was performed on the
USAF IBR was Line Tracking method. Originally, the radial LDV scan rate input
in the control panel was not the one at which the laser beam travelled along the
blade. In fact, it was not defined the relationship between rotational speed,
waveform sampling frequency and time length of the output buffer. However,
measurements performed using the old control panel are presented in this
section. Physical measurements were performed on a 24-bladed disk rotating at
a speed of 457 rev/min. The 3ND modes of the 1¢t flap-wise family of modes
were excited on the rotating blisk by a single DC magnet mounted behind the
blisk at the blade tip radius. The reason for using a DC magnet as the excitation
system, rather than the AC magnet was to show the versatility of the test rig.
Figure 6.10 shows the ODS obtained from line track scan performed at different
radial LDV scan rates as reported in Table 6.2. It is clear from the graph that
more reliable ODS reconstruction was obtained from slow radial scan
frequencies than fast ones, as shown in Figure 6.10. Since the first use, the code
was constantly updated and improved in order to deliver the simplest code
possible. Figure 6.11 and Table 6.3 show ODS measurements and the radial scan
frequencies at which they where performed. The last version of the code was
able to control the radial scan frequency independently from the rotational

speed of the target. The last example shows all ODS lines overlapping perfectly.
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Frequency Scan rate
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Figure 6.10 Series of tracking line scans Table 6.2 Radial LDV scan frequency
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Figure 6.11 Series of tracking line scans Table 6.3 Radial LDV scan frequency

6.5 Area Tracking method: applications

The area scan method is the most powerful measurement technique available to
date. The key points are: (a) a 2D full field measurement technique based on the
use of a standard SLDV (class II laser) system, commercially available on the
market, (b) extremely simple to perform, (c) limited time required both to
perform and to post-process the time history data. This study was focussed on
the development of a scanning path suitable for the geometrical design of the
blade surface. However, other area scanning paths can easily be coded to

accommodate any specific blade shape. In this final section, we will provide
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examples of measured ODSs at different rotational speeds, concluding with an

ODS of the whole bladed disk.

6.5.1 USAF IBR measurement results

The main achievement of this study was to provide a tool to perform an area
scan of a blade’s surface while it was rotating over a range of speeds between 0
and 2400 rev/min. The capability to perform such a measurement was helpful for
performing modal identification of blisk which was specifically designed to have
two families of modes, very close in frequency at rest and to show a high modal
density at the veering region at speed. Although the rotating exciter is not
designed to run beyond 1200 rev/min, and so unable to cope with the target
maximum speed designed for the blisk, FRFs were anyway measured at
different rotational speeds of 0, 240 and 900 rev/min, as shown in Figure 6.12.
These measurements were carried out under vacuum conditions to avoid any air
damping and using the rotating AC excitation magnet which swept sine waves
in the range between 245 Hz to 260 Hz in 100 seconds. Both plots in the top left
hand corner and top right hand corner in Figure 6.12 show three circles
outlining, respectively, three resonances (1), (2) and (3), while in the bottom plot,
circles numbered as (1) and (3), are shown. Resonance number (2) is visible at
rest but it becomes smaller at 240 rev/min, and suddenly disappears at 900
rev/min. A modal identification was then performed by measuring the ODS of
the blade from which the FRFs were measured by the Point Tracking method.
Hence, the resonance frequencies were measured and used to excite the bladed

disk at the three rotational speeds previously run.
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Frequency spectrum at 0 revimin Frequency spectrum at 240 revimin
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Figure 6.12 FRFs measured at 0 (top left), 240 (top right) and 900 (bottom)

rev/min, respectively

Figure 6.13 shows ODS measurements performed under stationary conditions,
exciting the bladed disk at resonances (1), (2) and (3), respectively. It is clear to
observe that ODSs at both resonances (1) and (3) show contributions from the 24
flexural and 1% torsional families of modes while the ODS at resonance (2) shows
a contribution from the 2" flexural mode shapes, only. When the measurement
of ODSs was repeated at 240 rev/min, we still can see that the deflection shapes
at resonances (1) and (3) present a contribution of both flexural and torsional
mode shapes while the deflection shape at resonance (2) shows contribution of

flexural mode shapes only, as shown in Figure 6.14.
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Figure 6.14 ODSs measured at 240 rev/min for resonances (1), (2) and (3),

respectively

Repeating the ODS measurements at 900 rev/min, as shown in Figure 6.15, we
can observe that the ODS at resonance (1) shows a combination of flexural and
torsional mode shapes while ODS at resonance (3) shows the same combination
but the contribution of flexural mode shapes is higher than the one experience at
240 rev/min. We could say that the Area Tracking method is a helpful
measurement method for modal identification, especially for those families of
modes veering towards/apart from one to each other where the measurement of
few points per blade is not sufficient to give a clear understanding of the

deflection shape of the blades.
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Figure 6.15 ODSs measured at 900 rev/min for resonances (1) and (3),

respectively

We have now presented examples of ODSs measured at speed using the rotating
exciter. However, another challenge was to carry out ODS measurements for
rotational speeds beyond the ones achievable using the rotating exciter; in fact
the maximum speed limit, for which the blisk was designed, is 2400 rev/min.
These experiments were carried out under vacuum conditions using an AC
magnet fixed so to be able to control the excitation frequency. The rotational

speeds used for these tests are reported in Table 6.4.

Rev/min | Rev/min | Rev/min | Rev/min | Rev/min | Rev/min | Rev/min

60 120 240 480 960 1920 2400

Table 6.4 Rotational speeds set up for ODS measurement tests

Figure 6.16 shows the seven ODSs measured on the same blade at rotational
speeds in the range between 60 and 2400 rev/min. There, we could demonstrate
that the Area Tracking method was suitable for ODS measurements at higher

rotational speeds than the ones previously presented.
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Figure 6.16 ODSs reconstructed form measurements performed at rotational
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The very last example, we believe being the most impressive, is shown in Figure
6.17. That shows, on the left hand side, the ODS measurement of all 24-bladed
disk at the rotational speed of 60 rev/min and excitation frequency of 225.12 Hz
while, on the right had side, it is shown the simulated ODS. Despite some
differences between the measured and simulated ODSs, we can say that a full
tield measurement under rotating condition has been performed for the first
time using a standard SLDV system. We can, finally, conclude that the ODS
reconstruction was obtained from a single LDV time signal, as shown in Figure
6.18. Actually, the laser beam scanned continuously all the 24 blades and the red
rectangular area, in Figure 6.18, shows the moment when the laser beam goes

from one blade to next one continuously.
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Figure 6.17 ODS of the USAF IBr 24-bladed disk, measured (left) and
simulated (right) at 225.12 Hz and 60 rev/min
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Figure 6.18 LDV output time data on the left hand side and zoom of the time
signal on the right hand side

- 161 -



Chapter 6 Tracking-CSLDV measurement methods: applications

6.6 Conclusions

The aim of this chapter was to present results of tracking measurements
methods and applications, and to introduce the software combining all the
tracking CSLDV panels. We have presented the use of Point Tracking and the
rotating exciter for FRFs measurements for two different studies. One of these
was focussed on demonstration of the effect of Coriolis forces on bladed discs,
where those forces can produce a frequency split of all nodal diameter modes
resonances. We successfully measured that frequency split at several rotational
speeds and the post-processing of the data showed the backward and forward
travelling waves associated with each resonance. We have also presented some
examples of Line Tracking measurement results, explaining the efficiency of that
method whenever narrow blades are to be measured. We finally concluded the
chapter by providing examples of ODSs measured on the vibrating surface of a
single blade rotating in a range of speed between 0 and 2400 rev/min. Hence,
this latter method could prove its ability of modal identifications, especially for
two families of modes veering apart where a high modal density is present. The
last example showed the ODS of the 24-bladed disc measured under rotating
conditions and compared with a simulated one, thus to validate the

measurement result.
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7 Geometrical sensitivity study of a

bladed disk

7.1 Overview

A bladed disk is very complicated structure and there are many parameters
involved into the designing, manufacturing and testing processes. The aim of
this study is to provide a sensitivity indication of bladed disk to geometrical
variations when a datum random mistuning pattern, under both stationary and
rotating conditions, is superimposed. The research focuses on the range or
scatter of forced response level between mistuned and tuned FE models of when
a large number, nominally identical are considered. By plotting the highest
forced response level of all FE models we should be able to see whether a

geometrical variation can affect the response amplitudes of mistuned assemblies.

7.2 Introduction

This thesis is not primarily focussed on the study of the mistuning phenomena
that change the dynamic behaviour of symmetrical structures such as a bladed
disk. That problem has an extensive literature produced over the past 40 years.
However, the design of the USAF 24-bladed disk offered the chance to look at
the interaction between mistuning and optimization of the structure design. The
experience gained working on the structural design of 24-bladed disk has led to
the creation of several FE models whose geometrical parameters were changed
to study the variation in their modal properties. Hence, this chapter will present

the results of simulations performed on a series of FE blisk models when a
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mistuning pattern is superimposed on the tuned assembly. Section 4.2.1 ended
with the question: “How sensitive would be a blisk to a datum mistuning
pattern when one of its geometrical dimensions is varied?”. We have seen that
one of the requirements of that design was to obtain two families of modes
which were very close in frequency: the 2 flap-wise and 1% torsional families of
modes, respectively. The main difficulty to design a blisk with such
characteristics was to find a parameter which could drive these two families of
modes apart to a greater or smaller frequency distance. During that research, it
was noticed that the blisk was surprisingly sensitive to inter-blade tip slot width
variations. Figure 7.1 shows how the 27 flap-wise and 1% torsional natural
frequencies varied with variation of that parameter and, in fact, by varying the
inter-blade tip slot width it was possible to design a blisk meeting the initial
requirements. The proximity of those two families of modes suggested that any
additional study performed in that area would have been extremely difficult
especially for identification of the mode shapes. Hence, the idea formed to study
tirst family of modes, reasonably distant in frequency from the others, for a
series of blisk models where only one geometrical dimension would be changed
and on which the same mistuning pattern would be superimposed. It is not the
intention of this chapter to explore the physical phenomenon behind the
variation of the vibration amplitude response of mistuned models. Nevertheless,
this investigation aims to explore the influence of some parameters such as
rotational speed and damping loss factor variations for whole series of forced
response calculations. The study was performed under stationary and rotating
conditions although in the latter case it was not Engine Order (EO) excitation
that was used, rather, it was decided to run simulations at different rotational
speeds. The reason was based on the need to be able to explore blisk models’
behaviour in a wide range of rotational speeds while focussing attention only on

the maximum response amplitudes achieved at resonance frequency induced by
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the EO excitation method. This work is based on the influence of the variations
of inter-blade tip slot width dimension and blisk thickness to the same
mistuning pattern. Thus, one part of the study is focused on changes in the inter-
blade tip slot width and the second part is focused on the variation of blisk
thickness, both of which are performed under stationary and rotating conditions.
Additionally, all forced response simulations were carried out using 6 different
levels of damping loss factor. The latter was also included into the analysis to

produce a more comprehensive understanding of the behaviour.

@
S
3

Frequency [Hz]

290

Nodal Diameter

Figure 7.1 Change of 2" flap-wise and 1 torsional family of modes to inter-

blade tip slot width variation

7.3 Forced response calculation method

Having the modal data eigenvectors and eigenvalues calculated, these were
used to calculate forced response characteristic of tuned and mistuned blisk

models by using the following equation:

=3 95, 5195,

r=1 a)z _a)z +l77ra)r2

r

(7.1)
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where {X} is the ODS displacement, {F} is the applied Force, N is the number of

modes included, {¢}, is the eigenvector and wx is the eigenvalue of mode 7, w is
the vibration frequency and 7, is the modal damping loss factor. The damping

level was decided to be the same for all the 24 modes included and it was also
decided to have 6 different levels between 10 and 10-. In fact, damping plays an
important role in reducing the response amplitude of the blade vibrations thus it
was interesting to investigate when that factor was varied too. Magnification
factor (MF), ratio of {Xu}/ {X1}, was finally calculated where {X} is displacement
in z-directions. Having a 24-bladed disk, it was decided to choose 24 locations at
the blade tips, one location per blade. The excitation force, {F}, was always
applied at the location where the response was calculated and so the excitation
was moved around all 24 blades in turn. The maximum amplitude response
value, for both tuned and mistuned models, simulated at each eigenvalue of the

mode “r” was selected to calculate the magnification factor (MF), as expressed

by the following equations:

N T F
(x =3 B,

r=1 lﬂra)rz (72)

[ X (7.3)
. XiTxmed

MF = Max(D,) (7.4)

where i=1,..24 is the blade index and r =1,..24 is the eigenvalue index, having

calculated the first 24 modes. A set of data was finally produced [14, 24]. That
ratio is the mean of assessing if the mistuning pattern has produced responses
higher as produced by the tuned assembly. Hence, a magnification ratio equal to

1 means that the (X,) =(X, so both systems respond equally while when

i )Tuned

that ratio is higher than 1,(X ,-) > (X i) » the vibration amplitude of some, or

Mist Tunea
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all, blades of the mistuned blisk model are higher than the tuned one. We have
calculated the first 24 mode shapes of the first flap-wise family indexing them
from 0 to 23 as it will be seen in the 3D plots of the next sections. Index labelled 0
represents the 0 ND mode, indexes labelled 1 and 2 represent 10 ND mode and
1® ND mode respectively and so on, index labelled 23 represents single 12 ND

mode.

7.4 Inter-blade tip slot width variation

In the introduction we presented a plot where it was shown how the two
families of modes changed by varying the inter-blade tip slot width, with those
two families being very close in frequency. It was decided to use the first family
of modes well separated from all others and so to avoid difficulties in mode
shape identification. The first geometrical dimension varied was the inter-blade
tip slot width in the range from 5mm (0.5mm) 11.5mm. A total of 14 FE models
were constructed all with the same uniform blisk thickness of 1.897mm (16
SWG). All the FE models had the same number of nodes (13704) and all were
constrained at the bore setting the displacement of the nodes at that boundary
zero. All the models had the same material properties: Young’'s modulus
(207GPa), Density (7594 Kg/m?®) and Poisson’s ratio (0.3) and all dimensions are
shown in Table 7.1. A mistuning pattern was produced, creating a new element
whose material density, 10000 Kg/m? was set higher than the one used for the
basic FE model. A specific pattern of mistuning weights was chosen randomly
and was applied to all the FE models. The models were not constructed using
cyclic symmetry, and so no modal solutions were calculated using that
approach. Figure 7.2 shows the FE model with a 5 mm inter-blade tip slot width
where the overall blisk diameter and inner disc diameter are drawn in blue and

green line, respectively, and elements circled by a dotted line represent the
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mistuning pattern. The type of blisk design looks like a fan blisk whose blades

are very flexible and the inner disc portion very stiff.

N. D d inter-blade tip Thickness | N. D d inter-blade tip

slot width slot width

1 540 195 5 1.897380 8 540 195 8.5

2 540 195 55 1.897380 9 540 195 9

3 540 195 6 1.897380 10 540 195 9.5

4 540 195 6.5 1.897380 11 540 195 10

5 540 195 7 1.897380 12 540 195 10.5

6 540 195 7.5 1.897380 13 540 195 11

7 540 195 8 1.897380 14 540 195 11.5

Dimensions in [mm]

Table 7.1 Geometrical dimensions of FE blisk models

Blade tip gap
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Figure 7.2 Random mistuning pattern applied and geometrical dimensions

7.4.1 Stationary Conditions

When all the FE models were constructed, 14 for the tuned blisk and 14
mistuned ones, a modal analysis solution was run to obtain the modal data for
all the models. Then, all data produced were used to calculate the forced

response and consequently the magnification factor. Figure 7.3 shows natural
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frequencies of all 14 tuned FE models. Figure 7.3 also shows clearly that all
modes are contained in about a 10Hz frequency span between 22 to 32 Hz. An

heavy mistuning pattern could split the natural frequencies too much to

introduce confusion with mode shape identification.
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Figure 7.3 Tuned frequencies (top); FRF of blisk model with slot width of 5mm

Figure 7.4 shows the results of forced response calculations for the 6 levels of
damping loss factor. The top left hand side corner shows the plot calculated for a
damping level of 7,=10% continuing to the bottom right hand side where the
plot calculated for the damping level of 7,=0.0001% is shown. Recalling what

was said in section 7.3 about the index of the mode shapes, the magnification
factor (MF) results are plotted, in Figure 7.4, for mode shapes (MD) against

geometrical variation (Inter-blade tip slot width [mm])
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Figure 7.4 Magnification Factor plots for each damping level

If we focus on the magnification factor (MF) curves of the 12 ND mode, as
shown in Figure 7.5, calculated for all damping levels, we can see that the
responses of all FE models stay almost constant. The plot also suggests that the

magnitude of the mistuning pattern, superimposed on all the models, produced
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a response 20% higher of the tuned models ones for very small levels of
damping otherwise negligible. An additional attempt, although only for these 14
blisk models, was to increase the amount of mistuning by 100% so the density of
the mistuning element was set at 20,000 Kg/m? instead of 10,000 Kg/m? Modal
analysis solutions were recalculated for all FE models thus to use the model data
for forced response calculations using the same 6 levels of damping loss factor.
Modification of all FE models, modal analysis solution, data manipulation and
forced response calculations were extremely time-consuming, and that is the

reason why there is only single attempt.
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Figure 7.5 Magnification factor results of 12ND mode for all 14 blisk models

Despite such an effort the results of MF, shown in Figure 7.6, for all damping
levels showed no differences from the previous calculation presented. The
increased level of mistuning did not produce a significant fluctuation of
responses between FE models. Hence, it can be concluded that the variation of

amplitude responses between the mistuned assemblies was negligible.
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7.4.2 Rotating Conditions

However, the results of the calculations under stationary conditions suggested
performing calculations under rotating conditions to explore the behaviour of
the same mistuned FE blisk models at speed. It is common practice to perform
engine order excitation when the blisk is rotating, that being the actual excitation
type most frequently experienced under operating conditions. However, this
study focuses on exploring how sensitive the blisks are to small variations of
geometrical parameters when a mistuning pattern is superimposed. Therefore, it
was not targeted at a specific rotational speed but all FE models were run at 4
rotational speeds, [600, 1200, 1800, 2400] rev/min, and a modal analysis solution
was repeated for each of these speeds. Also, for the simulation under rotating
conditions, 6 levels of damping loss factor were used, as specified in section 7.3.
We would only like to focus attention on the 12 ND mode for the rotational
speeds of 600 rev/min, 1200 rev/min, 1800 rev/min and 2400 rev/min,
respectively, as shown in Figure 7.7 and Figure 7.8. The first comment regards
the magnitude of the magnification factor, which decreases as the rotational

speed increases. However, the magnification factor fluctuation can be still
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considered negligible. This analysis would suggest that the response of
mistuned models do not vary considerably from one model to another. The
magnitude of the mistuning pattern adopted is probably too small to produce a
significant responses change between FE models. The use of more and heavier

mistuning patterns would improve the quality of the study.
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Figure 7.7 Magnification factor plots calculated at 600 rev/min and 1200 rev/min,

respectively for the 12 ND mode
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Figure 7.8 Magnification factor plots calculated at 1800 rev/min and 2400 rev/min,

respectively for the 12 ND mode

7.5 Blisk thickness variation

In the previous section we presented the effect of varying one geometrical
dimension of a bladed disk when a pattern of mistuning weights is applied to all
FE models. Results of the forced responses calculated for all models showed

that, at different damping levels, the amplitude of the response can change from
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model to model. Having obtained a poor feedback about the sensitivity of the
blisk to a geometrical variation about the mistuning, it was decided to pick one
of 14 blisk models and to change a second dimension to see how the models
would react to the same mistuning pattern already applied to the previous blisk
models. The FE model with a 10.5mm blade tip gap was taken and its thickness
was varied in the range from 1.9 mm (0.1 mm) 3.2 mm. The increment of the
geometrical dimension is again small, at 0.1 mm, to study the vibration response
amplitude of blisk models on which the given mistuning pattern was
superimposed. The aim of this additional change is to broaden the exploration of
the effect of geometrical variations on the dynamics of the structure. It is
impossible to perform a study on all the geometrical dimensions of a bladed
blisk; however, the hope is to extract more useful information which can address
the study more precisely. An immediate output from such simulations could be
to understand if, during the designing process, the decision to use one
geometrical dimension within a range of choices, rather than another, can lead a
worse forced response. Table 7.2 shows geometrical dimensions of all the blisk
models. Figure 7.9 shows the mistuning pattern applied and the geometrical

dimensions of the blisk model.
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Figure 7.9 Random mistuning pattern applied and geometrical dimensions
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N. Thickness D d Blade tip gap N. Thickness
1 19 540 195 10.5 8 2.6

2 2.0 540 195 10.5 9 2.7

3 2.1 540 195 10.5 10 2.8

4 2.2 540 195 10.5 11 2.9

5 2.3 540 195 10.5 12 3.0

6 2.4 540 195 10.5 13 3.1

7 2.5 540 195 10.5 14 3.2

Table 7.2 Geometrical dimensions of FE blisk models

7.5.1 Stationary conditions

Having constructed 14 FE blisk models, the modal solution under stationary
conditions was calculated. Hence, the first 24 ND modes of the first family,
eigenvectors and eigenvalues, were used to run forced response simulations to
calculate the magnification factor using equation (7.1). All forced response
simulations were again performed using 6 damping levels, as reported in section
7.3. Results for the natural frequencies of the tuned models are plotted in Figure

7.10.
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Figure 7.10 Tuned frequencies (top); FRF of blisk model with 1.9mm thickness

The results of all simulations are plotted in Figure 7.11.
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Figure 7.11 Magnification Factor plots for each damping level

Figure 7.12 shows responses of all models for the 12 ND mode for all damping
values. Again, the mistuning pattern did not produce relevant changes of the
response between models. All curves are practically constant. It will be
interesting to see how those FE models respond when the rotational speed is

superimposed, as is done in the next section.
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Figure 7.12 Magnification factor plots calculated at 0 rev/min; 12 ND mode
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7.5.2 Rotating conditions

Repeating the same procedure used for the models with blade tip gap variation
with this case, the modal analysis solution was run under rotating conditions.
The set of rotational speeds were 600, 1200, 1800 and 2400 rev/min respectively.
All modal data were used to run equation (7.1), using 6 damping loss factor
levels, to obtain forced response levels then used to calculate the magnification
factors. For this last section we would like to report only the results of 12 ND
mode shape for all damping values. Figure 7.13 shows results calculated at 600
rev/min and at 1200 rev/min, respectively. The results presented in both plots
show equal responses between models and so the mistuning pattern adopted

did not produced interesting results.
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Figure 7.13 Magnification factor plots calculated at 600 rev/min and 1200 rev/min,

respectively, for the 12 ND mode

Last two figures, Figure 7.13 and Figure 7.14, respectively, show the calculation
of forced response for rotational speed of 1800 rev/min and 2400 rev/min.
Apparently, for these cases, the magnification factor grows as much as the blisk

thickness.
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Figure 7.14 Magnification factor plots calculated at 1800 rev/min and 2400

rev/min, respectively, for the 12 ND mode

7.6 Conclusions

When this work was planned, it was not clear how interesting the results of the
simulations might be or useful for a further stage of study. The large number of
FE models considered limited a deeper study of this matter and this can only be
considered an initial investigation. In fact, the numbers of modal analysis
calculations, under stationary and rotating conditions, and the following forced
response calculations were very extensive. Despite the effort, the plots presented
did not give interesting insight, probably, because the light mistuning pattern
superimposed to FE models which had one geometrical dimension varied such
as blade tip gap or blisk thickness. Under stationary condition, both geometrical
variations produced a flat magnification factor curves for any damping level
adopted therefore the responses of mistuned models did not vary very much.
The superposition of the rotational speed added an extra point of view on the
analysis showing that the pattern of magnification factor curves could change
from one speed to another. Therefore, blisk models more sensitive than others at
one rotational speed flipped their dynamic behaviour at another speed. Even the
analysis performed under rotating condition did not brought forward any

interesting and useful information about the blisk sensitivity to geometrical
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variation. Concluding this chapter, it can be said that this study was born from
an intuition during the design stage of the 24-bladed disk. Despite the fact that
the thesis is mainly focussed on measurement techniques for rotating structures
such as bladed disks, we could obtain few answers from this additional
investigation providing an initial direction for following studies on the

interaction of the mistuning phenomenon and structural design optimization.
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8 Conclusions and Suggestion for

Further Work

8.1 Summary and Conclusions

The main goal of the presented study was to deliver a software platform which
could perform a series of tasks using Continuous Scanning LDV methods, this
software platform was called CAISER MYMESIS and the origin of the name was
explained in Chapter 6. CAISER MYMESIS is a collection of all CSLDV methods
which can be performed theoretically, via Virtual Test Simulation, and
practically. The software platform was initially developed in combination with
the design of a test piece, such as a 24-bladed disk, which was then used to carry
out vibration measurements to prove the reliability of the CSLDV methods,
under rotating and stationary conditions. Other important achievements

obtained in this study are also summarized.

8.1.1 Overview of Tracking-CSLDV methods

In Chapter 2, we have seen how two new measurement methodologies have
been developed by using an industrial standard Scanning LDV: Continuous
Scanning LDV (CSLDV) and Tracking LDV (TLDV). It was anticipated that the
possibility of combining these two techniques and performing continuous scan
measurements while tracking a structure during operating condition, could offer
enormous advantages. Hence, in Chapter 3 the way to combine those two

methodologies into a Tracking-CSLDV was studied in detail and so the scanning
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mirrors and encoder were presented as main contributors to this development.
Finally, the waveforms required to achieve a specific scanning path, either
mono-dimensional or bi-dimensional, were presented together with the control
panels which actually drive the scanning mirrors via an output DAC card
installed in the computer. The ability of performing a synchronous measurement
over a rotating target by scanning the laser beam continuously over its surface
led to describe a vibration measurement procedure mathematically, as presented
in Chapter 5. Caiser Mymesis software platform can perform Virtual Test
Simulations (VTS) which is a powerful mathematical approach to represent
measurement procedures. All mathematical equations are coded in control
panels of CAISER MYMESIS which play a double role of: (i) teaching continuous
tracking scanning methodologies, and (ii) helping to identify the best
measurement parameters. The entire philosophy is focussed on the
reconstruction of ODSs from LDV output time signals. So, the VTS panels take
into account sources of noise such as speckle noise, misalignment, mirror phase
lag and other sources to reproduce an LDV time history which is realistic as
possible a representation of a measured one. This allows selection of the
optimum parameters to carry out a vibration measurement from which to obtain
a reliable ODS reconstruction. The long path to the Tracking-CSLDV study ends
with a presentation of the practical applications in which tracking methods were
used to carry out measurements, as presented in Chapter 6. The simplest
synchronous measurement technique is represented by a Point Tracking method
which was mainly employed for the measurement of FRFs, under rotating
conditions, in order to demonstrate the effect of Coriolis forces on bladed discs,
where those forces can produce a frequency split of all nodal diameter modes’
resonances. We successfully measured the frequency splits at several rotational
speeds and the post-processing of the data showed the backward and forward

travelling waves associated with each resonance. When blades have narrow
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widths, and the torsional modes are not excited, then the Line Tracking method
is a simple and powerful technique. Some examples were provided, despite the
fact that Line Tracking was not necessary for most of the applications under
study. The last and most impressive results of ODS measurements were
obtained from the Area Tracking method. Examples of ODSs measured from the
vibrating surface of a single blade rotating in a range of speed between 0 and
2400 rev/min are presented. Furthermore, this method could prove its ability of
mode shape identification where high modal density is present, specifically
when two families of modes veer together or/and apart. The most impressive
example is the ODS measurement capability of the whole 24-bladed disc
measured under rotating conditions and compared with a simulated one. The
ODS recovery was obtained from one single measurement; in fact the laser beam

scanned continuously all 24 blades while rotating.

8.1.2 Testrig and USAF IBR design

In Chapter 4 we have presented the original design of the test rig which was
made during an earlier project. Clearly, the test rig had to be modified to fulfil
the requirements of the new measurement technique developed here which
required less mechanical components to perform the tracking and so the overall
assembly was lighter. Although the Engine Order (EO) excitation method,
achieved by using a fixed DC magnet, was retained, a new excitation method
had to be developed in order to be able to measure FRFs under rotating
conditions. The use of AC magnets is resulted to be very helpful for this purpose
and it could be use either fixed in space or rotating. The rotating exciter was
extremely useful for measurement of the FRFs which were used to measure the
frequency split due to the effect of the Coriolis forces on the swept bladed disk

and, once post-processed by modal analysis, to animate the backward and
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forward travelling waves of the ND modes studied. The last component of the
presented research study was the design of the 24-bladed disk which was
produced during the development of the T-CSLDV methods and, in fact, the
area pattern was decided upon the geometrical shape of the blade. The design of
the blisk was made in collaboration with Carnegie Mellon University (CMU)
which set a number of criteria, as presented in Chapter 4. Some of these can be
summarized by saying that the 2" flap-wise and 1* torsional families of modes
had be very close in frequency at rest and well separated at 2400 rev/min, the
maximum rotational speed agreed, and the geometrical shape of the blade
should allow the laser beam to sweep the surface easily. The designed blisk was
of similar proportion to a fan blisk and was also used for other research studies,
such as for the study of Coriolis forces. This specific design was so evaluated to
study the dynamic behaviour of the blisk in the veering region. However, the
measurement results obtained from this test piece are focussed on the
achievement of the tracking capability up to 2400 rev/min and the reconstruction
of the ODSs at different rotational speeds, as presented in Chapter 6. The large
amount of time spent on the blisk design gave a chance to open the way to
another study focussed on the geometrical sensitivity of a bladed disk when a
mistuning pattern is superimposed. The results of this additional research study
are presented in Chapter 7. Unfortunately, the large number of FE models
considered limited a deeper study of this matter and this can only be considered
an initial investigation. However, the results of several forced response
calculations have indicated that when one geometrical parameter is varied, that
can lead to a higher or a smaller level of forced response for a mistuned blisk
model. Either varying the blade tip gap, or the blisk thickness dimensions, it is
seen that the superimposition of a light mistuning pattern can produce different

levels of forced response.
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8.2 Future Work

The overall project was very extensive but all of the main objectives were
achieved. Nevertheless, there are some aspects can still be studied further and
improved. We would like to give some suggestions and directions for additional

work which can be developed in future.

The scanning device is one of the main contributors to the achievement of the
tracking capability. For the presented study an industrial-standard SLDV was
used to develop the T-CLSDV methods. The laser head is already equipped with
a scanning device which copes very well with all tasks requiring Step-Scanning
LDV methodology. The performance of that device is still good when CSLDV
methods are used for static measurements but when tracking must be performed
then the performance could not be optimal. In fact, the large scanning mirrors
mounted are important because the wider the mirror area is, the more back
scattered light can be collected from the laser beam, thereby improving the
Signal-To-Noise Ratio (SNR). Clearly, this means that there is more inertia and
this may reduce the efficiency of the scanning system when a target must be
followed at high speed. Another drawback of having a scanning device in-built
in the laser head may be represented by the cost of a Scanning LDV system
which, inevitably, might discourage buyers and limit the expansion of an
alternative measurement technique. One suggestion would be to study a
scanning device optimal for T-CSLDV methodologies and which may cover a
wider range of applications as possible. Finally, the scanning device must be

easily adaptable to any single point LDV system.

We have presented in Chapter 3 a possible alignment technique which was used
to align the laser head to a rotating target. That method might be very tedious

when carried out by users who have not experienced such an alignment method.
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A suggestion for such a topic could be to study all degrees of freedom involved
in the alignment process and, then, to design a procedure which can make

simpler and faster the alignment procedure.

The rotating exciter was an innovative and helpful excitation method developed
to measure FRFs under rotating conditions, for the first time. The actual design
of the exciter has a speed limitation and, in fact, it is only functional up to a
rotational speed of 1200 rev/min. However, the working speed range can be
easily expanded by designing the exciter differently, especially the coupling

between the brushes and slip-rings.

We have presented in Chapter 5 the significant potential of Virtual Test
Simulations (VTS), especially when CSLDV methods are used, for simulation of
LDV output time signal. We have explained that any simulation of LDV time
history starts by using the polynomial coefficients obtained from the surface
curve-fitting of a simulated ODS. One of the problems discovered during the
simulations was due to the poor curve-fitting of an ODS when the structure is
constrained and, in fact, it was showed that can lead to ‘pseudo’ vibrations.
Hence, a suggestion in such a direction would be to recommend a study of a

mathematical algorithm to improve the surface curve-fitting.

We have presented in Chapter 7 an initial study of geometrical sensitivity of a
bladed disk when a mistuning pattern is superimposed. Time available to
explore that idea further was very limited, and so it would be suggested to
continue such a study trying, for example, to identify geometrical parameters

which could make more sensitive the assembly to mistuning.
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