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ABSTRACT

Aero-elastic instability is often a constraint on the design of
modern high by-pass ratio aeroﬁengines. Unstalled supersonic flutter
is an instability which can be encountered in shrouded fans, in which
mechanical vibrations give rise to unsteady aerodynamic forces which
couple further energy into the mechanical vibration, This phenomenon
is particularly sensitive to the deflection shape of the mechanical

vibration,

A detailed measurement of the vibrational deflection shape of a
test fan undergoing superscnic unstalled flutter was sought by the author.
This measurement was required in order to assess the current theoretical
understanding and modelling of unstalled fan flutter, The suitability
of alternative techniques for this measurement was agsessed, Pulsed
holographic interferometry was considered optimum for this study because
of its full field capsbility, large range of sensitivity, high spatial
resolution and gcod accuracy. A double pulsed holographic system,
employing a mirror-Abbé image rotator, was built specifically for this
study. The mirror-Abbé unit was employed to rotate the illuminating
beam and derotate the light returned from the rotating fan, This
therefore maintained correlation between the two resultant holographic
images, The holographic system was used to obtain good quality inter-
ferograms of the 0,86m diameter test fan when rotating at speeds just
under 10 000rpm and undergoing unstalled flutter. The resultant inter-
- ferograms were analysed to give the flutter deflection shape of the fan,
The study of the fan in flutter was complemented by measurement of the
test fan's vibrational characteristics under non-rotating conditions,.
The resultant experimental data were in agreement with the current
theoretical understanding 6f'supersonid tinstalled fan flutter. Many of
the assumptions employed in flutter predictidh by calculation of unsteady
work were experimentally ferified. The deflection shapes of the test
fan under non-rotating and flutter conditions were compared with those
predicted by a finite element model of the structure ané reasonably good

agreement was obtained,



The work described in this thesis was carried out by the
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NOMENCLATURE

A list of the nomenclature employed is aummarised below, In

all cases, a full description is given locally.

Fnglish lower-case

a : Radius of rotator apertures
b " Distance between off-axis mirror and optical

axis for mirror-Abbé rotator

c Half chord length

d, dI’ d0 Distance between optical system and an optical
plane

e Mean apparent speckle diameter

T Fringe spading

g Tangential displacement

h, hc’ hL, hi Axial displacement

1 Aperture diameter

P Displacement parallel to chord

q Displacement perpendicular to chord

Ty Ty rl,rz, rTIP Radial position

s Laplace parameter

hi 8, Transverse coordinates

t Pime

u Amplitude of shock movement

Uy, Uy, u3 Compdnents of displacement wector u

v Distance between rotator and object point

w Pathlength

X1y Xy X3 X5 Coordinates

yI, Yo yl, I Coordinates

24y 25y 2 Coordinates

Vectors

91, 22 Vibration vectors

£, & Unbalance vectors

k Sensgitivity vector
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k Tllumination vector

=I

k Viewing vector

£,

u, up Displacement vectors
¥, ¥ Velocity vectors

-Tr

English uvper-case

Ap, Aq, A Unsteady aerodynamic coefficients

All’ A12' A21, A22 : Influence coefficients

Bp, Bq’ B. Unsteady aerodynamic coefficients

B, B, Blade number

Cp, Cq, C. Unsteady aerodynamic coefficients

C Gladstone-Dale coefficient.

D Diametral number

Ey. Egy Bgs By Ep Fnergy '

F F-number

gh vy Fiys F0 Unsteady blade forces

G, GM,; Autocorrelation of impulse response transfer
function

H Average fraction of incident energy radiated
towards the receiving aperture per unit solid
sngle

Imax;‘.Imin . Intensity

Jl Besgel function

K, KR’ KI Constants

Kd’ Ka, Km, Ko Gain factors

M Magnification

N Number of blades

0 Amplitude

P, Pl’ P2, PL. PC, Po Fringe order

QR, Transmission coefficient

S Spatial phase

TF, TM Transfer function

VTIP’ VK Velocity

Va Voltage

W Work
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Greek lower case

a Blade torsion
B Rotator mirror angle
Y Blade stagger angle
8 Logarithmic decrement
g, Damping
6, 915 6,5 Rotational position
A Wavelength of light
v, & Geometrical angles
T 3,142
s p1, Py Alr density
o} ' Gecmetrical angle
Ty Tp Time constant
$1» Po Temporal phase
X Angle between illuminating and viewing
directions
¥ . Angle of tilt
cu,'cun,a'j1 ,a;'z,wé‘ Frequency
Others
v Fringe visibility
N N;: N; Number of passes through a beam splitter
ARy Ay y As Area
QR,. QH Seolid angle
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INTRODUCTION

Since its conception in the 1920s, the turbojet engine has been
developed to the level where it is now the major form of aircraft
propulsion. This approach to propulsion has produced cheaper,quieter,
cleaner and more convenient air travel,

Early applications of the turbojet were mainly in military
aircraft, where the high thrust to weight ratio and the high speed
capability were attractive. It produced faster and more manoeuvrable
aireraft than was possible using diesel driven propellers, However,
the overall efficiency pf the early turbojets was lower than that of
the diesel engine.

A step increase in the fuel efficiency of gas turbine engines was
achieved with the introduction of high bypass ratio turbofans. The
generation of large, relatively high speed passenger aircraft was made
economically attractive by this generation of aero engine. Following
their introduction, turbofans for civil aircraft have been developed to
give better and better fuel efficiency. This has been achieved in
parallel with reductions in noise and gaseous pollution and while still
maintaining a high reliability. The increase in overall performance
of aero engine gas turbines has been obtained by the use of improved
materials, manufacturing techniques and knowledge. An example of
better materials is the use of higher temperature, high sirength metals
for turbine blades. An example of improved manufacturing techniques
is the use of air-cooled laminated porous sheet (Transply) for combustor
applications. Improved understanding of the aerodynamic and mechanical
processes occurring within aero eﬁgines has been vital in improving
performance. There has bheen a move away from empirical approacheg
towards designs based upon understanding of the fundamental physical
phenomena, 'This thesis describes a study of one aeroe}astic process
which ean occur within an aero engine. The work served to improve

confidence in our fundamental understanding of the process.
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Good design of the fan is an important ingredient in a fuel
efficient high bypass ratio aero engine, In_a typical modern turbofan
such as the Rolls-Royce BB211-524 approximately 60¢% of the propulsive
force is derived from the fan. One of the constreints on fan design
is flutter., This undesirable phenomenon is the coupling of mechanical
vibration and unsteady aerodynamicg which results in large amplitude
vibrational deflection and hepce high stressing of the fan blades,

It is important for aero engine manufacturers to have a reliable
flutter predic;{on. capability, A fan which has an over-conservative
flutter margin is likely to have an unnecessarily low efficiency.
Conversely, a fan which undergoes flutter within its operating cycle
mist undergo expensive redesigning and rebuilding.

Early predictions of the onset of fan flutter were based upon
empirical evidence, This technique was not adequate for advanced
fan desigms. It did not provide a sufficiéntly accurate extrapolation
beyond previous experience e.g. Jeffefé and Meece (1975). It was thus
considered less desirable than a method based upon fundamental
scientific principles. Since the late 1960s, flutter prediction heas
moved towards this approach. However, cﬁrrently, such a prediction
approach employs many simplifications and assumptions, due to the
complexity of the flutter phenomenon. This can result in inaccuracy
of flutter prediction,

An important aspect of fan flutter prediction is the determination
of the flutter vibrational shape. There have been few published
experimental studies of the flutter vibrational response of rotating
fans, In this thesis, a detailed study of the vibrational response of

a high performance aserc engine fan undergoing unstalled flutter is

-20-



presented. The fan was rotating at supersonic tip speeds and was
studied using holographic interferometry. The experimental technique
was described in a recent publication (Storey, 1982) which is

reproduced in Appendix 2 of this thesis, The experimentally determineg
vibrational response was compared with predictions based upon the
current theoretical understanding of supersonic unstalled flutter,

The experimental results were used to test some of the assumptions

employed-in current flutier prediction methods,

~ 21 -



CHAPTER 1

PAN FLUTTER: CURRENT TEEORETICAL UNDERSTANDING

AND ATMS OF THIS STUDY

Summary of Chavter

The current theoretical understanding of fan flutter is described.
Flutter modelling by calculation of unsteady work is a preferred
prediction methed, This approach relies heavily on accurate determ-
ination of the vibrational mode shapes of the fan, Mode shape prediction
methods are discussed. |

There has been little préviously published experimental measurement
of the detailed vibrational shape of fans undergoing flutter. The aim of
this study was to obtain a detailed measurement of the vibrational
deflection shape of a fan undergoing supersonic unstalled flutter and to
use this to evaluate the theories and assumptions used currently for
fan flutter prediction. This study was centred upon measurements made

on a particular test fan, The physical details of this fan are given.

1.1 Introduction

Flutter is any self-excited oscillation of a stmicture exhibiting
gerodynamic lift, It is an instability in which mechanical vibrations
give rise to unsteady aerodynamie forees which' feed further energy into
the mechanical vibration, Energy is supplied to the fluttering |
structure from the moving airstream.,

Flutter has been experienced with different structures indluding
aircraft wings, compressor and turbine rotors, propeller blades and

helicopter. rotor blades. The flutter mechsnism and hence theoretical
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flutter modelling can however vary considerably from structure .to
structure. The analysis applicable to aircraft wings, that is two-
dimensional flutter of an isclated aerofoil, was developed by Theodorsen
(1935). This subject was extensively treated by Bisplinghoff et al
(1955), Fung (1955) and Scanlan and Rosenbaum (1951). These analyses
show that the mechanical vibrational frequency is considerably affected
by the air velocity, and that the flutter instability results from
coalescence of the fundamental bending and torsional mode frequencies.
The flutter mechanisms are somewhat different for a typical compressor
rotor in an aero engine gas turbine. This is mainly due to two factors,
First, the relatively high structural density of a compressor aerofoil
makes the vibrational mode shaées almost independent of aerodynamic
affects. Second, the unsteady aerodynamic coupling forces between rotor
blades are much more complex than the unsteady asrodymamics of an isolated
aerofoil,

Experience has shown that the fan stage of an aero engine is partic-
ularly susceptible to flutter, This is due to the reiatively high
structural flexibility of the fan assembly which resulis from its‘high tip
to hub radius,

In the next section of this chapter, the reported experimental
observations of fan flutter and the different operating regimes in which it
is found are described. The current theoretical understanding and
modelling of fan flutter are then presented,and the important ingredients
for successful flutter prediction are emphasised. The aims of this study
and their relationship to the current understanding of fan flutter are
then given, This study was centred upon measurements made on a particular
test fan., The physical details of this fan are given in the last section

of the chapter.
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1.2 Types of Fan Flutter

At least four types of flutter have been observed in fans, These
were swmarised by Snyder and Commerford (1974) and Mikolajczak et al
(1975)., These different flutter types occur in different fan operating
regimes and different unsteady aerodynamic forces are associated with each,
However, each flutter type is characterised by a very sharp increase in
measured blade stress as the fan is driven over a '"boundary" in its
operating characteristics, A graph of a fan's characteristics showing the
boundaries for the four types of flutter is shown in Figure 1l.1. This
figure shows the mean fan stage pressure ratio plotted against a relative
weight flow rate, In addition to the flutter boundaries, four constant
speed lines and two typical operating or working lines are shown. The
four flutter types, that is supersonic nnstailed, subsonic and supersonic
stalied and choked flutter, are now described in tumm,

Supersonic ﬁngtalled flutter is a particularly important phenomenon
because it sets a top - speed limit on the operation of a fan, A successful
fan design has the unstalled flutter boundary beyond the maximum operating
speed for all flow conditions and for all nominally identieal production
units, This flutter occurs at supersonic flow velocities when measured
relative to the blade tips but at subsonic axial flow velocities. Snyder
and Commerford (1974), Mikolajezak et al (1975) and Halliwe11(1976)
reported blade strain gauge measurements made on fans undergoing supersonic
unstalled flutter which showed that all the fan blades were flutiering at
the same frequency and with a constant inter;piédé_pgape\éﬁglé. It was
deduced that the flutter vibrational response was that of é coupled blade
mode which rotated with respect to the fan, In this type of vibrational
mode, mechanical coupling between blades occurs via the part-span shrouds
and fan disc (as shown in Figure 1.2). TUnstalled supersonic flutter is

typically detected at design conditions. This implies that the unsteady
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aerodynamic forcés are not related to an off.design aerodynamic effect.

Stalled flutter occurs as a fan's pressure ratio is inéreased
towards the surge condition. The occurrence of stalled flutter at both
subsonic and supersonic blade tip relatiw flow velocities was reported
by Mikolajczak et al (1975). They suggested that the aerodynamic
coupling was associated with separated flows, The flutiter vibrational
response has been observed in coupled blade modes e.g., Jeffers and Jﬁeeée
(1975). This is in agreement with unpublished measurements on shrouded
fans at Rolls-Royce Ltd.

Choked flutter was reported by Carter (1953) and Carter and Kilpatrick
(1957) at low preésure ratios and part fan speeds, It wae associated with
negative flow incidence angles.which resulted in high in-passage flow
velocities. This phenomenon has received little attention because its
boundary is typically well away from the operating conditions of an aerc

engine fan.

1.3 Flutter Prediction by Calculation of Unsteady Work

The use of an unsteady work method for fan flutter prediction was
pioneered by Carta (1967). With this approach, the work done on the fan
per cycle of motion by aerodynamic forces is calculated for each mode of
vibration, The onset of flutter is predicted when, for any mode of
vibration, the aercdynamic work is positive and sufficiently large to
overcome the fan's mechanical losses due to material and frictional damping.
This basic approach to flutter prediction has, where possible, now
replaced tﬂe previously employed and less reliable empirical methods,

The salient steps of the unsteady work approach are now considered in
greater detail.

The time dependent unsteady forces and moment acting on a fan blade

are related to vibrational translation and torsion by the use of unsteady
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aerodynamic coefficients, The relevant forces, moment, translations
and torsion for a fan blade section are shown in Figure 1.3, The

complex forces perpendicular and parallel to the chord and the complex

moment are,

B, = =-m -05 W’ (App + Aqq A a) Fq 1.1

R = aTp 03 w? (Bp+Bg+Ba) ¥q 1.2
2

Fo = ~Tp c:3 w (cpp + qu + Ca a) Eq 1.3

where, Ap, Aq' Aa, BP, Bq’ ch’ Cp, Cq and Ca are the unsteady aerodynamic
coefficients, p is the air density, @ is the vibrational frequency, ¢ is
the half chord length and p, g énd o are the displacements defined in
Figure 1,3. The unsteady aerodynamic coefficients and the displacements are
complex, thus allowiné representation of the phase differences between the
unsteady aerodynamic forces and the displacements, The force and
translation parallel to the blade chord were neglected by Carta (1967)
because they were considered of second order importance. He evaluated
the unstéady aerodynamic coefficients by using the isolated zerofoil theory
of Theodorsen (1935). This was later improved upon by Mikolajczak et al,
(1975) who used the blade cascade analysis of Vernon (1973) and Vernon and
McCube (1975) and by Hﬁiiiiéil (1980) who reported the use of the alternative
cascade anelyses of Nagashima and Whitehead (1974) and Goldstein et al.
(1977).

The work done on a blade by the unsteady aerodynamic forces and moments
is obtained by computing the product of the in-phase ccmponents of force
and displacement perpendicular to and parallel to the chord and of moment
and torsion. This is obtained by integrating over one vibrational cycle.
Thus, the total work done on & blade per cycle is given by the following

expression,
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TIP RADIUS

W = (-[F_‘hdp..fF“ dq+fF°da)dr Eq 1.4
"ROOT RADIUS
where r is the radial position on the blade. In general, the instant-
aneous displacements and unsteady aerodynamic coefficients and hence
unsteady aerodynamic forces vary as a function of radial position.
The aerodynamic damping for the rotor system is obtained using the

below relationship,

o - Nw g 1
_?'aero 3k =q 1.5

where aaero is the aerodynamic logarithmic decrement of the system, N
ig the number of blades and E is the average kinetic energy of the
vibratienal mode, |

Flutter is predicted when the total damping for any vibrational
mode is less than zero i.e.

= 3
total aero + 8mech < 0 Eq 1.6

where smech is the logarithmic decrement due to mechanical damping.

This logical approach based upon the calculation of unsteady work
is the current preferred method for flutter prediction. It relies
_ heavily on accurate calculation of aerodynamic coupling and vibrational
mode shapes. This study is particularly concerned with the later, It
is important to accurately determine the relative magnitude and the phase
between the blade translations and torsion., These must be cbtained as a
function of radial position along the blade for each mode of vibration,
This, thus, provides accurate values for P q and a for use in Equations
1.1 to 1.3, Calculation methods for the predictioﬂ of vibrational mode

shapes are described in the next section.
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1.4 Vibrational Mode Shape Prediction

An important part of the design of gas turbine engines has been
the prediction of the vibration characteristics of the bladed rotor
stages including the fan. This has been so for two reasons: first, to
prevent excessive forced vibrational stressing of the rotors within
their operating speed range and, second, for flutter prediction, For
the first application, it has been important to calculate the distribution
of blade stress within a mode. This has been less important for flutiter
prediction where the distributions of blade translations and torsion have
been primarily required, for the reasons given in the previous section,

For both applications, it has been important to calculate the natural
frequencies pf the rotor modes of vibration.

Historically, the most common approach to the modelling of a complete
bladed disc has been to consider the structure as an assembly of separate
components. Each component has been first analysed individually. Then
the characteristics of the whole assembly have been obtained by joining the
constituent parts using the boundary receptances at each of the joints.
Typically, use has been made of the nominal symmetry of a bladed disc in
order to reduce the computation time required for the analysis.

The vibrational characteristics of individual rotor blades have been
obtained by & number of alternative mathematical approaches, For instance
a model based on formulation of differential equations of motion from
energy considerations was used by Carnegie et al (1966), and two alternative
techniques based on a lumped parameter approach and on the use of finite
elements were compared by Anderson (19?5).

The disc is typically easier to analyse than the rotor blades, A
lumped parameter approach, suitable for non-uniform discs, was given by

Ehrich (19%6). A model having annular elements and based on classical
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thin disc theory was described by Ewins (1973). The use of finite
elements was described by Kirkhope and Wilson (1972).

An early mathematical model which joined identical blades and the
disc ueing a receptance coupling procedure to allow prediction of the
coupled-blade modes of a complete rotor without shrouding was developed
by Armstrong (1955). In this model, the spatial distribution of point
forces and couples on the blades at the blade-disc boundary was assumed
to be a sinusoidal function of circumferential position.  Armstrong
considered a rotor having a large number of blades, and thus the forces
acting on the rim of the disc were approximated as being continuously (and
sinusoidally) distributed. The analysis was kept to a compact form by
using this approach. This model was extended to include & shroud
connecting the blades by Cottney (1971). A more accurate model using
finite-element description of the disc and blades, but still based on
many of the assumptions used by Armstrong, was described by Kirkhope and
Wilson (1971).

In a practical sero engine rotor, small differences exist between
the blades due to menufacturing tolerance and this can have a significant
effect on the vibrational characteristics of that rotor. This detuning
effect has been modelled by several authors including Whitehead (1966
and 1976), Wagner (1967), Dye and Henry (1969), Ewins (1973 and 1975) and
El-Bayoumy and Srinivasan (1975). These aﬁalyses showed that a
detuned rotor has more modes of vibration .then the corresponding tuned
assembly. Also, each mode shape is more complex, each mode shape having
more circumferentially distributed Fourier components than its tuned
equivalent. Several authors noted that detuning often results in the
splitting of a diametral mode into two modeg having the same number of

nodal diameters but having slightly differing natural frequencies,
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ILittle attempt has been made to include the effects of
detuning into flutter prediction models. This is partially due
to the unpredictability of th=2 detune .phenomenon for production
rotors, However Ford and Foord (1979) and Ford (March 1980,
Sept, 1980) used a simplified aerodynamie model to study the effects
of detuning on fan flutter characteristics, Their theoretical model
incorporated twin coupled blade-disc modes having slightly differing
natural frequencies, They ccnsidered a flutter mechanism in which
the response of one mode generated aerodynamic forces which drove
the twin mode, and vice-versa. They predicted that detuning produces
unequal blade amplitudes, variation from blade to blade in the
temporal phase between torsion and flap within each individual blade,
and a deflection shape which is not sinusoidal circumferentially.
They concluded that detuning has a favourable inhibiting effect on
flutter,

1,5 Aims of this Study

Supersonic unstalled fan flutter is typically predicted
using a calculation of unsteady work which employs severzl

approximations or assumptions, These include,

(a) the use of independent unsteady aerodynamic
coefficients,
(b)  the exclusion of any radial unsteady aerodynamic

coefficients,
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and (c¢) the exclusion of detuning effects,

Approximations such as these can result in inaccuracy of flutter
prediction, This study is particularly concerned with the latter
of the assumptions described above,

Carta (1967), Mikolajezak et al (1975) and Halliwell (1976)
showed that accurate determination of the flutter vibration mocde shapes
ig an important prerequisite for reliable fluitter prediciion based
upon the calculation of unsteady worik, A symmetrical coupled
blade mode which rotated unifbrmly with respect to the fan was assumed
in the prediction models for superscnic unstalled fan flutter which
were used by these authors. . The presence of a travelling assembly
vibration mode was ascertained from limited time-resolwved point meas-
urements made using strain gauges attached to fan blades and casing mounted
probes,

The detailed deflection shapes of the forced modes of vibration
of non-rotating fans havehgeen experimentally studied using techniques
such as holography e.z. Hockley et 21.(1978). However, there has been
little published experimental study of the detailed vibrational shape
of fans undergoing flutter. Previously published studies have been
limited tc mezsurements made at specific points e,g. blade tip
deflection measurements were reported‘by Chivers (1980), and deflection
measurements made at a limited number of blade radial stations were
reported by Stargardter (1977).

The aim of this study was to obtain a detailed measurement of the
vibrational deflection shape of a fan undergoing supersonic unstalled
flutter and to use this to evaluate the theories and assumptions used

currently for fan flutter predietion. Ideally this study of supersonic
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unstalled fan flutter would have extended to the investigation of many

alternative fan types. However, due to limited resources, only one test

fan, which was of importance to Rolls Royce Ltd., was astudied. The test
fan was a typical modern high efficiency, high bypass ratio shrouded asero
engine fan,

The specific aims of this study were,

(a) to experimentally determine the detailed flutter vibration shape
of the test fan as a2 function of the temporal flutter cycle;

(b}  to use these experimental data to determine how well the flutter
response of a rea; fan approximates to a symmetrical uniformly
travelling --ecoupled blade mode;

(c) to compare the experimenfally determined flutter shape with that
predicted by a sophisticated finite-element calculation for the
test fan, and to test any assumptions made in that finite-element
calculation.

In addition to the above flutter studies, an experimental determination of

the forced vibration mode shape of the non-rotating test fan was sought.

This would allow comparison of the non-rotating mode shape with that

predicted by the finite-element calculation, which would complement the

comparison described in (e¢) above.

1.6 Test Fan: Descriﬁtion and Vibrational Modelling

The test fan was of & design which was typical for a modern high
efficiepcy high bypass ratio aero engine, The fan was made of titanium,
had a diameter of 0,86m end had thirty-three shrouded blades. The 100%
design speed of the unit was 10 100 rpm, which corresponded to a tip
speed of 457ms'1. Further details of the test fan are given in Table

1.1.
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Characteristic Value Units
Fan radius 0.43 m
Number of blades 22
Radius of shroud . 0.307 m
Rahius of blade root platform 0.126 m
Blade chord at tip 0,102 m
Blade stagger angle at tip 63 o

at zero gspeed

Table 1,1, Summary of the mechanical description of the

test fan,
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The shapes of the coupled blade-disec wvibrational modes of the
test fan were predicted by the finite element method, The mode shapes
were calculated for both zero and full speed conditions. A symmetrical
structure having 33 identical blades was assumed. Finite element models
for both the blades and the disc were obtained., These were then
combined to predict natural frequencies and mode shapes for the whole fan
assembly.

The blades were modelled using triangular finite elements as shown
in Figure 1.4. The disc was modelled using anmular elements. These
models of the individual components were combined by assuming a sinusoidal
circumferential distribution of forces and deflections, The blade model
was coupled to that of the disé using one finite element node having four
independent degrees of freedom, The blade to blade coupling at the shroud
was modelled assuming a }ocked shroud ring. Coupling at the shroud was
performed using three finite element nodes each having six degrees of
freedom, The nature of the model produced a shroud ring which was very
Stiff in the circunferential direction.

The effects ofcentrifugal load, aerodynamic load and temperature
distribution were included in the calculation of the mode shapes at speed.
Centrifugal load, which was proportional to the square of the rotational
speed, was the dominant effect. This was primarily because of the
resultant increased stiffness of the structure. .The coubined centrifugal,
aerodynamic and thermal effects were modelled,

(a) by including appropriate additional stiffness terms into the
prgdiction caiculation, and

(b) by accounting for blade untwist (decrease in blade stagger angle)
resulting from the combined effects of centrifugal and aerodynamic

load.
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The predicted vibrational mode shapes for the test fan obtained

using this finite element model are given in Chapters 3 and 7.

- 37 =



CHAPTER 2

FLUTT=R DEFLECTION SHAPE DETERMINATICN:

ASSESSMENT OF MEASUREMENT TECH{IGUES

Summary of Chapter

The suitability of alternative techniques for measuring the
detailed flutter vibration shape of the test fan was assessed. Pulsed
holographic interferomestry was considered optimum for study of the test
fan because of its full-field capability, large range of sensitivity,
high spatial resolution and good accuracy. The large range of sensitivity
allowed the same basic technique to be used for study of both the high
amplitude response of the rotating fluttering fan and the low amplitude
forced response of the non-rotating fan. The special considerations and
limitastions for application of holography tc study of the fluttering test
fan were considered in detail. It was concluded that use of a pulsed
holographic system employing an image rotator and sensiiive to only

axial and radial deflections was a ﬁreferred measurement technique,
2.1 Introduction

Techniques capable of measuring the vibration of a rotating fan were
considered, and they are discussed 'in this chapter,  -The suitability of
éhe alternative techniques for measuring the detailed flutter vibration
shape of the test fan was assessed, Deflections over a large area of
the test fan were required, including measurements at all radii betwesen
the blade roots and tips, Peak deflections in the range from 0.lmm to
several mms were expected. These measurements were considered likely to
be a difficult application for any technique. This was due to the fan's
high rotational velocity of 450ms'1 at the tip, the high centrifugal loads

1
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on the blades of up to 5 x 10° ms‘24(50 000g) and the high inter-blade
flow velocities of several hundred metres per second,

The use of conventional vibration measuring techniques was first
considered, The limitations of these techniques were assessed and they
are discussed in the next section of this chapter. Optical techniques
were considered to have several advantages for the required flutter
measurements, Thege advantages and a review of candidate optical techniques
is given in Section 2.3.: 'Of-the several promising optical measurement
techniques, hclographic interferometry was considered optimum for this
investigation of the test fan, The remainder of the chapter is then
devoted to an sssessment of the limitations and capabilities of holographic

interferometry.

2.2 Beview of Conventional Technigues

The most commonly used device for vibrational measurement of g=as
turbine rotor blades is the strain gange, Strain gauges are typically
resistive elements which are bonded to a blade to give a measure of
surface sgtrain, Electrical signals are typically obtained from the rotat-
ing gauges using either mechanical slip-rings or radio frequency telemetry
units, as reported by Worthy (1980). Strain gauges have been used
extensively to measure point strains on rotating fan blades in flutter.
However, determination of the detailed flutter vibration shape of the
test fan would have required an impracticably large number of gauges. The
attempted measurement of the amplitude and phase distributiong of the
different components of deflection of a fluttering fan using strain. gauges
was reported by Mikolajczak et al (1975). They reported that little
success was obtained,

Piezoelectric accelerometers (Ewins, 1976) have been used extensively

for vibrational impedance measurements on non-rotating gas turbine
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components including non-rotating fans, They have not been greatly
applied to measurements on rotating structures due to their unsuitability
for use at high centrifugal locads.

The successful measurement of tip deflections of rotating vibrating
blades has been reported by several authors, including Chivers (1980).

The timing of the blade tip leading and trailing edges was used to
determine the blade tip vibrational deflections. The timing of the blade
passing was accurately obtained using casing mounted proximity detectors.
This timing technique was considered by this author to be inappropriate
for measurements other than at the blade tip where the casing provided a
unique non-intrusive rigid mount for the proximity probes.

The above brief descriptidn covers the commonly used techniques for
measuring rotor blade vibration, Hone of these techniques was,K considered
appropriate for attaining the detailed flutter shape required of the test
fan,

2.3% Candidate Optical Technigues

Several point measurement optical systems have been reéorted. These
include the beam bouncing technique which was used by Stargardter (1977)
for fan flutter deflection measurementz; a laser-Doppler technique
evaluated by Cookson and Bandyopadhyay (1979) in which points on a rotating
structure were sampled once per revolution; and a further laser-Doppler
technique suggested by Fagan and Beeck (1979) in which one point on a
rotating structure was continuously sampled by employing an image rotator,
The use of & point measurement technique, such as these, for obtaining the
flutter deflection shape of the test fan would havq required either the use
of an impracticably large number of systems operating in parallel or a
scanning system, fhe idea of scanning such a system over the fluttering

fan's surface was rejected due to the likely difficulty of maintaining
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constaﬁt flutter conditions throughout the scan. Thus, the use of a
point measurement technique was considered inappropriate for the required
detailed flutter deflection shape determination.

The uge of a full-field optical measurement technique was preferred
and was considered to have several advantages for the required flutter
studies. The prime advantage was the capability for making instantaneous
deflection measurement over the whole or large areas of the visible surface
of the fluttering test fan, The envisaged optical techniques were
non-contacting and thus had the potential of making measurements without
affecting the flutter response of the fan, Except for any surface
preparations, they would be unaffected by the high centrifugal and
aerodynamic forces acting on thé blades.,

The requirement for a measurement method capable of determining the
flutter vibration shape at selected points in the flutter cycle, suggested
the use of a pulsed optical technique. A time-averaged technique would
not meet this requirement and was thus considered inappropriate,

The full-field optical techniques, which were assessed, fell into
the broad categories of holographic, speckle or moiré¢ methods, The
relative advantages of these alternative categories wéfe asgsegged and are
described below,

| The use of holographic interferometry for deflection measurement

has been reported extensively e.g. in texts by Erf (1974) and Vest (1979).

Pulsed holography provides a means of studying vibrations having amplitudes
in the range from lesg than %ﬁm to several mms. For the case of double
puléed holography, this large range of sensitivity caﬁ be achieved by
varying the laser pulse separation, For a holographic system employing
a single illuminating beam, the holographic sensitivity vector is in the
direction of the angular bisector of the illuminating and viewing directions,

Thus, the holographic technique is particularly well suited to the
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measurement of the out of plane component of -—ibration, It is a
technique which is'capable of high spatial resolution and good accuracy,
and it can be applied to objects having a large depth of field, The
helographic technique has the disadvantage that it is limited by
decorrelation constraints, as discussed in Sections 2.4 to 2.6, The
use of holographic interferometry for vibrational study of rotating
objects has been reported by several authors, as described in Section 2.7,
Electronic speckle pattern interferometry (ESPI) was developed

by Butté?s and Leendertz (1971). The use of pulsed lasers with ESFI
was described by Cookson et al (1978). ESPI can be considered as a form
of imasge plane holography in which the spatial frequencies of light at the
recording plane are reduced sufficiently to allow the conventional
photographic processing to be replaced by a television sgystem. This,
therefore, gives the convenience of real time viewing, ESP1 has
decorrelation limitations and a sensitivity equal to those of its holographic
counterpart, It has the disadvantage of reduced spatial resolution when
compared with holography.

| Speckle photography was first introduced by Archbold et al (1970).
It has been applied to measurement of in-plane translation and tilt of
engineering structures e.g. DeBacker (1975) and Gregory (1978), respectively.
Defocussed speckle photography was used by Stetson (1978) for the measurement
of tilt of a fotating structure, Measurement of both in-plane translafion
and tilt requires the simultanecus use of focused and defocused speckle
photography. The application of such a system required very careful
experimental technique (Stetson, 1977) and analysis (Gregory, 1978). The
minimum sensitivity of the technique is defined by the requirement for
geparation of corresponding speckles between exposures. The minimum
sensitivity for in-plane translation is thus equal to the mean apparent

A
speckle diameter on the object, which is approximately equal to l'2j; '
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where A is the wavelength of light and ¢ is the full angle subtended

by the optical system at the object, Likely practical values of A and ¢
for a system applied to the test fan were considered to te O.62ym and
0.02 radians, respectively. This corresponds to a minimum sengitivity
of 4me.

The use of double-exposure and time-averaged-moirétechniques to
measure surface deformation and vibrational displacement was first
demonstrated by Abramson (1968), using a coherent fringe projection system.
This technique was developed for vibrational studies by others including
Vest and Sweeney (1972). The alternative and equivalent {ringe projection
technique using incoherent illumination was firset reported by Der Hbiéﬁééiéﬁ”ﬂ
and Hung (1971). The extension of this technique to the study of a rotating
component was reported by Sikora (1981). He used a pulsed incoherent
fringe projection system to measure large amplitude deformation of a
rotating propeller at speeds up to 200C rpm. Projected fringe moiré has
the advantage that it is not subject to decorrelation consiraints, as are
holographic and speckle techniques, It does however have a relatively
large minimum sensitivity. The minimum sensitivity is determined by the
depth of field required and by the practicable range of illumination and
viewing angles, For application to the test fan, a depth of field in
excess of 50xm was required, In addition, an angle between the illum-~
ination and viewing directions of no greater than 500 wag required in order
to prevent unacceptable shadowing of the fan blades. It was estimated
that these constraints would have imposed a minimum sensitivity of the
order of mm per‘moiré fringe, thus limiting any projection-mbiré technique
to the measurement of high level flutter émplitudes of the test fan,

After assessment of the above full-field optical techniques for

application to the test fan, double pulsed holographic interferometry was
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chosen as the most appropriate for the required studies, The large
range of sensitivity, allowing the study of submicrometire to millimetre
vibration amplitudes, was considered an important advantage of pulsed
holography. The holographic technigue could thus be used for both the
low amplitude vibrational studies of the non-rotating fan énd the high
amplitude fan flutter studies, The high spatial resolution and

accuracy of the holographic technique were seen as two further important
advantages, The convenience and advantage of real-time and remote
viewing of the holographic interferograms was considered achievable using

thermoplastic recording techniques,

2.4 Special Congsiderations for the Apnlication of Holography to a

Rotating Fluttering Fan

The special requirements of the double pulsed holographic technique
for application to the fluttering test fan are described in this section,
These special considerations arose due to the relatively high rotational
velocity of the fan. They are now described in turn,

The first requirement was that each individual laser pulse should
record a bright holographic image of the rotating fan. This problem was
consAidered by Smith (1969) who stated that a bright holographic image is
obtained when any phase change at the hologram dué to movenment of the

object is small over the duration of the exposure-i.e. when

[_v.gdt < 1 Eq 2.1

pulse
duration

where V is the velocity vector of a point on the object and k is the

holographic gsensitivity vector given by
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ko= 3 (kp-ky) Eq 2.2

where EI end EV' are the wave vectors of light in the illuminating and
viewing directions, respectively, both having megnitude 752 .

This condition was made no more demanding than for a non-rotating object
by arranging for the sensitivity vector to be orthogonal to the rotational
vector for all object points, i.e, when X&. k = 0, where Y.1is the
rotational velocity component. This was achieved by illuminating and
viewing the cbject from on-axis.

A second requirement was that the ihterference fringes due to
vibrational movement should not be distor?ed by the fan's rotation. This
was also achieved by ensuring that the semnsitivity vector was orthogonal
to the rotational displacement of the object, i.e. for U . k = 0, where
E} is the displacement of az point on the fan between the two laser vulses
due to whele-body rotation. This requirement prevented the measurement
of the tangential component of the vibration deflection, restricting
measurement to the axial and radial components.

A third requirement was that the rotational movement of the fan's
image between exposures should be small in order %o produce correlated
light fields and thus high visibility interference fringes., Any relative
movement of the two holographic images which was greater than the width of
tﬁe autocorrelation function of the image plane light amplitude distrib-
ution would have resulted in an unacceptable reduction in fringe visibility.

Thus, the first two reguirements could be satisfied by ensuring that
the holographic sensitivity vector was orthogonal to the rotational
movement of the fan, The third requirement set a limit on the use of a
conventional double pulsed holographic system. Thig limit was guantified

and is described in the next two sections of this chapter.
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2.5 Determination of Fringe Visibility as a rfunction of Fan Eotation

Decorrelation of the two holographic images due t6 fan rotation and
its effect on fringe visibility were quantified by both theoretical and
experimental investigations. These investigations were performed for a
general rotating object and are described in this section. The results
of this work were used, as described later in this chapter, to determine
whethar any special technigue would be needed to perform the required

flutter studies of the test fan using pulsed hologravhy.

The variation of holographic fringe visibility as a function of
object movement was analysed in.two recent publications by Déndliker (1980)
and Celaya and Tentori (1980), This analysis called upon an earlier
determination of the image plane autocorrelation function for coherent
light by Lowenthal and Arsenault (1970). The conditions, assumptions and
results of these analysés are presented below,

The reconstruction system which was considered is shown in Figure 2.1.
The hologram position was not defined because it just acted as an intermediate
storage medium, allowing two states of the object to be simultaneously
present, As long 23 the hologram was correctly reconstructed and did not
aperture the reconstruction, its position was unimportant.

The impulse response function of the imaging system was assumed
invariant over the imaging field. The optically rough object was assumed
to have a surface roughness autocorrelation peak which was much narrower than
the resolution of the imaging system,

The fringe vigibility was defined as,

- 1.
maXx mln
Y o= g Eq 2.3
max min
where Imax and Imin are the maximum and minimum intensities,.respectively,

of the holographic interference pattern.
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Fringe visibility as a function of image plane translation was shown

to be given by the following relationship,

v = |sasy] Bq 2.4

where G is the autocorrelation of the impulse response function of the
imaging system and ASI is the mutual transverse shift of the image
plane speckle patterns, where (ASI)2 = (z.\.zl)2 + (A,_yI)2 and x; and y; are
shown in Figure 2,1, For the case of a circular aperture of diameter 1,

the autocorrelated function, G, and visibility,V, are of the form

2J1(1r1AsI/AdI)
¢ = T ims AL g 2.5
and
2J. (TLAS_/Ad.)
1 "1 =
vV = (ﬂMSI/'\d‘I) Eq 2.6

where Jl is the first order Bessel function, and dI is the distance

between the lens and the image Elane. The function for G given in Equation
2.5 is shown in Figure 2.2, From the full analysis of Didndliker and

Celaya and Tentori, a 180° phase reversal, converting bright fringes

into dark fringes and vice-versa, was predicted in the regions where G

is negative, The first zero of the expressions for G and Vv occurs at

Le22\
A5 a «m—== which corresponds to the mean speckle size in the image.

I 1
The Equation 2.6 was used to obtain the holographic fringe visibility
in terma of object coordinates for the case of a rotating object. Pure

rotation of the object, through an angle A& about an out of plane axis.

results in
ASI = Mr Af Eq 2.7

where M is the magnification of the optical system, and r is the distance
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of the object point from the axis of rotation,

The visibility is, thus, given by

23, (wlr 48/0d )

Y = Eg 2.8
(verB/Adb)

where do is the distance between the lens and the object plane,

The holographic fringe visibiiity is given in terms of easily
determined experimental parameters, by this relationship, A
visibility drop to zero is predicted for object rotational movement
equal to the mean apparent speckle size on the object,

The theoretical analysis presented by Dandliker and Celaygq
and Tentori, described above was not substantiated with any
experimental evidence, Thus an experimental determination of
fringe visibility, V , as a function of object rotation and aperture
of the reconstruction system was undertsken by this author and is
described in Appendii 1. The experimental results were in
good agreement with those predicted by- Equation.2.8, thus verifying

this theoretically determined expression,
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2.6 Limitations of Standard Double Pulsed Hologranhy for Fluitter

Measurement

Decorrelation limitations of the standard double pulsed holograsphic
technique for study of the fluttering test fan were considered, These
limitations are discussed in this section and are based upon Equation
2.8,

In the last section, it was shown that changing the f-number of
the holographic reconstruction system changes the visibility of inter-
ference fringes on a rotating object, Increasing the f-number, increases
the maximum angle of rotation between exposures which can be used without
causing unacceptable loss of fringe wvisibility, Of course, the fa
mnumber of the reconstruction system can not be increased without limit.
Increasing the f-number produces an increase in the image speckle size and
hence a decrease in the image resolution, The maximum reccnstruction
system f-number which can be employed is limited by the resolution
required to visualise the interference fringes. This concept was quant-
ified for conditions of the fluttering test fan, as is described below,

The minimum acceptable fringe visibility on holographic interferograms
of the fluttering test fan was set, at this authors discretion, as

approximately 0,2, Therefore from Equation 2.8.

2Jl(ﬂer8ﬁldo)
0,2 < Eq 2.9
(ﬂere/)\.do)
thus,
Ad
rA6 ¢ 0,98 - —3° Eq 2.10:
and thus, AA
VopAt € 0.98 == Eqg 2,11



where VTIP is the rotational wvelocity at the blade tip and At is the
lager pulse separation.

A fringe resolution of one full fringe per 5mm at the fan, or better,
was sought., It was estimated that a mean speckle diameter of less than
approximateiy one tenth of the fringe spacing was required in ;rder to
clearly resolve the holographic interference fringes. Thus. an apparent
mean speckle diameter of less than approximately 0.5mm was needed to
achieve the required fringe resolution. The apparent mean speckle size,

e, can be controlled by the size of the viewing aperture and iz given by

Ad
e = 1,227° 5q 2.12
Thus, for e < 5x 10-4m.
Ad -4
0 > x 10
e S B 2.13,

Combining inequalities 2.1l and 2.13 gives,

¢« 0.98x5x107%

At Eq 2,14
1,22 VTIP
vTIP at the design speed of the test fan was 450ms-1. Subatitution

into Equation 2.;§-indioates that a pulse separation less than 0.2#8 was
required in order to meet both the fringe vieibility and resolution
requirements,

It was estimated that an interferogram, having fringe orders up to
approximately ten, was needed to achieve the required fringe density
and hence the required measurement resoclution. The measured component
of deflection, h, occurring between laser pulses is approximately related

to the fringe order, P, by

Do~
B 2

Eq 2.15
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Therefore, for P = 10,
h o~ SA Eq2.16

Thus, from Equations 2,14 and 2.16 the peak velocity of the minimum

measurable flutter level was determined as ~ A ms'l
=6
0.9 x 10

At a wavelength of O.me, this corresponds to a peak velocity of

approximately 4ms-1. The expected flutter frequency waa of the order
of 4000 radians s-L, Thus, the peak amplitude of the minimum messurable
flutter wave was ~ 4/4000~ lumm,

Thus it was estimated that, for achievement of the fringe
visibility and resolution requirements, the standard double pulsed
holographic technique was limited to flutter amplitudes greater than lmm,

This corresponded to fairly high levels of flutter.

2.7 Review of Special Technigues for Preventing Holographic Image

Decorrelation

As a result of the analysis presented in Section 2.6, it was .
concluded that the use of holographic interferometry to sfudy the test
fan at low levels of flutter w&uld require some special technigue which
suppressed or compensated for the fan's rotation. Historically,
several methods have heen proposed and tested for operation in this regime,
These methods fall into three basic categories which have been termed by
MacBain (1980) as stroboscopic, rotated plate and image derotated
holographic interferometry. This subject was reviewed by MacBain in 1980
and this section serves to summarise and update that review,

The stroboscopic category cénsists of techniques in which two
states of the object having the same angular position are compared
interferometrically. Waddell et al (1970), Waddell (1972), Smith (1974)

and Kawase et al (1976) reported techniques in which a rotating object
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was compared holographically with its static state, Altematively,
two conditions, an integral number of revolutions apart, could be
compared, These techniques are limited to the measurement of only
small deformations, typically much less than 1ogpm, and thus were
clearly inappropriate for study of the fluttering test fan.

The second aprproach is that of rotating the holographic recording
material at the same speed as the object. This can be achieved by
attaching the recording film or plate to the object as was reported by
PTsuruta and Itoh (1970), Sikora and Mendenhall (1974) and Morozov et al
(1981). A more cﬁnvenient alternative was suggested by Beeck and Xrietlow
(1977), which used a separate shaft to rotate the recording material,

In either case,this approach was considered by thls author to be impracticeble
for remote rig running due to- the difficulty of: fllm reloading.

The third category consists of technigues employing an ;mage rotator,
synchronised to half the speed of the object, to optically compensate for
its rotation, This technique was pioneered by Stetson (1978) who used
a transmissive folded-Abbé type rotator and a pulsed ruby.laser. Initial
interferograms were obtained on a disc at speeds up to 9200 rpm. | This
system was then applied to the study of a 0.8lm diameter model aerc engine
fan operating at speeds up to 7500rpm, as reported by Erf and Stetson
(1980). Stetson's holographic system was used by MacBain et al (1979)
and .Stange and MacBain (1981) for extensive vibration analysis of a
rotated disc. It was also used by Bearden and Clarady (1980) for study
of a bladed turbine disc rotated at speeds up to 7500rpm in a vacuum chamber,
MacBain et al (1981) extended the use of Stetson's\}mage rotator to the
study of the real-time response of a rotating disc with a holographic
svstem employing a strobed argon-ion CW laser. An alternative approach
was taken by Beeck, Fagan and Kreitlow who developed a holographic system

employing a reflective Porro prism. They obtained interferograms of a
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0.43m diameter automobile fan at speeds up to 2850rpm and of a 0.25m
diameter disc at speeds up to I}OOQE?@. This work was reported in
papers by Beeck and Fagan (1980) and Fagan et al (1981).,  Their
holographic system was used by Haupt and Rautenburg (1982) for the
study of a radial impeller of unspecified diameter at speeds up to
13000rpm,

This third approach, employing an image rotator, was considered the
most easily applied to study of the test fan in the environment of a
compressor test facility. The use of such a technique would allow
study of the test fan at all flutter conditions including at low

vibrational amplitudes during flutter onset,

2.8 Concluding Remarks

Double pulsed holographic interferometry was considered the most
appropriate technique for study of the test fan,
{(a) when undergoing unstalled flutter at high rotational speeds,
and also
(b) when undergoing forced vibrational excitation in the laboratory

8t zero speed,
The reasons for choosing this technique are described fully in S;ction 2.3.
The limitations of the holographic technique were considered in detail, and
it was concluded that a system having the holographic 'sensitivity vector
orthogonal to the fan's rotational vector was required. This limited
the technique, for application to the rotating fan, to measurement of the
axial and radial components of the flutter vibration, Following a
detailea evaluation of the holographic decorrelation constraints, it was

concluded that a special technique was required in order to allow study

of the rotating test fan at all flutter amplitude levels. The use of
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an image rotator to optically compensate for the fan's rotation in order
to prevent image decorrelation was considered the most suitable approach

for study of the rotating test fan,
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CHAPTER

MODE SHAPE MEASUREMENT OF THE NON-ROTATING TEST

FAN AND COMPARISON WITE THE FINITE ELTMENT PREDICTION

Summary of Chapter

The vitrational mode shape-and general forced wvibrational
characteristics of the test fan under non-rotating conditions were
determined using mechanical impedance measurements and pulsed holography.
This was undertaken (a) so as to allow comparison with the corresponding
mode shape obtained using the finite element (FE) model and thus test
the model before extension to the rotating case, and (b) so as to
determine the effect of any détuning due to manufacturing tolerances,
Effort was concentrated on the 3D2F coupled bhlade mode, beéause, fhis
was the mode in which the fan fluttered during holographic study.

Detuning resulted in a discernible frequency split between twin
orthogonal modes, but the effect was small. The circumferential
distribution of deflection was sinusoidal to a good approximation.

This was an assumption in the FE model which was thus verified, Detailed
compariscn of the measured and predicted 3D2F mode shapes was made, This
revealed that the FE model gave a oredicted 3D2F mode shape which was in
reascnable agreement with the measured shape, However poor sgreement
between measured and predicted nsatural frequencies for the 2D2F to S5D2F

modes cast doubt on the over-all reliability and accuracy of the FE model,

3,1 Introduction

A detailed measurement of the forced vibrational mode shape of the
non-rotating test fan was performed. This was undertaken, primarily, so
as to allow comparison with the predicted mode shape obtained using the
FE ﬁodel Jdescribed in Section 1,6, The theoretical model was

for the fan under corresponding conditions, i.e, zero centrifugal loading
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and at a uniform temperature of 20°¢c. This was, therefore, a useful
check of the finite element model under relatively simple conditions,
The experimental study of the non-rotating fan also allowed the effects
of vibrational : detuning, due to manufacturing tolerances, to be
assessed,

Chronologically, this experimental measurement was performed after
the study of the fan in flutter, however it is presented here, in an
early chapter, so as not to interrupt the deseriptive flow of the thesis,

The vibrational mode shape of the non-rotating fan was measured
using double pulsed holographic interferometry. The approach described
by Hockley et al (1978) was employed. Holograms were recorded from two
direptions, thus allowing measufement of both axial and tangential
components of deflection, Effort was concentrated on analysis of the
three diameter, second family (3D2F) coupled blade-disc mode of the fan,
because this was the mode in which the fan fluttered.

The preparation and mounting of the test fan is described in the
next section. This is followed by a description of the vibrational
excitation technique which was employed, Vibrational impedance measurements
on the fan are described and the results are presented. The holographic
technique is then described and some of the resultant interferograms
are given, The procedure used for quantitative analysis of the inter-
ferograms is desecribed, Finally, the resultant 3D2F mode shape deflections

and the comparable finite element predictions are presented and discussed,

3,2 Fan Preparation

The blade roots were bonded to the disc, and the blade shrouds were
honded together at their interfaces. This was done in order to simulate

centrifugal locking of the structure. The bonding was achieved using an
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epoxy cement,

The fan, with its axis horizontal, was then clamped to a sturdy
pillar. Attachment was via the disc. and engine mounting conditions
were simulated as closely as possible.

The fan was sprayed with a white powder, Ardrox 9D6. so as to
improve its light scattering properties, In order to aid hologram
analysis, the centre-chord position at the tip of each blade was

defined using an edge of applied pve tape,

3.3 Vibrational Excitation and Impedasnce Measurement

3.3.1 Experimental Technique

The fan was vibrationally excited using a single small 8W electro-
magnetic shaker which was mechanically connected to a blade
via a'éétal drivefrod; The force applied to the fan was
measured using a minigture piezo-electric force gauge which was incorporated
into the drive-rod, The vibrational response of the fan at a point was
measured using a miniature piezo-electric accelerometer having a mass of
0.58. A photograph of the shaker and monitoring transducers installed
on the test fan is shown in Figure 3.1.

The various electronic units used for vibratiocnal excitation and
monitoring are shown in Figure 3.2, The electro-magnetic shaker was
driven using a stable oscillator and amplifier. The osecillator
produced either a random noise or sinuseidal veoltage output, The force -
gauge and accelerometer electrical outputs were amplified and conditioned
using two matched charge amplifiers. The outputs from the charge
amplifiers were fed to a monitoring oscilloscope and a digital signal
analyser (Hewlett-Packard 54204). The amplified accelerometer signal

was also monitored using a digital ac volimeter,
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FIGURE 3.1 PHOTOGRAPH OF THE ELECTROMAGNETIC SHAKER AND MONITORING
TRANSDUCERS INSTALLED ON THE TEST FAN.
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FIGURE 3.2 BLOCK DIAGRAM SHOWING THE INTER-CONNECTION OF THE VARIOUS
VIBRATIONAL EXCITATION AND IMPEDANCE MEASUREMENT UNITS.
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The experimenial arrangement described above was used to measure
the mechanical impedance of the test fan, To be more specific, inertance,
which is a point acceleration divided by the point force, was measured
ag a function of frequency. These measurements were performed in order
to,

(a) determine the natural frequency of the 3D2F mode for subsequent
holographic analysisj
(b) determine the best excitation position for isolation of a
3D2F mode;
(¢} measure the mechanical . damping of the structure for the 3D2F
mode ;
(d) measure any detuning effects.
Inertance was measured using random noise excitation and the transfer
function capability of the signal analyser. The analyser employed
simultaneous analogue to digital conversion on the force gauge and
accelerometer signals and correlation processing of the resultant digital
data to measure both the magnitude and phase of the inertance over a
selected frequency range. Graphical output of the measured inertance
was available in terms of either magnitude and phage as a function of
frequency (Bode plot) or real versus imaginary parts of inertance (Nyquist

plot).

3.3.2 Resultant Impedance Measuremants

Initially, inertance was measured over the frequency range 200 to
1C00Ez, This range encompassed the expected natural frequencies of most
of the second family coupled blade-disc modes of the test fan, A
resultant plot of inertance magnitude against frequency is shown in
Figure 3.3. It was measured with the excitation and accelerometer at

the blade shroud. The ‘number of diametral nodes associated with each
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FIGURE 3.4 NARRO\' BANDWIDTH INERTANCE MEASUREMENT OF THE 3D2F RESONANCE.
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ACCELERATION WAS MEASURED AT THE TIP OF BLADE 16.
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mode was determined using sinuscidal excitation and manual scanning
of the accelerometer, The diametral number thus determined is
indicated in Figure 3.3, This figure shows that each mode was well
spaced from its neighbouring modes of different diametral number,

Narrow bandwidth, well resolved, inertance measurements were made
for the 2D to 5D resonances identified in Figure3.3. Measurements were
made at several exciter positions and most emphasis was placed on study
of the 3D2F resonance, Bode and Nyquist respresentations of inertance
for the 3D2F resonance, for one exciter position at the shroud, are
shown in Figure 3.4. This figure shows the presence of a double
resonance, The 3D2F mode shape was associated with each resonant peak,
however the corresponding antinodes were displzaced by a quarter of a
wavelength or 500 for this 3D mode. This is illustrated in Figure 3.5.
This was tyvical of the other modes which were investigated and is in
agreement with the report of Hockley et al (1978)., It was found that,
to some extent, the orientation of these gplit modes was fixed with respect
to the fan. It was found possible to excite one of the modes in isolation
by exciting exactly on a node of its twin mode. An inertance measurement
obtained at such an excitation position for one of the 3D2F modes is
showm in Figure 3.6,

The narrow bandwidth inertance measurements were used to determine
the natural frequencies, twin-mode frequency split and damping for the
2D2F to 5D2F modes. The procedures advocaited by Ewins (1976) and
based upon analysis of the Nyquist plots were employed. The natural
frequency of a mode, W,y Vas identified where the rate of change of
phase of inertance with respect to frequency was a maximum, This was
identified on the Nyquist diagram as the frequency at which the spacing

between equi-gspaced freguency points wes maximised. Danmping was
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estimated by drawing a best-fit circle through the points on the
Nyquist diagram and measuring the two frequencies,w1 and o+ which were
orientated at + 900 with respect toaa on the circle. The damping, mn,

was then related to wl, “, and @ by

n = -'_w__- -&1 5-1

This technique is illustrated in Figure 3.7. The theoretical basis for
the above analysis procedure and the assumptions employed were described
by Ewins (1976).

The results obtained are summarised in Table 3.1. The natural
frequencies which were predictgd by finite element calculation are also
given in this Table, There was a small variation in the measured
frequency difference between split twin modes for the various excitation
positions, This was possibly due to a small contribution to detuning
from the exciter end accelerometer. These results are discussed further

in Section 3.7.

3.4 Hologravhic Technique

3.4.1 Basic Approach

The basic approach was to sinusoidally excite a stationary mede

in isolation and then record pulsed holograms to measure the resultant
vibrational deflection. Pure stationary waves were produced and
analysed for this study of the non-rotating test fan. This contrasts
with the flutter vibrational shape, Strain. gauge data suggests that,
in flutter, the vibrational pattern rotates relative to the fan, The
travelling vibrational pattern found in flutter may be considered as the
sum of two stationary twin modes which are excited with an appropriate

temporal phase difference., This approach to flutter was considered
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Measured Measured F,B., Prediction
Mode Natural Twin Mode Meagured | of Natural
Frequencies | Frequency 2 Frequency
(Hz) Split (Hz) (% (Hz)
2D2F | 500, 502 2 1500 427
3D2F 593, 594 0.6 to 1.8 1500 572
4D2F 645, 645 0.4 1000 637
5D2F 700, 702 2.4 to 2.8 ano 703

TABLE 3.1 Summary of the Mechanical Impedance Measurements
for the 2D2F to 5D2F HModes
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in detail by Ford and Foord (1979), Ford (1980) ard Stange and
¥acBain (1981),

Stationary rather than travelling modes were studied on the non-
rotating test fan because,
(a) they.were more easily reproducibly obtained, and
(b)  the shape of the travelling waves, if required, could have

been mathematically constructed from the deflection shapes

of the two stationary twin modes.,
. Holography was chosen for measurement of the vibrational mode shape
for the reasons given in Chapter 2. Pulsed holograms were recorded using
near coincident illuminating and viewing directions. Holograms were
obtgined from two positions ofAview, one being on the fan's projected
axis and the other being well off-axis. This allowed measurement of

both the axial and tangential components of blade deflection.

3,4.2 Two Complementary Hologram Tvpes

Pulsed rather than continuous wave holography was employed because
this considerably eased the experimental fan stability requirements.
Double pulsed operation of a Q-switched ruby laser was used to obtain
quality deouble exposure holographic interferograms showing the whole of
the test fan., However, there was nothing to distinguish the zero order
interference fringes, rep;esenting no movement, from other fringe orders,
Thus, the fan disc, which was a known stationary point, was used as &
datum to determine fringe order. Also, a complementary form of pulsed
hologram was recorded so as to aid fringe order identification. iﬁé;
pulsed ruby laser wasg operated in an unswitched mode giving a series of
relaxation type pulses over a period of approximately 0.5ms. This was

used to produce a quasi-time-averaged hologram, which identified nedal

- 68 -



areas with a bright zero order fringe. It was also useful for checking
that a purely stationary vibrational wave was present, In this thesis,
this form of interferogram is referred to as an 'open-lase' hologranm.

It ig intended by the author, that a full description of this open-lase

holographic technique will be the subject of a separate future publication.

3,4.,3 Pulsed Ruby Laser

The primary requirements of the pulsed laser for this application
were as follows:

(a) The duration of the individual pulses of the Q-switched output
were regquired to be sufficiently short to 'freeze' the fan's
vibrational motion. It.was required that the fan's movement
during the.pulse was considerably less than the wavelength of
the laser light,

(v} The longitudinal coherence length was required to be sufficient
for the recording of a bright hologram having unbiased inter-
ference fringes over the full depth of field presented by the
test fan. This requirement was most arducus for the open-lase
operation of the laser with off-axis viewing of the fan,

{¢) 1t was required that the laser output power was adequate for
illumination of the full area of the fan and optimum exposure
of the hologram recording film.,

These requirements were met using the pulsed ruby laser configuration
shown in Figure 3.8. This disgram shows the configuration used for
operation in the doukle pulsed mode. The laser operated at a wavelength
of 0.69%pm. The oscillator employed a ruby rod of 100mm length,
pumped using a helical flash tuve. A4 plane parallel mirror oscillator

cavity configuration was used,. Q-switching was achieved using a KD*P

- 69 ~



Pockel cell and polariser. The Pockel cell was pulsed twice to its
half-wave retardation potential, The delay between the iwo Q-switch
pulses was variable between %ps and greater than 4OQPS. A good
longitudinal mode stability was achieved using two quartz intra-cavity
Pabry-Perot etalons. The oscillator output was amplified using two
further ruby rods.

The laser was converted for operation in its cven-lase mode by
simply inserting a half wave retardation vlate into the cavity at "a"
as shomn in Figure 3.8 and also disabling the switching of the Pockel
cell, This, therefore, maintained a constant high § within the
ogscillator cavity.

In the double pulsed modé, the individual pulse duration was
approximately 25ns, which was more than adequate for 'freezing' the
vibrational movement of the fan. The fan moved typically less than
lo-il during this exposure duration. The laser reliably produced a
coherence length in excess of 0.7m in both the double pulsed and open-
lase modes. This was just adequate for the off-axis view of the fan,
The total output energy of the laser was up to 0.575 which was

sufficient for recording holograms of the full area of the test fan.:

3.4.4 Holographic System

A diagram giving the optical arrangement of the holographic system
is shown in Figure 3.9. The eutput from the ruby laser was passed
through two beam-splitters. The first was used together with a
photo-detector for monitoring the optical output power of the laser,

The second beam-splitter was used to form the reference and .- -

mnme .- - . . - -,
- - = v

objectﬁpeams.“ MJ — The ebject beam was expéhded using a
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FIGURE 3.8 A DIAGRAM SHOWING THE OPTICAL ARRANGEMENT OF THE HOLOGRAPHIC-
SYSTEM USED FOR STUDY OF THE NON-ROTATING TEST FAN.
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FIGURE é.lﬁ A PHOTOGRAPH OF THE HOLOGRAPHIC SYSTEM POSITIONED IN FRONT OF
THE TEST FAN.




illuminate the test fan, The reference light was folded using mirrors
and expanded using two lenses to produce a path-matched, large diameter,
parallel beam which was directed onto the hologram recording plate.
Holograms were recorded on Agfa Gevaerti 8E75 photographic plates.

The object beam expanded from a point which was very close to
the holographic plate, Thus, the direetion of the holographic
sensitivity vector was very near to the viewing direction.

The laser_quizrafo: and amplifiers together with the other optical
components forming the hofbgraphic system were mounted on one base=-board
and were housed in é”iight-weigh{?t;énsportable enclosure. This unit
was mounted on a sturdy tripod. A photograph of it, positioned in front

of the test fan, is shown in Figure 3,10.

3.4.5 Experimental Technigue

The mode of interest was excited using a sinusoidal point force
at the modes natural frequency. An exciter position was chosen which
suppressed the twin mode, thus generating a pure stationaIyAVibrational
wave,

Holograms were recorded from the two positions indicated in
Figure 3,11, Double pulsed and open-lase holograms were recorded from
each position, The laser was triggered from the accelerometer signal,
such that the laser pulses were centred about a point of peak
vibrational velocity, A1l double pulsed holograms shown in this
chapter were recorded with a pulse separation of 40%ps. The holograms
were reconstructed using a helium-neon laser operating at a wavelength
of 0.633um.

The experiments were performed at an ambient temperature of 20(+2)°c

which corresponded to that used for the FE model.
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FIGURE 3.11 DIAGRAM SHOWING THE POSITION OF THE HOLOGRAPHIC SYSTEM WITH
RESPECT TO THE FAN FOR THE TWO RECORDING POSITIONS.
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3,4.6 Resultant Holograms

.Double pulsed and open-lase interferograms of one of the 3D2F
modes, recorded.from the two directions of view, are shown in Figures
}.12 to 3.15. These interferograms were recorded under identical
vibrational conditions (to within 1% on accelerometer amplitude ) within
a period of 19 minutes, Excitation was at thé shroud between blades
17 and 18, at a frequency of 593Hz.

The relative circumferential orientation of twin modes is
illustrated in Figure 3.16 which shows double pulsed interferograms of
the twin 3D2F modes.

Most effort was concentrated on the 3D2F mode, however, interferograms
were recorded of several of the other modes. Double pulsed interferograms
of the 2D2F, 4D2F and 5D2F modes, recorded from an on-axis dirsction,

are shown in Figure 3.17.

3.5 Quantitative Analysis of the Interferocgrams

The interferograms of the 3D2F mode shown in Figures 3.12 to 3.15
were analysed in detail to obtain the distribution of the axial and
tangential components of centre-line deflection and of blade torsion.
The open-~lase interferograms were used to assign the correct fringe
order to the double pulsed interferograms , which were then used for
mode shape determination. Computer aids were employed where applicable
for fringe position determination and for calculation,

For a structure vibrating linearly in a single stationary wmode,

the ratio

deflection occurring over a time interval
peak deflsction at a point

is the same for all points on the structure. The double pulsed
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81a. 7218

FIGURE 3.12 DOUBLE PULSED INTERFEROGRAM OF THE LOWER FREQUENCY 3D2F MODE
RECORDED FROM THE ON-AXIS POSITION. THE EXCITATION FREQUENCY
WAS 583Hz.



818. 7211

FIGURE 3.13 OPEN-LASE INTERFEROGRAM OF THE LOWER FREQUENCY 3D2F MODE
RECORDED FROM THE ON-AXIS POSITION. THE EXCITATION FREGUENCY
WAS 593Hz.



B810.7216

FIGURE 3.14 DOUBLE PULSED INTERFEROGRAM OF THE LOWER FREQUENCY 3D2F MODE
RECORDED FROM THE OFF-AXIS POSITION. THE EXCITATION FREQUENCY
WAS 583Hz.



B1@. 7212

FIGURE 3.15 OPEN-LASE INTERFEROGRAM OF THE LOWER FREQUENCY 3D2F MODE
RECORDED FROM THE OFF-AXIS POSITION. THE EXCITATION FREQUENCY
WAS 593Hz.
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818. 7223

FIGURE 3.16 DOUBLE PULSED INTERFEROGRAMS OF THE TWIN 3D2F MODES.



202F MODE
588Hz

818. 7225

402F MODE
645Hz

810. 7220
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702Hz
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FIGURE 3.17 DOUBLE PULSED INTERFEROGRAMS OF THE 2D2F, 4D2F AND SD2F MODES.



interferograms were used to measure the defleetion which occurred
between the two laser pulses, which was thus representative of the fan's
mode shape. The.absolute magnitudes of the measured deflections were of
little importance. Thus all measured deflections were normalised, |

All deflection calculations were based uvon the assumption that
the radial component of blade deflection was insignificant. This was
reasonable because the test fan had a very high stiffness in the radial
direction.

The axial component of deflection was obtained using only the

double pulsed interferogram recorded from on-axis and the relationships,
P = 7 @. kK Eq 3.2

3.3

B

whefe ) is the fringe order,

u is the vibrational deflection vector,
k is the holographic sensitivity vector
and EI and gv are the wave vectors of light in the illuminating and
viewing directions, respectively, both having magnitude-%?.
Consideration of the geometry leads to the scalar relationship,

R = 1;_)\. sec(tan'l g) sec g Eq 3.4
where h is the axial displacement which occurred between holographic
exposures,
A is the wavelength of light,
r is the radial position of the point on the fan,
d is the axial distance between the point on the fan and the
holographic system,

and ¢ 1is the angle between the illuminating and viewing directions.
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The tangential component of deflection was obtained using the
double pulsed interferograms recorded from both the on-axis and off-axis
positions, The geometry used for determination of the tangential
deflection is showm in Figure 3,18. In this figure, the deflection
vector u is shown in terms of orthogonal components 5 4, and Us where
u, lies in the plane of the fan and u, and u, lie in the plane PQR. Uae

of Equations 3.2 and 3.3 and consideration of the geometry was shown by

Hockley et al {1978) to lead to the scalar relationships,

4 P
Uy = ( co:'é - ESé_;) // (tan v+ tan ¢) Eq 3.5

P1
=
1 COS D

+ u, tan v Eq 3.6

tan 8/cos o Eq 3.7

= g -
u5 u1 tan u2

A : : :
and g = 5—333-37; (u, sin o sin @ + u, cosé - u; cosg sin 8)

Eq 3.8

where Pi and Pé are the measured fringe orders for the point under
consideration for the on-axis and off-axis views, respectively,
8,6 and ¢ are the angles defined in Figure 3.18 and g is the
tangential displacement which occurred between holographic exposures.
A measure of blﬁde torsion, & , was obtained by calculation of
the angle which a point on the leading edge rotated relative to the

centre line, This is given by

hL - hc

® = TS sin(y) 3.3

where h. and hc are the axial displacements oﬁtained at the leading

L

edge and centre line, using Equation 3.4, ¢ is the half chord
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FIGURE 3.18 GEOMETRY USED FOR DETERMINATION OF THE TANGENTIAL DISPLACEMENT.

FRONT
THIS VIEW IS
LOOKING RADIALLY
EDGE
¥

_ DIRECTION q * TANGENTIAL

OF ROTATION

TRAILING
EDGE

A ‘ ~/+ TORSION
+ AXIAL

FIGURE 3.19 OIAGRAM SHOWING THE RELATIVE SIGN CONVENTION USED FOR AXIAL
AND TANGENTIAL DISPLACEMENT AND TORSICN.
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length, y is the stagger angle of the blade, and these are,
generally, all varisbles of radial position, Making the approximation
that the term sece (ta.n'1 -(11-.) is equal for the points on the leading edge

and centre line leads to,

& -1T
sec(=)sec (tan =)
a = (p,-2) 2—2 d Bq 3.10
2¢ sin (¥)

where PL and Pc are the fringe orders at the leading edge and centre line
respectively,

The valuss of axial displacement, tangential displacement and
torsion,® , were normalised with respect to the amplitude of the 3D
Fourier component of centre line sxial displacement at the shroud which
wags given the value i.O. This feature of the mode shape was chosen
because it could be measured very accurately. Thus, from Bquations

3.4 and 3.8, the norma.lised. axial and tangential displacements were,

-1

: p sec (tan =
(M)yore = R Eq 3,11

P sec(tan "7 17)

O-

ui:sinfsine + U, cogs @ - u3 coso sin @
.12
P sec (tan = —)
0 do

where, Po is the amplitude of the 3D Fouriexr component of the shroud

centre line fringe count,, r, is the radius of the shroud, and

d is the  axial digtance between the shroud centre line and the
T e T e T e e T

holographic systém. -
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A multiplicative term, equal to the fan radius (r...) was included

TIP
in the normalisation of the torsion, a , so as to make it unaffected

by the units of measurement. Thus normalised torsion was given by

Torp sec(tan'l'g)
(p, - P.) Eq 3.13

-1 Yo
o sin (¥) P, sec (ten )
0

(& yor

The relative sign convention employed for these normalised

deflections is given in Figure 3,19,

3,6 Resultant 3D2F Mode Shape and Comparison with Finite

Element Prediction

Selected circumferentizl and radial scans of deflection were used
for comparison of the holographically measured 3DZF mode shape and the

finite element prediction.

3,6,1 Circumferential Scans of Centre line Axial Displacement

and of Torsion

The circumferential distributions of centre line axial displacement
and of torsion were measured from the interferogram shown in Figure 3.12
at three radial positions. Measurements were made at the shroud, the
blade tips and at a position approximately eguispaced between the two.
These measurement -positions corresponded to centre line radii of 307mm,
424mm and 365mm, respectively. The distributions of torsion at r = 307mm
and 365mm were made along lines of constant radius i.,e. both PL and PC
were measured at the same radius. However, at the tip, the radius of the
leading edgé (r = 428mm) was slightly greater than the centre line

(r a 424mm) and torsion was measured along the blade hade,
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The unscaled fringe distributions from which these deflections
were calculated are shown in Figure 3.20. Plots of both PL and
(PLrPC) are shown. It can be seen from this figure that the fringe
distributions were predominantly sinuscidal. A discrete Fourier
transform (Cochran et al, 1967) was performed.upon each get of fringe
counts in order to obtain accurate values of the megnitude and spatial
phase of the 3D component of movement, The resultant wvalues were
normalised as described in Section 3.5 to obtain the normalised axial
displacements and torsicns given in Table 3.2, The normalised
circumferential orientation of these distributions was measured in a

clockwise direction., The corresponding normalised finite-element

predictions are also presented.

3,6.2 Radial Scans of Torsion and Centre Line Displacement

The radial distribution of axisl and tangential translation was
measured along the centre line of blade 29. The double pulsed inter-
ferograms shown in Figures 3.12 and 3.14 were used. Blads 29 was
chosen because it had verv little torsion at the shroud. This was an
identifying feature which allowed comparisen with the FE resﬁlta. The
resultant normalised deflections, together with the corresponding finite-
element predictions, are shown in Figure 3.21.

The radial distribution of torsion was measured for blade 26, The
interferogram shown in Figure 3,12 was used and torsion was measured
along lines of constant radius., Blade 26 was chosen because it had
the identifying feature of very little axial deflection at the shroud.
The resultant normalised distribution of torsion is shown in Figure

3,22, togethér with the corresponding finite-element prediction.
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Radial
Position

Deflection

Type

Holographically

Determined
Value

R
Prediction

30 Tmm

{shroud)

Normalised Axial Displacement
Normalised Torsion

Torsion/Axial Displacement

10 /o)
4.3 [-98°
4.3 /-98°

4.6 [-93°

1.0 /(8
4.6 /-93°

3650m

Normalised Axial Displacement
Normalised Torsion

Torsion/Axial Displacement

1.0 /2%
6.9 /-73°
6.9 /-15°

1.14 /. 2°
7.4 £92°

6.5 /-94°

424mm
(Tip)

Normalised Axial Displacement

Kormalised Torsion
(Along Hade)

Torsion/Axial Displacement
(Along Hade)

0.78 /172°
11.1 /1257

/63°

14.2

1.18. /180°
15.4 /-142°

13,0 /38°

footnote:

TABLE 3.2

(a) Obtained by definition of normalisation,

Circumferential Distributions of 4xisl Centre Line
Displacement and Torsion for 3D2F Mode: Comparison
of Holographically Measured Distributions and Those
Predicted by FE Computation,
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3.7 Discussion

It can be seen from the mechanical impedance measurements and
the 3D2F mode shape deflections presented in Section 3,3.2 and 3.6. that
there were some differences between the experimental results and the
finite element predictions, The extent and implications of these
differences are discussed in this section.

The difference in experimentally measured and computed natural
frequencies varied between 73Hz for the 2D2F mode and only lHz for the
5D2F mode (Table 3.1). The magnitude of the difference for the 2D2F mode
suggested that there was a significant error in the'finite element model
which would probably produce measurable errors in the predicted mode
shapes,

The mechanical impedance measurements indicated that detuning of
the fan due to manufacturing asymmetries was small. .Detuning resulted
in a discernible frequency split between twin orthogonal modes, but the
effect was small with a measured worse-case of 2,8Hz (in 700Hz) for the
5D2F mode. Thus, manufacturing asymmetry did not explain the variance

‘between the measured and computed natural frequencies,

The interferograms shown in Figures 3.12 to 3.17 and the circum-
ferential distribution of fringe counts presented in Figure 3.20 showed
that the circumferentisl distribution of deflection was sinusoidal to a
good approximation, This was an assumption employed in the finite
element model which was thus experimentally verified.

The comparison of the experimentally measured 3D2F mode shape and
that predicted by finite element calculation is summarised in Table 3,2
and Figures 3,21 and 3.22, These mode shape deflections were normalised
with respect to axial displacement at the shroud, With a comparison

such as this, .the choice of normalising feature affects the relative
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prominence of any disparities, However, with this in mind, the extent
of agreement between measured and predicted deflections was assessed,
as is described below.

Application of the analysis given in Section 1.3 for a typical
modern high performance shrouded fan, such as the test fan, (e.g. Halliwell,
1976) indicates that flutter onset is particularly sensitive to,

(a) the radial position of any circumferential nodes, and
(b) the relative magnitude and phase of blade torsion and centre line

displacement, particularly towards the tip. .

The agreement of measured and predicted mode shapes with regard to these
features was considered,. There was very good agreement between the
measured and predicted positioﬁ of the outer circumferential node for the
axial compcnent of centre line displacement, as seen in Figure 3,21,
However, there was some disagreement between the measured and prediction
ratic of torsion and centre line axial displacement as seen in Table
3,2, Discrepancies of %5 in magnitude and 25° in spatial phase were
obtained at the tip, This was well outside the experimental error,

An agreement in magnitude of within 9% wes considered reasonable, but
the variance of 25° in phase was considered an error which might
significantly affect a flutter prediction analysis based upon this FB
model,

Thus, in summary, the use of a prediction model which neglected

detuning and assumed & gsinusoidal circumferential veriation of
deflections was reasonable, at least for the second family modes of low
diametral order. The finite element model used for the test fan gave a
predicted 3D2F mode shape which was in good agreement in many respects
with the measured shape., However, there was a significant error in the

predicted spatial phase between torsion and centre line axial displacement,
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Also, pnor agreement between the measured and predicted natursl
frequencies for the 2D2F to 5D2F modes cast doubt on the overall

accuracy of the FE model,
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CHAPTER 4

AN IMAGE ROTATOR FOR KOLOGRAPHIC STUDY OF

FAN FPLUTTER

Summary of Chapter

A mirror-Abbé image rotator, intended specifically for inclusion
in a double pulsed holeographic system for vibrational studies of the
fluttering test fan, was successfully designed and constructed. The
mirror-Abbé configuration was chosen because it gave minimal aberrations
and allowed rotation of the high intensity illuminating beam, The
mirror-Abb& optics were rotated using an electric motor having a hollow
shaft. The speed of the image rotator was maintained at exactly half-
that of the fan using a phase locked lcop control system, The top
speed {12 000rpm) and speed following capability and accuracy were within

the estimated requirements for study of the test fan,

4,1 Introduction

An image rotator, which was built specifically for holographic
study of the flutter vibratioﬁal response of the tesat fan, is described in
this chapter. The image rotator was designed to rotate at exactly half
the speed of the fan and hence optically compensate for the fan's rotation.
This, therefore, prevented decorrelation of the holographic images of the
fan, In the next gection, the performance requirements for this
application are presented. fffﬁ;vﬁQ?a;choices and a description of the
design with regard to, in turn, the optical configuration, the mechanical
design and the speed control system are then given. The optical
alignment and balancing of the unit are described. Finally. an
evaluation of the performance qf the unit, making a comparison with the

requirements, is presented,



4.2 Performance Requirements

The image rotator was intended for incorporation in a double pulsed
holographic system to be used for vibrational studies of the rotating
test fan. The main requirements of the image rotator for this application

were as follows.

(a) A top speed of at least half that of the test fan was required,
The maxirmum likely speed of the test fan was 11 100rpm, which was
110% of the design speed., Thus, the maximum speed required of

the image rotator was 5550rpm.

(v) It was required to be capable of following typical spzed fluctuations
of the test fan, Previoﬁs tests of similar fans indicated that
speed fluctuations were likely to be less than + 0.0T) in the

range 1 to 10Hz and less than + 0.15% in the range 0.1 to 1Hz.

(c) The rotator was required to have a speed following accuracy which
was sufficient to maintain correlation between the two holographic
images, Thus, any relative displacement of the two images
resulting from control system errors was required to be less

than the correlation distance for all parts of the image.

This last requirement concerning the speed following accuracy is now
considered in greater detail. The variation in interference fringe
vigibility as a function of in-plane image rotation between holographic
exposures is described in chapter 2, The maximum tolerable angular

movement of the image is obtained from Fquation 2.10 and is given by

o d
A6 % 0.98 22
"TIP

Fq 4.1

where A8 is the angular movement of the image between exposures,

A is the wavelength of light employed,
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d is the distance between the fan and an imaging lens,
1 is the effective diameter of the imaging lens,

and rTIP is the radius of the fan.

For a system making full use of the field of view of the imsge rotator and

having an imaging lens close to its apertures,

d
F = == Eq 4.2
‘TP
and 1 = 2a g 4.3

where F is the f-number of the imege rotator. equal to its effective
optical length divided by the diameter of its apertures, and a is the
radius of the image rotators entrance and exit apertures.

Thus,

AF

A8 % 0.49 ry g 4.4

For a laser pulse separation, At, much smaller than the time constant

of the image jitter, the tolerable engular velocity of any jitter is

given by
as AF
i 049 o Eq 4.5

The above relationship was used to quantify the maximum tolerable
angular velocity of any image jitter in terms of the rotater's parameters
and the laser pulse separation.

Two further qualitative requirements were considered. First, an
image rotator configuration which allowed maximisation of the energy

density at the holographic film was an important requirement. Second,

an image rotator having minimal aberrations was required.
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4.3 Choice and Design of Cptical Configuration

An image rotator optical configuration was chosen whiech fulfilled
the requirements given in Section 4.2, As an extension to these
requirements, an optical configuration was sought which allowed the
rotation of the illuminating beam, in addition to derotation of the returned
light from the fan, This desirable feature allowed the available laser
light to be conveniently concentrated into an off-axis portion- of the
fan, thus increasing the energy density at the holographic film. The
advantages of using a rotating illuminating beam are fully described in
the next chapter. A further constraint on the optical configuration,
which followed from the requirement for the efficient use of the available
laser light, was that it should not be limited to use with only parallel
light,

An excellent survey of image rotators was given by Swift (1972), in
which he compared the salient features of the more commonly used devices.
A summary, reproduced from Swifts paper, of the principal characteristics
of seventeen image rotator types is shown in Table 4.1. The first design
choice was between a transmissive and reflective rotator type. A
holographic system using a transmissive rotator required fewer passes
through a beam splitter than an eguivalent system using a reflective
rotator. Therefore, a higher object beam energy density at the holographic
film &ould be achieved using a transmissive device, all other things being
equal. It was for this reason that & transmissive optical configuration
was chosen, 0f the many alternative designs, an Abbé type rotator,
congtructed using dielectrically coated mirrors, was used. This
configuration is shown diagramatically in Figure 4.1, It was chosen because
it was the simplest transmissive rotator which has the whole of its optical

path in air. Thus, it gave minimal aberrations and was capable of rotating
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the illuminating beam without producing unwanted Fresnel back-reflections,
It was for these reasons that a modified mirror-ibbé configuration was
chosen by Smart {1980) for laser anemometry applications., The mirror-
Abbe configuration did, however, have the disadvantage that a relatively
high inertia was produced due to the off-axis mirror,
The optimum design of a mirror-Abbé rotator was considered, The
relationship between f-number (optical path length to pupil diameter
ratio) and the angle 8 shown in Figure 4.1 was obtained as follows.
From Figure 4.2, the position of the off-axis mirror is defined by triangles -

HWV and HVI as

_ tan 2
b = a ta.nﬂ FQ4o6

The optical path length, w, through the image rotator élohg_i%s axis, is
equal to GH + HI + IJ + JX. Thus,
w = 2a cotf + 2b cosec 28 Eq 4.7

From Eq 4.6 and Eq 4.7,
w = 2acotf (1 + sec28) Eq 4.8

Thus, F, the f-number of the rotator, equal to g; is given by

F = cotf (1 + sec 2 f) Eq 4.9

This relationship is plotted in Figure 4.3. The minimum value of F is
5.2 at 8 = 300 and b/a = 3, Thus, an optical configuration employing
B = 3° and b/a = 3 was selected.

The optical elements of the mirror-Abbé rotator were constructed
using a separate off-axis mirror and a soiid glass prism to form the

substrate for the two on-axis mirrors. These two components are shown
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in Figure 4.4. This allowed complete alignment of the optical system

with a minimum number of degrees of adjustment.

4.4 Mechanical Design

In this section, the important basic design alternatives are
considered, and then the final mechanical design is described in detail,

Having decided upon a transmissive rotator, the most bagsic desigm
choice was between a one and two shaft mechanica; configuration, A one
shaft design, having the optical system mounted in the centre of a hollow
motor, was‘preferred to a two shaft design. This precluded any possible
coupling errors such as belt slippage or mechanical chatter which might
have arisen with a belt or gear coupled two shaft arrangement. On
considering the types of motor, an electric unit was preferred to alternatives,
such as an air driven turbine, bhecause it gave eage of speed control.
Commercially available electric motors were capable of the top speed and
mechanical time constant requirements, Externally pressurised air bearings
were chosen because of their good centering properties, smooth running and
low vibration.

The mirror-Abbé optics. were mounted in a Steel shaft which passed
through the centre of a Vatric-Mavilor 600 d.c. motor. The motor was
modified to produce a hollow shaft of 30mm internal diameter, This motor
had a light ironless dish-shaped armature which gave low inertia, near-
constant torque from rest to high speeds and a high power to length ratio.

It was capable of operation at speeds up to 6000rpm.

gt T B PY

A photograph of the image rotator and a diagram of a section through
it are shown in Figures 4.5 and 4.6, respectively, The prism forming
the on-axis mirrors was mounted in the shaft on four screw adjustable

e -
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FIGURE 4.5 PHOTOGRAPH OF IMAGE ROTATOR.
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pillars and was secured in position using a bar which passed through a hole
in the prism, The off-axis mirror was held in a steel mount which was
held against a steel cradle, attached to the shaft. The cradle
incorporated a balance weight which countered the off-axis mirror. The
mirror mount was held in the cradle using spring loading against four screws.
The screws allowed adjustment of the mirror angle and of the axis to

mirror distance., ‘hen rotating, centrifugal loading increased the force
with #hich both the prism and mirror were held against their mounts. The
rotor assembly was supported in externally pressurised air bearings. Two
journal beariﬁgs and a double acting thrust bearing were employed. An
optical tachometer was incorporated which provided 120 pulses per
revolution (ppr) and lppr outpufs. lézlﬁfconsiSted of a chrome-on-glass
radial grating and two LED-photodiode detectors.

The complete image rotator had entrance and exit apertures of
diameter 27mm and had an effective f-number of 7.2. The effective
fenumber of the unit was larger than the value of 5.2, which would be
expected for the optics alone, due to constraints imposed by the size of

the motor on the mechanical design.

4.5 Control System

The image rotator was maintained at half the fan speed using a
control system which enabled it to follow séeed fluctuations. The lack
of a commercially available stepper motor, suitable for modification to
prodﬁce a large internal diameter hollow shaft, precluded the use of a
stepper motor control system as employed by Waddell (1973). A phase
.1ocked loop as described by Gardner (1966) and employed by Stetson (1978)
was used because of its simplicity and compatibility with a d¢. motor

A simplified block diagram of the control system is shown in Figure

4.7. The phase comparator compéred the phase of the fan tachometer
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signal with that of the rotator, and gave an output which was a measure
of the phase difference between these two inputs. This difference
signal was filtered, amplified, and then used to drive the motor. The
motor control voltage changed the motor speed in a direction which
reduced the phase difference between the two tachometer signals, Yhen
the loop was 'locked', the motor control voltage was such that for every
fan tachometer pulse there was one, and only one, tachometer pulse from
the rotator,

During the acquisition of 'lock', there were large voltage swings at
the output of the phase comparator. Saturation of the amplifier was
prevented by using a low amplifier gain during 'lock’' acgquisition. Once
tlock! was obtained, the gain of the amplifier was automatically increased
80 as to maximise the speed range over which 'lock' was held (hold range);

The phase locked loop was modelled in terms of the transfer functions
for the phase compar?tor, filter, motor and tachometer. This analysis
is given below,

The loop was assumed 'locked’. The phase comparator output voltage,
Vah.which wag proportional to the difference in phase between its inputs,

is given by
L (¢ - &) Eq 4.10

where Kd is the phase comparator gain factor,
¢3 1is the phase of the signal from the fan tachometer
and ¢, is the phase of the signal from the rotator tachometer.
The phase error voltage, V&, was filtered and amplified. The
filter transfer function and amplifief gain are represented by TF(S)
and Ka’ reapectively.

The motor with its tachometer was considered as a low-pass filter,

having a transfer function TM(s), followed by a voltage controlled
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oscillator, having a transfer function Gm(s). Using Laplace notation,

1

m m— E
Tm 1l + 8T, Bq 4.11

where o is the motor time constant, and

G = Eq 4.12

K
o
m s

where Km is the motor gain constant and has dimensions radians s'lv'l.

The phase of the tachometer signal is given by,

6, = V1 (s) K T (s) C(s) Eq 4.13

Combination of Equations 4.10 to 4.13 gives the basic loop equation,

¢°(S) S 9N TF(S)
¢i-_isi s(1l + sTm) + Ko TF(S) Bq 4.14

where Ko is the loop gain, given by

Ko = Km Ka. Kd

Thus the loop control characteristics were determined by the selection
of K and TF(s).
The final circuit employed a passive filter whose transfer function.

in the frequency range of interest, approximated to

TF(S) = 1l+s T Eq 4.15

where Tp & Tn

This resulted in a basic loop equation of the form,
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¢ (s) K,
ERON = Eq 4.16
1

s(1 + sT,)

Ko + il + ers

This was thus a second order loop having lead-lag compensation,

Equation 4.16 can be re-written as,

' 2

auw 28 - wn\ + w

o T TR
5,6) T 2 2 4

s + 2L w s +w
£ n n

where, drawing on servomechanism terminclogy, Wy, is the natural frequency

given by,

lo

and ¢ is the damping factor given by

Ko 1, ' -
¢ = % i (TF+§:)' ;
This form of second order loop allowed the independent selection of
bandwidth and damping. The values of wn and §, which were employed
in the final circuit, were 80 rad/s and 1.3, respectively., This
produced a control system having a bandwidth sufficient to follow fan

speed fluctuations, good transient response and good noise rejection

properties (Section 4.7).

4.6 Alignment and Balancing

The on-axis prism and off-axis mirror were aligned relative to the
rotational axis of the rotor, as described below.

(a) The prism and mirror were removed from the rotor assembly and
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(o)

two collinear helium-neon (hene) laser beams, of opposite

direction were aligned to the rotational axis. This was achieved
using the configuration shown in Figure 4.8. A 400)1m pin hole

was mounted in the rotor at the entrance aperture B and was

centred on the rotational axis, A diffuse paper screen was mounted
in the rotor at C and the position of the rotational axis was

marked on it. The mirrors 1 and 2 and the pin hole at A were
adjusted such that the diffracted Airy pattern from pin hole A was
centred on the pin hole at B and that the resultant Airy pattern
from the pin-hole at B was centred on the rotational axis at C.

The pin hole and screen at B and C, respectively, veXe then removed.
At this stage of the alighment. the diffraction pattern from A was
symmetric about the rotational axis. The pin hole at D‘was then
centred on the diffraction pattern from A, Mirrors 3 and 4 were
adjusted such that the centre of the diffraction pattern from the
pin hole at D fell on the pin hole at A. Thus, the diffraction
pattern from D was also made symmetric about the rotational axis of
the rotor,

The two collinear hene beams were-used to define the position of

the on-axis prism. The prism was adjusted for minimum skew i.e.
the apex of the prism was adjusted to lie in a plane normal to the
rotational axis of the rotor, All other degrees of adjustment were
muich less critical, because they could be compensated for by the
position of the off-axis mirror. Minimum skew was achieved by
seating and clamping the prism such that the two diffracted Airy
patterns from A and D were reflected from the on-axis mirror surfaces
and exactly over-lapped at some position above the apex of the prism.

The off-axis mirror was mounted in its cradle and adjusted such that

- 109 -



TILY
Sex ADJUSTABLE
HeNe LASER BEAM-SPLITTER MIRROR 3

CTILT
ADJUSTABLE

MIRROR 1 Jf

A : 0
| |
- | I
TILT 488y v . TILT
ADJUSTABLE PIN HOLE - o= PIN HOLE  ADJUSTABLE
MIRROR 2 IN ROTATOR IN NIRROR 4
TRANSLATABLE © TRANSLATABLE
MOUNT MOUNT

FIGURE 4.8 DIAGRAH OF THE CONFIGURATION USED FOR ALIGNMENT OF THE
HIRRUR ABBE OPTICS.

Q—-©

* - )

ALIGNED MISALIGNED

FIGURE 4.8 DIAGRAM SHONING TYPICAL PROJECTED BEAM LOCI WITH THE ROTATOR
OPTICS ALIGNED AND NISALIGNED.

- 110 -



its surface was at the position of over-lap of the two Airy
patterns, as formed in step (b). The orientation of the mirror
was then adjusted such that the reflected diffracted beams were

collinear with the incident beams.

The above procedure made use of Alry diffraction patterns wﬁich were
generated by passing the hene laser beams through circular apertures.
This allowed more accurate edge definition of the beams than would have
been possible with the otherwise Gaussian beam profile. Thus an
accurate alignment of the mirror-Abbe optics was achieved,

Having optically aligned the image rotator, the rotor was balanced.
First, a static balance was performed with the rotor in situ, It was
held in its externally pressuriéed air bearings and the motor brushes were
removed so as to reduce friction en the rotor. Balance weights were ~
added or removed from one of the two balance planes shown in Figure 4.6
until the rotor was in indifferent equilibrium i.e. showed no tendency
to turn under gravity when placed in any orientation,

Following a successful static balance of the rotor, the motor brushes
were replaced and the unit was dynamically balanced. This was performed
using the influence coefficient method described by Den. Hartog (1934).
The complete rotor unit was mounted on a swing, thus allowing movement
only in a horizontal direction. 4in accelerometer, sensitive in the
horizontal radial direction, was mounted on each of the journal bearings.
The rotor assembly was rotated at approximately 10COrpm and the vibration
vector was determined from the accelerometer signals phased relative to
the lppr tachometer signal. Any dymamic unbalance of the rigid rotor
was corrected by adding appropriate weights in the two balance planes.

The appropriate weights were determined using the following relationships.

& = A1 9yt d Eq 4.18
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g 7 A Bt Ay by Bq 4.19

where, & end e, are the unbalances at the two balance planes,

hl and 22 are the vibration vectors at the two bearings,

and A1 A12’ Ay, and A22 are the complex dynamic influence
coefficients for the system,

The influence coefficients were determined experimentally by adding known

additional unbalance weights at the two balance planes and determining

the change in the vibration vectors. Having achieved minimal unbalance

at this low speed, the vrocedure was repeated attop speed to achievs

maximum sensitivity to unbalance,

Finally a.check of the optical alignment of the mirror-Abbé optics
was performed at the operational speed of the unit. A converging laser
beam was passed through the rotator and the locus of fﬁé-fgt;£ed beam was
viewed on a screen placed at the beam's focus, A perfectly aligned system
resulted in either a cirecular or point locus for all secreen to rotator
distances, However, misalignment typically resulted in a locus having
two circles of unequal radii as shown in Figure 4.9. Any misalignment
was corrected by fine adjustment of the position of the off-axis mirror.

Using the above procedures, the optical plane of the mirror-Abbé
optics and the rotational axis of the rotor were aligned to within + 10

seconds of arc and balance was achieved within + 0.5g'mm at each of the

balance planes,

4,7 Evaluation of Performance‘

The image rotator and its control electronics worked well at object
speeds up to 12 0CO rrm. Tnis speed limit was set by the motor amplifier
but was close to the rated maximum speed for the motor. The system was

set up to view a rotating 150mm diameter disc to show its image derotation
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possgibilities, The disec, which was rotating at 10 000 rpm, was
photographed through the image rotator using an exposure of 3 seconds,
during which it rotated S00 times. The resultant photograph is shown
in Figure 4.10.

The alignment of the optical plane of the mirror-Abbé optics relative
to the rotational axis of the rotor assembly was monitored as a function
of rotor speed, This was done by passing a converging laser beam
through the rotator and monitoring the beam locus at the beam fcocus on a
distant screen, The optical axis moved by approximately 50 seconds of arc
between static and top speed conditions, This change in alignment was
considered due to asymmetric deformation of the cradle supporting the
off-axis mirror. The mirror could be aligned to better than + 10 seconds
of arc for operation at a selected speed, -

The ability of the control system to follow fluctuations in fan speed
without dropping out of lock was determined by using a simulated fan
tachometer signal having a variasble frequency modulation. The total
range of fan speed over which lock was maintained having once set a centre
speed (hold range) was measured es BOO Tpm. The ability of the system to
follow rapid fluctuations in fan speed was measured dy sinusoidally
modulating the fan tachometer freaguency at 1Hz and then at 10Hz. The
maximum peak 1o péak variation in fan speed hefore the system dropped out
of lock was determined as 300 and 150 rpm, respectively.

The speed following accuracy of the control systems was determined by
monitoring the error signal at the output of the phase comparator while
frequency modulating the simulated fan tachometer signal. As an example,
the speed following was determined for a {requency modulation at 1Hz having
a modulation depth of equivalent to a peak to peak variation in fan speed

of 300 rpm i.e, just before drop out of lock. This speed fluctuation was
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very much worse than would be expected for a typical fluttering fan.
At this condition, the maximum instantaneous frequency difference between
the fan and tachometer signals was determined as 0.026Hz. This was
equivalent to jitter on the derotated image having a maximm angular vel-
ocity of 0.16 radians s‘l. Substituting into Equation 4.5 for this value
of angular velocity, F = 7.2, a = 13,.5mm and A = O.69%pm, showed that
pulse separations up to l.1lms could be used without any possibility of
unacceptable fringe visibility. This indicated that the speed following
capability of the rotator was perfectly acceptable for flutter studies of
the test fan.

The performance of the image rotator is summarised in Table 4.2.

It was concluded that all.of the predicted performance requirements,

as listed in Section 4.2, were met by the rotator and its control electronics,
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Parameter . Value

Maximum object gpeed 12000 ropm
Gptical fenumber 7.2
Cptical aperture diameter | 27mm
Hold range () 800 rpm

Maximum peak to peak wvariation in
obj?ct speed at 1Hz before drop 300 rpm
out b)

Maximum peak to peak variation in
object speed at 10Hz before drop 150 rpm
out

(a) Hold range is the range of fan speed over which
which lock is maintained, having once set a
centre speed,

(b) These figures show the capability of the control

system to maintain 'lock' when presented with
a sinusoidally varying fan speed.

TABLZE 4.2 Summary of the Mechanical, Optical and
Control Characteristics of the Rotator
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CHAPTER 5

HOLOGRAPHIC SYSTEM FOR MEASUREMENT OF FLUTTER VIBRATION

SHAPE: DESIGN AND INITIAL TRIALS

Summary of Chapter

A double pulse holographic system, employing the mirror-ibbé image
rotator, was built specifically for flutter vibrational studies of the
test fan, The rotator was employed in a double pass configuration to
rotate the illuminating beam and derotate the light returned from the
fan, This therefore maintained correlation between the two resultant
holographic images. The system was developed and initial trials were
performed using a laboratory fan rig. Interferograms were successfully
obtained of the 0.56m diameter laboratory fan at speeds up to 5840 rpm,
The optical efficiency and the effects of misalignment of the system

were considered.

5.1 Introduction

The design of, and initial results from a double pulse holographic
system are described in this chapter.- The holographic system was built
specifically for flutter vibrational studies of the test fan. The
mirror-Abbé image rotator, described in Chapter 4, was employed to
optically compensate for the fan's rotation. and, thus prevent
decorrelation of the two holographic images.

In the next section of this chepter, the factors affecting the
light collection of holographic systems in general, which employ image
rotators, are considered. The holographic system design choices and a
detailed description of the system are then given. The holegraphic

system required accurate alignment with respect to the projected rotational
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axis of the fan, The affects of misalignment and the alignment procedure
are then described, Before the holographic system was applied to the
study of the fluttering test fan, it was used in the laboratory in

order to evaluate its performance and to gain some operating experience.
This laboratory application of the sysiem was to the study of a 0.56m

(22 inch) diasmeter aero engine fan which was rotated in a vacuum chamber,
A description of this work together with some of the resultant inter-

ferograms is given in the last two sections of this chapter,

5.2 Light Collection Considerations

The factors affecting the object beam energy density at the
holographic film in a generaliéed system employing an image rotator are
described in this section. The expressions given here were_uéed, as
described in later sections of this thesis, in order to choose the
optimum holographic system and to estimate the object beam energy density
in particular applications.

The generalised object beam receiving optics shown in Figure 5.1
were considered. The effective area of the receiving optics was
congidered to be limited by the diameter of the image rotator apertures,
The total energy, ER’ incident upon a simple receiving aperture, was

determined as,
BT 7z 5% By 5.1

where, ES is the total energy incident on the object,

H is the average fraction of the incident energy radiated
per unit solid angle by points on the object surface
towards the receiving aperture,

AR is the aiea of the receiving aperture,

and d is the distance between the object and the receiving aperture.
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- 119 -



The total energy at the holographic film in a real system was obtained
from Equation 5,1 by including terms to account for wvignetting and
absorption and reflection losses,. Thus, the below expression was

obtained.

N
EH ~ (%)R KRQHHAHES Fq 5.2
2
d
where EH ig the total object beam energy at the film,
Nﬁ is the number of passes through a 50% beamsplitter present
in the receiving optics,
KR is a constant which accounts for any absorption losses and
any other reflection losses in the receiving opties,
QR is a constant which accounts for any vignetting in the
receiving optics and equals one for a system without vignetting

The energy incident on the object, E., was related to the laser output

S!
energy, EL’ by using the following relationship.

Eg ~ (%_)1\CL K QB Eq 5.3

where Ni is the number of passes,through a 50% beamsplitter, present
in the illumination optics,

KI is a constant which accounts for any absorption and reflection
losses in the optical system and losses due to mismatch of the
illumination to the object geometry,

and .QI is s constant which accounts for any vignetting of the
illumination beam.

By combination of Equations 5.2 and 5.3, the following relationship,

between the total object beam energy at the film and the laser output

energy, was obtained.
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where N equals Nﬁ + N& and is thus the total number of passes through
a 50% beamsplitter present in the optical system,
K equals KRKI’
and_ Q@ equals QRQI.
The energy density at the hologravhic film, assuming a spatially uniform
exposure, was obtained from Equation 5.4, producing the following

relationship.

By

B o KOimE
i (%)

5 B 5.5
¢ 4y
where AH is the area of the object beam at the holograﬁhicvfiim.

A maximum limit to the angular spread of the object beam at the
film was set by the spatial frequency response of the holographic recording
material, This defined a minimum value of AH' and therefore a maximum
energy density at the film, The energy density at the film was

considered in terms of solid angles by using the below relationship which

applies to any non-aberrating imaging system.

where !1R is the solid angle subtended by the illuminated area of the
object at a point on the receiving opties collection aperture,

and QH:is the solid angle subtended by the optical system at a point
on the film,

These angles are shown in Figure 5.1.
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Thus from Equations 5.5 and 5.6,

y KQHEQ, B

2 4 Eq 5.7
a Mg
Also,
A
Q
d
where, As’ is the illuminated area of the object.
Thus, from Equations 5,7 and 5.8,
By ¥ KQEGE
=~ &) —_— Eq 5.9

8

It was seen from Equation 5.9 that the energy density was meximised when
ﬂH was also maximised within the spatial frequency limits of the film,

For a system with 1 thus optimised, increasing the area of the receiving

H
aperture of the image rotator would not increase the energy density at
the film, It would, however, increase the area of the object beam at

the film and would increase the resolution of the system. Similarly,

shortening 4. would have the same effect.

5.3 Heolographic System Design Choices

5-3.1 Laser

The pulsed double exposure holographic technique was chosen because
of its suitability for studying the large amplitude vibraticen found in
supersonic unstalled flutter, A ruby laser, operating at a wavelength
of 0.69%pm, was chosen by this author for the following reasons.,

Commercially available lasers of this type were capable of producing
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suitably spaced pairs of short duration pulses having high mutual coherence
and'a relatively hizgh energy. The wavelength of 0.69%pm wag compatible
with high resclution and highsensitivity hologram recording materials.,
Conventional Q-switched ruby lasers could produce individual pulses having
a duration of approximately 25ns. Reference to Equation 2.1 shows that
this was adequate for freezing the expected test fans flutter velocities
of up to a few metres per second, Pulse separations up to lms, coherence
length in excess of 1lm and individual pulse energies greater than 1 J were
possihle from commercially available ruby lasers,

Recently, double pulse frequency-doubled neodynium-YAG lasers having
comparable attributes have become commereially available, Use of such a

laser for holographic interferometry was reported by Decker (1982),

5.%.2 Rotating Tllumination

Reports of holographic systems using image rotators for the
vibrational study of rotating objects are reviewed in Section 2.7. For
all of the systems reported by other authors, a stationary illuminating
beam was employed and only the light.qcattered from the rotating object
wag passed through the image rotator, With these systems, the
illuminating wavefront was required to be symmetrical about the rotational
axis of the object.

An optieal configuration which had a double-pass through the image
rotator was used by this author. In addition to derotation of the
light scattered from the fan, the illuminating beam was rotated. Thus,
there was no need to have a symmetrical illuminating wavefront, The
tolerance on the spatial quality and alignment of the illuminating beam was
consequently relaxed and even diffuse illumination could be used. The

use of rotating illumination allowed the available laser light 1o be
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concentrated into an off-axis portion of the fan, and, when used in

this mode there was the operational convenience of being able to rotate
the illuminated area on the fan by simply phase-locking the rotator at a
different orientation with respect to the fan, Concentrating the
available laser energy into a smaller area of the object resulted in an

increased eqsrgy-density at the film, as seen from Equation 5.9,

5.3.3 Hologravhic Recording Medium

Hologram recording was performed using either silver halide film
or thermoplastic film, these being the most sensitive technigues =which
were commercially available, The gilver halide recording was performed
using Agfa Gevaert 8ETS5 or 10E75 film which was processed to produce an
;mélitude hologram.: The thermovlastic recording was performed using a
Rottenkolber thermoplastic camera, model HSB100, and thermoplastic film.
type PTI100, The thermoplastic cameraz had the important advantage that
the film could be developed and reconstructed in situ  in the camera,
and the resultant holographic image could then be viewed remotely using a
video camera and monitor. This feature made it very attractive for
remote rig running.

Some of the other properties of these recording media are given in
Table 5,1, The thermoplastic phase hologram was capable of a considerably
higher diffraction efficiency than was achievable using silver halide
amplitude recordings. However, this increased diffraction efficiency
was accompanied by a more than proportionate increase in unwanted surface
scatter, This resulted in a signal to noise ratio which was less than
for silver halide amplitude holograms, In addition, the diffraction
efficiency and surface scatter often varied over the surface of the film

to an extent which made it unsuitable for image-plane recordings.
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"Photographic Emlsion

‘Thermoplastic Flm

Properties — Units
B8E75 10E75 PT100

Type of hologram Amplitude | Amplitude Phasge
Energy density for
optimum exposure 11-21(0) 3-6(0) 4 (a) }1J/cm2
(2)
e (c) (c) (v)
Diffraction 4 3 30 %,
Efficiency
Spatial frequency (0O to 30000ﬂ OtoZBOOaO 500 to 1200(b,e) lines per
response mm

(a)
(v)
(c)
(d)
(e)

Measured.

TABLE 5.1

7 >
The effect of reciprocity failure at 25nS is included.

Manufacturers data,

Obtained from Collier et al (1971).

Por diffraction efficiency > 10%

Properties of the Recording Media Used in the Holographic

System
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It can be seen from Table 5,1 that the spatial frequency response
range for the thermoplastic film was less than for the silver halide
photographic emulsions, Thus, an optical system subtending a larger
solid angle at the film could be used with photographnic emulsions, All
else being equal, this would give a higher maximum energy density for

silver halide film, as shown by Equation 5.9. ©

5.4 Desciption of the Holographic System

A diagram of the optical system is shown in Figure 5.2, The
image rotator both rotated the illuminating beam and derotated the light
scattered from the rotating fan before it was relayed onto the hologram
recording plane, The viewing and illumination were from a point on the
fan's projected rotational axis, thus ensuring that the holographic
gengitivity vector was orthogonal to the fan rotation. This prevented
unwanted optical path-length variatien due to fan retation which would
have produced distorting bias fringes on the resultant interferogram and
possibly even prevented hologram formation, as discussed in Section 2.4,
The fine adjustment of the optical system relative to the fan's rotational
axis was performed using two alignment mirrors, positioned between the
image rotator and the fan, |

Apart from the above features, the optical configuration was that
of a conventionél double pulse holographic system. The Q-switched
pulsed ruby laser described in Section 3.4.3 was used. The laser was
operated in its double-pulse mode., The longitudinal coherence length
of 0,7m or greater.was adequate for the generation of holograms of fans
which were several metres in diameter,

The laser output was divided at a wedged beamsplitter where 4% of

the light was reflected to produce a path-matched reference beam. The
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majority of the light formed the object beam, This was projected
thréugh the image rotator onto the fan using illumination optics and a
5075 beamsplitter. There a large angle of illumination, appreoaching
the full angle of view of the image rotator. was required, the illumination
optics consisted of a diverging lens, a weak diffuser and a converging
lens, as shown in Figure 5.2, The two lenses focused the beam within
the rotator, and the diffuser prevented air breakdown by reducing the
beam intensity at the focus. When a smaller angle of illumination was
required, such as when the available light was concentrated into an off-
axis portion of the fan, the illumination optics simply consisted of a
negative lens which diverged the beam through the rotator onto the fan,

When thermoplastic film wés used, the interferogram could be viewed
remotely only a few seconds after recording. This was achieved by
employing a video camera to view the holographic image and a reconstiruction
gystem employing a remotely operable shutter as shown in Figure 5.3.

The relay optics between the image rotator and the hologram
recording film were used to match the angular spread of the returned
light to the spatial frequency characteristics of the film, thus
maximising the energy density at the film, Mone of the spherical optics,
either associated with fan illumination or relaying the image to the film,
appeared on the same side of the rotator as the fan, as this would have
demanded fine manufacturing and positional tolerances of any such
components,

A triggering system was uséd which ensured that the laser pulses
occurred at a coincidence of selected points in the fan's rotational c¢ycle
and the vibrational cycle, A fan once per revolution signal and the

output from a strain gauge on the fan were used as inputs to the
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triggering systen, The triggering system not only provided a pulse
which Q-switched the laser at the required coincidence, but it also
predicted this coincidence, approximately lms-before it occurred, and
provided a pulse which fired the laser flash-tubes, This prediction
was performed assuming constant rotational velocity and vibration
frequency.

The holographic system was housed in a compact two tier frame,
having the ruby laser mounted on the lower level and the rest of the
optical system mounted on the upper level. The complete frame was
mounted on screw-jacks, thus providing a cocarse vertical adjustment on
the position of the optical axis of the gysten. Photographs of the

system are shown in Figure 5.4. The approximate size of the unit was

1.%m long, 1lm wide and 1.2m high,

5.5 Effects of Misalignment

The holographic system was optically aligned when the projected
fan's axis passed through the centre of the image rotator apertures, At
this condition, the holographic sensitivity vector was perpendicular to
the fan's direction of rotation at all peoints, and thus no bdiasing of the
interference fringes occurred due to rotation, When this was not the
case, the fringe order at each point on the fan was modified or biased.

An expression was derived for the bias fringe field generated by
misalignment. The stationary c¢oordinate system and geometrical
configuration which was used is shown in Figure 5.5, For simplicity, the
source of illumination and the collection aperture were anproximated to
coincident points on the rotator axis at Q, having - coordinates xQ. yQ,

, at the time of the

2 R1 wag a general point on the fan at X190 Y0 2

Q° 1

first exposure. Rotation of the fan of A8 between exposures moved this
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point to H2 at X5y Vo1 Zpe The rotation of the rotator served to
maintain correlation between the two images of the fan, but did not itself
introduce any pathlength change. Thus, the total pathlength change

was 2(R2Q - RlQ) This would introduce an error of AP full fringes in

the resultant interferogram given by.

P - £ (RQ - RQ) Eq 5.10

>l

where A 1is the wavelength of light

From the geometry,

(RKQ)2 = (xq - xK)2 + (¥g - yK)2 + (zg - ZK)2
for K= 1,2 | 7 7 _Eq5.117

(1"11{50.)2 = (xQ - T cos GK)2 + (yQ - r sin BK)2 +

(zQ - zK)Z for K = 1,2 g 5.12

where r = OR; = OR, and 6., 8, are defined in Figure 5.5.

17 2

From an expansion of Eq 5.12 and using Z) = Zg,

(RzQ)z - (RlQ)2 = Zer(cos 6, - cos 82)

+‘--23Qr(sin 61 - gin 92) Egq 5.13

Assuming small A8 = 6, - 6. ond letting §= @

1 1’

it

(lFle)2 - (RlQ)z 2 AaxQ rainfd -2 AByQ r cosg @ Eqg 5.14

Letting Xp = X and Yp= 7

n

(R, @% - (RQ)° = 248 (x, 7, - v, xp) B 5.15

- 132 =



(R,Q)° - (7,Q)°
RQ - RQ = Rgaq +'Rlél BEq 5.16

For small misalignments, R,Q + RIQ = 2v, thus

. A8

Thus from Eq 5.10,

L 248
ap = 5 (3 vp - vy xp) Eq 5.18

Equation 5.18 is a useful relationship which quantified the bias fringe
error for any point on the fan, For the case where the fan to image
rotator distance was large compared with the fan radius, v was approximately
constant for all points on the fan and the bias fringe distribution could
bé.approximated by a set of parallel equispaced fringes.

From the above analysis it was seen that tilting of the rotator axis
about Q (the point illumination and collection aperture)} did not affect
the biag fringes, However, excessive tilting of this axis resulted in
decorrelation of the two holographic images and an attendant reduction of
fringe visibility.

Measurements were made to validate Equation 5.18. The holographic
system was set up to record double pulse interferograms showing the centre
of a rotating fan, The rotator and fan axes were deliberately misaligned,
and the spacing and orientation of the resultant bias fringes, at the
rigid hub of the fan, were measured, A typical resultant interferogram
is shown in Pigure 5.6. The optical axis of the rotator was translated
in a horizontal direction, perpendicular to the fan's projected axis, and
holograms were recorded at various translation positions, i.,e. at vari;us

positions of x The number of bias fringes parallel with the horizontal

Q.
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FIGURE 5.7 GRAPH SHOWING THE MEASURED NUMBER OF BIAS FRINGES PLOTTED

AGAINST X g .

- 1%4 -

FIGURE 5.6 RECONSTRUCTION OF A HOLOGRAM SHOWING BIAS FRINGES DUE TO
MISALIGNMENT ON THE HUB OF A ROTATING FAN. -T -
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axis is shown plotted against xQ in Figure 5.7. The change in the number
of bias fringes, per unit change in xq, was approximately constant and the
measured value of 2,4 fringes/mm agreed with the value calculated from
Equation 5.18 to 2 significant figures,

Substitution into Equafion 5.18 was used to estimate the likely error
due to misalignment of the system when used.for flutter mezsurerzent on the
test fan, A typical maximum error of + 1 full fringe was estimated, This
analysils is deseribed in detail in Seection 7.2,

5.6 Alignment Procedure

Fine alignment of the rotator relative to the fan's rotational axis
was performed using the two outout alignment mirrors showm in Figure 5.8,
The relative angle between the fan and the rotator axes was changed by
adjustment of two orthogonal tilt controls, and the relative displacement
between these axes was adjusted by means of wvertical and horizontal dis-
placement controls, The two displacement controls were driven by stepper
motors thus allowing remotely centrolled adjustment, The alignment wes
performed in two parts. First, the optical axis of the rotator was made
closely collinear with the rotational axis of the fan, as determined at very
low speed. Second, the optical system was aligned interferometrically to
the fan's axis at the overational speed of the fan.

The first part of the alignment procedure was performed as follows,
using the configuration shotm schematically in Figure 5.9.

(a) A slightly converging helium-neon lasar beam was aligned to the

optical axis of the spinning rotator by adjustment of mirrors, A

and B, This was achieved when the loci defined by the rotating

beem in the near and far field of the output of the rotator were

spots of minimum diameter, |

(b) A small adjustable mirror, C, attached to the centre of the
fan was aligned so as to be normal to the fan's rotational axis,
This was obtained by monitoring the locus of a reflecteé lager

beam at a distant screen when the fan was slowly rotated by hand,
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(C) ;The output alignment mirrors were then adjusted such that the
beam aligned to the axis of the rotator was incident on the
centre of the fan and was collinear with the resultant reflected
beam,

(d):/ The mirrorsA, B and C were then removed and the holographic

system was reassembled.

Following this procedure, the projected fan axis was typically within
a few millimeters of the centre of the rotator apertures,

The second part of the alignment was performed with the fan at its
operational sgpeed prior to taking vibrational m;asurements. It
reqﬁired the remote viewing and near real-f{ime capability of the thermo-
plastic camera for successful operation in a compressor test rig
environment, In addition it required a visible rigid hub at the centre
of the fan, Alignment was achieved by recording double pulsed holograms
of the fan with the rotator synchronised. The output alignment mirrors
were adjusted, ﬁsing the remotely operated vertical and horizontal
translation controls, so as to minimise the number of bias fringes on
the hub of the fan. This could be performed to a high accuracy by
employing relatively long pulse separations, Use of Equation 5.18 made

this a relatively short iterative procedure.

5.7 Initial Trials: Description of Laboratory Fan Rig

Development and initial trials of the holographic system were
performed with the aid of a laboratory fan rig. The aero engine fan
had a diameter of.0.56m (22 inches) and was of a shrouded design. The
fan was rotated in a wvacuum using the rig shown in Figure 5.10. ‘The
fan shaft was belt driven by a 11,2kWatt (15HP) electric motor. The

rig was capable of rotating the fan at speeds up to 6000 pn, An
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optical tachometer giving 60 pulses per revolution, was used to phase- -
lock the image rotator to half the fan speed. The fan was viewed through
a 0.52m diameter glass window which formed the front of the vacuum
chamber, The window was perpendicular to the fan axis and its surfaces
were parallel to within 3 minutes of arc. Both window surfaces had a
single layer dielectric coating so as to reduce unwanted back reflectiocns.
The fan was coated with retro-reflective paint in order to greatly
increase the light returned to the holographic system.

Individual vibration modes of the fan could -be excited using
piezo-eleciric crystal exciters which were attached to the fan blades
and powered via a slip ring unit, The crystals were positioned so as to
‘excite the two nodal diameter,.second family (2D2F) poﬁéie&-bladé mode of the
fan with a relatively high_amplitude. Individual fan Bladesv%ere also
susceptible to excitation from the shaft's roller-element journal bearings.
This resulted in a large response in first flap and first torsion blade
modes, at certain fan speeds, The vibrational response of the rotating
fﬁn was monitored using several strain gauges attached to the blades
and connected via slip rings.

Personnel were not allowed into the fan rig room when the fan was
at high speeds, due to safety ccnsiderations, and the rig was controlled
from a separate room., However, operation of the rig was relatively
easy, and it was common practice for the author alone to operate the fan
and holographic system,

Estimates were made of the total energy collsected by the holograrphic
system and the maximum achievable energy density at the holegraphic film,
for illumination of the whole of the fan., The estimates were made using
Equations 5.4 and 5.9 and values for the parameters used in these

equations are given in Table 5.2, The resultant estimate of the maximum
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Parameter
Symbol

Parameter Definition

Value

Comment

Constant representing
losses in the optical
system

Number of passes
through the 50/50%
beamsplitter

Area of the rotator
receiving aperture

Constant representing
vignetting in the
optical system

Average fraction of
incident energy radiat-
ed by points on the
object surface -towards
the receiving aperture.
per unit solid angle

Fan to image rotator
distance

Laser output energy
Solid angle subtended

by the optical system
at a point on the film

Illuminated area of
the object

0.15

5.7x10‘4m2

0.5

10

3.5m
0.5J

0.2 Sterad

0.25m2

For Scotchlite retro-
reflecting print.

This was the maximum
laser output

For thermoplastic film.
This was the maximum
value limited by the
spatial frequency
response of the film,

This is for full
illumination of the
fan.

TABLE 5.2

Parametera for the Holographic System when Used with the

Laboratory Fan Rig
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total energy collected was %pJ, and the estimate of the maximum
achievable energy density ai the film was 0.08Jm-2. This was amplzs
for recording a hologram with an optimum exposure on both thermoplastic

and silver halide film,

5.8 Results from Fan Rig

Initial holograms of the rotating fan were recorded using Agfa
Gevaert 8E7SHD holographic plates in an image plane mode. The imege
rotator was approximately 3,5m from the fan, The whole of the fan was
illuminated and the resultant image at the holographic plate was 27mm
-in diameter, The holograms were recorded using laser output total
energies of approzimately 400mi for the two pulses, Interferograms
were successfully recorded at fan speeds up teo 5840rpm, this being near
the limit of the fan rig, The holograms were reccnstricted using a
filtersed mercury arc lamp, Two examples of the resultant reconstructions
are shown in Figures 5,11 and 5.12. The interferogram shown in Figure
5.11 was recorded when the fan was rotating at 3670rpm and was excited
using piezo-electric exciters at 334Hz, which was the average natural
frequency of the first flap blade resonances, Figure 5.12 shows an
interferogram of the fan when it was rotating at 4125rpm and was excited at
712Hz, the natural frequency of a 2D2F mode, Both of these holograms
were recorded with a pulse separation of lgpS. The presence of bias
fringes, due to misalignment was evident by the broad fringes in the
centre of the fan. This was particularly pronounced on the hologram shown
in Fig. 5.11.

The plate holder was then replaced with the thermoplastic camera,
Initially this was operated in an image plane mode, but this was found

unsatisfactory due to irregular scatter from the film surface on
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FIGURE 5.11 INTERFEROGRAM RECORDED AT A FAN SPEED OF 387D RPM USING A
PULSE SEPARATION OF 18uS. MOST OF THE BLADES WERE VIBRATING
IN THEIR FIRST FLAP MODE.
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FIGURE 5.12 INTERFEROGRAM RECORDED AT A FAN SPEED OF 4125 RPM USING A
PULSE SEPARATION OF 18uS. THE FAN WAS VIBRATING
PREDOMINANTLY IN A 2D2F ASSEMBLY MODE.
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reconstruction. The optical system which relayed the returned

light from the rotator to ths film was modified so as to produce an
image of the fan approximatély 100mm in front of the film plzne, The
diameter of the object beam at the film plane was 15mm, Two examples
of the interferograms recorded usihg the thermoplastic cemera in this
non-image plane mode are shown in Figures 5.13 and 5.14. Msure 5.13
shows an interferogram of one of the 2D2F assembly modes recorded with
the fan statienary and using a pulse separation of 4QP§. Figure 5.14
ghows an interferogram of a portion of the fan which was recorded at a
fan speed of 4030rpm and a pulse separation of 4st, with the fan
vibrating in a 2D2F mode. It can he seen from the fringe distribution
on the hub, that misalignment fesulted in approximately 15 bias fringes,
The interferogram gave an indication of the fringe resolution, there
being up to 11 resolvable fringes along the blade tips. This corrésponds
to a fringe frequency of 0.3 fringes/mm,

The illumination optics were then modified by using a single
negative lens to concentrate the laser output into an off-axis portion
of the fan, aé described in Section 5.4, Holograms were recorded on
Agfa Gevaert 10E75 plates of a 2D2F mode under stationary and rotating
conditions, Figure 5.15% shows an interferogram which was recorded with
the fan and image rotator stationary. It was recorded using a total
laser energy of 210mJ and a pulse separation of 1978 Figure 5.16 shows
an interferogram which was recorded with the fan rotating at 4000rpm and
the rotator phase locked to it at half speed, . It was recorded with a
pulseAseparation of lgps; using a total laser energy of 250mJ. As can
be seen from these two hologram reconstructions, there was no noticeable
change in image quality and fringe contrast between holograms recorded

under statidnary and rotating conditions,
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FIGURE 5.13 INTERFEROGRAM OF THE STATIONARY FAN VIBRATING-IN-A 202F MODE.
THE HOLOGRAM WAS RECORDED ON THERMOPLASTIC FILM WITH A PULSE
SEPARATION OF 44,5,

FIGURE 5,14 INTERFEROGRAM RECORDED AT A FAN SPEED OF 4839 RPM WITH THE
FAN VIBRATING IN A 202F MODE. THE HOLOGRAM WAS RECORDED ON
THERMOPLASTIC FILM WITH A PULSE SEPARATION OF 44,S.



FIGURE 5.15 INTERFEROGRAM OF THE STATIONARY FAN VIBRATING IN A-2D2F MODE. ~ -
THE ILLUMINATING LASER LIGHT WAS CONCENTRATED INTO AN OFF-
AXIS PORTION OF THE FAN.

FIGURE 5.168 INTERFEROGRAM RECCRDED AT A FAN SPEED OF 4292 RPM WITH THE
FAN VIBRATING IN A 202F MODE. THE ILLUMINATING LASER LIGHT
WAS CONCENTRATED INTO AN OFF-AXIS PORTION OF THE FAN.
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CHAPTER 6

APPLICATICN OF THE HOLOGRAPHIC SYSTEM TO THE STUDY

OF TEE FLUTTERING TEST FAN

Summary of Chapter

The holographic system was used to obtain interferograms of the
fluttering test fan,. The fan was driven at high speed under aero-
dynamic load using an 11 M# air turbine powered compressor test rig.

Prior to the holographic study of the test fan, the tilt of the compressor
test rig's axis was measured, and it was concluded that this did ﬁot pose
any serious limitations on the experiment, After some initial problems,
approximately 100 useful holograms were recorded, As a datum, a few
holograms were recorded at speeds just below the onset of flutter, The
majority, however, were recorded in steady unstalled flutter, These
interferograms showed the fan to be fluttering with a 3D2F mode shape

with a peak velocity of approximately lns™t,

6.1 Introduction

The use of the holographic system to obtain interferograms of the
flutteriﬁg test fan is described in this chapter. These measurements
were the first reported use of holography for vibrational study of a
rotor undergoing supersonic unstalled flutter. The holographic experiment
was designed to provide measurements of the vibrational deflection shape
~of the fluttering test fan and to use these measurements to evaluate the
theories and assumptions used currently for fan flutter prediction, The
aims of the experiment are described in detail in Section 1.5,

The fan was driven at high speed under aerodynamic losd into a flutter
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condition using an air turbine powered compressor test rig, Details
of the compressor test rig are given in the next sect;on of this chapter,
This test rig was chosen because it provided a well‘instrumented. easily
controlled facility for study of the test fan, This particular rig wes
in great demand and had high running.costs. Thus emphasis was placed
on good operational planning of the experiment so as to minimise rig
running time and the total duration of the test. In order to assess the
suitability of the rig for this flutter study, a preliminary measurement
of fan shaft tilt was performed. This measurement is described in Section
6.3,

The experimental cond;tions and procedure for the holographic

experiment are described in Section 6.4. Some operaticnal problems were

experiment, are then described. This is followed by presentation of
some of the resultant interferograms obtained during this experiment.
Analysis of the interferograms to obtain vibrational deflections is described

in a subsequent chapter,

6.2 Compressor Test Rig Details

The flutter studies of the test fan were performed using the
Rolls-Royce compressor test rig, CTR1l, at the Altitude Test Facility in
Derby. The main function of the altitude test plant was the testing of
full scale aerc engines over a wide range of aircraff altitude operating
conditions, In order to achieve high utilization of the plant, several
test rigs, including CTR1l, were included in the facility. The plant was
located on an 1l acre site and included engine and rig test cells, a
compressof building, a cooling tower, a water treatment plant, a high

voltage substation and an administration block.
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A diagram of CTRl, as it was arranged for the holographic
measurements, is shown in Figure 6,1. The fan was driven by an 11MWatt
(15000hp,) air turbine which was capable of providing fan speeds of
3000 to 11000rpm. The turbine itself was powered from two electrically
driven compressors, The compounded compressors were situated in a
separate building and they provided air to the turbine at 10 atmospheres
and 20000. The fan rig was assembled with a short flared intake through
which air was drewn from the compressor test hall. The intermal
dimensions of the test hall were approximately 35m by 10m by 10m.

Pasgsage of air from the atmosphere to the test hall was via a large

door which provided a 5m by 1.5m opening. A screen was erected in front
of the opening. so as to minimise eye hazard to passers-by due to any
unintentionally speculariy reflected lager light; 'Thé'Eoﬁpréssed output
air from the fan was collected at the rear of the compressor test section
and directed to the atmosphere via a discharge silencer.

The compressor test section is shown diagramatically in Figure
6.2. . The flow was separated down stream of the fan so as to simulate
thé fan's performance in a high bypass ratio aero engine, The majority
of the flow was passed through the outer bypass section, via a set of
outlet guide vanes, The remaincder of the flow was passed vis a set of
stators into a simalated éngine section. Variaﬁle throttles were
gituated in both the bypass and engine sections, thus allowing independent
control of the flow rates in each. The total flow rate to the fan was
obtained from pressure measurements made within the calibrated air
intake (airmeter). The flow within the engine section was passed through
a Venturi tube, thus allowing the engine section flow rate to be obtained.
The flow rate within the bypass section was determined by subtracting

the engine section flow rate from the total flow rate. The efficiency
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of the fan, defined as the work done on the air divided by the
mechanical energy supplied was measured as follows., The work done

on the air was determined from measurements of pressure and temperature,
obtained from arrays of transducers at and between the outlet guide
vanes and the engine section stators, and from the measured mass flow
rates. The mechanical energy supplied to the fan was determined using

a torquemeter on the fan shaft,

.6.3t Measurement of Fan Shaft Tilt

_Accurate alignment of the image rotator with respect to the fan's
axis was a requirement for successful application of the holographic
system, as is described in Section 5.5. The angular mgvemeqt of the
fan shaft of the compressor test rig, CTRl, was measured several months
before the proposed flutter studies of the test fan in order to assess the

rig's suitability. The measursments were performed with a fan which

was very similar to the test fan.

6.3.1 Measurement Technique

The tilt of the fan was measured by reflecting a converging laser
beam from a small.mirror attached to the fan's rotating nose-cone.

Changes in the angular position of the reflected beam were used to measure
changes of fan axis tilt, The use of an optical lever allowe& the
measurement of very small changes in the angle of the fan's axis.

A diagram of the tilt measuring system is shown in Figure 6.3,
Diagrams of the source and monitoring units are showm in F;gures 6.4 and
6.5, respectively, A converging laser beam was obtained from the source
unit by expanding the output from a2 helium-neon laser using a microscope

objective and then converging this expanded beam using a multi-element
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camera lens of focal length 400mm. 4 pin hole was placed at the focus
of the output from the objective in order to spatially filter the beam,
and thus minimise the spot size at the monitoring screen, The output
from the source unit was directed onto a ground glass screen in the
monitoring unit via the small mirror on the fan's axis, and the focus of
the converging beam was formed at this screen, The position of the
laser spot on the screen was viewed using a video camera and remote
monitor,

The source and monitoring units were placed Bm from the fan and the
light beams were each at' an angle of approximately 150 to the fan's axis.
A tilt of the faﬂ's axis of ¢ resulted in the reflected bean being
rotated through 2¢. Thus a movement 6f the laser spot at the monitoring
screen of lmm represented a tilt of the fan's axis of 13 seconds of arec.
The mirror on the fan's nose cone was deliberately positioned with the
norz.;na.l to its surface at a small angle to the fan's axis. A wvalue of
9 minutes of arc was obtained. Thus with the fan rotating and without
fan axis movement., the locus descrited by the laser spot at the monitoring
screen wés a circle of diameter 80mm. Thus, any steady shift of the
angular position of the fan's axis was detectable as a displacement of
the centre of the circle, Any angular vibration of the fan's axis was
detectable ags a modification of the shape of the locus,

The video camera output was. displayed on a monitor in the control
room and was also recorded on a video tape recorder together with the
time, a fan speed signal and a voice iog. Accelerometers were placed
in the source unit, and these were monitored in the control room to ensure
that the source unit was not subject to excessive vibration.

The fan was first accelerated from rest to 10 000rpm, where this

speed was maintained for a few minutes, and then it was decelerated back
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down to rest, On a second run, the fan was accelerated to 11 000rpm
with stops for several minutes at 3000, 9530 and 10020rpm. Angular

movement of the fan's axis was monitored and recorded throughout,
6.3.2 Results

The maximum steady angular deviation of the fan's axis between
rotating and stationary conditions was 1 minute of arc.

The meximum angular vibration of the axis occurred at a sveed of
11 000rpm. At this speed, a third harmonic vibration having a peak
angular deviation of 1.3 minutes of arc was detected, as is illustrated
in Figure 6.6. Apart from at this condition, the peak observed vibrat-
ional tilt was 0,7 minutes of a?c.

| The vibration of the source unit was monitored throughout the tests

and was found to be well below the level required to produce significant

errors.

6.3.3 Implications for Holographic Measurements

The maximum stéady angular deviation of the fan's axis defined the
displacement adjustment required of the output alignment mirrors of the
hoiographic system, The meximum observed value of 1 minute of arc would
require a displacemen; of 1.7mm on the output alignment mirrors, for & fan
to holographic system distance of 6m. This was weli ﬁithin the capabilit-
ies of the alignment mirror system,

The peak angular vibration of 0.7 minutes of arc, which was observed
at fan speeds below 11 O000rpm, corresponded to a peak displacement of the
fan's projected axis at the rotator of 1,2mm, This equated to a possible

peak error of approximately a half bias fringe for a holographic inter-

ferogram recorded with a pulse separation of %ps. This was considered an
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FIGURE 6.6 LOCUS DESCRIBED BY THE LASER SPOT AT A FAN SPEED OF 11 D@D RPM.
THE ARROWS SHOW THE DEVIATION FROM A CIRCLE.- =~ ~ ~ =

OPTICAL
SYSTEM

FAN
POSITION

B18-4204

FIGURE 6.7 PHOTOGRAPH OF THE HOLOGRAPHIC SYSTEM MOUNTED IN THE COMPRESSOR
TEST FACILITY,CTR1,PRIOR TO TAKING MEASUREMENTS IN FLUTTER,
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acceptable error,
Thus, it was concluded that movement of the fan's axis on CTR1 h
did not pose any serious limitations in the use of the holographic

system for study of the test fan,

6.4 Experimentzl Conditions and Procedure for the Hologravhic

Measurements

The test fan was instrumented with strain gauges on six of its
blades and was mounted on CTRI. Following an initial evaluation of its
aerodynamic and flutter performance, the fan was sprayed with a
commercially available retroreflecting paint (3Ms silver) in order
greatly to increase the light returned to the holographic system. Tpe
fan's aerodynamic ang flutter performance was then-re-evaluated. The
paint was found to hgve significantly affected the performance of the
fan. The total flow and efficiency were reduced by 43% and Fa,
respectively, The flutter onset speed w#was reduced by 6%, This was
likely due to an iﬁcrease in the blade surface roughness from approxime
‘ately 0.8pm (50’pinches) to &pm (250 }Jinches) CLA and a thickening of
the leading edge of the blades, as a result of the application of the
paint.. Even though there was a significant change in the fan
characteristics, the holographic experiment was valid and useful for
study of the fundamentals of the flutter process and for comparison of
the experimentally determined deflections with those predicted by finite
element techniques,

The holographic system was installed in CTRL. The main optics
unit was mounted approximately 6m from the fan and onits pfojected axis,
as is shown in Figure 6.7, The laser power supplies and the amplifier

for the image rotator were mounted within the mein test hall, The
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control, monitoring and {riggering electronics for the system were
situated in a separate control room, as shown in Figure 6.1. A block
diagram showing the interconnections of these various electronic units
is shown in PFigure 6,8, The optics unit employed a reference bean -
which was folded within its top tier to give an optical path of 12m,
thus path matching the object beam, The available laser light was
directed onto approximately one quarter of the area of the fan, so as éo
increase the object beam intensity at the hologram recording plane. The
illumination optics, as described in Section 5.4, consisted of a negative
lens which diverged the beam through the rotator onto the fan, The
parameters relevant to the opt;cal efficiency of the system are given in
Table 6.1, Using Equetion 5.9, it was estimated that an object beam
energy density of 0.8}JJcm-2 was obtaineg at the film plane, fhe 7
optical axis of the imggé rotater was made closely collinear with the
rotational axis of the fan; ag determined at low speed., This was
performed using & helium-neon laser as described in the first part of
the alignment procedqre given in Section 5.6. Following this alignment
the centre of the image rotator apertures was positioned to within + 2mm
of the projected axis of the static fan, It was initially intended
to perform a second stége of alignment, as described in Section 5.6,
which used the remote viewing capability of the thermoplastic camera to
align the holographic system with respect. to the fan's axis at full
speed, Unfortunately a fault developed in the thermoplastic camera in
the early stages of the test, as described in the next section, and
this second stage of alignment was not performed.

The compressor test rig was.operated with a fully open bypass throttle
to give the lowest flutter speed for the holographic studies. The

filutter onset speed was at approximately 9850rpm. Analysis of signals
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MAIN TEST HALL CONTROL ROOM
T0 SEPARATE
RECORDING
FAN RIG
TNSTRU. STRAIN GAUGE SIGNAL ROON.
MENTATION y PULSE / REV -
68 PULSES / REV -
r
IMAGE ROTATOR PHASE LOCKED
8 CONTROL e > LOOP CONTROL IMAGE
AMPLIFIER ROTATOR
METER
SIGNAL
LASER HEAD LASER REMOTE
& POVER <> CONTRIL -
SUPPLIES l UNIT
vy DOR LASER
SAFETY TRIGGERING
INTER-LOECKS UNIT
OPTICAL ENERGY & VONITORING
0SCILLOSCOPES [*
PONER MONITORS |
=
10 SEPARATE
OUTPUT STEPPER RECORDING
ALIGNMENT K > MOTOR ROOM
MIRRORS CONTROLS
HOLOGRAN CONTROL FOR
RECORDING <> RECORDING
SYSTEM SYSTEM

FIGURE 6.8 BLOCK DIAGRAM SHOWING THE INTERCONNECTIONS OF THE VARIOUS

CONTROL, MONITORING AND TRIGGERING ELECTRONIC UNITS EMPLOYED
IN THE HOLOGRAPHIC SYSTEM.
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Parameter

? Definits
Symbol arameter Definition Value Comment

K Constant representing 0.15
losses in the optical
system

N Number of passes through 2
the 50/50% beamsplitter
Ap Area of the rotator 5.7x10'%n2
receiving aperture

Q Constant representing 0.5
vignetting in the
optical system . : - -

H Average fraction of 10 For Scotchlite
incident energy rad- . retro-reflecting
iated by points on the paint

objeet surface towards
the receiving aperture,
per unit solid angle

d Pan to image rotator 6m
distance -

E Laser output energy. 0.5J

Solid angle subtended Q.13sterad
by the optical system
at a point on the film

A Illuminated area of the 0.15m2
gbject :

TABLE 6,1 Parameters for the Holographic System When Used for
Study of the Test Fan on CTRI
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from the blade strain gauges and down stream pressure transducers
revealed that the test fan was fluttering at a frequeﬁcy of 686Ez in a
vibrational mode having three nodal diameters.

After some initial operational problems, which are deseribed in
the next section, approximately 100 useful holograms were recorded during
6 hours of running over a 2 day period. The majority of these were
recorded in steady unstalled flutter, Holograms were recorded at
selected fan orientations and alternating stress levels and at various
phases in the flutter cycle. A few holograms were recorded at fan

speeds just below the onset of flutter.

6.5 Contingency Plana and Ongrational Problems Encountered

Prior to the experimerntal study on CTRl, contingency plans in
case of equipment failure were considered, Each of the majorumﬁperable
sub~units within the holpgraphic system was. considered and alternative
units were made available, where possible, These»@;nerable units and
the contingency alternatives are listed in Table 6.2, The 1 and 60
pulses per revolution (PPR) and strain.gauge signals were important for
sychronisation of the laser pulses and the image rotator., Contingency
alternatives were available for each of these signals, In case of
complete failure of the laser triggering electronics, alternative
triggering systems of limited capabilitity were available, The
alternative triggering systems allowed triggering of the laser at any
point in either the fan's rotational cycle or in the flutter cycle.
However, unlike the main triggering unit, they did not allow.triggering
at a coincidence of pre-selected points in both cycles., A contingency
option was not available for the case of total failure of the pulsed

ruby laser, However, alternatives for key elements within the laser



Primary Unit

Alternative in Case of Failure

1PPR signal

Alternative 1PPR probes were
available

Strain gauge signal

Alternative strain gauges on other
blades were available

60PPR signal

Frequency multiplication of the 1PPFR
signal was possible

Laser triggering
electironics

A}fernative triggering systems of
limited capability were available in
cage of total failure

Pulsed ruby laser

Key vunerable elements were
available including a spare ruby rod
for two of the stages and spare
flashlamps for all the laser stages,

Thermoplastic camera

A film transport for conventional
silver halide film was available

Phase locked loop
control electronics
for the image rotator

No alternative was available

Image Rotator

Yo alternative was available

TABLE 6.2 The Main Vunerable Units Within the Hologravhic Systen

and the Contingency Units in Case of Failure
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were available, including a spare ruby red for the oscillator and one
amplifier stage and spare flaghlamps for all étages. An alternative
hologram recording system was made available in case of failure of the
thermoplastic camera, This was a remotely operable film transport for
127mm (5 inch) wide conventional silver halide film, The two major
items, for which contingency alternatives were not available, were the
image rotator and its phase~locked loop control electronics, However,
these units were given several tens of hours of running at simulated
test conditions, in order to prevent an early-life failure during the
flutter studies,

Several unexpected operational problems were encountered during
the test, These are described in chronological order in the following .
paragravhs,
(a) The first problem resulted from méchanical deformation of the

main optics unit housing which occurred when moving into the

" compressor test hall. This resulted in an ill-fitting cover on

the unit which required slight twisting in order to make it fit.

The fitting and strapping dowmn of the cover prior to fan

running resulted in a few millimeters movement of the folded

12m reference beanm, This was spfficient to prevent formation

of holograms. This problem was easily rectified by trimming

the cover but proved difficult to diagnose and four days were

lost in the testing programme because of it.

(b) A fault developed in the heating-plate voltage controller in
the thermoplastic camera, and the complete camera was replaced
by the contingency film transport. This fault occurred at an
early stage in the test and the second stage of alignment

described in Section 5.6 was not performed. All of the useful
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holograms were recorded on Agfa Gevaert 10E75 film using this

contingency systemn,

(¢} The recording of the laser pulses relative to the phase of the
strain .gauge signals was lost for most of the holograms due to
two unexpected problems., First, there was a failure in the
portion of the laser triggering electronics which was uéed to
synchronise the laser pulses to a selected part of the flutter
cycle, Second, the recorﬁing of the laser pulses and strain

gauge cutputs was not continucus due to human error,

(d) Finally, difficulty was encountered in obtaining laser pulse

separations less than %pS. This pulse separation was however

close to the lower limit of operation of the pulsed laser,

6.6 Resultant Interferograms

The interferograms showed the fan to be fluttering with a 3D2F
mode shape with a peak velocity of the order of lms'l. Six examples
of fhe interferograms recorded in flutter are shown in Figure 6.9.

They were recorded at fan speeds in the range 9886rpm to 9915rpm,

using pulse separations of either %ps or %ps. Full experimental
conditions are given for each interferogram in Table 6.3. The stress
levels quoted in this table are approximate values which were obtained

from oscilloscope readings. They are for cne strain.gauge position

and give an indication of the relative flutter levels, The travelling
nature of the flutter.vibration can be geen by comparison of Figures such as
6.9(a) and 6.9(b) which show that there was a change in the circum-
ferential position of the fringe pattern.

A few interferograms were recorded at fan speeds just below the
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FIGURE 6.9 SIX INTERFEROGRAMS OF THE FLUTTERING FAN RECORDED AT THE
CONDITIONS GIVEN IN TABLE 6.3




Figure Fan Speed Stress Level |Pulse Separation
Number (rpm) (14Pa) (ps)

6.9(a) 9890 50 2

6.9(d) 9886 80 2 -
6.9(c) 9895 70 2

6.9(d) 9898 90 2

6.9(e) 9868 40 2

6.9(f) 5915 50 4

TABLE 6,3 Experimental Conditions for the Interferograms
Shown in Figure 6,9
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onset of flutter, An example is showmn in Figure 6,10 which was
recorded at a fan speed of 9664rpm and with a pulse separation'of
%ps.

There was some variation in the brightness of the holograms and
in the fringe definition. This was probably due to variation in the
laser pulse shape, which was critical for this short pulse separation
application of the holographic system. On some of the interferograms.
there was an additional low contrast widely spaced fringe set. This
unexpected feature was due to the presence of a third laser pulse of
low energy which occurred temporally close to cone of the two main
pulses, An example of such an interferogram is shown in Figure 6.9(c).
(The additional fringe set is of very low contrast and can be seen on

the hologram itself.)" .

6.7 Concluding Rémarks

Many holograms showing good quality interference fringes were
cbtained during this experimental study of the test fan., Some
operatiénal problems were encountered during this experiment which
resultéd in limitations on two aspects of the study, First, the errors
due to misalignment were larger than initially intended. Second, the
position of the interferograms within the flutter cycle was not knowm,
which thﬁs prevented determination of the temporal variation of the
flutter shape. THowever, considerable useful information was contained
within the holographic interferograms. The detailed quantitative
analysis of these interferograms, to determine the vibration shape of

the fluttering test fan, is described in the next chapter.
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270302

FIGURE 6. 18 INTERFEROGRAM OF THE FAN, AT A SPEED OF 9664 RPM, JUST BELOW
THE DNSET OF FLUTTER.



CHADTER 7

ANALYSTS OF THE INTERFERQOGRAMS OF THE ROTATING FAN AND

COMPARISON WITH FINITE ELFMENT PREDICTION

Summarv of Chapter

The interferograms of the rotating test fan were quantitatively
analysed to cobtain vibration deflection shapes. Errors due to mis-
alignment and unsteady aerodynamics were assessed., Analysis revealed
the presence of random vibration superposed on the flutter vibration.
This random vibration was at a different frequency to, znd uncennected
with, the unstalled flutter pﬁenomenon; To some exteni, the detail
of the flutter deflection shape frem any individual interferogram was
masked by this random vibration., Thus, in order to reduce the relative
effect of the random vibration, the deflections from several inter-
ferograms were normalised and averaged. The resultant averaged
deflection shape was compared with finite element vrediction and

reasonable agreement was obtained,

7.1 Introduction

The interferograms of the fluttering test fan, which were presented
in the last chapter, provided an easily determined qualitative assessment
of the fan's vibrational shape. A detailed gquantitative analysis of
these interferograms was performed and is described in this chapter,
Selected measured deflection distributions were compared with those
predicted by the finite elemént model of the rotating fan described in
Section 1.6,

In the next section, an estimate of the errors in the vibratioﬁal
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deflection measurenents is given, Interpretation of the inter-
ferograms obtained out of unstalled flutter is thén discussed, This
is followed by a detailed analysis of e selected interferogran
obtained in flutter. Finally some averaged measured flutter
deflections are compared with the corresponding finite element

predictions.

7.2 Estimate of Errors

In addition to the errors present in conventional hologravhic
interferometry. such as those incurred in determining the vrecise
position of a fringe and its order, there were two further sources of
error worthy of consideration for this case of a rotating fan under _
aerodynamic load, These sources of error were considered and are
discussed here, First the effects of misaliénment of the holographic
system relative to the rotational axis of the fan were quantified, and
second the path-length chenges due to unsteady aerodynamics were
considered. Steady aerodynamic effects, i.e, those which did not
change in the fan's rotating coordinates, would not have produced any
object beam path-length differences and hence would not have produced

any biasing of the interference fringes,

7.2,1 Effects of Misalignment

An expression relating unwanted fringe bias due to any misalignment
of the system is given in Equation 5,18. This expression was used to
determine the likely error due to the estimated misalignment. The
misaglignment of the centre of the rotator's avertures with respect to

the fan's projected axis was due to,

(2) error in aligning the rotator with respect to the static fan,



(v) change in the steady angular position of the far between static
and full speed conditions, and
(c) vibrational tilt of the fan's axis,
The standard error from (a) above was estimated at + 2mm as described
in Section 6.4. The peak errors from (b) and (c) zbove were + 1,7mm
and + 1,2mm, respectively, as described in Section 6.3,3, However,
the estimated standard errors (reference: Topving, 1962) were somewhat
less at + 1.2mm and + lmm, respectively, Thus, the combined standard
error on the position of the projected fan's axis was estimated as
+ 2.5mm, Substitution into Equation 5.18 for holograms recorded at a
fan speed of 10 0OCOrpm, a pulse separation of %ps and with a misalignment
of 2,5mm, predicts a standardverror in the fringe order of + 1 full
fringe at the blade tips. It can be seen from Eguation 5,18 that this
error inéreased linearly with radial position, thus the blade tips were

a worst-case,

7.2.2 Effects of Unsteadv Aerodynamics

Some biasing of the interference fringe distribution was produced
by unsteady aerodynamics and in particular by a moving intra-passage
shock, The magnitudé of that biasing was estimated, as is now described.
The change in the fringe order resulting from a movement of the shock

is given by the relationship,

A .
2 - 5, - ) 7.1

where AP is the change in the fringe order, due to shock movement
C is the Gladstone-Dale constant, which equals 2,24 x 1074 m3
Rg-l for air,

Aw is the total optical path length over which the shock moves

between exposures
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FIGURE 7-1 DIAGRAM OF MODEL USED TO CALCULATE ERRORS DUE TO UNSTEADY
AERODYNAMICS,
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A is the wavelength of light

Py and P, are the pre- and post-shock air densities, respectively.

A normal shock moving with an amplitude u, at the f1u£ter frequency w,
as gshown in Figure 7.1, was considered, For pulse separations, At,
which were short compared with the flutter cycle time, the maximum
shock movement occurring between exposures was thus wuAt, Therefore,

the maximum value of Aw is given by,

AW = 2wuAt sec(y) B 7.2
where Y is the blade stagger angle
and the factor 2 accounts for the double pass-optical sysiem.
Thus, from Equations 7.1 and 7.2 . o

A

An estimate of the change in the fringe order due to unsteady aero-
dynamics was made by substituting appropriate values into Fquation 7.3.
A change in fringe order of approximately 0.0l of a full fringe was
predicted for the following estimated tyvpical conditions: w = 4310

rad s-l, u = lmm, At = 2ps,y = 60°, (py = 1) = lKgm-3 and

A = O.69$um. Thus, it was concluded that errors due to unsteady

aerodynamics were typically insignificant.

7.3 Interpretation of the Interferograms Obtained Out of Flutter

As described in Chapter 6, a few holograms were recorded at fan
speeds just below the onset of unstalled flutter. An example of such
a holographic interferogram is shown in Figure 6,10, This interferogram

was recorded using a pulse separation of gps. Thig was longer than the
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separation used for study of the fan in flutter, thus giving a higher
sensitivity, TFigure 6.10 shows that out of unstalled flutter there

was vibrational activity. particularly along the leading edge and towards
the tip of the blades,

Analysis of the interferogram shown in Figure 6.10 revealed that the
peak fringe order wes epproximately 8. Thus, from Equation 3.,4. this
corresponds to a peak vibrational vélocity of approximately 0.3ms'1.

The nature of the fringe distribution shown in Figure 6,10,
suggests that the blades were vibrating in a random uncoupled fashion,
It also suggests that random flapping of blades and more localised
leading edge activity were common features., The ffequency of the
leading edge activity was estimated by comparison with interferograms of
the non-rotating fan obtained at knom vibrational frequencies. Figure
7.2 shows deuble rulsed holographic interfercgrams of the non-rotating
fan recorded at fesonant frequencies of 1,3%2kHz and 3.175kHz, using the
experimental techniague described in Chapter 3, The spatial length
between leading edge nodes is of the same order for the interferograms
shown in Figures 6.10 and 7.2. This, therefore, implies that the
vibrational frequencies were of the same order. Thus, the leading edge
vibrationel activity, shown in Figure 6,10, was at frequencies of a
few kHz, The random blade flap probably corresponded to somevhat lower
frequencies,

Supporting evidence for the above conclusions was obtained from
auto spectra of the strain gauge signals, The auto spectrum of a
strain gauge signal, recorded just below the onset of unstalled flutter
is shown in Figure 7.3. The strain gauge was positioned on the blade
centre-line, just outboard of the shroud, as indicated in Figure 7.3.
The auto spectrum shows that there was relatively high alternating

strain at frequencies up to approximately 6kHz where a cui-off occurred,




B818.7229
1, 332KHz

810.7228

3. 17SKHz

FIGURE 7.2 DOUBLE PULSED HOLOGRAPHIC INTERFEROGRAMS OF THE NON-ROTATING
FAN, RECORDED AT RESONANT FREQUENCIES OF 1.332KHz AND 3. 175KHz.
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There were some peaks in the autospectrum, varticularly below 2kHz,
but no one of these was dominant, Most of these peaks corresponded
to harmonics of the fan's rotational freguency (~ 160Hz), These
ocbservations are compatible with the hologram interpretation described
above,

Thus in summary, a low level vibration fhafing a.peak_velocity of
approximately 0.3ms'1, was observed at operating speeds below the onset
of unstalled flutter. This low level vibration was in the form of a
random uncoupled blade response, which was particularly 'lively' along
the blade leaQing edges, The main content of the vibration was at

frequencies up to approximately 6kHz,

T.4 Quantitative Analysis of the Interferograms

The interferograms were analysed to obtain the axial component of
the flutter vibrztion shape, with particular emphasis on determining the
spatial distribution and relative magnitudes of axial displacement and
torsion of the blades, The distribution of blade torsion and displacement
is important for modelling and prediction of the unstalled flutter
phenomenon, as described in Section 1.3.

The first stage of the analysis was to determine the fringe order
as a function of position, This was obtained by counting fringes from
the blade root and recognising any inversion of the fringe count
direction. The absolute deflections which occurred between the two laser
pulses were then calculated using the expressions given in‘Section 3.5,
which were used for analysis of the fan under non-rotating conditions,
Equations 3,4 and 3.10 were employed for determination of axial
deflection, b , and blade torsion, &« , respectively. For this case,
the angle between the illuminating and viewing directions was equal to

2erc, Thus Equations 3.4 and 3.10 reduced to,
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A

h = %— sec (tan'J'% Eq 7.4
where, P is the fringe order,
A 1is the wavelength of light,
r is the radial pesition of the measured point,
and d 1is the distance between the fan and the holographic system,
A aaec(tan'1 E
and @ = (PL - Pc) - ' - Eq 7.5
c ain (y)

vhere, P}J and PC are the fringe orders at the leading edge and centre
line, respectively.
¢ 1is the half chord length,

and Y 1is the stagger angle of the blade.

Absolute values of deflection were of little use, in themselves,
because they were a function of the laser pulse separation, 4t, which was
a meazsurement variable. Thus, Egquations 7.4 and 7.5 were used to
obtain values for'E%- and i%— which, for the short pulse separations
employed, were good approximations to the instantanecus axial velocity
and blade torsional velocity, respectively.

The analysis of the interferograms to obtain the radial distribution
of axial velocity was performed with the aid of a computer linked
television system, A photographic negative of each of the interferograms
was viewed using a video camera and the resultant imege was displayed on
a cathode rsy tube video screen, The blade tip, blade root and fringe
positions in the image field were defined by the operator. These data
were used by the computer system to define fringe positions in the fan's
coordinates and to calculate axial deflections using Zquation 7.4.

Distributions of blade torsion were obtained using & less automated
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approach. The distributions of PL - Pb were measured by hand from
large photographic prints of the interferogranms. These were then
converted to distributions of torsional velocity, i% , using Egquation

7.5, with the aid of a desk top computer,

7.5 TDetailed Analysis of a Selected Interferogram

7.5.1 Analysis and Results

A detailed analysis of the interferogram shown in Figure 6,9(c)
was performed., ~This particular hologram was recorded at a fan speed
of 9895rpm using a pulse separation of %ps. As described in Section
6.6, this hologram was recorded with an additional third laser pulse,
thus producing a low contrast fringe set which helped confirm. the fringe
order,

The interferogram was analysed to give the distribution of centre
line axial displacement and torsion, a, along two selected radial lines,
Also, the circumferential distributions of axial displacement and
torsion were obtained at three selected radial stations,

A photographic negative of the interferogram recorded from the
visugl display of the computer~television analysis system is shown in
Pigure .7.4. Superimposed on the interferogram is the fringe order
distribution along the centre-line of a blade (number 27) having minimsl
torsion at the tip. This fringe order distribution was used to compute
the centre line axial velocity as a function of radius, shown in Figure
Te5e A plot of blade torsional velocity as'a function of radial
position along blade 29 is showm in Figure 7.6. This blade was selected
because it had the identifying feature of minimal centre line displacement
at the tip. Plots of the circumferential distribution of torsiocnal and

centre-line axial velocity are shown in Figure 7.7. Thege circumfer-
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FIGURE 7.4 INTERFEROGRAM OF THE FLUTTERING FAN, RECORDED FROM THE VISUAL
DISPLAY OF THE ANALYSIS SYSTEM.
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FIGURE 7.5 MEASURED AXIAL VELOCITY ALONG THE CENTRE-LINE OF BLADE 27,
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ential distributions were obtained at radii corresponding to the tip,
shroud and a radius halfway between the two, The error bars in
Figure 7,5 and 7.7 represent the standard error in the measured values

due to misalignment effects,
7.5.2 Discussion

A single travelling coupled blade-disc mode having s sinusoidal
circumferential distribution of deflection is assumed by current
unstalled flutter modelling. The defleection distributions for the
forced 3D2F mode of the non-rotating test fan were verified as being
sinusoidal by the author, as described in Chapter 3. However, large
deviations from sinuscidal deflection distributions were observed on
the rotating flutiering fan, as shown in Figure 7.7. The circumferential
distributions of axial displacement and torsion at the shroud were sinu-
" soidal to a good appro¥ximation, but this was not the case outboard of
the shroud,

Similarly, there was considerable variance between the measured
radial distridbution of torsional velocity showm in Figure 7.6 and that
predicted for the pure 3D2F mode, The normelised messured radial
distritution of torsion, obtained from Figure 7.6, and the corresponding
prediction, obtained using the finite element model described in
Section 1.6, are shown in Figure 7.8. The measured down turn in torsion
towards the tip was not predicted. The normalised measured radial
distribution of axial velocity shovm in Figure 7.5 is compared with the
predicted distribution in Figure 7.9. In this case,there was good
agreement between measured and predicted deflections,

The extent of the variance between measurement and prediction,

obtained with this selected interferogran, was typical of the other
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interferograms recorded in flutter, However, the sizn and exact
form of the variance varied randomly from interferogram to interferogram,
On everage, the variance was most marked out board of the shroud,

In order to understand the above observations, the strain gauge
signals recorded in unstalled flutter were studied. An autospectrum
of such & signal is sho'm in Figure 7.10. It was obtaiﬁed from the
game gauge ags used for Figure 7.2. Comparison of Figures 7,2 and 7.10
showed that a strong peak appeared in the autospectrum at 686Hz in
unstalled flutter, This corresponded to the travelling 3D2F mode, -
The level on the autospectrum of the broadband strain associated with
the low-level vibration seen out of flutter ('operating vibration') did
rnot vary on the onset of unstélled flutter. Therefore, this suggested
that the random 'operating vibration! was present in unstalled flutter _
to the same extent as found out of unstalled flutter, i.e. with a peak
velocity of approximately 0.3ms~L,

Thus, it was concluded that the variance between the holographically
measured deflections in unstalled flutter and those predicted was due
primarily, to the superposition of deflections due to the random
'operating vibration'. At the shroud, the individual blade response
of the 'operating vibration' was preferentially inhibited by the
restraining effect of the shroud ring, and thus the deflections at the
shroud were predeminantly sinusoidal and due to unstalled flutter.

Thus, in summary. it was concluded that the shot to shot variations
in the normalised deflection shape obtained in unstalled flutter were
primarily due to the presence of random vibrations, Thege random
vibrations were at a.different frequency to, and unconnected with, the

unstalled flutter phenomenon,
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7.6 Technique for Averaging the Flutter Deflections

Ag described in the last section, deflections due to random
vibrations were superposed on the measured deflections due to unsialled
flutter, A reduction in these random perturbatims was sought in order
to allow comparison with the deflection shape predicted by finite
element calculation, This was achieved by averaging several inter-
ferograms. The deflections from individual interferograms were norm-
alised and then averaged so as to constructively add the deflections due
to unstalled flutter. The relative contribution due to random
vibfations was thus reduced,

Some means of normalisiﬁg the deflections was required because,
in general, the interferograms were recorded at different flutter
amplitude levels and at different phases within the flutter cycle. Tha
strain gauge signals provided a measure of the flutter amplitude and
phase, However, the timing of the laser pulses relative to the strain
gauge signals was not known, for the reasons described in Section 6.5,
Thus, it was not possible to use the strain gauge sigrals for normal-
isation, The circumferential distribution of axial displacement at
the shroud was sinusoidal to a good approximation, as seen in Figure T7.T.
This consistent feature was used to normalise the measured deflections
before averaging. In order to improve accuracy for the holographie
analysis of the non-rotating fan, the 3D Fourier component of displacemen
was used for normalisation, as is described in Section 3.5. However,
for these interferograms of the rotating fluttering fan, insufficient
measurement points were available to allow & discrete Fourier trans-
formation, Thus, in lieu of this option, a best sine wave was fitted

to the circumferential distribution of axial deflection at the shroud
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for each of the interferogranms. The fitting function was of the

following form,

h = 0 sin [%%2 (B + 8) ] Eq 7.6

where h 4is the axial displacement
D is the diametral number of the mede (3 in this case),
B is the blade number
0 1is the amplitude of the best-fit sine wave
and S 1is the apatial phase of the gest fit sine wave, measured

in blade numbers.

An iterative least squares fitting computer program was employed to
obtain values of 0 and S which vrovided a minimum standard deviation
of the measurement points from the fitting function. Thusg, a minimum

value to the following expression was obtained.
i=n
. 2D
h; - 0 sin [33 (Bi + S)]
i1

where hi and Bi are the individual mesasurements of axisl displacement

and blade number and n is the number of measurements.

The values of O and S obtained for a particular interferogram
were used to normalise all deflections obtained from that interferogram,
The normalisation was achieved as follows,
(a) The magnitude of the normalised deflection was obtained by dividing
the actual deflection by O, and
(b)  the normalised circumferential position was obtained by adding
S to the actual circumferential position,
Following this normalisation, the deflection data was in a form

such that data from all -the interferograms could be constructively combined,



T.7 Averaged Flutter Deflections and Comparison with Pinite

Element Prediction

Deflections obtained from the six interferograms shom in Figure
6.9 were normalised and constructively combined, A;eraged circum-
ferential distributions of torsion, a, ;nd axial centre-line
displacement, h, were obtained at radii of 3CTmm (the shroud), 365mm
and 424mm (the tip).

The measured distributions of axial displacement at the shroud
and the corresponding sine waves having the best least~sguares-fit are
shown in Figure 7.11 for the six interferograms, The values of 0 and S
obtained for the best-fit sine waves were used to normalise meagured
@ and h at radii of 307mm, 365mm and 424mm from all six interferograms.,

These normalised data were combined to give the plots of
normalised a and h at the three radii, ss showm in Figure 7.12. A best
gine wave was then fitted to these new combined sets of data. The
function defined by Equation 7.6 was fitted to the data points using
the same least squares fitting routine which was employed for normalis-
ation, The resultant best-fit sine waves are algso shown in Figure 7.12,
The.values of 0 and S which defined these gine waves were used to obtain
the relative amplitudes and spatial phases of torsion and axial displace-
ment at the three selected radii. The resultant values are given in
Table 7.1. The standard deviations of the normalised combined data
points from the best-fit sine waves were used to assess the likely
measurement errors, The calculated standard error associated with

each measurement is shown in Table T7,1.
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Radial
Pogition

Peflection Type

Holographically
Determined Valua

FE
Prediction

207 mm
(Shroud)

Normalised Axial
Displacement

Hormalised Torsion

Torsion/Axial
Displacement

1.00 /o° (&)
4.2(+0.1)/-80(:2)°
4.2(+0,1)/-80(+2)°

1.00 /o° (2)
4.7 '/-92°
4.7 /-92°

365mm

Normalised ixial
Displacement

Hormalised Torsion

Torsion/Axial
Digplacement

0.78(+.03) /9(+2)°

9.4(+0.5)/-109(+3)°

12,1(+0,7)/-118(+4)

Q

0.77 /4°
9.9 /-95°
12.9 /-99°

424mm
(Tip)

llormalised Axial
Displacement

Worralised Torsion
(Along Eade)

Torsion/Axial
Displacement (Along
Hade)

0-84(20.07)/172(24)°

12,6(+1.9)/-119(+8)°

15.0(2.5)/70(+9)°

0.94 /175°
16.8 /-116°

17.9 /+69°

footnote:

Table 7.1

(a) Obtained by definition of normalisation

Circumferential Distributions of Areraged Wormalised

Axizl Centre-line Displacement and Torsion for the

Flu*tering Fan,

The Corregsponding Finite Elemont

Predictions are zlso Presented
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The finite element prediction of normalised deflections,
corresponding to those measured, is also given in Table 7.1, The
FE prediction was for the 3D2F mode, obtained using the model described
in Section 1,6, The effects of centrifugal lead, aerodynamic load
and temperature distribution were included in this FE calculation.
The agreement between the measured and predicted deflections is fair,
In particular, the important ratio of torsion to axial displacement
shows reasonable agreement at the three radial stations, with variance
in amplitude and spatial phase of up to 1% and 19°, respectively.
The predicted natural frequency of the 3D2F mode at 10 000rpm was
695Hz which compares well with the measured flutter frequency of 686Hz,

The results given in this section are discugssed furtner in the

next chapter,
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CHAPTER 8

DISCUSSION, CONCLUSIONS AND

FUTURE DEVELOPMENTS

Summary of Chapter

The results of this study are discussed and the main conclusions
are drawn, Future developments of the holographic technique are also
discussed,

The experimental results were in agreement with the current
understanding of supersonic unstalled fan flutter. Many of the
assumptions employed in flutter prediction by calculation of unsiteady
work were experimentally verifisd, The particular finite element
model which was used to predict the exact form of the flutter mode, was _
showmn to give a shape which was in reasonable agreement with the
measured shape. FHowever, this particular finite element model had
some inadequacies, as was shown by measurements of the fan's vibrational
characteristics under non-rotating conditions, The experimental data on
the test fan, provided in this thesis, should aid the development of

improvements to the finite element model.

8.1 Introduction

In this final chapter of the thesis. the results of the study are
discussed, the main conclusions are dramm and future developments are
cut-lined, The results are discussed particularly with respect to the
initial aims of the study which are given in Section 1.5. The conclusions
are drawn under two headings: first, those concerning the flutter study

of the test fan, and second, those concerning the holographic technique,

8.2 Discussion of Results

The main initial aim of this study was to perform a detailed

measurement of the vibrational shave of a fan undergoing supersonic
unstalled flutter and use this data to evaluate the current understanding
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and modelling of the unstalled flutter phenomenon. With this ;n mind,
variocus aspects of the experimental resulis are now discussed.

One unexpected feature of the study was the high level of random
vibrations which were observed during normal operating conditions and
unstalled flutter. These random vibrations were unconnected with, and
at a different frequency to the unstalled flutiter phenomenon. Thus,
it was concluded, from the analysis of Section 1.3, that the onset of
unstalled flutter was unaffected by the presence of this 'operating
vibration',

One of éhe specific aims of the work was to study the flutter
vibration shape in detail as a function of the temporal flutter cycle.
This was prevented due to operational problems which wefe encountered,

as- is described in Section 6.5. However, the flpt?g;”vibrational

response was observed to be that of a coupled blade-disc mode. It was
seen that the orientation of the vibration shape varied from interferogram
to interferogram, ‘These observations were in agreement with the current
qnderstanding of unstalled flutter which predicts a rotating coupled
bvlade-disc mode.

A further specific aim of the study was to measure any deviation
of the actual flutter vibration shape from that of an axisymmetrical and
circumferentially'sinusoidal distribution, The random superposed
deflecﬁions of the 'operating vibration' masked, at most spatial positions,
any deviations of the unstalled flutter response from a sinuscidal
distribution. However at the shroud, the circumferential distribution
of axial deflection was sinusoidal to a good approximation, This was

the location which appeared least affected by the random vibrations due

_197_



to 'operating vibration', Thus, at this radial position, at least,
the deflection shape was sinusoidal, as is assqmed by current flutter
modelling,

The finite element model which was used to predict the exact form
of the flutter mode (3D2F) gave a mode shape which was in reasonable
agreement with the measured shape. Agreement wag particularly good with
respect to the ratio between torsion and axial displacement at the blade
tips (Table 7.1). This concurred with over-tip probe measurements
which had shown good agreement with the FE prediction on similar previous
fan tests,

Study of the fan under non-rotating conditions revealed that the
FE model had some inadequacies. In particular, there was poor agreemsnt
between the measured and predicted natural frequencies for the second
family coupled blade-disc modes, The experimental data profided bf éhis
study should aid development of improvements to the FE model.

Although inadequacy was detected in the specific finite element
nodel used for the test fan, the basic assumptions employed in the flutter
vibration shape prediction were experimentally verified to a large extent.
Thus, en improved finite element model, e,g, employing improved boundary
conditions at the blade-blade and blade-disc interfaces and more or
better elements, should be capable of accurately and reliably predicting
the unstalled flutter deflection shape, This together with accurate
understanding and modelling of the unsteady aerodynamics_shpu}ﬂ )
provide reliable prediction of unstalled flutter allowing improved aeroc
engine fan design.

8.3 Conclusions Concerning the Flutter Study

(a)  Detailed full: field measurements of the vibrational response of an
aero engine fan undergoing supersonic unstalled flutter were performed.
This is the first report of such detailed measurements, The measurements
were performed at high rotational speed (~ 10 000rpm) using pulsed

holographic- interferometry. The resultant holographic interferograms

were quantitatively analysed to obtain useful deflection data,
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(b) The study was confined to the detailed study of one test fan,
However, this rotor was typical of shrouded fans employed in modern,
high efficiency, high bypass ratio aero engines, and thus many of the

conclusions drawn from this study are likely to have wide applicability.

(¢c)  An unexpectedly high level of random uncoupled blade vibration
(-0.3ms'1) wag observed at normal fan operating conditions., This
random 'operating vibration', was also present during unstalled flutter
of the test fan, It had a response which was particularly lively along
the leading edge of the blades and outboard of the shroud, It was
deduced that this réndom vibration was broad band in frequency content
with response at frequencies up to approximately 6kHz, It was concluded

that it did not affect the onset of unstalled flutter,

(d) The response of the test fan in unstalled flutter was that of a
3D2F coupled blade-disc mode, The mode shape was rotating with respect
to the fan, This is in agreement with the current understanding of

supersonic unstalled fan flutter.

‘(e) Any asymmetry in the unstalled flutter shape was masked by
pertyrngions due to superposed 'operating vibration!', However, at the
shroué: where the effects of the 'operating vibration' were minimal,

the circumferential distribution of axial deflection was sinusoidal to-aA
good approximation, This is an assumption employed in the finite element
model of the test fan which was thus verified experimentally. This
assumption was further verified by holographic mode shape measurement of

the fan under non-rotating conditions.
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(f) Study of the non-rotating test fan using mechanical impedance
measurements revealed a measurable but very small degree of detuning.
Detuning resulted in a small frequency split between twin orthogonal modes.
(g) The holographically measured vibrational mode shapes of the
fluttering fan and of the fan under non-rotating conditions were compared
with those predicted by finite element calculation, The prediction was
in reasonable sgreement with the measured mode.shapea for the 3D2F mode.
However, doubt was cast on the over-all reliability and accuracy of the

FE model by comparison of the measured and predicted natural frequencies
for the 2D2F to 5D2F modes for the non-rotating fan., (Table 3.1).Pber'&peemgnt-
wag obtained, particularly for the 2D2F node, The development of
improvenents to the FLE model should be aided by the experimental data

provided by this study.

8.4 Conclusions Concerning the Holozraphic Technigue

(a) The application of holographic interferometry for the vibrational
study of aero engine fan flutter at high rotational speeds was demonstrated.
(b) The measurement system had a relatively high cost and complexity.
However, detailed quantitative meassurement of vibrational deflection was
successfully performed at all radii between the blade roots and tips, and
this was data which was not obtainable using simpler and more conventional
techniques,

(e} A mirror-Abbé image rotator was successfully employed in the
holographic systen. This provided minimal aberrations and prevented

any unwanted Fresnel back-reflections,

(d) The use of a rotating illuminating beam was demonstreted. This
allowed concentration of the available laser light into an off-axis
portion of the rotating fan and, when used in this mode, provided

operational advantages.
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(e) Errors due to misalignment and aerodynamic effects mare
guantified for this test fan. It was concluded that likely errors due
to aerodynenic effects were negligible,

(£) 'Open-lase! pulsed interferometry was a useful adjurct to
conventional double pulsed holography for mode shape messurement of the

non-rotating fan,

8.5 Future Developnents

The following improvementis are currently being made to the holographic
system,
(a) The optical system is being modified to incorporate a polarisation-

selective beam splitter,. This will increase the optical efficiency

of the system by a factor of nearly four, which will allow larger. . -- - -

areas of théroﬁjééfmﬁﬁ be illuminated.
(b) The thermoplastic camera is being replaced with_a.?ggpﬁely control;ed
55mm film trensport for use with conventional éilver halide film.
This modification will reduce the cost and conplexity of the
" measurement system.
(¢} A computer-controlled data logging system is being incorporated
to log all salient system parameters, This will make the system

eagier 10 use and one-man operation will be possible.

The above improvements should increase the efficiency and
reliability of the measurement system for future applications, These
improvements were not implemented for the flutter study described in
this thesis, as the system was congidered adequate for this first

major application,
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Future applications of the gystem may include study of
alternative fan flutter mechanisms, such as that of supersonic and
subsonic stalled flutter. Advanced sero engine fan designs, such as
‘the new generation of wide-chord fans, may exhibit vibrational
or flutter response, and, if so, this may be a further area of
application for the system, Similarly, the study of aircraft propeller
vibration is a potential future application. Ajircraft propulsion
using advancad turbine driven propellers is currently of great interest
because of its potential for high fuel efficiency. The holographic
system described in this thesis would be ideally suiteéd to propeller
studies, because the unique ro#ating illumination would allow matching

of the available laser light to the propeller gecmetry.
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APPENDIX 1

EXPERIMENTAL DETERMINATION OF HOLOGRAPHIC FRINGE VISIBILITY AS A

FUNCTITON OF OBJECT ROTATION

An experimental determination of fringe visibility as a function
of object rotation and aperture of the reconstruction system is
deseribed in this Appendix. This study was undertaken in order to
substéntiate the theoretical analysis described in Section 2.5,

Double exposure holographic interferograms were recorded of a
disc which was given a small in-plane rotation between exvosures,
The holograrvhic sensitivity vector was arranged to be directed
towards a point which was off.set a smzll amount from the disc's
axis of rotation. Thus, interference fringes. due to the disc _ -
rotation were produced, ‘The visibility, Y , of these interference
fringes was used %o check Equation 2.8,

The experimental configuration which was uszed is shown diagram-
atically in Pigure 4.1, Double exposure holograms were recorded
of an aluminium disc, of diameter 153.5mm, having a matt-white spray-
painted surface finish, The disc was mounted on a preecision rotational
stage, and it was rotated a known amount between the two holograrvhic
exposures, The angle of rotation was mezsured using a dial gauge
at a known radial station. An argon-ion laser, operating at a
wavelength of 0.514§pm, was employed to form the holograms, The
point illumination and centre of the holographic plate were positioned

on the disc's projected axis of rotation., This was achieved using

a 50% beam splitter, The holograms were recorded on
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FIGURE A.1 DIAGRAMS OF THE EXPERIMENTAL CONFIGURATION USED FOR THE
DETERMINATION OF FRINGE VISIBILITY FOR A ROTATED OBJECT.
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Agfa Gevaert BE56 photographic plates using an off-axis parallel
reference bean,

The processed holograms were illuminated, in tum,using a
reconstruction beam which was identical to the original reference beam,
The resultant virtual holographic images of the disc were photogréﬁhed
using a conventional camera employing a plano convex imaging lens placed
clese to the hologram and having a focal length of 160mm. The reconstr-
uction camera was positioned so as to be off-get from the projected
rotational axis of the disc., This resulted in the formation of a set of
approximately parallel and equispaced interference fringes in the holographic
image. Stopping of the reconstruction system was performed using one of
several circular apertures placed between the hologrem and the lens,
Phofoéraphiﬁ recénstfuctiﬁné were recorded from each hologram at several
gselected f-numbers,

Two holograms, Q1 and 02, were recorded, having angular rotations of
2,11 x 10~ radians and 1.06 x 10~ redians, respectively. [Examples of the
resultant reconstructed interferogrzms obtained from these two holograms
at several apertures are shown in Figures A.2 and 4,3. These interferograms
show a circular central region on the disc having high visibility fringes.
Outaranggii~having fringes of reducéd visibility can also be seen on many of
the interferograms. It can be geen that there is a phase reversal in the
interference fringes in the first annulus, The diameter of the central
high visibility region increased for an increase in the f-number of the
reconstruction system and for a decrease in the angle of rotation between
exposures, These qualitative observations were in complete agreement
with the theoretical analysis given in Section 2.5 and summarised in
Equation 2.8.

The radial positions of the annuli of zero fringe visibility were

then used to make a quantitative comparison with the theoretical prediction.
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FIGURE A.2 PHOTOGRAPHIC RECONSTRUCTIONS OF HOLOGRAM B1 OBTAINED AT
FOUR DIFFERENT f-NUMBERS,
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FIGURE A.3 PHOTOGRAPHIC RECONSTRUCTIONS FROM HOLOGRAM B2 DBTAINED AT
FOUR DIFFERENT f-NUMBERS.

- 216 -



The zeros of ) predicted from Fguation 2.8 oceur at J ﬂLrAG/ido) = 0,

1

Thus, the predicted first zero occurs at a radius, Tys given by

A4

o =
rlAB = 1,22 1 Eg 4,1

Similarly, the predicted second zero occurs at a radius, rse given by

ad
r,48 = 2,23 7> Eq 4,2
In total, 11 photogravhic interferograns were recorded from the two
holograms at various reconstruction apertures, Measurements were
made to allow comparison of experimentally determined wvalues of rlAG
and r2A3 with those predicted from Equation 2.8, These measurements are

" summarised in Tzble A,1, The measured values of ridé'.and r.A0 are

Ad 2
shomn plotted against —IE in Figure A.4. The s0lid lines represent
. ~d
the theoretical relationship between rAf§ and —ig‘. Thus, it can be seen

from Figure A.4, that there was reasonable agreement between the measured
positions of zero fringe visibility and those predicted by Equation 2.8,
The mean experimental values of rlae,/g:;2) and 1,48 /étgg) were 1,13+ ,03
end 2,16 + .06, respectively. These compared with the theoretically
predicted wvalues of 1,22 and 2.23, respectively, Thus, there was a
small variance between experimental and theoretical values, particularly
in the value of r1A9 /(E;Q). This was possibly due to lens aberrations
resulting in a small deviation from the diffraction limited impulse
response of the lens,

In summary, the experimental work described in this appendix
verified Equation 2,8 to the accuracy required for this study of fan

flutter,
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ingle of rot- [Diameter of Approxinate Ado (a) rlbﬂl rzﬁﬂl
Hologram |ation, 49 - circular aper- |Reconstruction | ;== = - 'ri‘(mm)‘ r2'(mm)' riAG"gum) r2A99um)' 3 Xq
(radians) ture (mm) syatem fenumber| ~(um) o o

115.93 10 25,03 13,2 (b) 27.9 (b) 1.12 (0)

11.33 14 35.19 17.9 35.0 37.8 74.1 1.08 2.10

8.4 19 47.47 25.6 52.4 54.2 | 110.8 1.14 2.34

01 2.12 x 1077 8.19 20 48.69 25,2 50.2 53.4 | 106,2 1,10 | 2.18

5.59 29 71.33 38.7 (v) 8l.9 {v) 1.15 ()

5.2 31° 76.68 43.4 () 91.9 (v) . 1,20 (v)

3.96 40 117.62 58 {v) 122.7 (b) 1,22 (v)

15.93 10 25.03 26.4 49.8 27.9 52,7 1,12 2,10

_3 11.33 14 35.19 35.1 68.7 37.1 72.7 1.05 2.06

02 1.06 x 10 -
' 8.19 20 48,69 52,2 {v) 55,2 (b) 1.13 (v)
5.59 29 71.33 (v) (v) (v) (v) (b) " (v)

Footnotes {a) Obtained from the aportura diameter, the aperture to object distance of 775mm and A = 0.5143#m.

TABLE A.1

(b) Experimental data was not obtained.

Summary of Measuremente Obtained for the 11 Photographio Reconstructions.
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BOLOGRAPHIC VIBRATION MEASUREMENT OF A ROTATING
FLUTTERING FAN

Philip A Storey® ’
Advanced Research Laboratory

Bolla-Royce Lid,

Derby, England

Abstract

The use of holographic interfercmetry %o deter-
lne the deflection shape of a rotating aero engine
in undergoing unstalled supersonic flutter is :
sacribed. A mirror-Abbé image rotater was
rployed in a double pulse holographic system to
mpensate for the fan's rotational motion and thus
vintain correlatien between the two resultant
ylographic images., The mirror-ibbé unit beth
ytated the illuminating beam and derotated the
lght returned from the rotating fan., Helographic
1terferograma were recorded of a 0.86m dizmeter
\t rotating at speeds just under 10000 rpm and
Wdergoing unstalled flutter, The awmplitude apd
atial distribtution of blade torsion and axial
ymding on the fluttering fan are cbtained from the
xlograms.  Errors due to misalignment of the
ratem and unateady aerodynamics are discussed.

Introduction

Aeroelastic ingtability is often a comstraint
1 the design of modern high by-pass raiio aerc
wgines. Unstalled supersonic flutter is an
15tability which can be encountered in clappered.
shrouded) fans, in which mechanical vibrations
ive rigse to unsteady aerodymamic forces which
yuple further energy into the mechan{cal vibr-
:ion,. This phenomenon is particularly sensitive
> the deflection shape of the mechanical vibr-
tion.. Successful computation of the flutter
1get conditions is similarly sensitive to this
aflection shape. This paper describes the first
sported use of holographic interferometry to
ytermine the deflection shape of a rotating fan
udergoing unstalled filutter.

Conventicnal measuring techniques, mueh as
‘rain~gauges and accelercmeters attached to the
in blades and over=tip proximity tranaducers
vused in the fan casing, provide information
wut the deflection shape of a rotating fluttering
n at only a limited number of pesitions, BHolo-
aphic interferometry allows the determination of
1 object's vibration deflection over its full
.8ible surface. This feature bhas lead %o the
e. of the  technique for modal analysis of non=
tating bladed=disc. assembliesle?,

The ugse of holographic interfercmetry to study
e vibration of rotating structures often requires
me form of rotation compensation. In the cass
' double exposure holography, this is a reguire-
nt where the rotatlonal movement is greater than
le mean speckle size in the holographic image,
herwise deccrrelation between the two images
rsults in loss of fringe visibility.

1982 by Rolls-Eoyce Lid,

%esm Scientist

‘- Histerically, several methods have:boen proposed
and tested to prevent image decorrelation dume to
object rotation, and they fall into three basic
categories., The first category conaists of
tachniques in which two states of the object
having the same angular position are compared
interfercmetrically. Several reports have been
made in which a rotating object has been compared
holographically with its statice state3»lt, These
techniques are limited to measurement of only small
deflactions, typically much less than 100um, and
are thus not suitable for determinmation of the much
larger deformations found {n wnstalled fan flutter.
The second approach is that of rotating the holo-
graphic recording material at the same speed as the
objeet, This is achieved by attaching the record-
ing film or plate to the objects-s or alternatively
could be achieved by rotating it using a separats
shaft?.. Both alternmatives are fraught with
practical difficulties for remote rig runmning.

The third approach is to use an image Totator,.
synchronised to half the speed of the rotating
object, to optically compensate for its zotion8-16.
The third method iz the most easily applied tc an
aero engine fan in a test facility envirormment,

and this {s the apprcach adopted by the authoer for
fan flutter meagurements, A reviev of this
subject is given by MacBainl7.

This paper describes the design and special
features of a holographic system employing a
mirror-Abbé@ image rotator for measuring the axial
component of vibrationm of a rotating fan, The
uss of the system to obtain holographic interfero-—
grama of a. fluttering fan and the analysis of
those interferograns is described., Some aample
results wvhich quantify the distritmiion of the
axial deflection of the Tluttering fan are the
presented. .

Image Hotator

Most image rotators fall "into one of two categor-
jen18, either transmissive or reflective. Holo-
graphic systems employing both types have been
reported, Stetson’s pioneering mtemaﬂ used a
transmissive folded—Abbé rotator., This is the
only previocusly reported holographic syetem which
has been applied to the measurement of vibration
of rotating aero engine fans, Interferograms,
obtained with this system, of a 0.8t m diameter
fan operating at speeds up to 7500 rpm were
reported, More recently, a reflective Porro
prism rotator haos been used by Beeck, Fagan and
Ereitlow!5s16 in a holographic system for
neasurements on a 0,43 m diapeter automobile
cooling fan at reported speeds up to 2850 rpm.
This system has also been used on a 0.25 m
diameter disc at speeds up to 13000 rpm.




The author decided upon a tranamissive image
rotator because this simplified the holographic
system and minimised the required rumber of passes
of the object beam through a beam splitter, thus
also minimising the attendent loss of light. A
mirror-Abbd rotator configuration, as shown in
Figure 1, was chosen, This is the simplest

OFF-AX1S MIRRGR

AXIS OF
ROTATION

e e ns

T¥D ON-AXIS HIRRORS ON SURFACES
OF A GLASS PRISM,

Diagram of the mirror Abb&
image rotator

Figure 1

collinear transmissive rotator, having the whole of
the optical path in air, thus making the rotator
free from unwanted back-reflections and aberrations.
These features together with the use of dielectric
mirror coatings allow rotation of the high inten-
aity illumirating beam as well as derotation of the
returned aeatte;ed light from the fan. The

ability to rotate the illuminating beam increases ... .

the. versatility of the holographic system as
described in the following section. The mirror-
Abbé configuration does have a high inertia due to
its off-axis mirrer, thus making very high speed
operation difficult. However, a 27mm aperture
unit capable of operation at object speeds up to
12000 rpm has been built, as described below,

This speed capability is adequate for most aero
engine fan applications.

The mirror-Abbé optics are formed from two
optical slements; a glass prism forms the two on-
axis mirrors and a separate off-axis mirror ia used,
These are mounted in a steel housing which is held
on the axis of a modified Vatric-Mavilor 600 d.c.
motor. This has a light ironless dish-shaped
armature which gives low inertia, near constant
torque from rest to high speeds and a high power
to length ratio. The motor was modified to
produce a hollew shaft of 30mm internal diameter,
A section through the image rotator is shown in
Pigure 2, The rotor assembly is supporied in
externally pressurised air bearings; two journal
bearings and a double-acting thrust bearing. Ailr
bearinga are used because of their good centering
properties, smooth running and low vibrationm.

An optical tachometer is incorporated which
provides 120 pulses per revolution (ppr) and 1ppr
outputs, This rigid rotor assembly was dynamic-
ally balanced at high speed using accelerometers

in two planes and an influence coefficient
method 19, A photograph of the unit is shown in
Figure 3.

The image rotator is synchronised at half the
object speed using a phase-locked locp control
system, which enables the rotator to follow
fluctuations in object speed, A simplified block
diagram of the control system 1s shown in Figure kL.
The phase comparator compares the phase of a -
60ppr tachometer signal from the cbject with that
of the 120ppr signal from the rotator, and gives
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Filgure 2 Diagram Showing a section

through the image rotator

Pigure 3 Photograph of the mirror-Abbé

. image rotator
an output which is a measure of the phase differ-
ence between these two inputa, This difference
signal is filtered, amplified and then used to
drive the motor. The motor control voltage
changes the motor speed in a direction which
reduces the phass difference between the two tacho-
meter signala, When the loop is 'locked', the
motor control voltage is such that for every object
tachometer pulse there 18 one, and only one, tacho-
meter pulse from the rotator, thus ensuring that
the rotator is maintained at exactly half the speed
of the object.

During the acquisition of 'lock' there are
large voltage swinga at the output of the phase
comparator, Thus, saturation of the amplifier is
prevented by using a low amplifier gain during
"lock' acquisition, Onece 'lock' has been obtained,
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 gain of the amplifisr 1s automatically
reased a0 as to maximise the speed range over
ch ‘lock’ can be held {hold range).

The filter vas deaigned to produce a control
p baving second ordexr characteristics and lag-
d .compensation. This allowed the independsnt
ection of loop gain, bandwidth and damping, thus
ducing a control system having a reasonabls
cking range, a bandwidth sufficient to follow
| speed {luctuations, gooed {ransient response and
d noise rejection properties, The tracking
formance of the control asystem, together with a
ary of the mechanical and optical character=
ica of the rotator is given in Table 1.

'able 1 Summary of the mechanical, optical and
control characteristica of the mtater

Puanoto.r Yalue
[aximum object speed 12000 rpm
lptical f- rumber T.2
lptical aperture diameter 27 ma
01d range * 800 rpa

[arimom peak to peak variation in

bject speed at 1Hz before drop

ut ® 300 rpm
far{mm peak to peak variation in

ybject apeed at 10Hz before drop

rat 0 150 rmm

1. Hold range is the range of fan speed over
which lock is msintained, having once set a
cenirs speed.

e Thexe figures show the éapab.‘..lity of the
contrel system to maintain 'lock’ vhen prese
ented with a simsoidally varying fan speed,

E’olomh.te Syastem

A diagram of the optical systes is shown in
Plgure 5. The image rotater both rotates the
illuminating object beam and derotates the light
scattered from the fan before 1t Is relayed onto
the hologram recording plans, This overcomsa the
decorrelation betveen the twe holographic images
which would otherwise be present. The use of
rotating illuniration relaxes the tolerance on the
apatial quality and aligmment of the illuainating
beam and even allows the uge of diffuse illumine
ation, It allows the available laser light to de
concentrated into an off-axis poaition of the fan,
and vhen used in this mode, there is the operat=
{onal convenience of being able to rotate the
illuminated area on the fan by aimply phase locking
the image rotator at a different orientation with
raspect to the fan. Additionally, it ensures that
the direction of polarisation of the object light
at the hologram recording plane does not change
hetween exposures,

HOLOGRAM
RELCROING

. KEY ]

8BS BEAM SPLITTER

QAM QUTPUT AL IGNMENT
MIRRORS

- - NEGATIVE LENS
#, POSITIVE LENS
0  WEAK DIFFUSER

Pigure 5 Diagram of the holographic system

T™e viewing and {1lumination are from a point
on the fans prujected rotational axis, thus ensur—
ing that the holographic semsitivity vector is
orthogonal to the fan rotation, This prevents
unwanted optical path-length variation due to fan
rotation, vhich would produce distorting bias
fringea in the resultant holograchic interfercvgram,
The need for othogomality of the sensitivity
vector and the fans rotation, limits the technique
to the measurement of only the axial component of
fan vibratior., The fine adjustment of the
optical system relative tog the fan's rotational

‘axis is performed using two alignment mirrors,

positioned between the image rotator and the fan,

Apart from the above features, the optical
confignration is that of a conventional double
pulse holographic system, A Qeuswitched pulsed
ruby laser giving up to 0.5J in two 2518 duration
palses ia used. Ths pulas separaticn is variable
frea 2uS to several bundred microgeconds, The
laser operates at a wavelength of 0,5%um and
reliably produces a ¢oherence length in excesa of
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Tm, which corresponds to no meore than twe
{jacent longitudinal mdeszo. This coherence is
lequate for the gensration of holograms of fans
tich are several metres in diameter.

The laser cutput is divided 'at a wedged bean-
sdlitter where L¥ of the light is reflected to
oduces a reference beam. The majority of the
ight forms the object beam. This is projected
wough the image rotator onto the fan using
|lumination optics and a S50% beamsplitter, Where
large angle of illumination, approaching the faull
1igle of view of the image rotator, is required,

12 illumination optics consist of a diverging
ma, a weak diffuser and a converging lens, as
iown in Figure 5. The two lenses focus the heam
ifthin the rotator, and the diffuser prevents air
reakdown by reducing the beam intensity at the
»eus, When a smaller angle of illumination ia
squired, such as when the available light 1ia
meentrated into an off-axis portion of the fan,
ae illumiration opticas simply <onsiat of a
egative lens which diverges the beam through the
stator onto the fan,

The hologram 1s recozded using either thermo-
lastic film or a conventional silver balide film
uch as Agfa 10E7S., ‘The thermoplastic recording
8 performed using a Rottenkolber camera, model
8B100 and film type P00, The use of thermo—
lastic film allows the holographic interferogram
o be viewed remotely only a few seconds after
ecording. This is achieved by employing a video
amera to view the holographic image and a recon—
truction system using a helium-neon laser and
emotely operable shmtter, .

The relay optics between the image rotateor and
he hologram recerding film are used to maich the
ngular spread of the returned light to the spatial
requency characteristics of the film, thus maxim=
aing the emergy density at the film. ¥None of
he spherical coptics, elther associated with fan
llumination or relaying the image to the film,
ppear on the same side of the rotator as the fan,
g this would have demanded fine mamafacturing and
ogitional tolerances of any auch components.

A triggering system is used which enpures that
he laser pulses occur at a coincidence of aelected
ointa in the fank rotational cycle and the vibra-
ional cycle., A fan once per revolution signal
nd the output from a strain-gauge on the fan are
sed as inputs to the triggering system, The
riggering system not only provides a pulse which
—-gwitches the laser at the required coincidence,
ut it also predicts this coincidence, approxi-
ately 1mS before it occurs, and provides a pulse.
nich fires the laser flash-tubes, This predic-
lon is performed assuming constant rotational
vlocity and vibratlon frequency.

The holograrhic syatem ls housed in a compact
vo tier frame, having the ruby laser mcunted ¢n
he lower level and the rest of the optical system
wunted on the upper level, The complete frame
3 mounted on screw=jacks, thus providing a coarse
ertical ad justment on the position of the optical
xis of the systems. The approximate size of the
nit is 1.3m long, 1m wide and 1,2m high,

Aligmment Procedure

The fan's projected axis mmat pasa through the
centre of the rotator aperture, in order to prevent
unwanted bias fringes on the resultant interfero=
gram dus to fan rotation., This fine aligmment is
verformed using two output alignment mirrors, The
relative angle between the fan and rotator axes is
chapged by adjustment of two orthogonmal tilt
controls, and the relative displacement between
these axes is adjusted by meana of vertical and
horizontal displacement controls. The optical
axis of the rotator is made closely collinear with
the rotational axia of the fan, as determined at
very low speed. This aligmment is performed as
follpws, using the configuration shown schematic=
ally in Pigure 6,

IMAGE

FAN
- ROTATOR
8- 3
s T c
AL — P
‘QUTRU '
ALJGNMENT
MIRRORS
Figu.r; & Diagram "e—!;‘owing configuration

used for aligrment

(i} A alightly converging helium-neon laser beam
is aligned to the optical axis of the spimmiag
rotator by adjustment of mirrors, A and B. This
is achieved when the loci defined by the rotating
beam in the near and far field of the output of the
rotator are aspots of minimum diameter.

(ii) A small adjustable mirror, €, attached to
the centre of the fan is aligned so as to be normal
to the fan's rotational axis. This ia obtained by
moritoring the locus of a reflected laser beam at
a distant screen when the fan is slowly rotated
by hand,

{11i) The cutput aligmment wmirrors are then
adjusted such that the beam aligned to the axis of
the rotator is incident on the centre of the fan
and is collinear with the resultant reflected beam.

(iv) fThe mirrors A, B and C are then removed and
the holographic system is reassembled.

Following this procegn.re. the projected fan axis
is typically within = 3om of the centre of the
rotator apertures,

Laboratory Trials

The holographic system was used to record
interferograms of a 0.56 m (22 inch) diameter
clappered fan. The fan was rotated i a vacuum
chamber and viewed through a large glass window,
Individual modes of vibration of the fan could be
excited nsing plezo=electric crystal exciters
which were attached to the fan blades and powered
via a slip ring unit, This fan rig proved to be
an excellent laboratory facility for development
of the holographic system and an example of the
interferograms obtained is shown in Figure 7.
Thig wan recorded using a pulse separation of 18uS
and with the fan rotating at L12Srpm and vibrating
predominantly in a second family assembly mode
having two diametral nodes (2D2F),
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Thwa-holographic wntt~war womnted—om-ax{s, 6 a
in front of the fan, as shown !n Pigure 3. The
available laser light vas directsd onte approxi-~
mately one quarter of the area of the fan, so as to
increagse the object beam intensity at the holograam
recording plane, Holograms vere rTecorded on Agfa
Gavaert i0E75 film uaing a remotely operated film
traneport system. It vas originally intended to
use thermoplastic film, which wvould have allowed
remote viewing of the interferograms, but unfort-
unately a fanlt developed in this systea during the
early stages of the test, The reaference beam waa
folded within the two-tier optice unit o give an
aptical path of 12m, thus path matching the object
bean, Full remcte control of the syatem was
employed including centrol of all the lopartant
laser parameters, the image rotator and the film
transport, Up to 70 holograms wvere recorded
befores a film change becams necessary.

Approximately 100 usaful holograma were
obtained doring 6 hours of runnfng over a 2 day
period. The majority of thess ware recorded with
the fan in steady unstalled flutter, at apeeds juat
Pigure 7 Interferogram of fan rotating at below 10000 rpm and with a flutter frequency of

4125 rpm and vibrating predominantly 686Hz. Holograms were recorded at selected fan
in a 2D2F mode

Investization of a Fluttering Fan

The holographic system was used to measure the
axial vibration shape of a fan undergoing super=-
sonic unstalled flutter. The fan waa 0.86 a (3h
inches) in diameter and was installed in an air-
turbine drives compressor test rig., The test rig
had a variable chocke core secticn and a separate
bvy-pass section, A flared intake, open to the
atmosphere, was employed for these meagurements,
The inatrumentation included strain-gauges on six
of the fan blades. The fan was sprayed with
retro-reflective paint Iln order greatly to increase
the light returned to the holographic syatem,

Interferogram of the fluttering fan,
obtained at a fan speed of 5850 rpm

Pigure 8§ Fhotograph of the holographic syatem
acunted in the compressor teat facility Pigure 10 Interferogram of the fluttering fan,
prior to taking meagurementa in flutter cbtained at a fan speed of J8E6 rpm
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Interferogram of the fan, at
a speed of 966) rpm, juat
below the conset of flutter

Plgars 11

ientations and alternating stress levels and at
ricus phasges in the flutter cycle. The inter—
rograms showed the fan to be fluttering with a
2P wo%e shape with a peak velocity of the order
ima~'. Two examples of ths interferogranma
corded in flutter are shown in Pigures 9 and 10.
ey were recorded at fan apeeds of 9890 and 9886
m, Tespectively, using a pulse separation of 2u3.
e holograms were recorded at approximately the
me fan orientation, but at different phases with
apect to the flutter cycle, The change in the
reumferential orientation of the fringe patterm
owa ths travelling natunre of the f{lutter vibr-
ion. A fev interfarograms were recorded at fan
seds just below the onget of flutter. An example
shown in Figure 11, which wvas recorded at a fan
eed of 9664 rpm and with a pulse separation of
S, It can be seen that out of unstalled flutter
ere ia significant vibrational activity of
dividual blades, particularly at the leading-edge,
th vibrational velocities of the order of O.3ms~ .
sinilar individual blade respcnse superimpcsed on
e 3ID2P mode shape can be seen on many of the
terferograms recorded in flutter.

The holographic results wers obtained with the
r operating with a wide-open bypasa
rottle to give the lowest flutter speed. The
e of retro-reflecting paint affected the aero—
namic and flutter performance of the fan. The
tal flow and the flutter onset were reduced by
% and 6%, respectively. This is likely to be
e to an increase in the blade surface roughness
om approximately 30 to 250 4 inches CLA and a
jekening of the leading-edge of the blades, as a
sult of the application of the paint. ©Even
ough there wvas a significant change in the fan
aracteristics, the holographic measurements are
" use for comparisoa with the predicted mods
ape, as determined by f{inite element techniques
d for study of the fundamentala of the flutter
vcess,

Eatimate of Errors in Pringe Position’

In addition to tkhe errors present in conven-—
enal holographic interferometry, such aa those
curred in deteraining the precise position of a
inge and its order, there are two further sources
" error worthy of consideration for the case of a
tating fan under aerodynamic lcad. These

- Adl6-

pourcas of error are discussed hesre, First the
effects of mimalignment of the holographic system
relative to the rotational axis of the fan are
quantified, and second the path-length changes due
to unsteady aerodynamics are considered.

The holographic sysatem ia optically aligned
vhen the projected fan's axis passea through the
centre of the {mage rotator apertures. At this
condition, the holographic sensitivity vector is
perpendicular to the fan® dirsction of rotatien at
all points, and thus no bilasing of the interference
fringes occurs dus to rotation. When this is not
the caae, the fringe order at each point on the fan
is modified according to tha relationship

rpxq)'

vhere, » ig the change in the {ringe order at a
point p on the fan due to misaligmment,

a = %%? (xpyQ (1)

A is the wvavelength of light,
A8 is the angle of rotation occcuring between
exposures,
1 is the distance between the rotator and
point p, :
x_ and yp are the coordinates of a point p on
? the fan
and 1, and yg are coordinates of a point Q on the

rotator axis as defined in Figure 12,
b

® Qixg. o+ 2g)
POINT GN ROTATCR AXIS

Pigure 12 Diagram showlng the
gecmetrtcal configuration used for
the calculation of bias fringes

The above relationship {a derived in the Appendix
for peoint fllumination and observation at the peint
Q on the image rotator axis. For the case vhere
the fan to image rotator distance is large compared
with the fan radius, 1 ia approximately constant
for all pointas on the fan and the change in the
fringe Aistribution can be approximated by a set of
parallel equispaced bias fringes.

T™e likely errors in the flutier zeasurements
due *o misaligzrment are now considered. When
installing the holographic system it vas estimated
that the centre of the image rotator apertures was
aligned to within I 3mm of the projected axia of
the gtatle fan, Prior measurementa suggested



t movement of the fan's axis betwsen static and
1 apeed conditions was x:inimal compared with the
tallation error. Thus, by subatituting into
ation 1 the appropriate valuea for holograms
orded at a fan speed of 10000 rpum, a vulase
aration of 245 and with a lzm misaligrment, the
igum error in the fringe order is determined aas
froll fringes. This worat error condition

1ld occur at the tipa of two diametrically

osite blades.

Unateady aerodyrnamica, and in particmlar a

ing intra-passage shock, will produce scme bias—
' of the interference fringe distzibution, The
nitude of that bianing is now eatimated. The
nge in the fringe order resalting from a movement
the ahock is given by the relatiomship,

AP = (o, = 54} (2)

re, AF is the change in the fringe crder, due to

shoek sovement,

C is the Gladstone-Dale constant, which
equals 2.24 z 10=6 m3 2g=! for air,

d is the total optical path length over

which the skeck moves betweaen exposures,

is the wavelength of light,

ard 5y are the pro— and poat-shock alr

densities, respectively.

A
and pq

iormal shock movizg with an amplitude a, at the
itter frequency &, as shown in Pigure 13, ias
isidered, For pulse separations, At, which are
1Tt compared with the flutter cycle tizs, the
:imum shock movement cccurring between exposures
thus waAt. Thus, the maximm value of 4 is
ren by

d = 2uwaAt sec (3) (3)
re, 3 i3 the blade stiugger angle,
.| the factor 2 has been included because we hava

louble pass optical system. Thus {rom
aticns 2 and 3 we obtain,

2C waAt sec(3) (pz - p.')
A

eatimate of the change in the fringe order due
unsteady aerodynamics can aow be made by
ystituting appropriate values into Equation L.
hange in the fringe order of approximately 0.01
a full fringe is predicted for the following

(L)

- TRALLING
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ROTATICN

LEAQING

Tvo
SHOCK POSITICKS § [-LUMINATICN

NG VIEWING
SEPARATED Y | coom an-axIS
Tivg AH

Diagram of model used to calculate
errers due to unateady aerodyrnamics

lzure 13

=217

eatimated typical conditiona; o = 4310 m.g"’.
a=im, t = 223, 5§ = 607, (pz_-n1) = 1kgm™? and
A= Q,59ym. -

Thus, careful alignment of the holographic
syatem relative to the rotatiocnal axis of the fan
is very important in order %o aminimise the errore
in the resultant deflection data. Errora due to
unsteady asrvdynamics are typically much ssmaller,

Juantitative ipalysis of the Interferozrams

The interfercgrame vere analysed %o ohtain the
axial cemponment of the flutter vibration shape,
with particular emphasis on deteraining ‘he spatial
distribution and relative nagnitudes of axial dis-—
placement and torsion of the blades, The distri-
tmtion of blade %torsion and displacement ia
important for modelling and prediction of the
unstalled flutter phencmenon. The aralysis wvas
performed with the aid of a computer linked tele—
vision system wvhich was used to define {ringe
positions relative to the fan coordinates and then
calculate a deflection ghape, The fringe order
vas determined by incrementing or decremanting, as
appropriate, from the blade root and recognising
anmy inversion in the fringe count direction. An

- additional low contrast, widely spaced fringe-sst

was present on some of the interferograms, This
unexpected but useful feature was due o the
presence during the recording of the helogram of a
third laser pulse of low energy, vhich cccurred a
few hundred oS after one of the tvo =main pulses.
When present, this additional fringe-set helped to
confirm the fringe order.

The absolute axial displacemsut which occurred
between the two laser pulses at a point is calcul-
able from the interferograms, by asguming that
there is zero radial povement and uaing the
relationship,

7el@. D

wvhere, P is the fringe order,
L is the displacement vector,
apd K ia the holographic sensitivity vector,
having magnitude _2;.

(5)

Consideration of the geometry leads to tke scalar
relationship,
(6)

A =

5 sec (t:an'1 f)
vhers, A 1s the axial displacement which occurred
between holographic sxposures,

A 1s the wavelength of light,
r is the radius of the point on the fan
urder consideration,
and g i{g the distance between the fan and the
holographic system,

A oeasure of blade torsion, T, is obtaired by
calealation of *the angle vhich a point on the
leading edge rotates relativa to the centre-line,
This ig given by,

L 2y - k)
“s1n{3) ¢

where iy and ip are the axial displacements
cbtained at the leadipg-edge ard centre-
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lipe, respectively, using Equation 6, B15/83 9353 829

5 ia the stagger angle of the blade, . - . . - . .
¢ is tke bdlade chord length, a
. these are, generally, all variables of radial
ition, .
. &a 3 o
By way of illustration, plots of blade torsioen, ~
and axial displacement, A, obtained from one 3
ierfarogram are presented, This particular 3 ol a
.08Tam was recorded at a fan speed of 5895 rpm 3 a
ng a palse separation of 2uS. A photographic g c
ative of the interferogram recorded f{rom the 2 o
rual display of the ccmputer~television analysia 2| o o 4
ttem is shown {n Pigure 1, Superimposed on ca20?®
ia interfervgram is the fringe distribution along °
? centre-line of a blade {mumbar 27) having
uizmal torsion at the tip. This fringe distri- e s 755 5 5 = a5
tion was used to compute the plot of centrs-line RADIAL POSITION (am)
lal displacement as a function of radius, shown
Pigare 15, A plot is shown in Flgure 16 of Figure 16 Meagured torsion as a function of
wde torsiom as a function of radial position i radiua for a blade havipg ainimal
yng the bladae 29, which was selecied because it axial displacezent at tip
3 minimal centre-line displacement at the tip.
»Te 1s considerable deviation in thia plot of 3 RAOIUS: 424ma (T1P)
rsion from the expected distribution for the e 0 T a0 T 58
?F mode, Plotas of the circumferential distri- 3 ’ Q. E
tion of torsion and centre-line axial displace— E . 1
at, at three radii, are shown in Pigure 17, a: - E 2
sse plota also shov acme deviation {rom the sirma- £ .
idal distribution of torsion and bending which 1 [ | [ ;
-3 L ! 1 L i i s ‘ -5@
23 25 27 29 31
T v 5 - . BLADE NUMBER
U A A A T 3 RAOIYS: 36%mm
X N 2 F . T r r ——g 0
5 N i 3
g | { i 5
= at [ . =) 2 ~
5 b Ly i3
= E a [ b4}
a 3 a =]
- "3 e 1 L | ] L i ] A -£3 T—
= 23 25 a7 29 3t
=. . BLADE NUMAER
RAQJUSs J87mw (CLAPPER)
3 3 i T > T T T sa
] [ I 3
. ; = % e 3 ) g © E
gare 1li Interferogram of the fluttering fan, gt ! o o -
recorded from the visual display of a : T
the aralygis system E g |
- t
-3k 1 1 I3 ! 1 1 . . -5
615/63 2353 827 CENTRE-L, INE- 23 25 27 29 3!
zs ‘ US— ; Y BLADE NUMBER
l [ Pigare 1T Plots showing the circumferential
[ | [I digtribution of torsien (0) and
[ l ' l l[[ ] ceptre~line axial displacement (I)
4 I l [ [I ] would be expected, Thisa is due to respcose of the
[ h blades in their individual modes of vibrationm, in
a9 ! addition to the JD2P assembly mode. FHowever, from

1 Il b Figure 17, estimates of the spatial phase between
[ torsion and axial displacement can be made, for
l instance, at the clapper this phase ia approxi-

mately 907 as would be expected. The sr-or bars

in Pigares 15 and 17 represent the uncertainty in

the meagsurement due to the positional tolarance of

-5 L . x L : " the rotator with respect to the projected fan'a
125 173 s 275 325 a3 423 axis, The average axial and angular velccitisa
RABIAL POSITION (aed which occurred between the two laser pulses is
cbtained from t data = ? 5 to 1
igure 15 Measured axial displacement along vy :iimply di:xd?:g the v:i:gigf ig:::’,r ;Y theT'
the cez‘it'f'e-line of a bladg having pulse separation At. Thus, for instance, the
ainizal torsion at tip average axial velocity at the tip of blade 27 was
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» ¢ 10-8/2 2 1078 = 0.6ms™' and the average
mlar velocity 3t :he tip of the blade 29 was
x 108/2 x 160 = 19 rad s-!

Conclusions

This paper demonstrates the use of holographic
terferonetry to quantitatively dstermine the
ial vidration over a large area of a fan rotating
approximately 10000 rpm and undergoing unstalled
personic flutter. In particular the determin-
lon of the relative amplitudes and phase of
rsion and arxial berding of the fluttsring fan has
sn demonatrated. This is data to which a pred-
ted flutter node shape, as obtained, for example,
finite element apnalysais, can be compared, The
ternination of the distributicn of torsion and
nding ia crucial for the modelling of a fan's
attar chara.ctcristics L] 321'2
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Apvendix - resgion for Bilas Pripnge Field

" An expresalon ia derived for tke bias fringe
field generated by misalignment of the image
rotator relative to the fan's axis, The station-
&ry coordipats system and geometrical configuration
is shown in Pigure 12, Por simplicity, the source
of 1lllumination and the collection aperture are

.approximated to coincident points on the rotator

axis at Q, having ccordinates xg, TQr 2Q- Py i a
general point on the fan at X4y ¥+ Zqs at the time
of the first exposure. BRotation of the fan of A9
betveen exposures moves this peint %o Py at x5, ¥y,
Z5. The rotation of the rotator :erres to maine
tain correlation between the two images of the fan,
but does not introduce any pathlength change,

Thus, the total pathlength change ia 2(PyQ - P1Q)
This will introduce an error of = full fringes in

the resultant interferogram given by,

n = 2 (PR -PQ) (a1)
vhiere A is the wavelength of light
Prom the geomeiry,
(PKQ)2 = (xg - x x)z + (yq - srg)2 + (2 - ZK)2
for K = 1,2 (42)



(PIQ)Z = (x:l - ¢ cos 5[':)2 * (yq - r sin Gg)z »>
(zq - xx)z for £ = 1,2 (a3)

ere r = P, = OP, and 51, 92 are defined in
gare 13.

om an expansion of A3 and using 3= 32,
(Pzﬁ)z - (P.lQ)z = qur(coa 8, = cos 62)
o - zer(sin 8, -8ind,) (an)
iguming small A8 = &

2-91anlletting9 -51,_

(P2Q)2 - (P1Q)2 * A9z, ¢ sia 6 (a5)
- _ZAGYQ I cos 9
L 4 =x, amlyp-yz

P
2 2~
- = Ad -
(PR = (A7 2 29 (xg 7, ~ 7 T) (26)
PR = PR 5 (2,Q)° - (p,Q)2
2 183 372 Bk (a7)
PzQ + P1Q
iv small misalignments, I’zQ * P.lQ & 21, thus
. Ad '
qu - P1Q = _1" (xq ’p - yQ xp) (m)
s from Al,
~ 2A8
= 33T (xq Yp -7 xp) (a9}
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