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Abstract

Turbine blades in gas turbine engines are liable to fatigue cracking due to the harsh
conditions in which they operate. The current non-destructive testing (NDT) method for
inspecting these blades for cracks is Fluorescent Penetrant Inspection (FPI). However,
extensive chemical cleaning of the blades is required for FPI to be effective. This pre-
inspection cleaning process is expensive and time-consuming. A reliable and rapid NDT
screening method that could detect cracked blades prior to cleaning would reduce the
number of blades going through the mandatory cleaning and FPI inspection, thus saving

cleaning and inspection costs.

Thermosonics has been proposed as a suitable candidate for this NDT screening. In
thermosonics, an ultrasonic horn is used to vibrate a component, and if a crack is
present, the vibrating crack generates heat which is detected by an observing infra-red
(IR) camera. Although thermosonics is capable of detecting defects in several types of
components, its reliability remains uncertain due to lack of repeatability of the excitation

and the non-uniform nature of the vibration field excited in the component.

This Thesis investigates the reliability of thermosonics as a rapid screening technique on
Rolls-Royce turbine blades. First, an empirical study was conducted to optimise the
thermosonic technique developed for this project, after which the reliability of the

technique was assessed on a large set of turbine blades with known cracks. The



developed technique was shown to be robust and capable of detecting cracks in the
blades. However, the non-repeatability of the excitation was evident in the empirical
study. Researchers at Imperial College have proposed a vibration monitoring tool called
the Heating Index (HI) to mitigate the non-repeatability issue with the excitation. The HI
was assessed in this Thesis to determine its reliability on turbine blade thermosonic
inspection. The HI was found to be useful for cases where a crack was known to be
present, but not for a realistic case where the presence of a crack is unknown. An
alternative vibration monitoring parameter (A% was proposed and found to compare
favourably with the HI parameter. Importantly, the A? parameter can be used without
prior knowledge of the presence of a defect. Finally, a methodology was proposed to
simulate the full-field vibrational response of a turbine blade under thermosonic
excitation. The results from this work demonstrated the non-uniformity and complex
vibrational energy field excited in a typical thermosonic test. In addition, the vibrational

energy distribution across a blade for a typical thermosonic test is presented.
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Chapter 1

Introduction

1.1 Background

Gas turbine engines are the power plants of an aircraft that provide the necessary thrust
for propulsion [1]. Key to their operation are aerofoil blades experiencing high rotary
velocities and loads, and for the blades in the turbine section, high temperatures (>
1600°C). In these harsh conditions, turbine blades are susceptible to fatigue cracks, creep
or corrosion, which are detrimental to their life. In this respect, these blades are removed
from the engines at pre-designated times (i.e. overhaul) for inspection, and possibly

repair, to maintain the engines reliability and performance.

Figure 1-1 (a) shows the current inspection process for turbine blades in Rolls-Royce
(RR). The blades are first booked in to register their part numbers, after which they go
through an extensive chemical cleaning process prior to crack testing with Fluorescent
Penetrant Inspection (FPI). FPI is the accepted and mandatory method used to inspect
turbine blades for surface-breaking cracks [2, 3]. Surface preparation is important as it
removes any contaminant that may hinder the infiltration of penetrant into a crack.
However, removal of contaminants such as debris, dirt, corrosion or grease that can
accumulate on the surface of a blade while in-service, is not trivial, and in most cases

requires a time-consuming and expensive cleaning process.



Serviceable
—>
Bookin all - Clean & Blades
Turbine Blades Crack Test .
Unserviceable
o
Average booked time is Blades
15 mins per blade
(a)
Serviceable
1 min per blade >
Blades
Book in all New NDT Serviceable Clean &
> » > e
Turbine Blades Screening Process Blades Crack Test 5% of Unserviceable
Average booked time is Blades

15 mins per blade

95% of Unserviceable

Blades

(b)

Figure 1-1 (a) Current inspection process (b) proposed inspection process.

In the current inspection process shown in Figure 1-1 (a), both serviceable and
unserviceable blades go through the clean and crack test process. However, cleaning and
inspecting unserviceable blades is a non-value-added process, costing time and money.
At present, approximately 11% of RR turbine blades (civil large engine) are classed as
unserviceable (due to cracking) after the clean and crack test. Therefore, a reliable and
rapid NDT method that can filter unserviceable blades at the pre-cleaning stage is
desirable. This will reduce the number of blades going through the mandatory cleaning

and FPI process, thereby saving cleaning and inspection costs, and time.

Figure 1-1 (b) shows the proposed inspection process which includes an additional NDT

method prior to clean and crack test. However, for this additional NDT method to



generate meaningful cost savings, the following criterion must be met: reliability of at
least 95% in detecting cracks and an inspection time of less than 1 minute. This criterion
was established in a business case produced by RR personnel prior to the start of this
EngD project. Note that the remaining 5% of cracked blades not detected by the
additional NDT method will be later detected at the FPI inspect stage. Figure 1-2 shows
the effect of the inspection time of the additional NDT method on the potential cost
savings over 5 years. This Figure shows estimated savings of at least £327 k over 5 years
with an inspection time of less than 1 minute (and 95% reliability), while an inspection
time over 1.6 minutes results in additional costs to the inspection process. Note that

Figure 1-2 was produced by RR personnel as part of the business case for this project.

800 | |

=
]
=
T
|

=
]
=
T
I

=
T
|

=200 8

Benefit over 5 years (£k)

. I I I I I
6000 0.5 1 1.5 2 2.5 3

Inspection time (minutes)

Figure 1-2 Effect of inspection time of additional NDT method on cost benefit over 5 years (Rolls-
Royce).



Prior to the start of this EngD project, three NDT methods were identified as potential
techniques capable of detecting cracks in engine-run turbine blades. These methods were
laser shearography, X-ray Computer Tomography (CT) and thermosonics. However,
after careful evaluation of the three techniques, thermosonics was selected as the most
viable technique to achieve the desired business benefit. Laser shearography is capable
of detecting cracks in turbine blades [4]; however, expert knowledge is required for
interpreting results [4], making this method unsuitable as a rapid screening technique.
Similarly, X-ray CT has been shown in a trial study [5] to be capable of detecting cracks
in turbine blades, although at a slow inspection speed (~10 minutes per blade) [5]. In
addition, X-ray CT has poor sensitivity to tight cracks and the cost of equipment is

relatively high.

Thermosonics was considered to have the strongest potential in achieving the inspection
objectives, particularly the one minute inspection time. Figure 1-3 shows a simple
thermosonics setup, comprising an ultrasonic exciter (welding horn) and an infra-red
(IR) camera. In a typical test, the component is excited with a short pulse (typically less
than 1 second) of high-power ultrasound to generate a vibration field across the
component. The vibration causes defect faces to rub (or clap) and generate heat, which is
imaged by the IR camera. The heat generated by the vibrating defect appears as a bright
‘hot’ spot against a dark background. The frequency rating of the ultrasonic exciter

typically used in thermosonics is 20 kHz or 40 kHz. However, the frequency excited in



the test-piece is highly non-linear and this is caused by the non-linear hammering action
of the exciter against the test-piece. The advantages of thermosonics include: rapid
inspection, suited to closed defects and no requirement for rigorous surface preparation,
while the drawbacks include: poor defect sizing, potential damage to the component
surface and poor repeatability. Poor defect sizing is not considered a disadvantage for
this project as thermosonics is only required as a screening technique. Surface damage
which is a potential issue can be mitigated using a soft coupling material between exciter
and component, or in some cases, reducing the power of the excitation system. The lack
of repeatability refers to the excitation, which has been shown to differ from test-to-test
on a component, potentially leading to non-detection of a defect. This is a major concern

with the thermosonic technique and hence, is addressed in this Thesis.
Sample

Defect \
\SS

Ultrasonic Horn

Infra-red Camera

Figure 1-3 Typical thermosonic setup.



1.2 Aims and contributions of Thesis

1.2.1 Aims of Thesis

The aim of this Thesis is to assess the reliability of thermosonics as a rapid screening
technique for cracks in Rolls-Royce turbine blades. Findings from this research work
will contribute to the decision making process of whether or not thermosonics can be
employed in the Rolls-Royce overhaul process to realise meaningful cost savings. The

following were carried out to achieve the aim of this Thesis:

e Conduct an empirical investigation of thermosonics that highlights the capability,
limitations and reliability issues concerned with the technique.

e Investigate procedures for ensuring a thermosonic test is carried out reliably
given the poor repeatability of the excitation. This will increase confidence of the
technique.

e Use Finite Element Analysis to simulate the full-field vibrational response of a
turbine blade under thermosonic excitation. This will provide valuable insight of
the vibrational energy distribution across a turbine blade for a typical

thermosonic inspection.



1.2.2 Contributions to knowledge in the field of Thermosonics

The research work described in this Thesis contributes to the understanding of the

capability and reliability of thermosonics on aero engine turbine blades.

The work presented in this Thesis involves the inspection of a large set of turbine
blades. Thermosonics is shown to be capable of detecting a wide range of crack
sizes, including sub-millimetre cracks, in multiple locations of a blade. In
addition, multiple cracks, up to four in some cases, on a single blade were
detected in a single inspection. These results demonstrate the potential of using

thermosonics for crack detection in complex components such as turbine blades.

Electrical insulating tape, which has not yet been reported in literature, is shown
to fare better than commonly used coupling materials. The use of electrical
insulating tape was one of the factors that ensured a high probability of detection
(POD) seen throughout this Thesis. In addition, this material was shown to be
durable for at least 15 consecutive inspections, compared to other commonly

used coupling materials which degrade considerably after fewer inspections.

A repeatability study was carried out to assess the repeatability of results and
robustness of the experimental process in repeated tests. This study demonstrated

that the inherent excitation variability and also changes to the experimental



setup, such as component clamping and renewal of coupling material, do not
necessarily affect the outcome of an inspection. This finding is important
because in a real inspection scenario, component clamping and coupling material

will vary between inspections on a component or between identical components.

This Thesis further validates the Heating Index (HI) study carried out by
Morbidini et al. [6] on aero engine turbine blades. The strength of linear
correlation seen between the HI computed from a high frequency microphone
and crack temperature rise in this Thesis compared favourably to Morbidini et
al.’s results. The strength of linear correlation from vibration measurements
captured by a laser vibrometer and strain gauge were also presented in this
Thesis. The superior linear correlation between the HI and crack temperature rise
when using a laser vibrometer was highlighted. In addition, this Thesis
demonstrated the poor linear correlation when using the strain gauge in a

practical context i.e. attached to the blade clamp as opposed to the blade itself.

This Thesis found the application of the HI technique limited to cases where
there is prior knowledge of the presence of a crack in the test-piece. This is
because computation of the HI and subsequent determination of a reliable HI
threshold, requires prior knowledge of crack behaviour. However, approximately

90% of blades to be inspected in a real inspection scenario will be crack free.



e An alternative vibration monitoring parameter to the HI is proposed in this
Thesis. The proposed parameter, called the A? parameter, was shown to compare
favourably with the HI in terms of the strength of linear correlation with crack
temperature rise. However, the A% can be used without prior knowledge of the

presence of a defect whereas the HI requires prior knowledge.

e This Thesis proposed a new methodology for simulating the full-field vibrational
energy within a turbine blade under thermosonic excitation. This work
highlighted the distribution of vibrational energy across all parts of a turbine
blade for a typical thermosonic inspection. This proposed methodology would
be most useful prior to the introduction of a new blade or component to a
thermosonic process. It can potentially highlight the inspection dead zones where
relatively little or insufficient vibrational energy will be excited in the
component. Thus, a judgement as to whether to inspect a component or a change

to the inspection setup can be made at an early stage.

1.2.3 Publications to date arising as a result of Thesis

Journal Publications

G. Bolu, A. Gachagan and G. Pierce "Reliable thermosonic inspection of aero engine
turbine blades” Insight Nondestructive Testing and Condition Monitoring, vol. 52, 9, pp.

488 - 493, 2010.



G. Bolu, A. Gachagan, G. Pierce, T. Barden, G. Harvey "Investigations into the
vibrational response of an aero-engine turbine blade under thermosonic excitation” Key

Engineering Materials, vol. 518, 184 — 192, 2012.

Conference Publications
G. Bolu, A. Gachagan, G. Pierce and G. Harvey “Reliable crack detection in turbine
blades using thermosonics: an empirical study” Review of Progress in Quantitative

Nondestructive Evaluation, vol. 29, pp. 474 - 481, 2010.

G. Bolu, A. Gachagan, G. Pierce and G. Harvey “Monitoring crack propagation in
turbine blades caused by thermosonic inspection” Review of Progress in Quantitative

Nondestructive Evaluation, vol. 29, pp. 1654 - 1661, 2010.

G. Bolu, A. Gachagan, G. Pierce and T. Barden “A comparison of methods used to
predict the vibrational energy required for a reliable thermosonic inspection” BINDT

NDT2010 Conference Proceedings, 2010.

G. Bolu, A. Gachagan, G. Pierce and T. Barden “The application of finite element
analysis to investigate the vibrational response of a turbine blade under thermosonic
excitation” Review of Progress in Quantitative Nondestructive Evaluation vol. 32, pp.

510 - 517, 2012.
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1.2.4 Conference presentations not resulting in publications

G. Bolu, A. Gachagan, G. Pierce and G. Harvey “Reliable thermosonic inspection of
turbine blades: an empirical study” Non-Destructive Testing Conference, Blackpool,

15" - 17" September 2009.

G. Bolu, A. Gachagan, G. Pierce and G. Harvey “An investigation into crack
propagation in turbine blades caused by thermosonics” Non-Destructive Testing

Conference, Blackpool, 15™ - 17" September 2009.

G. Bolu, A. Gachagan, G. Pierce and T. Barden “Simulation of the vibrational response
of a turbine blade under thermosonic excitation” Review of Progress in Quantitative

Nondestructive Evaluation, University of Vermont, Burlington, 17" — 22" July 2011.
G. Bolu, A. Gachagan, G. Pierce and T. Barden “The vibration response of a turbine

blade under thermosonic excitation” 18" World Conference on NDT, South Africa, 16™

— 20" April 2012.
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1.3 Overview of Thesis

Chapter 2: Literature review: Thermosonics

Chapter 2 presents a review of thermosonics and the reliability issues concerning the
technique. The origins of the technique and the underlying heat generation mechanisms
are introduced. Next, the advantages and disadvantages of the different excitation
methods currently associated with thermosonics are reviewed. The reliability issues
concerned with the excitation method adopted for this Thesis are then presented. Finally,

a review of current thermosonic literature on turbine blade is discussed.

Chapter 3: Assessing the reliability of thermosonics on aero engine turbine blades

Chapter 3 describes an empirical study carried out on 60 identical turbine blades with
known cracks. The aim of this study was to first optimise a newly developed
thermosonic technique and then assess the reliability of the developed technique on the
set of 60 blades. First, the excitation parameters known to influence the temperature rise
generated by a crack were investigated to establish optimal setup parameters. Next, a
repeatability study was carried out a subset of the 60 blades to evaluate the robustness of
the experimental process. Finally, all 60 blades were inspected with the developed

thermosonic technique.
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Chapter 4: Validation of the Heating Index for a reliable thermosonic inspection

The Heating Index (HI) is a reference parameter that can be used to monitor the
sufficiency of the vibration excited in a component. This reference parameter is useful
because it correlates linearly with the temperature rise from a crack. This Chapter
evaluates the linear correlation between the computed HI from three different vibration
measurement systems and the measured temperature rise from a crack. First, the basis
and theory of the HI are presented, after which the methodology for computing the HI is
described. Finally, the strength of the linear relationship seen in the results of some tests

and also the performance of the three vibration measurement devices are evaluated.

Chapter 5: An alternative vibration monitoring parameter for a reliable
thermosonic inspection

Chapter 5 presents an alternative parameter to the HI for monitoring the vibration
applied to a blade during a thermosonic test. The proposed parameter, called the AZ, was
evaluated to validate its linear relationship with the temperature rise generated by a
crack. This validation exercise involved the use of a set of blades with single and
multiple cracks, and a high-frequency microphone to capture vibration. Furthermore, a
comparison between the strength of linear correlation for the A? and HI is reported.
Validation of the A% parameter and comparison with the HI was performed to assess its

applicability as a reliable alternative to the HI for turbine blade thermosonic inspection.
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Chapter 6: Simulation of the full-field vibrational response of a turbine blade
under thermosonic excitation

Chapter 6 describes a methodology involving vibration measurements and finite element
analysis (FEA) to simulate the full-field vibrational energy excited in a turbine blade
under a typical thermosonic excitation. First, a laser vibrometer was used to capture the
steady-state vibrational response of several points on a blade. Next, these measured
vibrational responses were used to determine an input excitation function for the FEA
approach. After validating the input excitation function, the vibrational response across
the whole blade was simulated. Finally, the predicted displacement field was used to
determine the vibrational energy at every point on the blade. This information can be
overlaid onto a CAD representation of the blade to interrogate the suitability of the

thermosonic excitation excited across the entire surface of the blade.

14



Chapter 2

Literature review: Thermosonics

2.1 Thermography NDE

Thermography is a non-contact imaging technique used for measuring infrared (IR)
radiation emitted from the surface of an object. In NDE, thermography may be used to
inspect for subsurface defects, measure coating thickness, or image hidden features
within a structure [7]. This is achieved using an IR camera to observe the temperature
differential of the structure’s surface. There are two forms of thermography: passive
thermography and active thermography [8, 9]. Passive thermography simply involves
pointing an IR camera at a structure to measure a temperature profile of its surface [9].
This form of thermography is widely used in power stations for detecting leaks in lagged
pipes and overheating in electrical components [10]. Conversely, active thermography
involves application of an external stimulus to the component to generate a temperature

differential between defective and non-defective regions in the component [9, 11].

There are several active thermography techniques used in NDE. These techniques are
broadly defined by the type of external stimulus applied to the component, which
include: optical, inductive and mechanical excitation [11]. Optical thermography
techniques include pulsed thermography, lock-in thermography and laser-spot

thermography [10]. In optical thermography, heat is applied to the surface of the
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component and the transient temperature of the surface is monitored by an IR camera [7,
11]. A defect present in the component blocks the propagating heat in the material
causing a temperature contrast between the surface above defective and non-defective
areas of the component. Lock-in thermography is similar in principle to pulsed
thermography except that different methods are used to apply heat to the component
surface. In pulsed thermography a flash lamp is typically used to apply a heat pulse [7,
11], while for lock-in thermography, periodic modulated heating is used [11]. Laser-spot
thermography is performed by scanning a laser-spot over the surface of a component.
The laser-spot provides a localized heat-spot that generates a lateral heat flow in the
component surface. When the laser-spot is placed closed to a crack, the lateral heat flow

is disturbed by the crack and this disturbance is detected by an IR camera [12].

Optical thermography, particularly pulsed and lock-in thermography, are the most
widely used form of active thermography due to their ease of implementation, fast
inspection time and wide area inspection capability [7, 13]. Laser-spot thermography is
however a relatively new thermal NDE technique, which is primarily used for detecting
surface-breaking cracks in metals [14]. However, one of its main disadvantages,
compared to pulse and lock-in thermography, is the point-to-point scanning of the laser-
spot over the component surface [12]. This restricts the technique to small components if

a rapid inspection is required.
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Inductive thermography, also known as pulsed eddy current thermography (PECT), uses
the principle of electromagnetic induction to generate eddy currents in a component [15,
16]. A defect present within the component disturbs the current flow in the component,
leading to a change in the current density and heating around the defect vicinity [15, 16].
Inductive thermography has several advantages such as: fast inspection time (seconds),
minimal surface preparation, suitable for complex geometries and detection of cracks
under coatings [10, 17]. However, the main disadvantage with the technique is its

limitation to electrically conductive materials.

Finally, mechanical excited thermography involves application of mechanical
oscillations to a component to generate a vibration field in the component. If a defect is
present, such as crack in a metal or delamination in a composite, the excited vibration
causes the defect faces to rub and generate heat due to friction. This internally generated
heat diffuses to the component surface and is detected by the observing IR camera [18,
19]. The most common form of mechanically excited thermography is thermosonics,
also called vibrothermography or sonic IR. Typically, a high-power ultrasonic horn is
applied to a point on the component to generate the vibration field. Compared to other
active thermography techniques, no external heat is applied to the component surface.
Instead, the heat observed by the IR camera in a thermosonic test is generated by the

vibrating defect and therefore localised to the defect area. In addition, thermosonics is a
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quicker technique, and capable of detecting perpendicular defects which can be difficult

to detect using pulsed thermography [12].

2.2 Origins of thermosonics

Thermosonics has its origins from earlier research in vibro-thermal NDE techniques
carried out in the late 1970°s and early 1980’s. This early research was carried out by
Henneke et al. [20, 21], Mignogna et al. [22] and Pye and Adams [23, 24], although
their excitation methods and test-pieces differed. Nevertheless, most of the research at
the time focused on the detection of defects in composite materials with fewer studies on
metals. Henneke et al. described a new NDT technique called vibrothermography which
combined mechanical vibrations and real-time video thermography for detecting
delaminations in composites [21]. Mignogna et al. [22] investigated the heating of
metals using high-power ultrasound generated by a 20 kHz ultrasonic horn. Their
excitation method is similar to the method currently used in thermosonics, except it uses
much longer excitation times (20 to 30 seconds), generating temperature increases of up
to 200 °C in the metal specimens [22]. More importantly, Mignogna et al. observed

localized temperature increases at fatigue cracks, induced defects and grain boundaries.

Pye and Adams [23, 24] described a new NDT technique for composite structures that
used oscillating stresses in a component to cause frictional heating at crack faces. Their

excitation method relied on exciting the resonances (tens of Hz) of the component
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because of the high cyclic stresses that can be generated from a small input force. This
avoided the need for large and heavy testing machines for generating the same level of
oscillating stresses [23, 24]. The sensitivity of the IR cameras used by Henneke et al.,
Mignogna et al. and Pye and Adams were in the order of 0.2 and 0.3 °C. This level of
sensitivity and the general state of IR camera technology at the time was a limiting
factor for the advancement of vibro-thermal NDT techniques. This meant these vibro-

thermal NDT techniques were not widely used until the early 2000’s [25].

In the early 2000°s, Thomas et al. [26] from Wayne State University (WSU) revived
interest in vibrothermography, which is now commonly referred to as sonic-IR or
thermosonics. This revival was in part due to the advancement of IR cameras which now
have much higher temperature sensitivities (~0.02 °C) and frame rates. The advancement
in IR camera technology has also lead to more focus on application to metallic
components. The method employed by the research group at WSU is similar to that of
Mignogna et al. [22], except their excitation uses a short pulse (100 ms — 1 s) of
ultrasound (20 — 40 kHz) generated by a high-powered ultrasonic welding horn. WSU
have since made valuable contributions to the advancement of thermosonics in the form
of published papers and patents [18, 19, 27-51]. Other research groups that have made
significant contributions to the field of thermosonics include groups from lowa State
University [25, 52-67], Imperial College London [6, 68-75] and Bath University [10, 14,

76-79].

19



2.3 Heat generation mechanism in thermosonics

The vibration-induced heat generated by a defect has been attributed to three physical
mechanisms: friction, plastic deformation and viscoelasticity [21, 58, 80]. Frictional
heating occurs when opposing defect faces rub or move in relation to each other.
Heating due to plastic deformation occurs at the plastic zone around the crack tip during
crack propagation, while viscoelastic-induced heating is typically seen in polymer-based
materials and relates to energy losses in the bulk material, although additional heating
has also been observed in high stress-concentration regions [21, 58, 80]. Research
carried out by Henneke et al. [21] indicated friction and viscoelasticity as the dominant
heat generation mechanisms in composite materials. In addition, the authors reported
plastic deformation as another efficient source of heat generation, particularly in metals.
Since the work of Henneke et al., other researchers [58, 80] have also come to the same
conclusion through similar experiments, albeit with more advanced IR cameras and

different excitation sources.

Renshaw et al. [58] has provided experimental verification of the three different heat
generation mechanisms using metallic and composite specimens. For frictional heating,
it was reported that regions of heat generation along the crack correlated with crack
surface damage (or wear) when the crack was opened [58]. Evidence of plasticity-
induced heating was shown by propagating a crack in an aluminium specimen with high

vibration stresses from an ultrasonic welder. As expected, heat was detected in the
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plastic zone around the crack tip, although the authors believe a small proportion of the
heat around the crack tip was from frictional rubbing. Evidence of viscoelastic heating
was shown using a CFRP sample with a series of drilled holes to generate regions of
stress concentrations. The sample was then excited with low vibration stresses to avoid
plastic deformation. As discovered earlier by Henneke et al. [21], additional heating was
found in high stress concentration areas around the defect. Of all the three heat
generation mechanisms, frictional rubbing is generally accepted as the major contributor
to the heat generated by a defect. However, the amount of the heat generated by this
mechanism is fundamentally related to the area of the crack surfaces in contact [10, 47,

66].

2.4 Chaotic and resonance excitation

There are currently two main forms of excitation employed in thermosonics: chaotic and
resonance excitation. Chaotic excitation, popularized by researchers at WSU, is the more
commonly used excitation method. [45, 46]. The chaotic vibration of a test-piece is
evident by the audible noise generated in testing, but more importantly, is seen in the
spectral content of the component vibrations. Typically, the spectral content contains
harmonics and fractions of the excitation frequency of the ultrasonic horn device [45].
The chaotic vibration seen in a component has been attributed to the non-linear coupling

between the excitation source (i.e. ultrasonic welding horn) and the component under
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test [45, 46]. However, this non-controllable excitation method has been shown to

enhance the heat generated by a crack [81].

The increased defect detectability from chaotic excitation is because of the interactions
of multiple frequencies excited in the component [46, 81]. This ensures the defect
responds to at least one or several of the frequencies, increasing its heat generation
capacity and thus its probability of detection [46]. This frequency dependence of defect
detectability was investigated by Henneke and his colleagues in the 1980’s [21].
Henneke et al. [21] used simulated and artificial delaminations in composites to
demonstrate the different heating patterns generated by different resonance frequencies.
Evidence of this frequency dependence of crack heating can also be seen in Holland‘s
study [65], where a complex geometry (aero engine stator vane) with multiple cracks
was excited at different discrete frequencies with a bespoke broadband piezoelectric
transducer. Results from Holland’s study showed different cracks only generating heat at
certain frequencies; however all the cracks were detected when a broadband excitation
was used. This frequency dependence associated with defect heating is why an
ultrasonic horn that generates chaotic excitation is widely used. However, one of the key
concerns with this form of excitation is poor repeatability, which leads to different

vibration field conditions excited in a component in different tests [55].
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The other form of excitation typically used in thermosonics (i.e. resonance excitation)
has been extensively utilized by researchers at lowa State University (ISU). Their
excitation system uses a low power, broadband piezoelectric stack transducer capable of
exciting a wide range of frequencies, 0.1 kHz to 32 kHz [25, 65]. This excitation source
Is used to excite components by either tuning the piezoelectric stack to a single
component resonance or sweeping through a range of frequencies that coincide with
several resonances of the component. This method of excitation is similar to that used by
Henneke et al. and Pye et al., as it relies primarily on the resonance coupling energy into

the component more efficiently.

ISU has shown resonant excitation to be repeatable and more importantly, successful in
detecting defects in metals and composites. However, this form of excitation requires
prior knowledge of the resonances of the test-piece, which for complex geometries may
be difficult and time-consuming to measure, especially in an industrial environment.
Furthermore, knowledge of just a few resonances is not sufficient; rather, knowledge of
the modes that can excite a crack to generate sufficient heat is required. Determining the
most effective resonances for a single component may be feasible; however, this would
be more challenging for a batch of similar components as their resonances will differ

due to slight differences in dimensions and mass.
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Researchers at ISU have shown their low power broadband exciter to be more effective
when using a frequency sweep as opposed to single mode excitation [65]. This approach
ensures that one of the resonances of the component coincides with the resonance of the
exciter and therefore, less reliance on knowledge of the modes that generate sufficient
heat for detection. However, this is only useful if the component resonances that
generate sufficient strain across the component are within the bandwidth of the exciter,
which in the case of the ISU exciter is between 0.1 kHz and 32 kHz. Conversely, chaotic
excitation relies on high amplitude forced vibrations at a much higher and wider range
of frequencies (up to 250 kHz) [45, 51, 75]. This is important because the higher
frequencies are beneficial as they increase the rate of energy dissipation at a defect,
causing a higher temperature rise [75, 82]. The main issue however with chaotic
excitation is non-repeatability, which can potentially lead to a crack going undetected if

sufficient heat is not generated for the IR camera to detect.

2.5 Heating Index

The poor repeatability of the excitation when using a high-power ultrasonic welding
horn has been observed by several researchers [55, 75, 81, 83]. Furthermore, this poor
repeatability has been described as one of the main reliability issues preventing the
technique from being utilized in industry as a reliable NDT method [75, 84]. To address

this repeatability issue, Morbidini et al. [75] have developed a calibration method to
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ensure the vibration excited in a component is sufficiently high to detect any defect of

interest.

The fundamental basis of Morbidini et al.'s method is the increased heating at a defect
caused by the extra damping introduced by the defect. Similar to Pye et al. [24],
Morbidini et al. [70] investigated the prediction of temperature rise from a vibrating
crack, based on the extra-damping introduced by the crack. Results from this work
showed some correlation between the predicted and measured temperature rise from a
crack, with disagreements in some cases. Although desirable, the prediction approach
proposed by Morbidini et al. was impractical in a situation where information such as
damping is unavailable. In this respect, Morbidini et al. [75] proposed a new parameter
called the Heating Index (HI) which does not require damping information. The HI is
computed from the measured vibration in a test and can be used to determine whether
the vibration is sufficient to detect a crack of a certain size. The HI has been shown to
correlate linearly with the measured temperature rise of a vibrating defect, thus allowing

a threshold vibration level sufficient for crack detection to be determined.

First, a threshold HI is obtained from a series of inspections on representative cracked
and uncracked specimens. Using the same calibration setup and specimens, real
inspections can be carried out with the HI computed for the test and then compared

against the threshold HI. If the computed HI for the test is below the threshold, the test is
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repeated until the threshold is surpassed. Results from Morbidini et al.’s works show the
reliability of the HI to be excellent for cracks in simple geometries such as beams [75],
although poorer for cracks in complex turbine blades [6]. Part of the research carried out
in this Thesis involves investigating the HI as a reliable vibration monitoring parameter
in turbine blade inspection. This research extends the work of Morbidini et al., using
different blade geometry and also blades with multiple cracks. In addition, this Thesis
focused on three different vibration devices (strain gauge, microphone and laser
vibriometer) that may be used to capture the vibration required to compute the HI. Kang
[85] has compared the HI profiles computed from these three vibration measurement
devices; however, a comparison of the linear relationship of HI and crack temperature
rise when using these three different vibration measurement devices has not been
reported in literature. This result is important because the linear relationship between the
HI and crack temperature rise is what forms the basis for determining a threshold
vibration level for a reliable inspection. This focus was important for this Thesis as it

assesses the practicality of using the HI in an industrial context.

2.6 Non-uniform vibration coverage

Another reliability issue concerning thermosonics is the non-uniform vibration field
generated across a component, particularly in complex components such as a turbine
blade [6, 25, 85]. Non-uniform vibration coverage results in different parts of the

component being excited with different amounts of vibrational energy. This may lead to
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defects going undetected if sufficient vibration energy is not excited in some parts of the

component.

Rothenfusser et al. [86] have developed a calibration method for assessing the
vibrational energy excited across a component for a typical thermosonic test. The
method involves measuring the thermal response of a material attached to the
component. Materials such as adhesive tapes are used as they are responsive to acoustic
vibrational energy [86]. In a typical calibration, several pieces of the thermal responsive
tape are attached to various locations of the component. Next, vibrational excitation is
applied to the component and the thermal responses of the individual tapes are measured
from the captured IR image. The captured images give an indication of the level of
vibrational energy excited at different points on the component. Rothenfusser et al.’s
calibration method has been used on several components including aero engine turbine
blades and rotating discs [86, 87]. This calibration method has been shown to be useful;
however, achieving consistent attachment of the thermal responsive tape across a

component remains a reliability issue.

Renshaw [25] investigated vibration coverage on components under thermosonic
excitation. The author’s study involved two different specimens: a rectangular beam and
an aero engine stator vane, each with viscous material-filled synthetic defects [25]. The

rectangular beam had an array of 21 x 3 drilled holes of 1.18 mm diameter and 1 mm
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depth. Each hole was filled with honey, which is a highly viscous material that generates
heat under vibration. The holes were covered with an emissive coating to trap the honey
and also increase the emissivity of the component. A similar process was used for the
stator vane, but using the stator vane cooling holes instead of drilled holes. The beam
was excited at a single known resonance while the stator vane was excited with four
known resonances separately. For the beam, the honey-filled defects located at the
vibrational anti-node positions generated significant heat, while those at the nodes
generated little or no heat. Although this was expected, the result produced a good image
of vibration coverage across the simple beam for a single frequency. The results for the
stator vane were however more interesting with each excitation frequency generating a
different heating pattern across the stator vane. Three resonances generated heat in only
a few, but different regions, while the fourth resonance generated heat across a larger
area of the component. This result demonstrated the non-uniform heat generation
resulting from a multi-frequency vibration field. One aspect not investigated in
Renshaw’s study was the chaotic excitation case, where many more frequencies are
simultaneously excited in the component. This case is important to understand as chaotic
excitation is the more common excitation method utilized for thermosonic inspection.
This Thesis later presents a different methodology for assessing the full-field vibrational
response of a real component under a typical thermosonic inspection with chaotic

excitation.
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2.7 Thermosonic excitation parameters

The temperature rise generated by a defect is a strong function of the excitation
parameters. These parameters include: horn static force, coupling material, vibration
amplitude and excitation time. The horn static force is the coupling force between the
horn and the component prior to excitation. This coupling force is typically applied by
mechanically pressing the horn tip against the component surface using a pneumatic
cylinder [59, 88, 89] or a spring system attached to the ultrasonic horn [10, 30, 75, 78].
Force levels between 50 — 290 N have been used in various studies [77, 90-93];
however, the force chosen for an inspection is mostly dependent on the size and material
of the test-piece. In general, higher forces are used for metallic structures [91, 93]
compared to composite structures [77]. This is because high horn tip forces can cause
damage to the surface of a composite [77]. Of all the excitation parameters, the horn
static force is generally regarded to have the most effect on the heat generated by a crack
[50, 90, 94]. This is because a higher coupling force leads to more non-linear vibration,

which is known to enhance the heat generated by a crack [72].

The coupling material is a piece of material placed between the test-piece and the
exciter. Its purpose is to prevent surface damage on the component and also efficiently
couple energy into the component [45, 77]. At present, there is not one accepted
coupling material; rather, a variety of coupling materials has been proposed through

various studies. Materials such as duct tape [31, 44, 75, 85, 95], leather [31, 96], paper
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[19], soft copper [85], Teflon [76, 77] and business cards [44, 50] have all been reported.
Han and Yu [31], under the same experimental conditions, conducted a comparison
study between leather and duct tape to determine which material generated the higher
temperature rise from a crack. Duct tape was found to generate a higher crack
temperature rise. Another similar study by Yu and Han [31] and Han et al. [44], but this
time comparing duct tape, laminated business card and a non-laminated business card,
also showed duct tape to be the most efficient, closely followed by the laminated card.
The reason for the non-laminated business card not generating as much heat compared to
the other two materials was attributed to the non-chaotic vibration observed when using
non-laminated business card. For the other two materials, their respective vibration was
chaotic. A more comprehensive study involving a larger set of coupling materials is
required to get a better understanding of the effect of coupling materials on crack
detectability and also to propose the most effective material for thermosonic

applications.

The vibration amplitude here refers to the displacement of the vibrating horn tip. For
most ultrasonic horn systems, the horn tip displacement may be varied between 20% and
100% of the maximum horn tip displacement [91, 97-99]. The maximum displacement
of a horn device is a function of the horn design. The variation of the horn tip
displacement is usually controlled via the power amplifier connected to the horn. The

horn tip displacement affects the amplitude of vibration excited in the test-piece and
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thus the amount of heat generated by a defect [75]. Finally, the excitation time is the
length of time the horn excitation is active. It is also controlled via the power amplifier,
and the length of time may be varied depending on the test-piece. Barden et al. showed
long-pulse excitation (10 - 15 secs) with reduced vibration amplitude was sufficient for
detecting impact damage in composites and at the same time prevents surface damage
[77]. However, short-pulse excitation (i.e. < 1 sec) using high amplitude vibration is

more effective on metals due to their high thermal diffusivity [18, 75, 81].

Mayton [100] carried out a comprehensive study to characterize and optimize
thermosonics for inspecting several US Air-Force aircraft components with known
cracks. The aim of Mayton’s study was to determine a set of optimal excitation
parameters for inspecting these components. The author concluded that generally, the
heat signal generated from the known cracks increased as the settings of the vibration
amplitude, horn static force and pulse time length increased. However, the heat signals
did not scale linearly with crack size, which is not surprising as the heat signal generated
by a crack also depends on other factors such as crack morphology. Various thermosonic
studies presented in literature, including Mayton’s study, all show different experimental
setups and test-pieces, and also different excitation parameter settings. This suggests that
the optimum excitation parameters must be determined empirically, using the parameter
settings seen in literature only as a guide. The first part of this Thesis presents a study

investigating the optimum parameter settings required for inspecting certain types of
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Rolls-Royce turbine blades. In addition, the effect of these parameter settings on the

reliability of the technique was also investigated.

2.8 Thermosonic studies on turbine blades

Published thermosonic studies involving turbine blades are relatively few in number [6,
85, 92, 100, 101] compared to studies on simple geometries such as rectangular bars and
beams [14, 19, 27, 32, 52, 75, 90, 94, 95, 102]. The use of simple geometries is
important in investigating the capability of an NDT technique; however, it is difficult to
use results from such geometries to fully determine the capability of thermosonics on
complex components such as turbine blades. This is because the heat generated by a
crack is dependent on several crack and component specific factors such as: crack
morphology, crack location, component material, component geometry, and the local
vibration at the crack [10, 47, 66, 85, 92]. It must be noted that majority of cracks seen
in bars and beams are typically laboratory-induced cracks, compared to the service-
induced cracks seen in turbine blades. Manufacturing cracks similar to those seen in real

components is difficult, if not impossible.

Thermosonics has attracted huge interest from several turbine blade manufacturers who
mainly operate gas and steam turbine engines. Their primary interest in thermosonics is
its potential to improve inspection quality or reduce inspection costs [95]. Some of these

manufacturers include Rolls-Royce, Siemens, npower, General Electric and Pratt &
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Whitney (P&W) [10, 60, 97]. Thermosonics has been mentioned as a potential
replacement for FPI [84, 95, 103], which is the currently accepted and mandated method
for inspecting turbines blades [3]. The advantages thermosonics has over FPI include:
faster inspection time, minimal surface preparation (no chemical clean, no coating
removal), better suitability to tight cracks, insensitive to rough surfaces, easier
interpretation of results, operator independent, smaller floor space requirement and
environmentally friendly (no chemical cleaning) [84, 95, 100]. Industrial interest in
thermosonics is important as it provides the necessary funding and impetus in further
investigating the capability and reliability of the technique. This will not only benefit the
turbine blade manufacturers but also other industries that rely on NDE for assessing the

reliability of their products.

Guo and Ruhge [92] compared the capability of thermosonics and FPI on turbine blades
using generated probability of detection (POD) curves. Their POD study used a signal
response approach on a set of 50 turbine blades containing 146 cracks. The number of
cracks used in this study was well in excess of the 30 flaws generally recommended for
a signal response POD study [104]. The thermosonic tests were carried out by a Level 2
IR operator (ASNT-SNT-TC-1A), while the FPI inspections were carried out by a Level
2 FPI certified inspector [92]. The POD for thermosonics in Guo and Ruhge study was
approximately 89% and for FPI, approximately 77%. Furthermore, the minimum crack

size detected with 90% POD (with 95% confidence) was ~2.6 mm and ~5.8 mm for
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thermosonics and FPI respectively. The results in Guo and Ruhge study is in agreement
with DiMambro et al.’s study [95] which also showed thermosonics with a better crack
detection capability than FPI, although DiMambro et al.’s study was on bars. The results
of Guo and Ruhge [92] and DiMambro et al. [95] clearly demonstrates the potential of
thermosonics as NDT technique for detecting cracks in components currently inspected

with FPI.

DiMambro carried out a different thermosonic study on turbine blades [101]. This study
was carried out in conjunction with researchers at Wayne State University (WSU) to
assess the capability of thermosonics in detecting cracks in components commonly
inspected with Fluorescent Penetrant Inspection (FPI) and Magnetic Particle Inspection
(MPI). The blades used for this study were 2" and 4" stage turbine blades from a P&W
aero engine [101]. The authors were able to detect several fatigue cracks which were not
detected optically. Similar to DiMambro et al.’s [101] study, Mayton [100] found
thermosonics was able to detect cracks in turbine blades missed by FPI. Another
interesting observation in Mayton’s study was that cracks in the aerofoil section of the
blade were easier to detect than cracks in the shroud area. For the aerofoil section, lower
excitation levels were required and setup excitation parameters did not have to be
accurate, whereas, cracks in the shroud required higher excitation levels and more effort

in determining optimal excitation parameters.
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Kang [85] investigated the vibration characteristics of a turbine blade under a variety of
thermosonic experimental configurations. Kang demonstrated the advantage of using a
clamp attached to the root of the blade as the excitation point, as opposed to exciting the
blade directly. This approach reduces the possibility of surface damage, but also allows
permanent attachment of a strain gauge for monitoring the vibration of the blade. Kang
showed that a minimum clamping torque of 10 Nm between the clamp and blade
ensured consistent transfer of vibration to the blade. Kang showed that the exciter (i.e.
horn) can either be coupled to the clamp by simply pressing against the clamp or by
coupling the horn to the clamp via a stud. The former is the conventional method, while
the latter has been used by fewer researchers [10, 85], although it has been shown to
generate a higher vibrational response than the former [85]. Furthermore, with the horn
attached to the clamp via a stud, Kang achieved an even higher vibrational response
when the excitation frequency coincided with the resonances of the system (i.e. horn,
clamp and blade). This higher response was achieved by employing a chirp input signal
(to the horn) over a frequency range centred on the system resonance frequency [72, 85].
Kang’s work on turbine blades demonstrated several experimental configurations that may
be used to achieve higher vibrational response and thus, increased probability of crack

detection.

One application of thermosonics that will significantly benefit turbine blade

manufacturers is crack detection in coated components, particularly blades that require
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proprietary coating for thermal protection (e.g. thermal barrier coating (TBC)).
Inspecting such components is time-consuming and expensive as it requires stripping the
coatings off prior to inspection with FPIl. To date, there has been practically no
quantitative study into detection of cracks under coating using thermosonics, except that
of Weekes [10]. Weekes investigated the feasibility of using thermosonic for detecting
cracks in an Inconel substrate under a full TBC system. The TBC system comprised of a
metallic bond coat (MCrAlY) first applied on the substrate and then a ceramic top coat
(YSZ) applied on the metallic bond coat. Four Inconel specimens with a total of five
cracks were used in the study. The thickness of the bond coat and top coat were typical
of the thickness used in the power generation and aerospace industries. The specimens
were tested before and after application of the bond and top coats. The cracks were
detected in all cases, although the crack heat signal gradually reduced with successive
application of the coatings. The results from Weekes study are significant as it
demonstrates the potential of inspecting ceramic coated blades for cracks in the base

metal.

2.9 Review of chapter

This section has reviewed the thermosonic literature relating to its origin, heat
generation mechanisms, typical excitation methods, reliability issues, excitation
parameters and related literature on turbine blades. The review found that chaotic

excitation, the more popular excitation method, was non-repeatable, which can
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potentially lead to a crack being missed if sufficient vibrational energy is not excited in
the test-piece. The non-repeatability of the excitation may be mitigated using a method
that ensures the vibration in a test is sufficient to detect the defect of interest. The
Heating Index (HI), developed by Imperial College [75], was described as a potentially
suitable vibration monitoring parameter. However, it was shown that more work on
assessing the reliability of the Heating Index on turbine blades with single and multiple

cracks is required, and therefore is investigated in this Thesis.

Non-uniform vibration was also discussed as a potential reliability issue. This area of
thermosonics has not been extensively researched and therefore more knowledge is
required. Part of the work carried out in this Thesis aims to contribute to this area of
thermosonics. The review of excitation parameters used in thermosonics highlighted not
only their importance in the effect they have on the heat generated by a defect, but also
the need to empirically determine the optimum excitation settings for a specific
application. In this respect, an empirical study is presented later in this Thesis with focus
on determining the optimal settings for the excitation parameters required for crack
detection in RR turbine blades. Finally, a review of thermosonic research relating to
turbine blades was discussed. This review showed only a handful of published literature
on turbine blades, yet potentially significant benefits that may arise from using

thermosonics on these components.
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Chapter 3
Assessing the reliability of thermosonics on aero engine

turbine blades

3.1 Introduction

Thermosonics is a non-destructive testing (NDT) technique capable of detecting defects
in metallic and composite components [19, 30, 42]. The component is excited at a single
point with a high-power (0.4 — 3 kW) ultrasonic horn for a short time (~ 1 second or
less) and observed with an IR camera [19]. The vibration field generated in the
component causes defect faces to rub or clap and generate heat, which is detected by the
observing IR camera. The aim of this Chapter was to assess the reliability of
thermosonics as a screening technique for detecting cracks on Rolls-Royce turbine
blades. The assessment involved the inspection of 60 turbine blades (same engine type)
with known cracks. However, a study of the excitation parameters was first conducted to
maximize the temperature rise generated from a crack. Next, a repeatability study was
carried out on a subset of the 60 blades to evaluate the robustness of the experimental

process. Finally, all 60 blades set out for this study were inspected.
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3.2 Methodology

3.2.1 Specimens

Figure 3-1 shows a representation of the blades used in this study. This blade is made of
high-strength nickel alloy and is approximately 70 mm in height and 27 mm at the
widest point. The blades were all in a clean condition having been through the routine
cleaning and FPI process, during which cracks were detected at the shroud, as indicated
in Figure 3-2. The cracks on all 60 blades were visible and their lengths measured using
a calibrated optical microscope/CCD camera (Leica MZ8/ JENOPTIK ProgRes® C12).
The crack lengths ranged between 0.3 mm and 6.0 mm. Figure 3-3 shows a frequency
distribution of the crack lengths, which shows a relatively consistent distribution of
crack lengths between 1 mm and 6 mm. In addition, the accepted minimum detectable
crack size (~0.75 mm) using the current method (i.e. FPI1) for inspecting these blades is

represented in the range of crack lengths set out for this study.
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Figure 3-1 Turbine blade used in empirical study.
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Figure 3-3 Frequency distribution of crack length in set of 60 turbine blades.

An important material property to consider when using a thermographic technique is
emissivity. Emissivity is a measure of how effectively an object emits infrared energy.
The emissivity of the blades used in this study was considered low because of their clean
and polished-like condition. However, this was not detrimental to this study, because
thermosonics uniquely relies on localised heating at cracks [10, 105], as opposed to bulk

heating of the component as seen in other thermography techniques such as pulse
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thermography. For techniques such as pulse thermography, painting the whole surface of

the component with high emissivity black paint improves reliability of inspection [7].

3.2.2 Experimental setup

The experimental setup used in this study is shown in Figure 3-4. The ultrasonic
excitation source was a Sonotronic welding system, comprising a 40 kHz ultrasonic
horn driven by a 400 W ultrasonic generator (USG400-40) [106]. The horn tip was
spring-loaded to the root of the blade with a measured horn static force. The blade root
was chosen as the point of excitation on the blade because its flat surface allowed for
good alignment with the flat surface of the horn tip. This ensured efficient coupling of
energy into the blade. The blade was secured in a holder made of cork material, and then
both blade and holder secured between the jaws of the metal clamp. The cork material
between the blade and metal clamp acted as a vibration isolation material, minimizing
leakage of the acoustic energy excited in the blade to the metal clamp and other parts of
the experimental fixture [90, 94]. Perez et al. [94] demonstrated a vibration isolation
material such as cork can enhance the heat generated by a crack compared to metal to

metal clamping.
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Figure 3-4 Experimental setup for thermosonic inspection of turbine blades.

Typically, a layer of soft material such as paper, copper sheet, Teflon® and duct tape is
placed between the horn tip and component [6, 18, 19, 27, 75, 77, 81, 95, 105]. Such
material prevents damage to the component surface, which could arise from the high
horn tip forces during vibration [19, 27, 75, 77, 105]. However, in this work, electrical
insulating tape was used and compared with several materials such as paper and duct
tape and was found to generate more heat for the same setup (i.e. crack and experimental

setup). The result of this comparison work is presented later in this Chapter.

The IR camera shown in Figure 3-4 is a Thermoteknix ‘uncooled’ microbolometer
(Miricle 110K-35), with a detector array of 384 x 288 pixels, a temperature sensitivity of

< 50 mK, a 50 Hz frame rate and a spectral response between 8 pm — 12 um. Cooled
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cameras are commonly used in thermosonic studies because of their higher temperature
sensitivity when compared to uncooled cameras [18, 47, 64, 70, 75, 77, 95]. However,
uncooled cameras are smaller and more cost-effective than their cooled counterparts [18,
27, 107]. For example a high specification uncooled camera, such as that used in this
study, can cost between £15,000 and £25,000, while its cooled counterpart can cost
between £75,000 and £200,000, depending on the specification. For this research work,
an uncooled camera was chosen primarily because of its relatively lower cost and also is
demonstrated capability of detecting the cracks in various thermal NDT applications
[18, 27, 34, 107, 108]. However, for a production system, cooled cameras (e.g. FLIR

SC5000) will be utilized to ensure the best possible detection capability.

3.2.3 Thermosonic inspection

3.2.3.1 Excitation and imaging

The thermosonic inspection of a blade involved three operations: excitation, thermal
imaging and image processing. The first two were programmed for simultaneous
operation via National Instruments (NI) Labview software, while the image processing
was carried out in MATLAB. Figure 3-5 shows an image of the graphical user interface
(GUI) of the software developed in Labview for operating the excitation source and IR
camera. The software has a multi-image window display for live video, background

image and multiple image acquisition. The software can also perform simple image
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processing techniques and export captured image data to MATLAB for further

processing.
Bie Edt Yew Project Qperate Jook Windos Helb F
[ W] [24pe paslog Font B | =
n’,—""‘*e"ﬁ"e B ot = P wm P
g0 EZT— [onin
° Live Video
c
ol
k
o
"
o
el
=Y
C
L]
Erd
2
&
)
Fraime Mumber
Background Image Frame A=  Ba kg 4 cub N
C
5 L3
L,
+
rd +
2 [m]
£ 2
5 G
s
:

Figure 3-5 Graphical user interface (GUI) of bespoke software for operation of excitation source
and IR camera.

Prior to the start of an inspection, a single background image of the blade was captured
and stored on the PC. Next, the ultrasonic excitation was turned on between 0.4 seconds
and 1 second in different tests, while the IR camera simultaneously captured 75 images
at a maximum possible frame rate of 50 frames per second (fps). This number of images
(i.e. 75) was specifically chosen to ensure images were captured during excitation and

also for some time after the excitation was turned off. Due to the background noise
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present in the images, the heat signal generated by a crack was not evident in the raw
thermal images and therefore post-processing was utilised to enhance any potential crack

indication.

3.2.3.2 Image processing

The following image processing techniques were coded in MATLAB and used in this
specific order: background subtraction, linear filtering (convolution) and averaging.
Background subtraction is a simple and popular image processing technique used in
thermosonics [47, 75, 81]. It involved subtracting the captured background image
(acquired before excitation) from each of the 75 images acquired during and post
excitation. This technique removed the unwanted background/artefacts, highlighting
only the heat signal generated by the crack during excitation. However, for some
inspections in this study, background subtraction was not sufficient in highlighting the
crack heat signal. Figure 3-6 shows an example of such an image, with the crack
location indicated. The crack heat signal generated in this image is comparable to the
background noise level, making discrimination between the crack signal and background
difficult. Therefore, further image processing was performed to increase the heat signal-

to-noise ratio.
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Figure 3-6 Example of a difficult to interpret background subtracted image.

The noise in images obtained from an IR camera can either be random noise or ‘salt-
and-pepper’ noise [109]. Two filters commonly used for reducing such noise are linear
filters (convolution) and median filters [109]. Both approaches were evaluated with the
convolution method producing better discrimination of the defect location in the
processed images. The convolution method replaces each pixel value in an image by a
weighted average of itself and its neighbourhood pixels using a 2D array (i.e. filter
mask) of known integer weights [109]. The random noise pixels are reduced because of
the contributions of the non-random image pixel values from the neighbourhood pixels.
For an image hof size M xN with a filter mask w of size mxn, the linear filtering

operation can be expressed by Equation 3.1 [109]. In Equation 3.1, a=(m-1)/2;

b=(n-1)/2; x=012.....M -1; y=012.......,N =1 and g(x,y) is the filtered image.
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g(x,y) = Za: D w(s,t)h(x+s,y+1) (3.1)

s=—a t=-b
One drawback of using this type of filter for noise reduction is image blurring [109].
However, this did not adversely influence the interpretation of the imaging results
obtained in this work. A 9 x 9 filter mask with a weighting of one in all locations was
found to enhance the crack heat signal and allow for easier interpretation. This is
illustrated in Figure 3-7 where the heat signal from the crack (red spot) is clearly
discernible from the rest of the background. The image in Figure 3-7 was a result of

applying a linear filter to the background subtracted image shown in Figure 3-6.
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Figure 3-7 Improved imaging result after applying a linear filter to the background subtracted
image shown in Figure 3-6.

For each blade inspection, the filtering operation was applied to all 75 background-
subtracted images. A combination of these images provides a video sequence that shows

the transient heat signal from the crack over the inspection period. However useful,
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studying individual images in the video sequence can be time-consuming, especially
with the high number of frames captured in a typical inspection. Reducing the video
sequence to a single image is a better and much faster way of presenting the result. In
this study, averaging the filtered images captured during the excitation period was used
to obtain the single image for representing the result of an inspection. This type of
averaging is generally referred to as temporal averaging [109], as it involves averaging
images captured over a finite period. This image processing method also gives the
additional benefit of potentially increasing the heat signal-to-noise ratio by reducing

temporal noise [109].

3.2.4 Thermosonic excitation parameter study

Prior to inspecting the 60 blades set out for this study, it was important to understand
how the different excitation parameters affect crack detection in the turbine blades. The
excitation parameters investigated included: horn static force, coupling material,
vibration amplitude and excitation time. These parameters are fundamental in carrying
out a thermosonic test and have been shown by several researchers to affect the vibration
excited at a crack or the resultant heat generated by the crack [91, 100]. In this study, the
optimum parameter settings were determined using an initial set of settings known to
generate a detectable heat signal. These initial settings were: horn static force (70 N);
coupling material (electrical tape); vibration amplitude (100% on generator) and

excitation time (one second). The effect of each parameter was investigated by varying
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the parameter, while keeping the values of the other three parameters constant (i.e. initial
settings). For each parameter, five tests were conducted and the coupling material
renewed after the set of tests. One blade was considered sufficient for this study because
it was representative in geometry and crack position. The maximum temperature rise
from the crack was the difference between the average of the ten hottest pixels around

the crack and an averaged background area in the image.

3.2.5 Repeatability study

After establishing the excitation parameter settings, a repeatability study was carried out
to assess the consistency of results in repeated tests and the robustness of the
experimental process. This study was important mainly to understand how the inherent
inconsistency of the excitation affects results in repeated tests. Repeatability of results
was measured by the number of positive or negative (hit/miss) crack detections in 300
repeated inspections on four blades. The hit/miss approach was chosen because
thermosonics is generally recognised as a screening technique for detecting the presence
or absence of defects [75, 78, 93, 97, 110]. Therefore, in this study, absolute temperature
was not important, but rather, that the temperature rise associated with a crack was
above the background noise level, which ensures its detection in the final thermosonic

image.
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Apart from the inconsistency of the excitation generated by the ultrasonic horn, two
other variations that can influence the excitation generated in a blade in repeated
inspections were introduced to the experimental procedure. The variations were
reclamping the blade and renewing the coupling material after a specific number of
repeated inspections. It was important to determine the influence of these two
experimental variables because blade clamping can vary between components or in-
between inspections on the same component [80], while renewing the coupling material
after a certain number of inspections is an inevitable part of thermosonic inspection
process. Studies have shown that a change in the coupling material conditions can
influence the characteristics of the excitation, and hence the resulting temperature rise
generated by a crack [31, 44, 50]. Reclamping a blade in this study involved taking the
blade out of the clamping system and then clamping back immediately. The blades were
not reclamped to the same torque but reclamped only to ensure the blade was secure
between the jaws of the clamp. The reason for not using precise torque measurements
was the permanent deformation of the cork material during every clamping process,

which meant that consistent torque was not achievable during reclamping of the blade.

The variations to the experimental process described above were included in 300
inspections carried out on the four blades. These 300 inspections were divided into five
separate sets of inspections, comprising 50 or 100 inspections on each blade. Table 3-1

shows the five sets of inspections. This Table details the number of inspections carried
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out before a blade was reclamped and the coupling material renewed. The inspections
were split into batches to avoid exposing one blade/crack to more than 100 inspections.
This maximum of 100 inspections was arbitrarily chosen and the effect of exposing the
blade/crack to this level of excitation is uncertain. However, after the 50 or 100
inspections, there was no visual evidence of surface damage to the blade root or obvious
propagation of the crack. It must be noted that in a real inspection scenario, turbine

blades will not be exposed to this high level of ultrasonic excitation.

Table 3-1 Experimental procedure split into five separate sets of repeated inspections on the four
turbine blades.

Blade | Total number of Excitation Number of Number of inspections
inspections time (seconds) inspections before before replacing coupling
reclamping material
Bl 100 0.6 50 10
B2 50 0.6 10 5
B3 50 0.6 10 5
50 1 1 1
B4 50 1 5 5

It was impractical to show all 300 imaging results in this Thesis. Instead, the results are
illustrated using the temperature rise profile of the heat generated by a crack and a
boxplot that illustrates the variability caused by the variations introduced to the
experimental process. Figure 3-8 shows an example of the temperature rise profile of a
crack for one inspection. This Figure illustrates crack heating during excitation and after
the excitation is turned off at approximately 0.4 seconds. The Xx-axis represents the

excitation time, while the y-axis, the temperature rise of the crack. The temperature rise,
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represented in digital levels (d.l.), was computed as the contrast between an average
pixel intensity of a specified region of interest around the crack and an average of a
background area elsewhere in the image. Furthermore, the red dashed line in Figure 3-8
represents the chosen detection threshold, which was set at three times the background
noise level. Any heat signal above this threshold was discernible in the final thermosonic

image.
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Figure 3-8 Temperature rise profile of a crack heat signal.

It is worth noting that for uncooled IR cameras the digital level for a corresponding
temperature can vary slightly. This variation is due to changes to the temperature of the
internal camera body or changes to the ambient temperature of the scene. This is typical
of uncooled cameras and it is because the temperature of their detectors are not precisely
controlled, as in the case of a cooled camera [111]. This is however the main reason why
uncooled cameras are smaller and less expensive. In this work, variation of the camera’s

digital levels was mitigated by carrying out inspections after a period when the internal
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temperature of the camera was deemed to be stable and with the ambient temperature of
the surrounding environment also stable. This stability was verified prior to carrying out
this study by measuring the temperature of a stationary scene over a period of time.
Furthermore, the temperature rise generated by the cracks was not large enough to
distort the digital levels of the camera. Nevertheless, it must be noted that absolute
temperature was not important in this study, but rather that the temperature was above

the specified threshold level.

3.2.6 Reliability study

The objective of this study was to assess the reliability of the developed thermosonic
technique on 60 cracked turbine blades. Three consecutive inspections were carried out
on each blade, taking approximately two minutes to complete, and this included blade
clamping, excitation, image processing and interpretation of results. The coupling
material was changed for each set of three inspections on a blade. Three inspections
were conducted per blade to improve the reliability of the inspection technique. These
additional inspections did not adversely extend the inspection time window for each
blade, but importantly could provide additional information about the reliability of the
technique. Reliability was assessed in terms of whether or not the known crack in each

blade generated a discernible heat signal in all three thermosonic inspections.
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3.3 Results

3.3.1 Thermosonic excitation parameter study

Figure 3-9 shows the effect on crack temperature rise when the four different excitation
parameters are varied. Figure 3-9 (a) shows the result for the horn static force, (b)
coupling material, (c) vibration amplitude and (d) excitation time. All five tests for each
parameter setting produced a detectable heat signal from the crack. Furthermore, the
crack temperature rise for the five different tests of each parameter setting is represented
by a box plot, as shown in Figure 3-9. The box-plots show the median and quartiles of
the five different tests, while the whiskers show the maximum and minimum data points.
The horn static force was varied using the spring support system attached to the rear of
the ultrasonic horn shown in Figure 3-4. Ten force levels between 22 N and 107 N were
used. Figure 3-9 (a) shows a general increase in crack temperature rise as the horn static
force increases. This increase in crack heating at higher horn forces was also seen in a
similar study carried out by Perez et al. [94]. This increase in crack detectability may be
attributed to the increased chaos in the excitation as the horn force increases [72, 81].
Evidence of this increased chaos can also be seen in the increased variability of the crack

temperature rise of the five tests (i.e. box plot), particularly at 98 N and 107 N.
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Figure 3-9 Crack temperature rise with varying (a) horn static force (b) coupling material
(d) excitation time. Note: the box-plots show the median (red line) and
quartiles (blue line) of the five different tests, while the whiskers show the maximum and minimum
data points (black lines).




Five different coupling materials were investigated in this study: gaffer tape, silicone
tape, electrical insulating tape, duct tape and paper. Duct tape has been used in several
other studies [31, 44, 75] while paper has been mentioned as a suitable material [96,
112]. However, the other three coupling materials had not been reported in literature.
Figure 3-9 (b) shows electrical tape with the highest average crack temperature rise,
closely followed by gaffer tape. Duct tape which is commonly used had a much lower
crack temperature rise, along with silicone tape and paper. However, paper had the

lowest variability between the five tests.

The next parameter investigated was the vibration amplitude and the result is shown in
Figure 3-9 (c). The vibration amplitude of the horn tip was controlled by the ultrasonic
generator between 50 - 100% of the maximum amplitude. The maximum amplitude (i.e.
100%) of the horn tip, with no loading, was 6.7 um. The crack temperature rise was
highest at 100% amplitude; however, the temperature rise at 80% and 90% deviated
from the increasing trend between 50% and 70%. The reason for this deviation is
presently unclear. It has been speculated that it is related to the configuration of the

ultrasonic generator at those two settings, although this hypothesis is unsubstantiated.

Finally, Figure 3-9 (d) shows the result for the excitation time, varied between 0.2 and 1
second. This time range was considered reasonable to investigate as the excitation in

time used in most thermosonic tests in literature fall within this range [45, 50, 72, 75, 94,
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113]. Figure 3-9 (d) shows an increase in the crack temperature rise as the excitation
time increased, although the temperature rise at 0.8 and 1 second were identical. This
study has shown that the crack temperature rise does vary with variation of the
parameter settings. To ensure the highest probability of crack detection on the blade
type set out for this study (i.e. 60 blades), the following parameter settings that achieved
the highest crack temperature rise were used;

e Horn static force - 107 N

e Coupling material - electrical tape

e Vibration amplitude - 100%

e Excitation time - 1 second

The excitation parameter settings shown above are the same as the baseline settings

except for the horn static force which is now 107 N as opposed to 70 N.

3.3.2 Repeatability study

The results of this study are illustrated in Figure 3-10 - Figure 3-14. Each Figure has two
parts: (a) shows the temperature rise profiles of the crack heat signal for each set of 50 or
100 inspections, while (b) further illustrates the variability of the maximum temperature
rise due to reclamping and renewal of coupling material. It is important to note that for
each set of 50 or 100 repeated inspections, a 15 second delay was allowed between

inspections to ensure any residual heat at the crack completely dissipated. This was to

57



avoid any build-up of heat in consecutive tests, which would distort the measured

temperature rise.
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Figure 3-10 (a) Temperature rise profile of 100 inspections on blade B1 with reclamping after 50
inspections and coupling material renewed after 10 inspections.
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Figure 3-11 Temperature rise profile of 50 inspections on blade B2 with reclamping after 10
inspections and coupling material renewed after 5 inspections.
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Figure 3-12 Temperature rise profile of 50 inspections on blade B3 with reclamping after 10
inspections and coupling material renewed after 5 inspections.
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Figure 3-13 Temperature rise profile of 50 inspections on blade B4 with reclamping after 5
inspections and coupling material renewed after 5 inspections.
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Figure 3-14 Temperature rise profile of 50 inspections for blade B4 with both variations included
after one inspection.
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In Figure 3-10 (a) - Figure 3-14 (a), the shape of the temperature rise profiles within
each set of inspections show a similar trend, in terms of the initial temperature rise and
subsequent decay. However, some variation in the amplitude of the temperature rise
profiles can be seen, with the most significant variation seen in the set of 50 inspections
in Figure 3-13 (a). Firstly, the variation between the temperature rise profiles in Figure
3-10 (a) - Figure 3-14 (a) is primarily as a result of the differences in the respective
crack characteristics (i.e. morphology) and the excitation applied at the cracks. The
significant variation seen in the set of 50 inspections in Figure 3-13 (a) may be as a
result of a greater change in the clamping conditions during the inspection intervals,
compared to the other sets of repeated inspections on that blade. Although Figure 3-10
(a) - Figure 3-14 (a) gives an overall view of the temperature rise variation for each set
of inspection, it does not highlight the variation caused by the change in clamping

conditions or coupling material.

Figure 3-10 (b) - Figure 3-14 (b) presents a boxplot illustrating the variation of the
maximum temperature rise due to the change in clamping conditions and coupling
material. In these Figures, a new boxplot represents a change in coupling material, the
solid vertical blue line represents a change in clamping condition and the dashed
horizontal red line indicates the detection threshold. First thing to note in Figure 3-10 (b)
- Figure 3-14 (b) is the variability of the temperature rise within each box plot, which is

when the experimental process is unchanged (i.e. same coupling material and clamping
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conditions). This variability was expected given the inherent non-repeatability of the
excitation. However, more interesting was the effect caused by changes to the
experimental process in repeated tests. For each set of inspections, the level of
variability differed between a change in coupling material or clamping. In a few cases
the change in the temperature rise range (between maximum and minimum) is
significant, such as after test 10 in Figure 3-11 and after test 15 in Figure 3-13. However,
in most cases, the change in the temperature rise range was not as significant and are of

similar magnitude to the range seen when the experimental process is kept constant.

Despite the variations in the temperature rise generated by the respective cracks in
repeated tests, the maximum temperature rise in all 300 inspections was above the
specified threshold. This means the crack in every inspection was detected, irrespective
of the inherent variability of the excitation or changes in experimental process. This set
of results demonstrated the repeatability and robustness of the thermosonic technique

developed in this study.

3.3.3 Reliability study

After establishing a robust inspection process, all 60 cracked turbine blades were
inspected. The known cracks in 52 blades generated a heat signal in all three inspections
completed for each blade, while the cracks in 5 blades generated a heat signal in only

one inspection and no discernible heat signal was seen for the remaining 3 blades. As
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mentioned in Section 3.2.6, the reliability of the thermosonic technique developed in this
study was to be assessed in terms of whether the crack was detected in all three
inspections. This approach gives a more accurate measure of the reliability of the
technique on this set of blades. Therefore, it can be concluded that the technique
developed in this work was reliable for detecting the cracks in 52 out of the 60 turbine

blades (i.e. POD of ~86%)

Figure 3-15 (a) and (b) respectively show images of a positive and negative detection
case. This Figure highlights the total area of the image covered by the blade, which is
relatively small. The field of view (FOV) of the camera, with the blade in focus, was
approximately 200 mm x 150 mm (i.e. Horizontal x Vertical). This FOV was large
compared to the size of the blade in the image. Nevertheless, the heat signal generated
by the crack was still visible in the image as shown in Figure 3-15 (a). In Figure 3-15
(a), the crack heat signal in red (hotter) is distinguishable from the rest of the blade area,
which mostly appear blue (colder). This level of contrast between the known crack
location and other parts of the image allowed for easy interpretation of the results, and
this was typical of the positive detection cases. However, for the negative detection case
shown in Figure 3-15 (b), the heat signal shown in the vicinity of the known crack
location appears colder than the rest of the blade which is crack free. This indicates that
the crack generated little or no heat. The heat distribution seen across the blade area is

simply due to the vibration of the material.
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Figure 3-15 Thermosonic image result (a) crack generated a discernible heat signal (b) no heat
signal generated by crack.

The three cracks not detected may be attributed to either the local vibration excited at
crack or the noise floor of the IR camera. The characteristics of the local vibration at the
crack play an important role in activating the rubbing or clapping motion of the crack
faces that generates heat [55, 65, 80]. If the vibration modes that produce this rubbing
action are not excited or the vibration amplitude is not sufficient, then little or no heat
will be generated and the crack may go undetected. However, if heat is generated, but
significantly below the IR camera noise floor level, the crack may go undetected,
irrespective of image processing. It is difficult to ascertain whether the non-detection of
the three cracks was due to the excitation or the IR camera used in this study. However,
one way to eliminate the possibility of the latter is to use more sensitive IR camera, such

as a cooled camera.
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3.4 Discussion

The aim of the work presented in this Chapter was to assess the reliability of
thermosonics as a screening technique on a large set of turbine blades with real fatigue
cracks. Results from this work demonstrated a robust experimental process that
produced a high degree of repeatability and a high POD. The high POD compares
favourably with the results in a similar study carried out by Guo and Ruhge [92],

although the authors used larger turbine blades.

The results obtained in the repeatability study showed that the non-repeatability of the
excitation process did not affect the consistency of positive results in repeated
inspections. Furthermore, the controlled variations in the experimental setup did not
influence the consistency of results either. This however does not negate the view of
several researchers which is that the thermosonic technique is non-repeatable [55, 75].
Their assertion primarily relates to the variability of the measured temperature rise and
not the outcome of an inspection, which is the presence or absence of a defect. This
variability of the measured temperature rise from test-to-test was also seen in this study.
However, the adopted hit/miss analysis of the results, which is typically associated with
thermosonics, obscures this variability. Therefore, if thermosonics is to be used as a
screening technique for the presence or absence of defects, the important question is
understanding how the non-repeatability of the excitation affects the outcome of an

inspection, which in this study, had no effect.
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The high degree of repeatability and high POD achieved in this work suggests the
vibration levels excited in the blades were consistently above the threshold required to
detect the known cracks. This consistent level of vibration may be attributed to the horn
static force used in the inspections; although, other factors such as the vibration isolation
material (i.e. cork) and the coupling material (i.e. electrical tape) may have also
contributed. The use of vibration isolation material has been shown to improve the
energy coupled into the specimen, which consequently increases the heat generated by a
crack [94]. Similarly, the choice of coupling material was shown in this study to have a
significant effect on the amount of heat generated by a crack. Han et al. [31] has also
shown the effect the choice of coupling material can have on crack detectability.
However, the horn static force has been shown to be a major, if not the most important
experimental variable that influences crack heating [50, 90, 94]. This suggests that
repeatable results may be achieved if the horn static force is consistent in repeated
inspections on a component or between similar components. However, the required horn
static force for reliable crack detection for a component must be obtained empirically, as

it will depend on the component geometry, defect location and experimental setup.

The high POD from inspection of the 60 turbine blades was encouraging, considering
the reliability concerns associated with the thermosonic technique. If this was a real
inspection scenario where thermosonics was used as a screening technique and the

defective status of the blades were unknown, the 52 blades with cracks detected in all
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three inspections would have been rejected. The remaining 8 blades with cracks not
detected in all three inspections would go through the mandatory FPI cleaning and
inspection process where the cracks would have been later detected. The value of using
thermosonics in this scenario is the cost savings that would have been realised by not
putting 87% of the 60 blades through the cleaning and FPI process. Importantly, in the
overall NDE associated with these blades, all the defective blades would have been
detected but at a lower cost. . The total cost savings in this scenario would have been
approximately £1,092 (£21 inspection cost per blade). It must be noted that the
inspections carried out in this study were purely experimental and thus the two minute
inspection time per blade exceeded the target one minute inspection time required for the
business case to be valid. The experimental setup and inspection process can certainly be
optimised to significantly reduce the inspection time per blade; however, this is best

done after the technique has been shown to be reliable and fit-for-purpose.

Image processing plays an important role in detection of cracks in thermosonics [61, 75,
78], and its importance to this study cannot be over emphasized. This was particularly
due to the IR camera used in the study. Uncooled cameras generally have a much higher
baseline noise level compared with cooled cameras, and this noise level sometimes lie in
the range of the temperature rise generated by a crack. This consequently prevents easy
discrimination between the background and heat signal in the raw thermal images, thus

the need for further image processing. Polimeno et al. [78] also used an uncooled camera
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in their study and found it necessary to use further imaging processing techniques to
discriminate a crack heat signal. Conversely, no image processing or at most only
background subtraction is generally required for raw images obtained from cooled
cameras [29, 30, 34, 65, 77, 81]. However, some researchers who have employed cooled
cameras also found additional image processing to be useful in further reducing noise in
the raw thermal images [47, 75]. This demonstrates the importance of image processing

in thermosonics inspection, even when using advanced and expensive IR cameras.

Overall, thermosonics was shown to be reliable for detecting majority of the cracks in
the set of 60 blades. However, in the inspection process there was no reliable method to
determine whether or not the vibration excited in a blade was sufficient to detect the
known cracks. In a situation where there is no prior knowledge of the presence of a
crack on the component, having confidence in the vibration level excited in the
component is important to ensure the inspection is considered reliable [75, 86, 105]. The
next Chapter of this Thesis will explore the application of the Heating Index as tool for

monitoring the vibration excited in a component during a thermosonic inspection.

3.5 Review of chapter

This Chapter investigated the reliability of thermosonics as a screening technique for
finding cracks on a set of 60 turbine blades. Prior to inspection of all 60 blades, the

excitation parameters were optimised and the repeatability of the thermosonic technique
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was investigated. The optimised parameter settings determined in this study were: horn
static force (107 N), vibration amplitude (100%), excitation time (1 second) and
coupling material (electrical tape). After establishing an optimised testing technique, a
repeatability study was carried out. A total of 300 tests were completed on four
representative blades using a hit/miss approach. The known cracks in all four blades
were detected in the 300 tests, making the testing technique 100% repeatable.
Furthermore, variations in the excitation, which is inherent in the testing technique and
also variations intentionally included to the testing process did not affect repeatability.
Finally, the 60 blades set out for the empirical study were inspected. Each inspection
comprised of three tests lasting no longer than 2 minutes. The known cracks in 52 out of
the 60 blades inspected generated a detectable heat signal. These results demonstrated
the robustness and crack detection capability of the thermosonic technique developed in

this study.
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Chapter 4
Validation of the Heating Index for a reliable thermosonic
inspection

4.1 Introduction

4.1.1 Background

There has been growing industrial interest in thermosonics over the last decade because
of its capability to rapidly detect defects in large or complex-shaped components [28, 77,
81]. In addition, thermosonics is known to detect defects missed by conventional
methods such as FPI [95]. However, lack of repeatability of the technique has meant
thermosonics has largely remained a laboratory method, rather than a reliable industrial
NDT method [55, 75, 114]. The poor repeatability is related to the chaotic nature of the
excitation mechanism, particularly when using an ultrasonic horn as the exciter [25, 68,
75]. The inconsistency of the excitation can lead to cracks being missed if sufficient
vibrational energy is not excited at the crack location. If the reliability of the excitation
process is fully addressed, this would be a major step in thermosonics becoming an

industrial NDT technique for a number of applications.

Morbidini et al. [75] have proposed a calibration methodology to address the
repeatability issue concerning thermosonics. Their methodology determines whether or

not the applied excitation is sufficient to detect a defect of interest [75]. The method
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involves computing a reference parameter from the vibration waveform of the test-piece.
This reference parameter is called the Heating Index (HI), and it represents the potential
of the excited vibration field to generate heat at any position in the component [75]. The
HI is useful because it correlates linearly with the measured temperature rise from a
defect [68, 75]. This linear relationship enables prediction of a threshold HI required to
generate the minimum detectable temperature rise from a defect. The threshold HI is
then used in subsequent tests as a reference parameter to ensure a test has been carried
out satisfactorily. Results from Morbidini et al.’s studies showed the linear relationship
between the HI and temperature rise to be excellent for cracks in simple beams [75], but

poorer for cracks in complex geometries such as turbine blades [6].

This Chapter evaluates the linear relationship between the computed HI and the
measured temperature rise from a crack on a turbine blade. This evaluation is important
as it forms the basis of determining a threshold vibration level for a reliable inspection.
Furthermore, this Chapter compares three different vibration measuring devices that may
be used to compute the HI. These devices include a laser vibrometer, microphone and a
strain gauge. Fundamentally, the temperature rise generated by a crack is directly related
to the characteristics of the measured vibration (i.e. frequency and amplitude), where the
frequency determines the heating rate, and the amplitude determines the amount of
energy available for dissipation as heat [25, 75, 114]. Therefore, the method used to

capture the vibration required for computing the HI is of paramount importance.
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In this Chapter, the basis and theory of the HI is first presented, after which the
methodology used for computing the HI is described. Next, results showing the linear
relationship between the HI and measured temperature rise from a crack are presented.
Finally, the strength of the linear relationship seen in the results and also the

performance of the three vibration measurement devices are evaluated.

4.1.2 Heating Index

The fundamental basis of the Heating Index (HI) is the increased heating at a defect
location due to the extra damping introduced by the defect itself [75]. Damping is an
important material property of any structure subjected to cyclic stress, and this type of
damping is generally referred to as structural or hysteretic damping [24, 115, 116].
Structural damping is caused by internal friction within the material and at joints within
the structure. When a structure is subjected to a vibratory load, the ability of the
structure to convert the vibrational energy to heat per cycle of vibration is referred to as

its specific damping capacity (SDC), v [24].

V=" (4.1)

where AU is the strain energy dissipated per vibration cycle and U is the maximum
strain energy stored in the structure per cycle. The presence of a defect in a structure

increases its specific damping capacity, and this increase may be caused by friction of
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adjacent surfaces of the defect during each vibration cycle [24, 117]. The vibrational
energy dissipated as heat causes a temperature rise within the structure; however, this

heat is greatest at defect locations, due to its larger specific damping capacity.

The increased heating at defect locations was used by Pye et al. as a novel NDT method
for detecting defects in composites [24]. Their method is similar to thermosonics, except
their excitation method relied on the resonant frequencies (tens of Hz) of the component.
Furthermore, Pye et al. investigated the possibility of predicting the vibration-induced
temperature rise from a defect using damping measurements [24]. The basis of their
prediction algorithm was the proportional relationship between defect temperature rise,
AT and the power dissipated at the defect, P (see Equation 4.2) [24]. Furthermore, the
power dissipated at the defect, P is proportional to product of the square of the cyclic
stress or vibration amplitude (o?), excitation frequency (f) and specific damping
capacity (), assuming all other material related properties remain constant (see

Equation 4.3) [24].

AT o P (4.2

Paoc’fy (4.3)

72



Equations 4.2 and 4.3 shows that the vibration-induced temperature rise at a defect can
be predicted from knowledge of the damping introduced by the defect and
characteristics of the input vibration (i.e. excitation frequency and vibration amplitude).
The predicted and measured temperature rise in Pye et al.’s work compared favourably,
although the predicted results were generally higher with varying degrees of error for

different crack sizes [24].

Similar to Pye et al. [24], Morbidini et al. [70] investigated the prediction of temperature
rise from a crack based on the extra-damping introduced by the crack. However,
Morbidini et al.’s work involved metals as opposed to composites used by Pye et al.
Furthermore, the excitation method used by Morbidini et al. was that typically used in
thermosonics (i.e. forced vibrations) as opposed to resonant vibration used by Pye et al.
In Morbidini et al.’s work, the extra-damping introduced by the crack was measured as
the difference between the damping of a cracked beam and that of an uncracked beam
[70]. Results from Morbidini et al.’s work showed moderate correlation between the
predicted and measured temperature rise for several cracks, although with disagreements

in a few cases [70].

Morbidini et al.’s prediction algorithm is desirable; however, crack damping
measurement can be complicated and time-consuming [97]. In this respect, Morbidini et

al. [75] proposed a new parameter that is proportional to the power dissipated by a crack,
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but does not require any knowledge of crack damping. The authors observed that, for a
small crack size, damping was almost independent of strain amplitude and frequency.
Consequently, the authors assumed that for a crack of fixed size, the power dissipated
was mainly dependent on the square of the vibration amplitude and excitation frequency
(see Equation 4.2) [75]. Using this assumption, Morbidini et al. [75] introduced the
Energy Index (EI), which represents the instantaneous power dissipated by a crack, as

described by Equation 4.4 [75].

El(t) = 2%65 (4.4)

where ¢ is strain and f is frequency. % represents weighting of the strain frequency

0

components(i.e. f,) relative to the fundamental frequency of the exciter (i.e. f,) [75].

The Energy Index (EI) is proportional to the power released by the crack, but cannot be
correlated directly to the temperature rise measured by the IR camera [75]. This is
because the measured temperature rise at the surface depends on the crack
characteristics, such as crack depth, and on the thermal properties of the material (e.g.
thermal diffusivity). If the heat is generated very close to the surface, the instantaneous

heat measured by the IR camera is directly proportional to the EI. However, if the heat is
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generated deep into the crack, the measured temperature rise is a function of the heat
generated earlier in time. In this case, the EI is not a suitable parameter to describe the
heating behaviour of the vibrating crack. Instead, Morbidini et al. introduced the
parameter called the Heating Index (HI) which accounts for the crack depth and material

behaviour [75]:

HI(t) = jek(t’)El (r)dr (4.5)

In Equation 4.5, t is time, 7 is the time integration variable, k is a time constant. The
HI is simply a weighted integral of the instantaneous heat (i.e. Energy Index), where the
weighting function is an exponential decay which accounts for the crack depth and
material behaviour. The time constant k, describes how fast the vibration-induced heat
decays after the excitation is turned off, and this gives an indication of the depth from
which the heat was generated [75]. A large value of k, typically above 30, indicates that
the heat was generated close to the surface, while a value of k below 5 indicates the heat
was generated deep into the crack [75]. The next sub-section describes the methodology

used to compute the HI in this study.
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4.2 Methodology for computing the Heating Index

4.2.1 Experimental setup

A schematic of the experimental setup used in this study is shown in Figure 4-1. The
ultrasonic excitation system is the same as that described in Chapter 3; however, the
turbine blade used in this study was different (i.e. different engine model). A
representative blade is shown in Figure 4-2, measuring 74 mm in height and 45 mm at
the widest point. The blade was secured in a steel holder (70 x 30 x 30 mm),
specifically designed to fit the geometry of the blade root, see Figure 4-2. In this study,
excitation was delivered to the blade holder rather than the blade directly, as was the
case in Chapter 3. The main advantage is the reduced likelihood of surface damage that
may occur on the blade due to high amplitude vibrations, and therefore this approach is
generally regarded as a more acceptable way of inspecting the blades. The horn tip was
spring-loaded to the base of the blade holder via a piece of electrical insulating tape. The
horn static force was varied in each test, between 42 N and 163 N (maximum) to ensure
a wide range of vibration levels (i.e. HI levels) were excited in the blade. A wide spread
of HI levels was important in the evaluation of the linear relationship between the HI

and crack temperature rise.
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Figure 4-1 Schematic of experimental setup; comprising an ultrasonic horn, IR camera and
vibration measuring devices (laser vibrometer microphone, strain gauge).

Figure 4-2 Image of turbine blade in blade holder.

The IR camera used in this study was a Cedip Silver 660M (cooled camera), with a
detector array of 640 x 512 pixels, temperature sensitivity of 20 mK and a frame rate of
up to 100 Hz. A cooled camera, as opposed to an uncooled camera, was required in this

study for accurate measurement of crack temperature rise. In addition, images obtained
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from the cooled IR camera required fewer post-processing steps compared to images

obtained from the uncooled IR camera used in Chapter 3.

Figure 4-1 also shows the three different vibration measuring devices used in this study
I.e. laser vibrometer, microphone and strain gauge. These measurement systems were
chosen because of their capability of measuring the high frequencies typically excited in
a thermosonic test. The strain gauge was a KYOWA KFG-120; 5 mm in length, 120.4
ohm resistance and a 2.09 gage factor. The strain gauge was permanently bonded to the
blade holder as opposed to the crack location on the blade. This was due to the
complexity of the geometry around the crack location. In addition, attaching and
removing strain gauges from a large number of blades in a real inspection scenario
would be time-consuming and costly. Morbidini et al. [6], in their HI study on turbine
blades, also found it difficult to attach a strain gauge at the crack, and instead attached
the strain gauge remote from the crack position. The strain gauge used in this study was
connected to a calibrated FYLDE FE-537-SGA dynamic strain gauge amplifier with a
3dB frequency response of up to 100 kHz and gain of up to x 3000. One of the main
advantages of a strain gauge is that it is significantly cheaper than a microphone or laser

vibrometer.

The microphone employed in this study was a G.R.A.S 40DP pressure microphone, with

a diameter of 3.2 mm and a frequency response of up to 140 kHz at £3dB [118]. This
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microphone was chosen because of its high bandwidth, which is amongst the highest for
commercially available microphones. The microphone is classed as omni-directional,
however, some form of directionality exists, as in most omni-directional microphones
[119]. Figure 4-3 shows the directionality plot (i.e. polar plot) for the microphone [118].
This Figure shows that when sound is incident at O degrees the response level is the
same at all frequency; however, as the angle of incidence increases, the microphone
response level decreases, and this decrease is greater at higher frequencies. The
characteristics of the polar plot shown in Figure 4-3 is typical of commercial
microphones [119], which means responses from higher frequencies incident at an angle
will be underestimated to varying degrees. This leads to a complicated sound field
measured by the microphone. Nevertheless, even with this limitation, the microphone
still presents a significant advantage, with its non-contact measurement capability and
lower cost when compared to a laser vibrometer. In this study, the microphone was
positioned at a distance of approximately 20 mm from the crack to ensure the vibration
(or sound pressure) measurement closely represented the vibration excited at the crack
location. The microphone distance from the crack (i.e. 20 mm) was specifically chosen
to be in the far-field to ensure measurement errors due to near field effects were avoided
[119]. The formula used to calculate the near-field distance is shown in Equation 4.6,
where N is near field distance, D is diameter of source, f is frequency, c is sound velocity

and A is wavelength.
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Figure 4-3 Directionality plot for GRAS Type 40DP pressure microphone (supplied by
manufacturer, GRAS).

(4.6)

The laser vibrometer system used in this study comprised a Polytec OFV-3001
controller (velocity decoder, 1MHz bandwidth) and OFV-3003 sensor head. A laser
vibrometer was chosen because of its capability of measuring the surface vibration at the
crack location. The laser beam is pointed at the surface and the amplitude and frequency
of the vibration are extracted from the interference of the reflected laser and a reference
laser beam [120]. The laser vibrometer was a single-point, out-of-plane vibrometer,
meaning its capability was restricted to measurement of the out-of-plane velocity
component of a point. This was considered a limitation because in-plane velocity

components, which may contribute to crack heating, was not measured. All three
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vibration measuring devices were connected to a 4-channel Lecroy WaveRunner
oscilloscope, programmed to capture vibration for one second. The oscilloscope was
controlled via National Instrument software (Labview) for simultaneous operation with

the ultrasonic horn generator and IR camera.

4.2.2 Thermosonic inspection

Prior to the start of a test at least 20 background images of the blade were captured and
then averaged to leave a single image representing the background. Next, the excitation
was turned on for 0.5 seconds while the IR camera and oscilloscope simultaneously
captured image and vibration data for one second respectively. One second was chosen
to capture data during and post excitation. The captured images were processed in
MATLAB using background subtraction. In this study, two different sets of tests, Set A
and Set B, comprising 24 and 23 tests respectively were completed on the single cracked
blade. The difference between the two sets of tests was the position of the microphone
relative to the crack, although both at a distance of 20 mm from the crack. For Set A, the
known crack was detected in all 24 tests, while for Set B, the crack was detected in 22

out of the 23 tests.

4.2.3 Computing the Heating Index
The first step in computing the HI is estimating the time constant k from the temperature

decay profile of a crack [75]. Figure 4-4 (a) & (b) show, as an example, the temperature
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profile of the crack for two different tests from Set B (test 8 & 23). Note in Figure 4-4
(@) 0.06 second delay between the start of IR camera measurements and excitation. In
Figure 4-4 (a), the temperature gradually builds up and peaks at around 0.56 seconds,
which is the time when the excitation was turned off, hence, the immediate temperature
decay. However, Figure 4-4 (b) is different; in this case the temperature builds up but
instead peaks earlier at around 0.34 seconds, decreases for a short period, before the

final decay (around 0.56 seconds) due to the excitation being turned off.
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Figure 4-4 Temperature rise profile of two tests (solid line) from Set B and the exponential best-fit
curve (dashed line) for the decay part of the temperature rise profile used to estimate the time
constant k. (a) test8, k=10 (b) test 23, k =10.

The k value was estimated from the shape of the temperature decay profile shown in
Figure 4-4 (a) & (b). The decay profiles were approximated by an exponential decay
function presented in Equation 4.7 [75]. In Equation 4.7, T, is the initial temperature
before decay and T is the final temperature of the exponential decay. Figure 4-4 shows

the exponential best-fit curves (dashed red lines) that closely represents the temperature
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decay profiles. In both cases the best-fit curves deviate towards the end of the decay.
This is because the exponential function is a crude, but simple way of approximating the
temperature decay [75]. However, more importantly for computing k is accurately
representing the early part (i.e. initial decay) of temperature decay as this represents the
short-time or immediate behaviour of the temperature decay [75]. In Figure 4-4 (a) and
(b), the best-fit curves match the decay curves for 0.05 seconds (after 0.56 seconds),
after which both curves begin to deviate. The computed k value for Figure 4-4 (a) and
(b) was 10; however, more interestingly, the computed k value for the other 21 positive
tests was also 10. This is however not always the case as seen in Morbidini et al.’s study
where the computed k varied between tests on the same crack [75]. For a different
blade/crack, the computed value will most likely be different, which is also seen in

Morbidini et al.'s work where the k values ranged between 5 and 50 [75].

T=Te™" 4.7)

The next step after estimating the time constant k is computing the Energy Index (EI).
The EI of a vibration waveform is the sum of the product of the different frequency
components and their respective amplitudes, as described by Equation 4.4. However,
due to the transient nature of the vibration waveform typically seen in a thermosonic
test, a Short-Time Fourier Transform (STFT) is first used to decompose the vibration

waveform to its different frequency components (i.e. FFT) in short time segments. In

83



this study, the FFT of the vibration waveform was computed in 2 ms segments to reflect

the transient nature of the vibration waveform.

Figure 4-5 and Figure 4-6 show the different stages in computing the HI for test 8 and
test 23 from Set B respectively. Both figures show the respective vibration waveform
(from laser vibrometer), STFT, EI profile and HI profile. As expected, the vibration
waveforms for test 8 and 23 in Figure 4-5 (a) and Figure 4-6 (a) respectively were
different; the former shows one sharp peak at around 0.1 seconds, while three different
peaks can be seen in the latter between 0.1 and 0.3 seconds. The reason for the different
vibration waveforms is due to the inherent chaotic nature of the excitation. This is
further illustrated by their respective STFT in Figure 4-5 (b) and Figure 4-6 (b), which
show the time-varying frequency content of the vibration waveforms, consisting of
harmonics and multiples of the horn resonance. Figure 4-5 (b) and Figure 4-6 (b)
clearly shows some frequency components appearing from the start of excitation, while
some others appearing later in time, and this is different for the two tests. This gives a
good visualisation of the complex nature of the excitation typically seen in
thermosonics. The most dominant frequency component in both Figure 4-5 (b) and
Figure 4-6 (b) is 80 kHz (2" harmonic of exciter resonance), and this evident by its
strong presence throughout the duration of the excitation. Although other frequency

components (i.e. harmonics and sub-harmonics due to non-linearities) can be seen, there
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IS no strong indication of exciter resonance at 40 kHz in Figure 4-5 (b) and Figure 4-6

(b). The STFT is important as it forms the basis for computing the EI profile.
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Figure 4-5 Vibration waveform, STFT, El, and HI for test 8.
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Figure 4-6 Vibration waveform, STFT, EI, and HI for test 23.

The computed EI profiles for test 8 and 23 are shown in Figure 4-5 (c) and Figure 4-6
(c) respectively. Both profiles are different, with the former having a small sharp peak
around 0.1 second, while the latter three different sized peaks. These peaks can also be
seen in their respective vibration waveforms in Figure 4-5 (a) and Figure 4-6 (a). The
maximum EI represents the point during the vibration where the power released at the
crack was greatest, which in Figure 4-5 (c) occurs just before the excitation was
switched off (i.e. at 0.56 seconds), while in Figure 4-6 (c) the maximum EI occurred

much earlier in time at around 0.29 seconds. As mentioned in Section 4.1.2, the El
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cannot be correlated directly to the measured temperature rise because the measured
temperature rise also depends on the thermal response of the material and on the depth
from which the heat was generated [75]. Instead, the HI is used to correlate to the
measured temperature rise. Figure 4-5 (d) and Figure 4-6 (d) show the computed HI
profiles for test 8 and 23 respectively. The HI profiles are different from their respective

El profiles because of the exponential weighting function (see Equation 4.5).

A comparison of the HI profile and the measured temperature rise for test 8 and 23 is
better illustrated in Figure 4-7 (a) and (b) respectively. Both tests show very good
agreement between the shape of the HI profile and the measured temperature rise, with
all the peaks seen in the measured temperature rise also present in the HI profiles.
However, more importantly is that the maximum temperature rise and maximum HI
occurred at exactly the same time. This is important because the maximum HI represents
the time during the vibration when the crack is most likely to be detected [68]. This
agreement highlights the importance of using a function, in this case an exponential

function [75], to account for the thermal response and crack depth.
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4.3 Results

4.3.1 Examples of the HI computed from different vibration measurement devices
Figure 4-8 presents examples (from Set B) of comparisons between the shape of the
normalised HI and the normalised temperature rise for six different tests. In general, the
patterns observed in the 6 tests reflect the results for the other 17 tests not shown.
Figure 4-8 also includes the HI computed from the vibration captured by the microphone
and strain gauge. Figure 4-8 shows good agreement between the shape of the HI and
temperature rise for the laser vibrometer, while the result for the microphone and strain
gauge are mixed (i.e. good and poor results). For the laser vibrometer, the shape of the
HI closely follows the shape of the temperature rise in all the tests except for test 4
(Figure 4-8 (b)) where there is a slight disagreement. In test 4, after approximately 0.3
seconds, the HI increases at a much faster rate than the temperature rise, leading to the

maximum HI peaking at a different time (0.56 seconds) compared to the maximum
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temperature rise (0.18 seconds). In this case, the maximum HI suggests that the crack

would most likely be detected at 0.56 seconds rather than at 0.18 seconds when the crack

generated the most heat.
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For the microphone results, there is good agreement in test 2, 4 and 22; however, for test
10, 16 and 20, the agreement is only fair, and this because of the mismatch between
certain sections of the profiles. For example in test 20, shown in Figure 4-8 (e), there is a
significant difference between the trajectory of the HI and temperature rise. Again, this
mismatch gives a false indication as to when the crack generated the most heat. For the
strain gauge, the results in test 2 and 10 can be described as good, test 16 as fair, but test
4, 20 and 22 as poor. Tests 2 and 10 are described as good as most sections of the HI
profile follow the temperature rise profile, whereas for test 16, which is described as fair,
the HI profile follows the temperature rise profile except for the peak around 0.1
seconds. For test 4, 20 and 22, the shape of the HI profile does not match that of the
temperature rise in any way. The results in this section shows that the vibration data
captured in a test may be used to predict the heating profile of vibrating crack. However,
in order to validate the HI parameter, a linear relationship must be established between

the HI and the measured temperature rise [75].

4.3.2 Relationship between the HI and crack temperature rise

For the HI to be considered a valid parameter, a good degree of linear correlation must
exist between the HI and measured temperature rise [75]. Morbidini et al. [75]
demonstrated the linear relationship using the maximum temperature rise and the
maximum HI as these two parameters represents the time during the excitation when the

crack is most likely to be detected. Figure 4-9 shows the plot of maximum temperature
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rise against maximum HI for the two sets of tests (i.e. Set A and Set B). The result for
the 24 tests in Set A is shown in the first column of Figure 4-9, while the result for the
23 tests in Set B is shown in the second column. Furthermore, Figure 4-9 (a), (b) and (c)
show the results for the laser vibrometer, microphone and strain gauge respectively. The
HI for the laser vibrometer in Figure 4-9 (a) was computed using frequency components
up to the highest frequency of interest (i.e. 300 kHz); however, for the microphone and
strain gauge, the HI was computed using the maximum measurable frequency of the

respective device, which are 140 kHz and 100 kHz respectively.
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Figure 4-9 Maximum temp rise vs. maximum HI for Set A and Set B (a) Laser vibrometer (b)
Microphone (c) Strain gauge.

The laser vibrometer results in Figure 4-9 (al & a2) show a linear trend with little scatter
in the data, whereas for the strain gauge results (c1 & c2), significant scatter can be seen
with no recognisable linear trend. The result for the microphone is mixed, where no
clear linear relationship can be observed for Set A in Figure 4-9 (b1), whilst for Set B in

Figure 4-9 (b2), there is evidence of a linear trend. In this study, the strength of linear
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correlation was quantified using the square of the normalised correlation coefficient, r?,

described by Equation 4.8 [121]. The square of the correlation coefficient, also referred
to as the coefficient of determination, is a useful statistical quantity that measures the
proportion of variance of the dependent variable (i.e. temperature rise) that can be
predicted from the independent variable (i.e. HI) [122]. The correlation coefficient
always lies between +1 and -1; however, a coefficient between 0 and +1 was only valid
in this study as crack temperature rise only increases with increasing HI [75]. For
example, a coefficient of 0.7 means only 70% of the variation of the temperature rise can
be predicted from the variation of the HI, while the remaining 30% of the variation

cannot be explained by the linear relationship and is due to other unknown factors.

The strength of linear correlation in this thesis was classed into the following categories:
strong, moderate, weak and no correlation. A strong correlation is one with a correlation
coefficient > 0.7, moderate correlation between 0.4 and less than 0.7, weak correlation
between 0.2 and less than 0.4 and no correlation between 0 and less than 0.2. This is an
established classification seen in several fields where correlation coefficients are

commonly used [122-124] and was therefore adopted in this study.

I e M
5 o) 3 vt T |
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Table 4-1 shows the calculated correlation coefficient for Set A and Set B for the three
vibration measurement devices. Table 4-1 shows the laser vibrometer with the largest
coefficients for both Set A and Set B, followed by the microphone. The linear trend
observed for the laser vibrometer in Figure 4-9 (a) is reflected in the computed
coefficients of 0.77 and 0.85, and these values suggest a strong linear correlation
between HI and temperature rise. Similarly, the absence of a linear trend for the strain
gauge in Figure 4-9 (c) is also reflected in the correlation coefficients of 0.30 and 0.36,
which can be described as weak. This is because a significant proportion of the variation
of temperature rise cannot be associated with variation of the vibration levels (i.e. HI).
The mixed coefficient for the microphone at 0.43 and 0.70 is also reflected in the plots
in Figure 4-9 (b). The likely reasons for the different strengths of linear correlation for

the vibration measuring devices are discussed in Section 4.4.

Table 4-1 Normalised correlation coefficient for Set A and Set B when using the maximum
measurable frequency components of the respective vibration measuring devices.

Correlation coefficient r} Laser Microphone Strain gauge
vibrometer
Set A (24 tests) 0.77 0.43 0.30
Set B (23 tests) 0.85 0.70 0.36

The computation of the HI for the different vibration measurement devices involved the
use different frequency components; up to 300 kHz for the laser vibrometer, up to 140
kHz for the microphone and up to 100 kHz for the strain gauge. Holland [65], Zhang

[64] and Han [125] in their respective studies have shown the dependence of crack
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heating on the excitation frequency. Therefore, it was reasonable to determine the effect
of using different frequency components to compute the HI for the different devices.
Figure 4-10 shows the revised results of Set A and Set B for the three devices when
using only frequency components up to 100 kHz. Comparing the results in Figure 4-10
with Figure 4-9, there appears to be no obvious difference, and this is further confirmed
with the new normalised correlation coefficients shown in Table 4-2. Table 4-2 shows
only a marginal change, suggesting that frequency components above 100 kHz did not
contribute significantly to the computed HI or the heat generated by the crack.
Nevertheless, this conclusion can only be attributed to the blade/crack used in this study,
as higher frequency components may contribute to the heat generated by other cracks. In
such a case, a higher bandwidth device such as a laser vibrometer will have an

advantage over the microphone and strain gauge.
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Figure 4-10 Maximum temp rise vs. maximum HI for Set A and Set B, using only frequency
components up to only 100 kHz (a) Laser vibrometer (b) Microphone (c) Strain gauge.

Table 4-2 Normalised correlation coefficient for Set A and Set B when using frequency components

up to only 100 kHz to compute the HI.

Correlation coefficient r, _Laser Microphone Strain gauge
(up to 100 kHz only) vibrometer
Set A (24 tests) 0.80 0.45 0.30
Set B (23 tests) 0.83 0.71 0.36
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4.4 Discussion

Prior work by Morbidini et al. [6, 75] show the Heating Index (HI) to be a potentially
useful parameter for assessing whether the excitation applied in an inspection is
sufficient to detect a defect of interest. This is because of the linear relationship found
between the HI and the measured temperature rise from a vibrating crack. However, this
linear relationship was shown in Morbidini et al.’s work to be weak for turbine blades
[6] compared to a simple beam [75]. The aim of this study was not only to build on
Morbidini et al.’s work by further validating the HI on a turbine blade, but also to
compare the strength of the linear relationship when using different vibration
measurement devices to compute the HI. This comparison will highlight the advantages

and limitations of different vibration measurement devices for computing the HI.

In this study, the HI was computed from the vibration captured by a strain gauge,
microphone and laser vibrometer. Overall, the strength of linear correlation between the
HI and temperature rise for the laser vibrometer was higher than that of the microphone
and strain gauge. This was expected because the laser vibrometer measured the local
vibration at the defect, which was not the case with the microphone and strain gauge.
Several authors have demonstrated, in their respective studies, that the heat generated by
a crack is directly related to the vibration at the crack location, and in those studies, a

laser vibrometer or a strain gauge attached at the crack location were used [60, 75, 126].
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The strength of the linear correlation for the strain gauge can be described as weak, and
this was primarily due to the position of the strain gauge on the blade. Morbidini et al.’s
[75] study has shown the strain gauge to be most effective when positioned at the crack
location. In this study however, it was not possible to attach the strain gauge at the crack
location, and as a result, not capture the vibration at the crack. This limitation presented
an opportunity to attach the strain gauge in a more practical location i.e. blade holder,
which would be the most likely and accepted attachment location in a real inspection
scenario. The outcome however, was a weak correlation, which rules out the use of a

strain gauge as a practical device for computing the HI on a turbine blade.

The strength of the linear correlation for the microphone was stronger than that of the
strain gauge, although it can only be described as moderate. The reason for this may be
due to the complicated nature of the vibration measured by the microphone, which is
dictated by the microphone’s relative position to the vibrating test-piece and other
objects around the experimental station [120]. During a thermosonic test, the sound
picked up by a microphone is sound pressure emanating not only from the crack location
but also from the other parts of the test-piece and components attached to the test-piece
(i.e. experimental setup) [10]. In addition, the microphone picks up reflected sound from
surrounding objects. Consequently, the measured vibration will not be a true
representation of the local vibration at the crack. This means that the characteristics of

the vibration (i.e. frequency and amplitude) that do not directly contribute to crack
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heating are used in the computation of the HI. This may be one of the reasons for the
mixed and at best, modest linear correlation achieved by the microphone in this study.
Morbidini et al.’s HI study on similar-sized turbine blades using a microphone provides
the best comparison with the microphone results in this study, although their study did
not compute the correlation coefficient between the HI and temperature rise.
Nevertheless, the results (i.e. degree of linear correlation) in Morbidini et al.’s study

compared favourably with the results seen in this study.

The ideal result in this study would be a correlation coefficient between 0.9 and 1. This
level of correlation gives a high degree of confidence in predicting the threshold HI for a
reliable inspection. This level of correlation would have been expected for the laser
vibrometer, considering the vibration was captured at the crack location. Three possible
reasons why this level of correlation was not achieved are: first, the assumption made in
the formulation of the HI; second, dependency of crack heating on excitation frequency,
and; third, the limitation of the laser vibrometer in measuring only out-of-plane
vibration. Firstly, the assumption made in formulation of the HI is that the damping of a
crack of fixed size is constant at all frequencies and amplitude. However, this is not
strictly the case, as highlighted by several researchers [24, 127, 128] and also by
Morbidini et al. [70] . These different studies show damping can vary with vibration
amplitude and frequency, particularly with the former. The purpose however, of

Morbidini et al.'s assumption, was to simplify the computation of the energy released by
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a vibrating crack, which otherwise would require knowledge of the damping at the
crack. However, by way of good experimental results in several studies [6, 75],
including this one, this assumption is reasonable. Therefore, it is also reasonable not to
expect an ideal level of linear correlation due to the assumptions made in the

formulation of the HI.

Secondly, the frequency dependence of crack heating must be considered as a factor for
less than ideal correlation. Frequency dependence here simply means cracks responding
differently to different frequencies, through which each frequency will contribute
individually to the overall heat generated by the crack. In a typical test, the number of
excited modes (i.e. harmonics and multiples of horn resonance) is very high, and the HI
cannot distinguish between the frequencies that contributes most to crack heating from
those that don’t contribute to crack heating [6, 65]. Finally, the limitation of only out-
of-plane vibration measurements by a laser vibrometer means that any other vibration
modes (e.g. in-plane or torsional) that contribute to the crack heating would not be taken
into account in the computation of the HI. This again may have contributed to the less

than ideal correlation coefficient achieved by the laser vibrometer in this study.

The findings in this work extend those of Morbidini et al. by confirming the linear
relationship between the computed HI and the measured temperature rise from a crack.

Additionally, this study has highlighted the importance of using the vibration measured
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at the crack, if a strong linear correlation is to be achieved. However, what dictates the
vibration measurement device used in a real inspection scenario is its practicality and the
inspection environment. In a real inspection scenario, as opposed to a research
environment, the crack location is unknown. This automatically raises questions about
where on the blade a laser vibrometer is pointed to measure the vibration. The
characteristics of the vibration at a location is not representative of the vibration in other
parts of the blade. Therefore, the HI computed for laser vibrometer measurements
cannot be used to assess the vibration across all parts of the blade. This is also the case
with the strain gauge. The microphone is the only device that does not measure the
vibration of a single point; rather, the vibration measured is a gross representation of the
vibration of the whole component. However, as shown in this study and also in
Morbidini et al.’s study, the strength of linear correlation for the microphone is only
moderate. Nevertheless, it remains the most practical option due to the need to capture
the vibration of the whole component as the crack location will be unknown in a real
inspection scenario. In addition, the microphone has other advantages such as its non-

contact capability and lower cost compared to a laser vibrometer.

Another important finding from this study, and from other similar HI studies, is related
to the requirement of k in computing the HI. k plays a key role in the computation of the
HI as it accounts for the thermal response of the crack. However, k is dependent on the

crack characteristics and therefore unique for each crack. For example, in Morbidini et
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al.’s study on beams [75], the k value for 18 different cracks varied between 5 and 50,
and in most cases the k value also varied in between repeated tests on a crack. This
highlights the significant dependence of k on the crack morphology and input vibration.
This dependency poses a problem as the k values used in calibration to determine
threshold HI for an inspection may not be appropriate for any potential cracks within an
inspection batch. In addition, in a real inspection scenario, most blades would be crack
free, raising questions as to whether a vibration monitoring parameter, such as the Hl,

should require prior knowledge of crack behaviour (i.e. k).

The next Chapter of this Thesis focuses on exploring a more robust parameter that
would remove the requirement of the k factor, but at the same time correlates linearly
with the measured temperature rise. In addition, this new parameter will be developed

based on vibration measurements from a microphone only.

4.5 Review of chapter

A study to validate the Heating Index (HI) on an aero engine turbine blade was
presented in this Chapter. In addition, this Chapter compared three different vibration
measuring devices that may be used to compute the HI. The devices included a laser
vibrometer, a microphone and a strain gauge. The validation involved measuring the
strength of linear correlation between the HI and the temperature rise from a crack. The

strength of linear correlation was quantified using the square of the correlation
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coefficient, and was found to be highest for the laser vibrometer followed by the
microphone. The linear correlation for the strain gauge was weak due to the position of
the strain gauge on the blade holder rather than on the blade itself. The complicated
nature of the vibration measured by the microphone limited the strength of the linear
correlation compared to the laser vibrometer which measured the vibration at the crack
location. The microphone was however found to be the most practical device for
computing the HI in an industrial setting. This is because in a real inspection scenario,
the number of cracks and their locations will be unknown, therefore requiring a device
that capture a vibration waveform that represents the vibration of the whole blade, rather
than a single point. Finally, this Chapter highlighted a limitation to the use of the HI,
which is the required knowledge of k (i.e. crack behaviour) prior to inspection. This is
not ideal as every crack is unique, but more importantly, a crack may not exist in test-

piece to be inspected.
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Chapter 5
An alternative vibration monitoring parameter for a reliable

thermosonic inspection

5.1 Introduction

Monitoring the vibration in a thermosonic test ensures sufficient vibrational energy is
applied to the component to detect a defect [75]. Morbidini et al. [75] have developed a
vibration monitoring parameter called the Heating Index (HI) that correlates linearly
with the heat generated by a crack [75], and thus may be used to determine whether a
test has been carried out satisfactorily. However, one disadvantage of the HI is choosing
an appropriate time-constant, k, for computing the HI in post-calibration inspections.
The methodology for computing the HI is described in Chapter 4. The time—constant, k,
IS a unique characteristic of each individual crack that can only be measured from the
heat signal generated from the crack during vibration. However, in a real inspection, it is
unknown whether a crack exists on the blade or its position on the blade. At present, the
majority (over 90%) of blades inspected in Rolls-Royce at overhaul are crack-free.
Therefore, using a vibration monitoring parameter that requires prior knowledge of
crack behaviour (i.e. HI) is not appropriate. This Chapter proposes an alternative
vibration monitoring parameter which does not require prior knowledge of crack
behaviour (i.e. k), but simply indicates whether sufficient energy has been applied to the

component.
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This alternative vibration monitoring parameter is referred to in this Thesis as the A?
parameter, and it is related to the total energy content of the time-domain vibration
waveform. The energy content of a time-domain vibration waveform is proportional to
the square of the vibration amplitudes. In a thermosonic context, the A? parameter
relates to the total energy available for dissipation in the component, not the temperature
rise measured at the top of the crack, as with the HI. Nevertheless, there is a relationship
between the total amount of energy available for dissipation and the eventual energy
dissipated as heat by the crack. If the total energy available for dissipation increases, the
potential of a crack generating a higher temperature rise also increases, as more energy
becomes available to be damped by the vibrating crack. The main difference between A?
and HI parameter, apart from the requirement of prior knowledge of the crack behaviour
for the HI technique, is that the former accounts for the total energy of all frequencies
present in the excitation, while the latter only represents the energy of a short section of
the vibration where the HI content is largest (i.e. maximum HI) [75]. For the HI, this
means only the frequencies present in a short section of vibration is used in the
computation. This is not valid in all cases; for example if the component under test has a
high modal density, the maximum HI may not take into account the energy of
frequencies that contributed greatest to crack heating. Several researchers have
demonstrated the frequency dependence of crack heating [6, 64, 65], with cases shown
where the dominant frequency excited in the component did not contribute to crack

heating [65]. Furthermore, using a parameter that takes into account all frequencies is
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advantageous for components with multiple cracks, as different cracks respond

differently to different frequencies.

This Chapter evaluates the A? parameter as a practical vibration monitoring parameter
for turbine blade inspection. First, a validation exercise was carried out to measure the
degree of linear correlation between the A% parameter and the maximum temperature
rise from a crack. This validation involved the use of a set of blades with single and
multiple cracks, and a high-frequency microphone to capture vibration. Furthermore, a
comparison between the degree of linear correlation for the A% and HI is presented.
Finally, a threshold vibration level was determined for the set of blades, and then applied

retrospectively to the set of blades.

5.2 Methodology

5.2.1 Specimens and experimental setup

A total of 17 turbine blades with single and multiple shroud cracks were used in this
study. The blades were all from the same engine type and a representative blade is
shown in Figure 5-1. This blade is made of high-strength nickel alloy and is
approximately 112 mm in height and 34 mm at the widest point. There were single
cracks on 7 blades and at least three cracks on each of the other 10 blades. The single
cracks were located at the shroud interlock, while the multiple cracks were located

across the shroud, as indicated in Figure 5-1. In total, there were 43 cracks on the 17
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blades, and the length of each crack was measured using a calibrated optical

microscope/CCD camera (Leica MZ8/ JENOPTIK ProgRes® C12).

Shroud
(crack locations)

Figure 5-1 Image of turbine blade used in this study.

The experimental setup used in this study was similar to the setup described in Chapter 4
(see 4.2.1), except the microphone was the sole vibration measurement device and the
IR camera was different. The microphone was chosen as the sole vibration measuring
device after the evaluation carried out in Chapter 4 showed it to be the most practical
device for an industrial setting. The microphone in this study was placed in the far-field
at a distance of 1.2 m away from the blades and was therefore different from the setup
described in Chapter 4. In Chapter 4, the microphone was placed closer to the crack at a
distance of 0.02 m to ensure the vibration at the crack location was dominant in the
microphone response. However, due to the use of blades with multiple cracks, a far-field
position was considered more appropriate as it ensures the vibration measurement was

insensitive to any particular location on the blade [6]. The IR camera used in this study
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was a Cedip Jade medium-wavelength cooled IR camera, with a detector array of 320 x
240 pixels, temperature sensitivity of 30 mK and a frame rate of up to 140 Hz. This
camera was used to ensure accurate and repeatable measurements of the temperature rise

generated by a crack.

5.2.2 Thermosonic inspection

At least 20 tests were carried out on each blade (except two blades, 15 tests), with the
horn force varied in each test and the coupling material changed after every five tests.
The vibration data was processed in MATLAB to compute the HI and the A?
parameters. The methodology used in computing the HI is described in Chapter 4, while
the method of computing A? is described in the next subsection, 5.2.3. However,
computing the HI for blades with multiple cracks differed from the process described in
Chapter 4, where the blade had a single crack. The presence of multiple cracks on a

blade resulted in multiple k values, and consequently, different HI profiles.

Figure 5-2 shows an example of the crack temperature rise profiles and k values
obtained for four different cracks on a single blade. The difference in the magnitude of
the temperature rise between the cracks is illustrated in Figure 5-2 (a) and (b), where the
former shows the absolute temperature and the latter, the normalised temperature plot.
Figure 5-2 (b) shows the difference in the slope of temperature decays and hence the

different k values expected. Figure 5-2 (c) — (f) show the individual crack temperature
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rise profiles and the exponential fit (dashed red line) from which the k values were

estimated. For this example, the k for Crack 1 — 4 were 18, 30, 3 and 10 respectively.
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Figure 5-2 Crack temp rise profile of four different cracks on blade D06 (a) all four temp rise
profiles (b) normalised temp rise profiles of four cracks (c) temp rise profile for Crack 1 (d) temp
rise profile for Crack 2 (e) temp rise profile for Crack 3 (f) temp rise profile for Crack 4.
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Table 5-1 shows a summary of the crack lengths, number of inspections per blade,
number of positive detections, average k for each crack and variability of k. In Table 5-1,
the blades with single cracks have labels beginning with ‘Z’, while those with multiple
cracks, beginning with ‘D’. A total of 341 inspections were conducted on the 17 blades,
with a positive detection achieved in 327 inspections. The remaining 14 inspections
where the cracks were not detected was spread over five blades (242, 276, D06, D07
and D18), and non-detection was due to the low horn force used in those inspections.
Table 5-1 also shows the average k values computed for the different cracks and its
variability as a percentage of its mean. This Table shows a wide range of k values for the
different cracks and also variation of k between tests on the same crack. This variability
of k was also seen in Morbidini et al.’s HI study [75]. According to Morbidini et al. [75],
the highest value of k obtained during calibration tests should be used for computing the
HI in post-calibration inspections. This is because k tends to be larger for small cracks,
which are more difficult to detect compared to large cracks. Therefore, the highest
computed k (i.e. 65) shown in Table 5-1 was used later in computing the HI for all the

cracks.
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Table 5-1 Number of thermosonic tests carried out on each blade and the number of positive
detection tests. Also shown is the average k value and variability of the k computed for each crack.

Blade Crack length _Numbe_r of Numbgr of Averaige k Varlaf)lllty
(mm) inspections detections (k) o / K (%)
742 55 25 20 18 29
Z44 2 20 20 53 40
Z47 2.9 20 20 65 27
748 4.4 25 25 20 0
Z55 6.7 21 21 50 0
267 3.6 15 15 50 0
276 0.8 20 14 60 20
Crack 1: 2.5 19 18 50
Crack 2: 0.5 19 30 0
D06 Crack 3:9.2 20 19 3 77
Crack 4:1.1 19 10 0
Crack 1: 2.2 19 30 0
Crack 2: 0.5 19 30 0
o7 Crack 3: 4.6 20 19 6 60
Crack 4: 1.7 19 23 38
Crack 1: 2.1 20 18 16
D10 Crack 2: 1.0 20 20 25 23
Crack 3:9.0 20 6 40
Crack 1: 1.8 20 20 0
D17 Crack 2: 0.2 20 20 30 0
Crack 3: 8.5 20 5 12
Crack 1: 2.2 19 20 35
Crack 2: 0.8 19 23 25
D18 Crack 3: 8.5 20 19 11 56
Crack 4: 2.7 20 15 0
Crack1:1.4 15 13 40
D22 Crack 2: 1.1 15 15 23 43
Crack 3: 8.6 15 11 22
Crack 1: 2.4 20 13 40
Crack 2: 1.4 20 10 71
D23 Crack 3: 8.3 20 20 15 67
Crack 4: 0.5 20 12 15
Crack 1: 1.1 20 15 0
D26 Crack 2: 1.0 20 20 30 0
Crack 3: 9.1 20 6 59
Crack 1: 2.5 20 10 0
Crack 2: 1.2 20 18 29
D32 Crack 3: 8.9 20 20 1 0
Crack 4: 2.8 20 16 47
Crack 1: 0.5 20 30 0
Crack 2: 2.7 20 28 18
D34 Crack 3: 3.7 20 20 28 18
Crack 4: 2.4 20 24 53
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5.2.3 Computing and validating the A% parameter
The A? parameter relates to the total energy content in a vibration. The A% parameter is
defined as the square root of the average of the squared vibration amplitudes over a

period of time, as shown in Equation 5.1 [129].

A = [Vt dt (5.1)

where Vv(t) represents the vibration waveform. For the A? parameter to be considered

valid, a good degree of linear correlation must exist between A? and the maximum
temperature rise from the crack. In addition, the linear correlation for the A® must
compare favourably with that of maximum HI, which has been validated by several
researchers [10, 75]. Figure 5-3 (a) shows an example of a plot of maximum temperature
rise vs. A% while Figure 5-3 (b) shows the equivalent result for the maximum HI. For
both figures a positive linear correlation can be seen, although in this case, the computed
correlation coefficient (r?) for A? (0.71) was higher than that of maximum HI (0.52). It
must be noted that the scales of AZand maximum HI are arbitrary units since they are a
function of the amplification and position of the microphone. Therefore, the absolute
values of the A? and maximum HI in this study cannot be compared to results with a
different thermosonic setup. This also implies that, when using a microphone as the
vibration measurement device, the experimental setup and microphone position must be

the same for both calibration and post-calibration tests.
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Figure 5-3 Plot of maximum temp rise vs. (a) A? (b) maximum HI.

5.2.4 Computing the threshold vibration required for a reliable inspection

In order to assess whether the vibration level in an inspection is sufficient for crack
detection, the vibration must be compared to a threshold determined prior to inspection
(i.e. calibration test). If the measured vibration level is above the threshold, the
inspection is considered satisfactory; otherwise, the inspection is repeated until the
threshold is surpassed. Linear regression analysis was used in this study to determine the
threshold vibrational level for the set of cracked blades tested. Linear regression is a
widely used statistical tool for examining the relationship between two measured
variables. It is closely related to correlation analysis, except the regression analysis
yields a formula for predicting the value of one variable when the value of the second
variable is known [122]. The predicted variable is called the response variable (or

dependent variable) and the known variable is called the predictor variable (or
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independent variable). In this study, the response variable is crack temperature rise and

the predictor variable is the vibrational level (i.e. HI or A%).

A linear relationship between the dependent and independent variable is assumed in
regression analysis [122]. Therefore, the formula obtained from regression analysis

represents the equation of a straight line that best fits the data. The regression equation

used to predict the dependent variable is shown in Equation 5.2, where \? is the predicted
value of the dependent variable Y, X is the value of the independent variable, b is the
regression coefficient or the slope and ais the intercept, which is the point where the
regression line intersects the y-axis. In this study, the intercept a, was set equal to zero,
thereby forcing the regression line through the origin. The reason for this approach is
that, theoretically, there cannot be a temperature rise at zero energy input; therefore the
line must go through the origin. The effect of this however is that the regression line
through the data is not necessarily the line of best fit, particularly for data plots with a
significant y-intercept value. This approach was also used by Morbidini et al. [6] and

Weekes [10] in their respective thermosonics studies.

\? =bX +a (5.2)

An estimate of the slope b of a regression line passing through the origin can be

computed using the following equation [130]:
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DX,
X

(5.3)

where X, is the independent variable and Y, the dependent variable. Once the slope of

the regression line is known, a predicted value of the response variable Y can be
obtained for any value of X . Figure 5-4 shows an example of a scatter plot with a
regression line fitted through the data. The scatter plot shows a positive correlation with
a regression line (solid black line) going through the origin. The dashed green lines next
to the regression line in Figure 5-4 are the limits of the 95% confidence intervals. The
confidence interval represents the interval where the predicted response is likely to lie.

The confidence intervals in Figure 5-4 was computed using Equation 5.4, where Clis
the 95% confidence interval, b is the slope, t is the critical t-distribution value and s(b)

is the standard error of the slope b. The upper and lower confidence lines give the

maximum and minimum obtainable response for a given vibration level.

CI 95 — b it(95,df)s(b) (54)
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Figure 5-4 Plot of maximum temp rise vs. A% for blade D34 Crack 3. Solid black line is regression
line through the origin and dashed green lines are the limits of the upper and lower 95% confidence
intervals. Dashed red line is the minimum detectable temperature (20 d.l.) by the IR camera.

The dashed red line in Figure 5-4 represents the minimum detectable temperature (i.e.
20 d.l.) by the IR camera used in this study. Knowledge of the minimum detectable
temperature enables the threshold vibration level for detecting the respective crack to be
determined. The threshold chosen in this study for each crack is the point where the
dashed red line intersects the lower confidence line. For the crack in Figure 5-4, the
threshold vibration required to ensure the crack is detected with a 95% probability is
0.07. It must be noted that the threshold vibration level will differ for the various cracks.
The higher the threshold for a crack, the higher vibration level required to generate a
specific temperature rise. Furthermore, in this study, the threshold was only determined
for cracks with a linear correlation above +0.2, which in total were 21 cracks. This was
to ensure only cracks that demonstrated the expected positive linear correlation between

the excited vibration and the resulting temperature rise from a crack were used.
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5.3 Results

5.3.1 Comparison of the A% and HI parameters

A few examples of the maximum temperature rise vs. A? and maximum temperature rise
vs. maximum HI plots are shown in Figure 5-5 and Figure 5-6. Figure 5-5 shows the
plots for four different blades, each with single cracks, while Figure 5-6, the plots of
four different cracks on a single blade. In both Figures, the first column (i.e. (al) — (d1))
shows the plot for max temperature rise vs. A%, while the second column (i.e. (a2) —

(d2)) shows the plot for maximum temperature rise vs. maximum HI.
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In Figure 5-5, (a) and (b) illustrates examples where the degree of linear correlation for
A? and maximum HI were similar, (c) illustrates a case where maximum HI had a better
correlation, and (d), a case where A? had the better correlation. In Figure 5-5 (a), a
positive and strong linear correlation can be seen for both the A? and maximum HI, with
little scatter. The computed correlation coefficient was 0.66 and 0.58 for A” and
maximum HI respectively. In Figure 5-5 (b), the degree of linear correlation for the A
and maximum HI is also similar, but instead with significant scatter and correlation
coefficients for both are effectively zero, meaning no correlation. In Figure 5-5 (c) and
(d), some scatter can be seen but observation alone does not clearly differentiate which
parameter has the higher correlation coefficient. For the crack in Figure 5-5 (c), the
correlation coefficient for A% and maximum HI is 0.10 and 0.40 for respectively, and in

Figure 5-5 (d), 0.48 and 0.23 respectively.

Figure 5-6 (a) — (d) shows the plot of maximum temperature rise vs. A% and maximum
temperature rise vs. maximum HI for a single blade with four different cracks. The
degree of linear correlation for Crack 1 and 4, shown in (a) and (d) are weak, while that
of Crack 2 and Crack 3 in (b) and (c) respectively show a strong linear correlation.
However, more importantly, the correlation coefficient for A? compared favourably with
the corresponding correlation coefficient for maximum HI for all four cracks. For Crack
1, the correlation coefficient of A% and maximum HI were 0.08 and 0.01 respectively,

for Crack 2, 0.79 for both, for Crack 3, 0.79 and 0.85, and for Crack 4, 0.15 and 0.18. A
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summary of the computed correlation coefficients of all the blades/cracks used in this

study is shown in Figure 5-7.

—_

‘ Bl ax HI
)%

o o o
4= (=) o0
I I I

| |

. . 2
Correlation coefficient (r”)
=
T
|

=

248
Z55
Z67
Z76

742
Z44
747

D06 — Crack 1
D06 — Crack 2
D06 — Crack 3
D06 — Crack 4
DO7 — Crack 1
DOT7 — Crack 2
DO7 — Crack 3
DO7 — Crack 4
D10 - Crack 1
D10 — Crack 2
D10 - Crack 3
D17 — Crack 1
D17 — Crack 2
D17 — Crack 3
D18 — Crack 1
D18 — Crack 2
D18 — Crack 3
D18 — Crack 4
D22 —Crack 1
D22 — Crack 2
D22 — Crack 3
D23 —Crack 1
D23 — Crack 2
D23 — Crack 3
D23 — Crack 4
D26 — Crack 1
D26 — Crack 2
D26 — Crack 3
D32 — Crack 1
D32 — Crack 2
D32 — Crack 3
D32 — Crack 4
D34 — Crack 1
D34 — Crack 2
D34 — Crack 3
D34 — Crack 4

Blade/crack

Figure 5-7 Correlation coefficient (r?) of all blades/cracks. The first bar for each crack represents
the correlation coefficient for the max HI and the second bar for the A? parameter.

Figure 5-7 shows the normalised correlation coefficients for the 43 cracks used in this
study. In this Figure, the first bar for each blade/crack represents the correlation
coefficient for maximum HI and the second bar for A% Furthermore, cracks with a
negative correlation coefficient, such as Z55, D18 (Crack 1 & 4) and D32 (Crack 1, 2 &
4), were assigned a value of zero, since a negative coefficient is contrary to the initial
hypothesis which suggests a positive correlation between the maximum temperature rise
and vibration. Figure 5-7 shows mixed results, with 50% of cracks having similar

correlation coefficients for both A% and maximum HI, while the correlation coefficient
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was higher for A% in 25% of the cracks and maximum HI higher for the remaining 25%

of the cracks.

Figure 5-8 further illustrates the difference in the strength of linear correlation between
maximum HI and A% For each category, the upper bar represents maximum HI and the
lower bar, A% Figure 5-8 shows a slightly higher number of cracks with a strong
correlation when using the A2, although the maximum HI had a higher number of cracks
with a moderate and weak correlation. The percentage of cracks with a classification of
no correlation was relatively high, approximately 37% and 47% for the maximum HI
and A? respectively. Nevertheless, the overall degree of linear correlation for A?

parameter compared favourably with that seen for the maximum HI parameter.

Strong correlation (> 0.7)

Moderate correlation (0.4 to < 0.7)

Weak correlation (0.2 to < 0.4)

No correlation (< 0.2)

1 1
0 2 4 8 8 10 12 14 16 18 20
Number of cracks

3
2

Figure 5-8 Number of cracks with coefficients classed as strong (> 0.7), moderate (0.4 to < 0.7), weak
(0.2 to < 0.4) and no correlation (0 to < 0.2).
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5.3.2 Threshold vibration level

Figure 5-9 shows as examples, six different plots used to determine the threshold
vibrational energy (A?) for six different cracks. Figure 5-9 (a) - () shows the plots for
D06 Crack 2, D06 Crack 3, Z44, Z42, D17 Crack 3 and D26 Crack 2 respectively. Note
that only A? plots are shown in Figure 5-9; however, the same methodology can be
applied to the maximum HI plots. Figure 5-9 illustrates the different vibration levels (i.e.
threshold) required by different cracks to generate the minimum detectable temperature
rise of 20 d.l. The thresholds for the six cracks in Figure 5-9 (a) — (f) are 0.02, 0.11, 0.11,
0.03, 0.05, 0.02 respectively. Table 5-2 presents the threshold computed for the 21
different cracks nominated for determining the threshold vibration level for the set of

blades used in this study.
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Figure 5-9 Maximum temperature rise vs. A? (a) D06 Crack 2 (b) D06 Crack 3 (c) Z44 (d) Z42 (e)
D17 Crack 3 (f) D26 Crack 2. The dashed red line in plots represent the minimum detectable
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Table 5-2 Computed threshold energy for cracks with correlation greater than 0.2.

Blade/Crack Vibration threshold A”
(with 95% confidence)
742 0.03
Z44 0.11
747 0.06
Z48 0.02
D06 — Crack 2 0.02
D06 — Crack 3 0.11
D07 — Crack 2 0.01
D10 - Crack 3 0.10
D17 — Crack 1 0.04
D17 — Crack 2 0.03
D17 —Crack 3 0.05
D18 — Crack 3 0.05
D22 —Crack 1 0.32
D22 — Crack 2 0.03
D22 —Crack 3 0.13
D23 - Crack 1 0.09
D23 - Crack 3 0.01
D23 - Crack 4 0.02
D26 — Crack 2 0.02
D34 - Crack 3 0.08
D34 — Crack 4 0.03

In Table 5-2, 14 out of the 17 blades set out for this study are represented. This shows
that most of the blades involved in this study were used in the determination of the final
vibration threshold for the full set of blades. Table 5-2 shows a wide range of threshold
values for the different cracks, further confirming one of the differences between
thermosonics and other common NDE techniques, which is that detectability is a strong
function of crack morphology, and not necessarily crack length. Figure 5-10 shows a

plot of thermosonic efficiency vs. crack length for the 21 cracks. Thermosonic efficiency
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describes the ability of a crack to generate heat from a given vibrational input (see
Equation 5.5). The higher the thermosonic efficiency, the less energy required to
generate a given temperature rise. Figure 5-10 shows no correlation between
thermosonic efficiency and crack length. Similar results have also been obtained by

Morbidini et al. [6] and Weekes [10].

. - Avg. T,
Thermosonic Efficiency = g—”fx (5.5)
Avg. A
Z* 4000
=
W
2 .
¥= 3000}
@ +
=
£ 2000}
72}
E + & *
2 1000} 4
"'-' + 7 " * *
E_.IJ $TTor t*-*
+ . . .
< % 2 4 6 8 10
Crack length (mm)

Figure 5-10 Thermosonic efficiency vs. crack length (only the 21 cracks used in the threshold study).

According to Morbidini et al. [6], the largest threshold obtained in the calibration tests
should be nominated as the representative threshold for the blade type for post-
calibration inspections. Therefore, a threshold of 0.32, obtained for D22 Crack 1, is the

nominated threshold for the set of blades used in this study. The next step in this study
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was to apply the nominated threshold retrospectively to the 341 inspections carried out

in this study, and the results are shown in Figure 5-11.

Figure 5-11 shows the range of vibration levels (i.e. A?) excited in the 341 inspections
conducted on the 17 turbine blades used in this study. Figure 5-11 (a) shows the
vibration levels for the 327 positive inspections, while Figure 5-11 (b) shows the
vibration levels for the 14 inspections were the crack was not detected. The dashed
horizontal line in both Figures represents the nominated threshold at 0.32. For the
positive inspection case, 178 inspections were above the threshold; however, more
interesting was the 8 out of 14 inspections in the non-detection cases were above the
threshold. These 8 inspections are effectively false indications as they suggest the
excitation was satisfactory even though the crack did not generate a detectable heat
signal. It must be noted that 6 out of the 8 false indications occurred in consecutive
inspections on just one blade, Z76, and the vibration levels of these 6 inspections were in
the same range as the other 14 inspections on the blade where the crack was detected.
There is no obvious reason why these 6 inspections did not generate a detectable heat
signal, other than the characteristics (i.e. modes) of the vibration excited at the crack
differed from that of the other 14 inspections where the crack was detected. The number
of false indications compared to the number of positive inspections was insignificant,
especially if the 6 inspections on blade Z76 are excluded. Also encouraging is the high

number of inspections over the threshold for each blade, as shown in Table 5-3. This
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table shows an average of 10 inspections per blade had a vibration level above the

nominated threshold.
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Figure 5-11 Vibration levels excited in the 341 inspections carried out in the 17 blades (a) 327
positive inspections (b) 14 inspections where crack was not detected.

Table 5-3 Number of positive tests for each blade that exceed the threshold of 0.32.

Blade Total number of tests
above threshold

242 4

Z44 20

Z47 20

Z48 2

Z55 1

267 15

Z76 15

D06 7

D07 5

D10 5

D17 11

D18 15

D22 7

D23 12

D26 13

D32 11

D34 15
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5.4 Discussion

The aim of the work carried out in this Chapter was to demonstrate the potential of the
A? parameter as an alternative and practical vibration monitoring parameter to the Hl.
Although the HI has been shown to be valid, determining an appropriate k for
computation of the HI in post-calibration inspections is challenging. The potential of the
A? parameter was investigated using 43 cracks on 17 turbine blades (same type) and a
microphone positioned in the far-field. Furthermore, the A% parameter was validated by
evaluating its strength of linear correlation with the temperature rise from a crack, and
then compared to the corresponding results for the HI parameter. The results showed the
A? to compare favourably with HI, and in some cases showed a stronger linear
correlation. After validating the A? parameter, the threshold vibration level was
computed for each crack and subsequently, a single threshold was nominated for the set
of 43 cracks. Overall, the results obtained in this work showed the A? as a viable

alternative to the HI parameter.

The results relating to k presented in this study were consistent with results obtained by
Morbidini et al. [75], although their work involved the use of simple beams with
artificially generated fatigue cracks and a smaller number of cracks in total. The authors
found a similar level of variability of k between tests on a crack and also no correlation
between crack length and k. The reason for the inconsistency in the estimated k value is

fundamentally related to the uniqueness of each crack morphology and local vibration at
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the crack [6, 54, 55]. In a real inspection, both crack morphology and the local vibration
at a potential crack site cannot be predicted. Therefore, an alternative parameter that has

no requirement of k is desirable.

The A? parameter was shown to perform comparably to the HI parameter. However,
strength of linear correlation seen in this study for both the A? and the HI parameters
were mixed, and this was consistent with the HI results seen in similar studies carried
out Morbidini et al. [6] and Weekes [10]. Morbidini et al. [6] used similar-sized turbine
blades and a microphone for capturing the vibration. However, the degree of linear
correlation between maximum temperature rise and maximum HI in Morbidini et al.’s
study was not quantified. Therefore, only a qualitative comparison was made using the
plot of maximum temperature rise vs. maximum HI. The HI study carried out by
Weekes [10] was different, in terms of type of specimens used (beams) and the vibration
measurement device (strain gauge) employed. However, the degree of linear correlation
in Weekes’s study was quantified, although using the correlation coefficient (r), which is
related but different to the square of the correlation coefficient (i.e. r?) used in this
Thesis. Therefore, a careful comparison must be made between the correlation

coefficients obtained in this Thesis and in Weekes’s study.

The correlation coefficients (i.e. r’) obtained in this study for the A% parameters were

mixed, with approximately half of the cracks classed as a having no correlation or a
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weak correlation. The possible reasons of the weak or no correlation are due to several
factors, but most importantly: frequency dependence of crack heating and characteristics
of the microphone vibration measurement. The implication of not having a moderate or
strong correlation coefficient is that it limits the accuracy of the A? parameter in
predicting crack temperature rise. This was the reason why 21 out of the 43 cracks were
used in the process of setting a threshold for the set of blades. The only way to achieve
ideal correlation is through knowledge of crack damping and vibration at the crack [70];
however, this is not practical, hence the reason for simple parameters such as the HI and
AZ?. Their purpose is simply to give an indication of whether the vibration in the

component is equal to or greater than that seen in the calibration tests.

The next step after validating the A? parameter was determining the vibration level (i.e.
threshold) required to generate the minimum detectable temperature rise (20 d.l.) for
each crack. Linear regression analysis was used because of its established statistical
methodology of predicting the response of a variable from knowledge of another,
assuming both variables have a causal linear relationship. In addition, confidence
intervals were used to increase the certainty of the computed threshold. The
methodology used in this study was similar in principle, but with some computational
differences, to the methodology employed by Morbidini et al. [6]. In Morbidini et al.’s
work, the threshold for each crack was determined from the plot of maximum

temperature rise vs. maximum HI using the intercept of the slope. However, the slope in
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this work was computed as the average thermosonic efficiency (with the slope
constrained to the origin). In addition, the confidence interval used in Morbidini et al.’s
work was a 68% confidence, compared to a 95% used in this study. The latter was used
in this study as it provides a more conservative estimate of the vibration threshold. In
addition, Morbidini et al. multiplied the determined threshold by a safety factor, which
depends on the number of specimens, range of locations of potential defects and on the

scatter observed in the calibration inspections [6].

The threshold vibration level determined using the 21 cracks was applied in a
retrospective manner to the 341 inspections carried out for the full set of 17 blades. The
purpose for this was to evaluate the number of inspections that were above and below
the threshold. Although only 67% of all positive inspections were above the threshold,
the threshold was exceeded in every blade, demonstrating that the threshold could be
achieved consistently in a large number of this blade type. The reason for some positive
inspections not exceeding the nominated threshold in this study was simply because the
vibration levels were intentionally varied by varying the horn force at the inspection
stage. In a real inspection scenario, a predetermined horn force capable of achieving the
threshold will be used initially, and only increased if the threshold is not surpassed. Also
encouraging was that the vibration levels in six out of the eight inspections were the
crack was not detected (excluding Z76) were below the threshold. This result adds

credibility to the A parameter as a viable vibration monitoring parameter.
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The number of blades, cracks, and crack locations can be considered more than adequate
for this study and also as a guide when choosing a calibration set. For the blade type
used in this study, most of the known potential crack locations were represented.
Furthermore, there was a good distribution of crack lengths, although crack length is not
a critical function of detectability. Nevertheless, detecting a wide range of crack lengths,
including sub-millimeter cracks, increases confidence in crack detection capability of
thermosonics. The use of blades with multiple cracks was very important in this study,
not only because such samples have never been used in a similar study, but it also
demonstrated the capability of detecting multiple cracks in several locations of a
complex geometry using a single excitation. This further confirms the advantage of

using chaotic excitation over single frequency or resonance excitation.

This Chapter demonstrated the A% parameter as a viable alternative to the HI. However,
the practical implementation of using this vibration monitoring parameter in a real
inspection scenario must be further investigated. Issues relating to the calibration test-
pieces and thermosonic equipment must be considered [6, 75]. Each blade type to be
inspected by thermosonics must have its own set of calibration test-pieces. This is
because the vibration excited in a component is a function of geometry. In addition, the
calibration test-pieces for each blade type must have representative cracks for the batch
of blades to be inspected post-calibration. Typically, most blade types fail in the same

locations; however, it is likely that the crack morphology will differ for every crack.
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Therefore, true crack representation cannot be achieved in the calibration test-pieces.
Nevertheless, it is fair to assume that cracks generated by the same failure modes and in
the same location will have some similar characteristics. This simplifies the crack
representation aspect for choosing the calibration test-pieces. Finally, the experimental
setup and the location for the calibration tests and post-calibration inspections have to
remain the same. This is because the vibration threshold determined in calibration will
be a strong function of the equipment and location, particular when using a microphone.
In order to gain more insight into the practicality of applying a vibration monitoring
parameter, more trials on different blade types is required. These trials must be carried
out in an industrial environment and must include blind trials to confirm the validity of

the determined vibration threshold.

5.5 Review of chapter

This Chapter evaluated the A? parameter as an alternative vibration monitoring
parameter to the Heating Index (HI). The A? parameter was first validated by measuring
its strength of linear correlation with crack temperature rise, after which a comparison
was made with the equivalent HI results. The strength of linear correlation for the A?
parameter was shown to compare favourably with that of the HI for the same set of 17
blades/43 cracks used in this study. After the A% parameter was validated, a threshold
vibration level was determined for the set of blades/cracks using linear regression

analysis.
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Chapter 6
Simulation of the full-field vibrational response of a turbine

blade under thermosonic excitation

6.1 Introduction

The vibration field generated in a turbine blade during a thermosonic test is non-uniform
and complex. This is because of the non-uniform displacement fields associated with the
numerous vibration modes excited in the component [25, 131]. Consequently, the
excited vibrational energy will vary across the component, potentially leading to non-
detection of defects in areas with insufficient vibrational energy. Vibration monitoring is
a useful tool in a thermosonic inspection; however, current monitoring techniques do not

capture the full-field vibrational energy of the component.

Full-field vibration measurement of a component under thermosonic excitation is a
relatively new area of research. The only related published literature to date are those of
Rothenfusser et al. [86] and Renshaw [25]. Rothenfusser et al. [86] proposed a calibration
method that uses the thermal response of several pieces of material attached to the
component. When the component is under thermosonic excitation, the thermal responsive
materials generate a certain amount of heat that indicates the level of vibrational energy

excited in that part of the component [86]. This method is useful; however, achieving
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consistent attachment of the thermal-responsive material on the component is challenging,
and thus may lead to inaccurate assessment of the vibrational energy excited at the several
selected locations of the component. Renshaw’s [25] methodology involves using an array
of viscous material-filled synthetic defects that generate heat when under thermosonic
excitation. Renshaw’s methodology is useful for demonstrating vibration coverage;
however, manufacturing synthetic defects in real components affects the geometry of the

component and thus its true vibration characteristics.

This Chapter presents a new methodology for determining the full-field vibrational
response of a component under thermosonic excitation. The proposed methodology
involves a combination of vibration measurements and finite element analysis (FEA) to
simulate the vibrational energy within a turbine blade under a typical thermosonic
inspection. First, a laser vibrometer was used to measure the pseudo steady-state
vibrational response of several points on a blade. Next, an input load was applied to an
FE model of a blade to simulate the measured vibrational responses at the corresponding
points. The input load was adjusted until a best-fit match between simulated and
measured responses was achieved, thus validating the FEA approach. This validation
allowed estimation of the full-field vibrational response of the blade using the input
load. Finally, the predicted blade displacement field was used to determine the
vibrational energy at every point on the blade, highlighting the energy distribution across

a blade for a given thermosonic excitation. This proposed methodology would be most
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useful prior to the introduction of a new blade or component to a thermosonic process.
The methodology will potentially highlight the inspection dead zones where insufficient
vibrational energy will be excited in the component. Thus, a judgement as to whether or
not to proceed with the inspection of the component or change the inspection setup can

be made at an early stage.

6.2 Methodology

6.2.1 Background

The methodology used to simulate the full-field vibrational response of a turbine blade
under thermosonic excitation was based on determining the input excitation forces
through experimentation and FEA, and then applying these excitation forces to an FE
model of the turbine blade. Figure 6-1 illustrates the excitation process of a typical
thermosonic test. An unknown excitation (input) is applied to the blade using a high
power ultrasonic device and the vibration response (output) is measured using as a strain
gauge, microphone or laser vibrometer. The input excitation forces in a thermosonic test
are typically not measured, and this is partly due to the limitation of commercially
available force transducers in measuring dynamic forces at high frequencies (> 20 kHz)
[85]. This study proposes an indirect method of obtaining these input excitation forces
for a given thermosonic test. The proposed method aims to use knowledge of the

measured output of selected points on the blade to estimate the unknown input excitation
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forces. Once the input excitation forces are known, these forces can be applied to an FE
model of the turbine blade to simulate the full-field vibrational response of a blade.
Figure 6-2 presents a flow chart that represents the proposed methodology. Each step in

the flow chart is described in more detail in next few sub-sections.

INPUT OUTPUT
(unknown) (known)

|
Vibration | Vibration
- : Turbine blade | _
|

excitation response

Figure 6-1 Excitation process of turbine blade. An unknown input excitation is applied to the blade
and its vibration response is measured.
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Figure 6-2 Proposed methodology for simulating the full-field vibrational response of a turbine
blade under thermosonic excitation.

6.2.2 Pseudo steady-state vibrational response of selected points on a turbine blade

6.2.2.1 Pseudo steady-state vibrational response of turbine blade

Figure 6-3 shows a schematic of the experimental setup used for capturing the
vibrational response of a blade in this study. This setup shows the turbine blade, the

ultrasonic exciter and a laser vibrometer used to capture vibration. Throughout this

139



study, only frequencies up to 140 kHz were measured, although, the laser vibrometer
was capable of measuring much higher frequencies. This limit was set to reduce the
number of excitation frequency components used in the FEA and is consistent with the

reported work by Morbidini et al. [6].

. Turbine
Ultrasonic

horn

e Laser point

D;?\t.a. Laser
Acquisition Vibrometer
System

Figure 6-3 Schematic of thermosonic setup for measuring vibration of turbine blade.

The vibration waveform of a typical thermosonic test is highly transient [70, 75]. This
was the case for the vibration waveforms seen in this study, although, pseudo steady-
state conditions were typically observed about 0.4 seconds after the onset of vibration.
Figure 6-4 shows an example of the vibration waveform captured in a test in this study.
Figure 6-4 (a) shows the full vibration waveform, indicating two different sections, A &
B. Section A is the transient portion, while Section B is the pseudo steady-state portion.
Figure 6-4 (b) shows the STFT of the full vibrational waveform, which reveals the
transient nature (i.e. amplitude) of the different frequency components. Figure 6-4 (c)
and (d) shows the pseudo steady-state portion of the waveform (i.e. Section B) and its

respective STFT. The STFT of Section B confirms pseudo steady-state behaviour, with
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constant amplitude of the frequency components over time. Therefore, this stead-state

portion was used to represent the vibration for each test performed in this study.
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Figure 6-4 (a) Vibration waveform of a typical test (b) Short Time Fourier Transform (STFT) of
the full vibration waveform (c) steady-state portion of the full vibration waveform (i.e. Section B)
(d) STFT of the steady-state portion.

6.2.2.2 Vibration measurement of selected points on turbine blade

Five vibration measurement points were chosen on the turbine blade to validate the

proposed methodology. The locations of these five points represented potential defect
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sites on the blades. These locations are indicated by the red dots in Figure 6-5, which
include locations on the shroud, trailing edge, leading edge, middle of aerofoil and under
platform. Vibration measurements were taken from both the convex and concave side of
the blades. In total, 10 separate thermosonic tests were completed on seven blades, with
measurements of the five different points captured in each test. Table 6-1 details the ten
different tests completed in this study.

Leading Trailing edge

Mid aerofoil
Mid aerofoil

A
\9,
o : g\Shroud
Shroud
Under Trailing edge Under Leading
platform platform edge
(a) Concave side (b) Convex side

Figure 6-5 Selected points on blade for vibration measurement.

Table 6-1 Ten different tests carried out seven different turbine blades.

Blade Blade side Horn
measured force (N)
B29 Concave 175
B26 1 Concave 175
B18 1 Concave 175
B50 1 Concave 175
B10 Convex 175
B48 Convex 175
B26 2 Convex 175
BO1 Concave 107
B18 2 Concave 107
B50 2 Concave 107
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Simultaneously capturing the vibrational response of five points on a blade in a single
test was not possible, given the short excitation time (0.5 seconds) and the transient
nature of the excitation. Therefore, a different approach which involved measuring the
vibrational response for each point in five different tests was used. However, this
approach is only valid if the excitation in all five tests is repeatable. Repeatability was
demonstrated by capturing the vibration of a single point in 15 consecutive tests and
then comparing the vibrational response (i.e. frequency response) of all 15 tests. All 15
tests were carried out with excitation parameters kept constant (including coupling
material). This repeatability demonstration was performed on four different points on the
same blade to increase confidence in the approach. These points included all but one
(mid aerofoil) of the points shown in Figure 6-5. The coupling material was changed for

each of the four points due to degradation after 15 tests.

Figure 6-6 (a) - (d) presents a summary of the frequency response obtained in the 15
repeated tests of the four specified locations. Figure 6-6 only shows the top 12 excited
vibration modes which together account for over 90% of the total energy content in the
respective vibrations. The energy content of the measured vibration was computed as the
sum of the square of the vibration amplitudes. Each bar in Figure 6-6 represents the
average amplitude of a mode (for the 15 tests), while the error bar represents +1 standard
deviation. Note that the y-axis on all four plots in Figure 6-6 are normalised, allowing

the differences in the frequency response of the four locations to be clearly seen.
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However, more interesting is the variability in amplitude seen in the frequency response

of the 15 tests for each of the four locations.

Qualitatively, the variability of the frequency response for the 15 repeated tests can be
considered small. The level of variability was further assessed quantitatively by
computing the coefficient of variation (CV), which is a normalised measure of variation
as a percentage of the mean (i.e. Standard Deviation/Mean). Figure 6-7 shows a
histogram of the CV computed for all 48 modes (i.e. 12 modes per location). Figure 6-7
shows 42 of the 48 modes with a variability of less than 20% and only 2 modes with a
variability of approximately 40%. Furthermore, the average CV for all 48 modes was
approximately 14%. This level of repeatability was considered acceptable, given the
high number of repeated tests (i.e. 15) using the same coupling material, but more
importantly, considering that the repeatability of the excitation in thermosonics is
generally reported to be poor. It must be noted that this degree of repeatability was only
achieved with all excitation parameters, including the coupling material, kept constant.
Based on the results obtained in this repeatability study, the excitation was assumed to
be determinable (with a 14% error), and therefore, the vibration response of five
different points on a blade could be obtained for a given excitation, although in five

separate tests.
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Figure 6-6 Frequency response of four different points on blade. Each bar represents the average of
the respective mode over 15 repeated tests. The error bar is 1 standard deviation (a) mid aerofoil
(b) shroud (c) trailing edge (d) leading edge.
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Figure 6-7 Histogram of the computed variability of the 48 modes measured in repeatability study.

6.2.3 Determination of input excitation

Section 6.2.2 presented the first step in the process of simulating the full-field
vibrational response of a turbine blade under thermosonic excitation. This step involved
simultaneously capturing the vibrational response (frequency spectra) of five different
points on the blade. The second step described in this sub-section involves determining
the unknown input excitation (i.e. load) that generated the measured vibrational
responses. This process involved the use of the measured vibrational response data (i.e.
frequency spectra) and finite element analysis (FEA) of the blade. The idea was to
iteratively apply an input excitation to an FE model of the blade until the vibrational
responses seen in experiment was matched in the FEA programme. However, prior to
determining the unknown input excitation, the measured frequency spectra (i.e.

vibrational responses) were adjusted to only account for the prominent vibration modes.
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6.2.3.1 Selecting vibration modes for Finite Element Analysis (FEA)

In order to simulate the measured frequency spectra, the input excitation should include
all the vibration modes seen in the frequency spectra. This is because the FEA software
used in this study is completely linear, meaning that a load applied to a structure at a
discrete frequency results in a response at the same frequency, with no non-linearities
(e.g. harmonics) excited. For example, Figure 6-8 (a) and (b) respectively show the
measured vibration responses of a point on the shroud and trailing edge of the same
blade for a given excitation. Both figures show a large number of distinct vibration
modes which all have to be included in the input excitation function for the FEA.
Applying each distinct frequency in the FEA programme was however impractical, as it
required significant computer resources (i.e. memory) and a long computation time to
execute. Therefore, it was decided to select a single set of modes for the 50 different
measured vibration responses to be used in the FEA. Note, the 50 measured vibration
responses refers to the 5 vibration measurements completed in 10 separate tests (see
Section 6.2.2.2). The criterion for selecting this single set of modes was that for each
measured vibration response, the single set of modes combined to give at least 80% of
the total energy of the measured vibration. This approach ensured a reduced number of

vibration modes were included in the input excitation function.
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As expected, a different set of modes combined to achieve the 80% target for the 50
different vibration responses. For some, only 1 mode was required, while for others,
over 10 modes were required, as illustrated in Figure 6-8 (a) and (b). Figure 6-8 (a) (i.e.
shroud) clearly has two dominant modes at 25.2 kHz and 92.6 kHz, while in Figure 6-8
(b) (i.e. trailing edge), there are several modes of equal dominance. For the shroud, the
92.6 kHz mode contains approximately 82% of the total energy content of the vibration,
whilst for the trailing edge, 12 different modes are required to achieve approximately
80% of the total energy content. In order to select a common set of modes that combined
to give 80% of the total energy content for all 50 different measured vibrational
responses, the following process was used:

o Firstly, the top five dominant modes for each of the 50 measured vibrational

responses were selected.
e Secondly, a histogram was plotted to highlight the number of occurrences of the

different modes selected
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e Finally, a common set of modes that combine to give 80% of the total energy

content was chosen from the most occurring modes shown in the histogram

The top five dominant modes were first selected as they had a combined energy content
greater than the 80% for 45 out of the 50 vibrational responses. However, the set of five
modes differed for each of the measured vibrational responses, although some modes
occurred repeatedly. Figure 6-9 shows a histogram count of all the modes that were seen
in the top five modes of the 50 measured vibrational responses. A total of 17 different
modes are shown in Figure 6-9. The 39.2 kHz mode was the highest occurring mode,
closely followed by the 78.6 kHz mode. However, more important was the set of modes
which when combined for any of the 50 vibration responses, contained at least 80% of
the total energy content. Figure 6-10 (a) and (b) respectively show the combined energy

content when using the top 5 and 13 most occurring modes.
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Figure 6-9 Number of occurrences of the dominant modes in all the 50 vibration measurements.
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The x-axis of Figure 6-10 represents the set of 10 tests, while the y-axis represents the
combined energy of the set of modes for the five different locations on the blade. Each
of the five locations is represented by a different legend in Figure 6-10. The combined
energy of the 5 most occurring modes, as shown in Figure 6-10 (a), were well below the
80% threshold for all five locations. However, using the 13 most occurring modes gives
an enhanced result as shown in Figure 6-10 (b), where all but three measured responses
were above the 80% threshold. Two of the three responses below the threshold were for
points on the trailing edge (at 40% and 70%) and the third was for a point on the leading
edge (at 74%). Increasing the number of modes did not have a significant improvement
on the results. Using all 17 modes shown in Figure 6-9 only improved the number of
responses over the 80% threshold by one. This marginal increase was deemed not
significant enough to use an extra four modes in the FE analysis. Therefore, the 13 most
occurring modes, as shown in Figure 6-9, were chosen as the set of modes for the FE

analysis.
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6.2.3.2 Finite Element Analysis (FEA)
Finite Element Analysis (FEA) was used as part of this study to predict the full-field
vibrational response of a turbine blade under thermosonic excitation. The FEA method

is an established and reliable numerical method for analysing the behaviour of a
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structure under a variety of conditions. The basic concept behind FEA is finding a
numerical solution to a complex problem by breaking it down into a simpler one made
up of discrete parts called elements, connected together by a finite number of points
called nodes. The FEA software used in this study was the Comsol Multiphysics
Structural Mechanics module [132]. This software package is used for predicting the
behaviour of structures subjected to mechanical loads. For this study, the software was
used to compute the displacement field of a turbine blade subjected to harmonic loads of
varying frequencies, although, other quantities such as strain, stress etc. can be
computed from the displacements. Furthermore, the analysis carried out in this study

was completely linear, ignoring all material and geometric non-linearities.

Typically, structural mechanics in FEA is used to determine the distribution of stress
within a structure. First, the structure is divided into discrete elements connected by
nodes. The displacement field, u within the elements is then approximated by a set of

functions generally known as a "shape functions"” and denoted by N, [133].

u=N,u, (6.1)

where u; is the unknown displacement vector at each nodal point. Next, equations

relating the forces acting on the nodes and the resultant nodal displacements are derived
for each element:
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F=Ku (6.2)

where F is a vector of nodal forces and K is the element stiffness matrix. The stiffness
matrix is related to the geometry and properties of the structure. The equations of the
individual elements are then assembled into global matrices, forming the overall system
of equations that describe the behaviour of the structure [133]. After taking into account
all boundary conditions, the system of equations is solved for the unknown nodal
displacements. The computed displacements can then be used to obtain the element
strains and stresses using the governing equations of solid mechanics [133]. In this study

however, the displacement field was of primary interest.

6.2.3.3 FE Model

Figure 6-11 (a) and (b) respectively show the 3D FE blade model and photograph of the
blade, both attached to a clamp. The FE model closely resembles the blade and clamp
geometry except for the cooling holes at the trailing and leading edge, which could not
be easily added to the model. The blade model shown in Figure 6-11 (a) was produced
from an X-ray CT scan of a real blade, where both the external and internal structure of
the blade was captured, as shown in Figure 6-12. The blade and clamp were modelled as
a single geometry as opposed to separate components in contact. This was to avoid
contact analysis which introduces non-linearities and a significant increase in

computation time and resources [132].
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Figure 6-11 Turbine blade representation (a) FE model (b) image of turbine blade.

Figure 6-12 Internal and external structure of turbine blade model

Table 6-2 details the blade and clamp material properties required to perform the
analysis on the model. The clamp is made of mild steel, while the blade is made of a
single crystal nickel-based superalloy (CMSX-4) with cubic symmetry. For anisotropic
materials such as CMSX-4, 21 independent variables (elastic constants) are generally
used to describe the material in a FEA programme [134]. However, due to the

combination of cubic symmetry of CMSX-4 and the equivalence of the shear conditions,
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only three variables would be required [134, 135]. Equation 6.3 shows the elastic
properties of a cubic material in matrix notation, while Table 6-3 shows the three elastic
constants used for CMSX-4 in the FEA programme [134]. Furthermore, Figure 6-13
shows the coordinate system used to define the anisotropic material properties with
respect to the blade geometry [85]. The (001) in Figure 6-13 refers to the orientation of
the single crystal used in the manufacture of the turbine blade. The (001) direction,
aligned along the blade longitudinal axis, is the direction of lowest elastic modulus and
highest creep resistance, and therefore the preferred growth direction of the crystal
[136]. However, it must be noted that in real systems, such as the blade used in this
study, the orientation of the single crystal is not perfectly aligned with the blade
longitudinal axis. For the blade used in this study, the alignment is generally accurate to

within £0.8° [134].

Table 6-2 Material properties of turbine blade and clamp.

Material property | CMSX-4 (Blade) | Mild steel (Clamp)
Young's Modulus, E 127 GPa 210 GPa
Shear Modulus, G 130.9 GPa -
Poisson's ratio, v 0.377 0.33
Density, p 8720 kg/m3 7850 kg/m3
Loss factor 0.0025 0.008
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D (elasticity matrix)=

OO O O o o

0 0 0 0 0 c,f

Table 6-3 Elastic constant for CMSX-4 [values supplied by Rolls-Royce].

Material property | Value at room temperature (298 K)
C, 235 GPa
Cyy 142 GPa
Cas 131 GPa

Figure 6-13 Coordinate system used for the blade material property in the FEA programme
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The optimal finite element mesh for the FE model was obtained through convergence
testing. This involved gradually increasing the mesh density (i.e. no of elements) and
solving the model at each mesh setting. As the mesh density increased, the solution was
monitored until convergence (i.e. stable condition), at which point the mesh density was
considered optimal. The mesh of the FE model in this study was an unstructured mesh

with 222,923 elements, comprising mostly of tetrahedral elements.

The boundary conditions applied in the FE model reflected the experimental setup, and
can be split into constraint and load. Figure 6-14 illustrates the constraints and horn load
applied on the blade/clamp in the experimental setup. The blade clamp was securely
held at its sides by a vice, constraining the blade and clamp from any movement during
vibration. This setup was modelled as a fixed constraint in the FEA programme, as
shown in Figure 6-15 (a). This constraint set the displacement of the clamp sides in all
directions (i.e. x, y, z) to zero. The circular area (17 mm diameter) highlighted in Figure

6-15 (b) is the location on the clamp where the horn excitation is applied.
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Figure 6-15 (a) Fixed constraint on FE model (b) Location of applied load on FE model.

6.2.3.4 Input excitation

The input excitation for a given thermosonic test was determined using knowledge of the
measured vibrational responses of several points on the blade and FEA. The determined
input excitation was considered valid, if when applied to the FE model, the vibrational
responses obtained in the FEA closely matched the experimental vibrational responses.

The input excitation to be determined was a series of loads applied at discrete
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frequencies i.e. frequencies observed in the experimental vibrational responses. For a
given thermosonic test, the following process was used to determine the input excitation
function:

e Firstly, the vibrational responses (frequency spectra) of five points on a blade
were measured (see Section 6.2.2).

e Next, a common set of prominent frequencies were selected from the measured
vibration responses of the five points (see Section 6.2.3.1)

e A1 N base load at the selected frequencies was applied to the FE blade model.
The weightings of the base load were then adjusted until the vibration responses
of the FE model closely matched the vibration responses observed in experiment

e Once best-fit between FEA and experiment was achieved, the adjusted input load
was considered optimal and applied to the FE model again, but this time to
obtain the full-field vibrational response of the blade through summation of the

individual frequency responses.

6.2.4 Full-field vibrational energy of turbine blade

The full-field vibrational energy of the blade was computed after the input excitation
function was validated by comparison of the FEA and measured vibration responses.
Two vibrational energy parameters were computed: the A and the Energy Index (EI).

The EI represents the heating potential of a system as it takes into account vibrational
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energy and frequency, whereas, the A? simply represents the energy available for
damping by the vibrating system. Methodology for computing the EI and A? are
described in Chapter 4 and 5 respectively. For each of the 10 tests carried out in this
study, the El and A% were computed on each point (i.e. element) of the FE model to give

the full-field vibrational energy of a blade.

6.3 Results

6.3.1 Comparison of the FEA and measured vibrational response

This Section presents a comparison of the vibrational response obtained in FEA and
experiment for blade B29 and B50_1. The result for the other eight blades can be found
in Appendix B. The results for B29 and B50_1 highlights all the important observations
found in the other eight results. Firstly, the input excitation function obtained for B29
and B50_1 are shown in Figure 6-16 and Figure 6-17 respectively (Note: input
excitation for other eight blades is presented in Appendix A). The input excitation
function shown in both Figures were divided into two parts ((al) & (a2)) due to the
presence of a wide dynamic range (i.e. large and small) of forces. A log scale was not
used in this case as the range of the forces was not large enough to give a reasonable
representation of the variation in the data. Results in this study generally showed the first
four modes with larger forces compared to the remaining nine modes, and therefore split

accordingly. Hence, the y-axis scale shown in (al) was made 10 times that of (a2) to
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allow for easier comparison. Figure 6-16 and Figure 6-17 represents the input load
applied to the blade in the FEA programme to simulate the vibrational responses seen in
experiment. Figure 6-18 and Figure 6-19 shows a comparison of the vibrational

responses obtained in FEA and experiment for B29 and B50_1 respectively.
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Figure 6-16 Input excitation function for blade B29. The input excitation was split into two parts
due to the presence of a wide dynamic range of forces. (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Figure 6-17 Input excitation function for blade B50_1. The input excitation was split into two parts
due to the presence of a wide dynamic range of forces. (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Figure 6-18 and Figure 6-19 each show five different frequency response plots,
representing the five different points on the blade where vibration data was captured.
Plot (a) — (e) respectively show the result for points on the (a) mid aerofoil, (b) under
platform, (c) shroud, (d) trailing edge, (e) leading edge. The y-axis is the velocity
amplitude, while the x-axis represents the 13 different modes that combine to give at
least 80% of the total energy content of their respective vibration. The vibration
amplitude measured by the laser vibrometer was the out-of-plane velocity component
and this was mirrored in the FEA by using the y-component (out-of-plane) of the
velocity amplitude. For each mode on the plots, the first bar represents the measured
frequency response and the second bar, the FEA frequency response. The error bar on
the measured frequency response is the average error of 14% computed in the

repeatability demonstration described in 6.2.2.1.

The result for B29 in Figure 6-18 demonstrates a good qualitative agreement between
the simulated and measured vibrational response for majority of the modes in the five
different locations. This good agreement can be particularly seen in Figure 6-18 (c) and
(d): shroud and trailing edge locations. In both locations, the FE response was within the
limits of the measured response for several modes, such as in the 25.2 kHz, 39.3 kHz
and 78.6 kHz modes for the shroud and 11.2 kHz, 39.3 kHz and 106.7 kHz modes for
the trailing edge. For most of the other modes in these two locations, there is a small

discrepancy between the FE and measured responses, except for the 92.6 kHz and 132
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kHz modes for shroud, and the 53.3 kHz mode for the trailing edge where the
discrepancy is much larger. For the shroud, the FE overestimated the measured response
by approximately 25 times and 2 times for the 92.6 kHz and 132 kHz modes
respectively, while for the trailing edge the 53.3 kHz mode was underestimated by FEA
by approximately 2 times. The overestimation of the 92.6 kHz mode in the shroud by 25
times was considered extremely high and not typical of the results for the other eight

blades shown in Appendix B.

The result of B50_1 shown in Figure 6-19 also demonstrates good qualitative agreement
between the FEA and measured vibrational response for majority of the modes. The
level of agreement is similar to that observed for B29 in Figure 6-18. For B50_1, the
shroud and trailing edge location (Figure 6-19 (c) and (d)) had the best agreement. For
the shroud, the FE response for the 11.2 kHz, 39.3 kHz and 78.6 kHz modes is within
the limits of the measured responses, while the same is seen for the 11.2 kHz, 14.0 kHz,
25.2 kHz, 39.3 kHz, 78.6 kHz, 103.9 kHz and 106.7 kHz modes for the trailing edge.
The mode with the worst agreement for B50_1 was the 39.3 kHz mode in the leading
edge. For this mode, the FE response overestimated the measured response by

approximately 10 times.

The error between the FEA and measured vibrational response for each mode was

quantified by calculating the percentage error. The percentage error represents the
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relative error between the predicted and measured response and was computed using

Equation 6.4, where e is the percentage error, U, ..., 1S the measured velocity

response and u. is the FE velocity response.

U neasured ~ Ure
u

e =

x100% (6.4)

measured

Figure 6-20 and Figure 6-21 show the percentage errors of the 13 modes for each of the
five different locations for B29 and B50_1 respectively. The percentages error are
presented in a box-plot format, showing the median and quartiles, while the box-plot
whiskers indicate the extreme data points not considered outliers. The outliers shown as
a plus sign were calculated as points greater than 1.5 times the top whisker. The box-plot
illustrates the distribution of the percentage errors for the modes in the five different
locations. Note that in Figure 6-20 for B29, four outliers at 2500%, 360%, 335% and
235% were excluded to give a better scale for the box plots. Similarly, two outliers at
1056% and 537% were excluded for B50_1 (Figure 6-21) For B29, percentage errors at
the 75th quartile were approximately: 42%, 43%, 27%, 32% and 80% for the mid
aerofoil, under platform, shroud, trailing edge and leading edge locations respectively.
This demonstrates that the discrepancy between the predicted and measured response for
majority of the modes in B29 were below 50%, except for some modes in the leading

edge and the five modes considered as outliers. For B50 1, the percentage errors at the
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75th quartile were generally higher than that of B29 at approximately: 125%, 49%, 50%,
23% and 53% for the mid aerofoil, under platform, shroud, trailing edge and leading

edge locations respectively. Both B29 and B50_1 had the same number of outliers.

Figure 6-22 shows a summary of the percentage errors for all 10 blades including B29
and B50_1. This Figure shows the combined result for all five locations on each blade.
Each blade has a total of 65 modes for the five locations. Note that five outliers at
3685% (B10), 2500% (B29), 1837% (B48), 1422% (B26_2) and 1225% (B26_2) were
excluded in this Figure. Apart from the outliers, the range of percentage errors (i.e. box-
plot) for each blade is fairly similar. The 75th quartile for the 10 blades ranged between
44% and 66%, meaning the vast majority of the error between the measured and
predicted response was below 66%. In addition, approximately 16% of the 650 modes
had no error i.e. predicted response was within the limits of the measured response. It
can also be seen in Figure 6-22 that the number of outliers was equally distributed, with

no single case having a disproportionate number of outliers.
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Figure 6-18 Comparison of measured frequency response and FE frequency response for B29 (a)
Mid aerofoil (b) Under platform (c) Shroud (d) Trailing edge (e) Leading edge.
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Figure 6-21 Percentage errors of the 13 modes for the five different locations on B50_1. The box-
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6.3.2 Full-field vibrational energy of turbine blade

Figure 6-23 and Figure 6-24 show the computed full-field vibrational energy for blade
B29 and B50_1 respectively. The results of the remaining eight blades can be found in
Appendix C. Figure 6-23 and Figure 6-24 illustrate the vibrational energy (i.e. A? and
Energy Index (EI)) determined by combining the individual displacement simulations
for each selected excitation frequency. The colour map is presented in a log-scale, with
red and blue representing the highest and lowest vibrational energy respectively, while
yellow and green, vibrational energy in-between. Note that the colour scales are not
normalised, therefore vibrational energy cannot be compared between different blades.
In addition, quantitative comparisons cannot be made between A? and El. The aim of
computing the full-field vibrational energy is to illustrate the vibrational energy

distribution across a turbine blade, and hence, understand the extent of potential
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coverage during the test on that blade. Figure 6-23 (a) highlights the five locations of

interest in this study and also six other numbered points of interest (dashed circle).

The first observation in Figure 6-23 and Figure 6-24 is the non-uniform distribution of
the vibrational energy across the blade and clamp. This is particularly evident when
comparing the vibrational energy of the blade and clamp, with the former generally
having the higher energy level. The absence of colour (i.e. transparent) on the sides of
the clamp is due to the zero displacement constraint associated with that part of the
clamp. It can also be noticed that the vibrational energy distribution across the blade for
the A? and EI are similar. For B29 in Figure 6-23, the highest energy levels are not in
any of the five locations of interest, but rather at the other points of interest highlighted
by dashed circles, numbered 1 to 6. Points 1, 2 and 3 are the edges of the shroud seal
fins, while point 4, 5 and 6 are edges of the blade platform. The trailing edge is the only
location of interest that has similar energy levels to the numbered points. The
vibrational energy distribution for B50_1 is slightly different from that of B29. For
B50_1, points 2 and 3 and across the blade aerofoil and root, relatively higher energy
levels can be seen, compared to B29. The vibrational energy distributions for all ten
blades were different, although some general observations were noted, such as:

e The clamp had a lower vibrational energy than the blade

e Higher vibrational energy spread across the aerofoil, although mostly towards the

thinner trailing edge region
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e The highest vibrational energy levels were primarily found in points 1 — 6
highlighted in Figure 6-23. In addition, for some blades, high energy levels were
observed in most parts of the seal fins

e For the blade, the lowest vibrational energy levels were mostly seen in some
parts of the leading edge, platform, blade root and middle section of the shroud
seal fins.

e Of the five locations of interest set out at the start of this study, the trailing edge

had the highest vibrational energy level

Middle of
- aerofoil

edge

platform

(a) A? (b) Energy Index (E)

Figure 6-23 Full-field vibrational energy of blade B29. Colour map is presented in log-scale, with
red and blue representing the highest and lowest vibrational energy respectively, and yellow and
green, vibrational energy in-between.
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(b) nergy Index (EI)

Figure 6-24 Full-field vibrational energy of blade B50_1. Colour map is presented in log-scale, with
red and blue representing the highest and lowest vibrational energy respectively, and yellow and
green, vibrational energy in-between.

6.4 Discussion

The aim of the work described in this Chapter was to simulate the full-field vibrational
response of a turbine blade under thermosonic excitation. Knowledge of the vibration
coverage of a blade can provide insight into the excited energy distribution across the
blade for a typical thermosonic inspection. This would help in highlighting areas of the
blade where higher or lower energy levels are generally excited. A methodology using
vibration measurements and FEA was used to simulate vibration coverage of 10 tests
using seven different blades. The methodology was validated by comparing the
measured and simulated vibrational response of five different points on the blade, which
generally, showed good qualitative agreement. This good agreement formed the basis for

computing the full-field vibrational energy of the blade for a given thermosonic test.
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The most critical aspect of the methodology was determination of the unknown input
excitation (i.e. load). The aim was to obtain an input excitation function, which when
applied to the FE blade model, generated a similar response to that measured in
experiment. The simulated vibrational response was generally in good agreement with
the measured response, although with an expected degree of error. The error was
quantified using percentage error, which was on average approximately 35% for the 10
tests, excluding the extreme percentage errors (i.e. outliers). This means on average, the
FE results overestimated or underestimated the measured response by 35%. The reason
for the expected error between the measured and simulated results may be attributed to
three main factors: simplicity of methodology, imperfections in FE blade model and

material properties.

The methodology used in this study to simulate the full-field vibrational energy of a
turbine blade was relatively simple in its approach. The reason for pursuing this simple
approach was to get an initial insight into the methodology before considering whether a
more rigorous approach is required. However, this may have contributed to the error
between the simulated and measured results. The second potential reason for the error
may be imperfections in the FE model. The FE model used in this study closely
resembled the blade type, except for the trailing edge cooling holes which were absent in
the FE model. The absence of such features will influence the dynamic behaviour of the

model, particularly at that part of the blade. Vibration measurements were taken from
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the trailing edge of the FE model, although it is uncertain exactly how the lack of
cooling holes affected vibrational response results. In addition, all of the blades used in
this study had some form of cracking or surface imperfections which were not
represented in the FE model. These extra features on the blades will also affect the
dynamic behaviour of the blades and hence the vibrational response may differ from the
response seen in FEA. Han et al. [39] showed in a study how the presence of a crack can
alter the effect of a vibration mode pattern in a component. The authors excited two
identical aluminium specimens under the same boundary condition, but one specimen
had a crack while the other was crack free. The authors found different acoustic mode
patterns generated in each specimen. Therefore, it may be suggested that extra features,
however small, not present in the FE model used in this study can affect the excited

vibration field.

Material properties are generally one of the main sources of error in FEA [137]. This is
because material properties are known to vary, and accurate properties can only be
obtained from direct measurements on the component. The material properties used in
FEA in this study were values generally quoted in text books and available within Rolls-
Royce. However, it is more than likely that material properties for the blades used in this
work vary from the text-book values (typically between 5 — 10%) and moreover, may
also vary from blade to blade. This will contribute to errors in the FE predictions as one

set of material properties was assumed for all ten 10 tests.
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Another potential source of error relating to material properties is the blades
crystallographic orientation relative to the geometry. This will affect the orientation of
the elastic stiffness matrix (anisotropy) of the blade. In the FEA programme, the
anisotropic material was positioned longitudinal to the blade, which is the ideal case for
the single crystal turbine blade used in this study [136]. However, in reality, the
orientation of the anisotropic material relative to the blade geometry will always vary
from the ideal, and also vary from blade to blade. This means every blade would have a
unique elastic stiffness matrix, which must be measured to obtain the true material
characteristics of the blade [136]. However, measurement of the crystallographic
orientation of the blades was not feasible for this study, and therefore, considered as a
potential source of error in the FEA results. Considering all the potential sources of
errors in the FE model and those from material properties, the match between the
experimental and predicted vibrational responses was reasonable and thus, formed the
basis computing the full-field vibrational energy of a blade under thermosonic

excitation.

Knowledge of the full-field vibrational energy excited in a component can be valuable as
it provides information of the dynamic behaviour of a turbine blade under thermosonic
excitation. However, for a typical thermosonic inspection, the full-field vibrational
energy cannot be measured during testing, hence, the need to investigate retrospectively.

In this study, the vibrational energy was computed using the A? and Energy Index (EI)
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parameters. Both parameters are useful, but present slightly different information. The
former represents the energy of the vibrating system, while the EI is the heating
potential. The EI can be further described as the amount of energy dissipated as heat in
unit time. However, in this study both parameters can be considered similar because
steady-state conditions were applied. Since time is constant (i.e. vibration not changing
with time), the A? parameter is equivalent to the El, thus the similar results shown in

Section 6.3.2.

A non-uniform vibrational energy field was seen across the blades, and this non-
uniformity differed for the 10 tests. However, there were common patterns seen in the
10 different tests. The highest energy levels were predominantly in certain areas of the
blades, such as at the seal fins, trailing edge and parts of the platform. The similarity
between these areas with higher energy levels is the relatively thinner geometry. Perez
and Davis [94] have shown that for a given horn load, a crack generates a higher
temperature rise in a thinner sample. It is reasonable to extrapolate their findings to
defect free materials such as that used in the FEA in this study, as both cracks and defect
free materials have the capacity to dissipate vibrational energy as heat. However, the
former has a much higher capacity and therefore generates a higher temperature
differential when viewed with an IR camera [24, 70]. Therefore, the areas of the blade
with the highest energy levels may be because of their thinner sections compared to

other parts of the blade. Thermosonic heating across a crack-free trailing edge (a
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relatively thin section) of an aero engine turbine blade was also observed by Han et al.
[33], although the authors were unsure of the origin of heating in that part of the blade.
The effect of geometry on the thermosonic heating was observed in Mayton’s [100]
thermosonic study on military aircraft turbine blades. Mayton found increased heating
per unit vibration amplitude in thinner sections (aerofoil) compared to thicker sections

(shroud) of a turbine blade.

The vibrational energy map on the turbine blades highlights areas of the blade with
relatively high and low energy levels. This however does not suggest that cracks in these
areas will be detected or not detected. Using these energy maps to decide whether or not
cracks will be detected in certain areas would require a reference or a threshold
vibrational energy level to be first determined. However, this was not within the remit of
this work, but will be useful and complementary to this study. Instead the energy maps
presented in this study provides a useful image of how a turbine blade responds to a
typical thermosonic excitation. These energy maps also reveal areas of the blade that
may potentially heat up where no cracks are present in the sample, such as at the seal
fins and trailing edge. Heating has been observed in these areas in several experiments,
but with no visual evidence of a crack, even after an FPI inspection. This situation can
be described as a false indication, and can potentially lead to scrapping a crack-free

blade. Therefore, prior knowledge of vibrational energy distribution on a turbine blade is
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important, considering that majority (> 90%) of the blades that would be inspected in a

real inspection are generally found to be crack-free.

6.5 Review of chapter

This Chapter proposed a methodology for determining the full-field vibrational response
of a component under thermosonic excitation. The aim of this work was to highlight the
non-uniform and complex vibration field generated in a turbine blade. The proposed
methodology was based on determining the input excitation forces through
experimentation and FEA, and then applying these excitation forces to an FE model of a
turbine blade. First, laser vibrometry measurements were used to capture the pseudo
steady-state vibrational response of five locations on a blade. Next, the prominent modes
in the vibration measurements were identified and used to generate an input excitation
function for the FEA approach. The methodology was validated by comparing the
measured and simulated vibrational response of five different points on the blade, which
generally, showed good qualitative agreement. This good agreement formed the basis for
computing the full-field vibrational energy of a blade for a given thermosonic test. The
vibrational energy excited across a blade was found to be highly non-uniform, and this
non-uniformity differed for the 10 tests completed in this study. However, common

patterns were seen in the 10 tests, such as higher energy levels at the seal fins, trailing
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edge and parts of the platform, compared with lower energy levels on the clamp and

parts of the leading edge.
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Chapter 7

Conclusions and further work

7.1 General overview

The aim of this Thesis was to assess the reliability of thermosonics as a rapid screening
technique for detecting cracks in Rolls-Royce high-pressure turbine blades. The
motivation for this thesis was discussed in the introduction in Chapter 1. This Chapter
highlighted the extensive chemical cleaning process in-service turbine blades undergo
prior to inspection with FPI during the overhaul process. Processing unserviceable
turbine blades through the clean and inspect process is a non-value-added process,
costing time and money. Therefore, a reliable and rapid NDT method that can filter
these unserviceable blades due to cracking at the pre-cleaning stage is an attractive
proposition. This will save cleaning and inspection costs, increase inspection capacity

and also reduce the amount of hazardous chemicals used in the cleaning process.

After evaluating several NDT techniques, thermosonics was found to be the most viable
technique to achieve the business benefit desired. Thermosonics has several advantages
that make it an attractive NDT method for this project, such as: rapid inspection;
inspection of complex geometries; minimal surface preparation of component; and
detection of tight cracks. Furthermore, several successful studies have demonstrated the

crack detection capabilities of thermosonics on simple and complex geometries.
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Chapter 2 presented a review of published thermosonic literature to date. This chapter
clearly highlighted two main reliability issues with the thermosonic technique: non-
repeatability of the excitation process and non-uniform vibration field. Furthermore, it
was shown that relatively few studies had been conducted on large sets of turbine blades
to provide a well-informed assessment of the capability and reliability of thermosonics
on Rolls-Royce turbine blades. Chapter 3 discussed an empirical study carried out to
determine the optimal excitation parameters and assess the reliability of the newly
developed thermosonic technique for a large set of turbine blades. The empirical study
showed the developed technique to be rapid, robust and capable of detecting cracks in
the turbines blades. However, the poor repeatability of the excitation was observed in
this Chapter, even though the excitation for most tests exceeded the threshold required to
detect the known cracks. This lack of repeatability would however be a problem in a
case where the presence of a crack is unknown, as there is no way of confirming whether

or not the excitation applied was sufficient to detect a crack, if one is indeed present.

Chapters 4 and 5 investigated two different parameters that may be used to determine
whether or not the excitation in a thermosonic test is sufficient to detect a defect of
interest. Chapter 4 evaluated a parameter called the Heating Index (HI), which was
originally developed at the NDE research laboratory in Imperial College. The HI is
useful because of its linear relationship with the temperature rise of a vibrating crack.

This linear relationship enables a threshold vibration level to be determined in
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calibration tests and then later used as a reference parameter in a real inspection. The
study carried out in Chapter 4 aimed to build on the previous HI studies by evaluating its
application to turbine blades. Results from this Thesis confirmed the linear relationship

between the HI and crack temperature rise.

Furthermore, Chapter 4 highlighted the advantages and disadvantages of using different
vibration measuring devices for capturing the vibration records required to compute the
HI. The microphone was shown to be most practical and cost effective device after
comparison with a laser vibrometer and strain gauge. The vibration measured by the
microphone better represents the vibration of the whole component as opposed the
single point vibration measured by a laser vibrometer or strain gauge. This is important
because in a real inspection, the location of any potential crack is unknown. Finally,
Chapter 4 highlighted a practical limitation of the HI, which is the required knowledge
of k (i.e. crack behaviour) prior to inspection. This requirement of k is not ideal as every
crack is unique and has a different value of k, but more importantly, a crack may not

even exist in component under inspection.

Chapter 5 presented an evaluation of an alternative vibration monitoring parameter to
the HI that does not require prior knowledge of crack behaviour. This alternative
parameter, referred to as the A% parameter, relates to the total energy content of a

vibration. The A? parameter was also found to have a linear relationship with crack
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temperature rise, although, the strength of linear correlation varied for the different
cracks used in the study. Nevertheless, the strength of linear correlation for the A?
parameter compared favourably with that of the HI for the same set of cracks. After
validating the A” parameter, a threshold vibration level was determined for the set of

blades/cracks using linear regression analysis.

Finally, Chapter 6 proposed a new methodology to simulate the full-field vibrational
response of a turbine blade under thermosonic excitation. The methodology involved a
combination of vibration measurements and finite element analysis (FEA). A laser
vibrometer was used to capture the pseudo steady-state vibrational response of several
points on a blade. These measured vibrational responses were used to determine an input
excitation function for the FEA approach. The input excitation function was validated by
comparing the measured vibrational responses and the simulated vibrational responses.
A reasonable agreement was observed for both the measured and simulated vibrational
responses. The validated input excitation was then used to compute the full-field
vibrational energy of a blade, which highlighted the vibrational energy distribution

across a blade for a given thermosonic test.
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7.2 Summary of key findings

7.2.1 Reliability of thermosonics on aero engine turbine blades

Optimisation of the excitation parameters

Several excitation parameters were evaluated to maximise the temperature rise generated
by a crack. These parameters included: horn static force, coupling material, vibration
amplitude and excitation time. All the excitation parameters showed a general increase
in the crack temperature rise as the settings for the respective parameters were increased.
However, the horn static force was seen to have the greatest effect on crack temperature
rise. Various coupling materials, including commonly used materials, were evaluated:;
however, electrical insulating which has not been reportedly used before was shown to
generate the highest crack temperature rise. In addition, this coupling material was seen

to have the least degradation after several consecutive tests.

Repeatability of crack detection

A repeatability study, using a hit/miss approach, was conducted to assess the consistency
of results in repeated tests and the robustness of the experimental process. At least 50
repeated inspections were carried out on each of four cracked blades. In addition, the
blades were reclamped and the coupling material changed after a certain number of
consecutive inspections. Despite the inherent non-repeatability of the excitation, the

cracks were detected in all the inspections. The crack temperature rise varied between
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inspections; however, was above the noise floor of the IR camera which ensured
detection. The included variations to the experimental process did not affect crack

detectability; thus demonstrating the robustness of the technique.

Reliability of thermosonic technique

The reliability of the thermosonic technique developed for this project was assessed on a
set of 60 turbine blades with cracks of varying lengths. Three inspections were carried
out per blade. The known cracks were detected in all three inspections for 52 blades,
while the cracks in 5 blades generated a heat signal in only one inspection and no
discernible heat signal was seen for the remaining 3 blades. Several stages of image
processing were found to be crucial for crack detection, given the use of an uncooled IR
camera for this study. In addition, optimisation of the excitation parameters at the initial

stage of this study contributed to the high POD.

7.2.2 Vibration monitoring for a reliable thermosonic inspection

Chapters 4 and 5 evaluated two different parameters (HI and A?) that may be used to
monitor the vibration in a thermosonic test. Chapter 4 focused on the HI, which was
shown to have a linear relationship with the temperature rise generated by a vibrating
crack. However, the strength of the linear relationship varied depending on the device

used to capture the vibration. In this study, the HI computed from the vibration captured
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from a laser vibrometer was shown have the strongest linear relationship, followed by
the microphone and then strain gauge. The linear relationship for the laser vibrometer
was considered excellent, while that of the microphone and strain gauge, moderate and
poor respectively. It must be noted that strain gauge was intentionally attached on the
clamp rather than on the blade itself for practical reasons. This was a significant

contribution to the poor linear relationship with crack temperature rise.

Chapter 4 highlighted the importance of using the vibration measured at the crack (as
with the laser vibrometer), if a strong linear relationship is to be achieved. However, it
was also shown that the use of a laser vibrometer for capturing the vibration in a real
inspection scenario was not viable. This is because in a real inspection scenario, the
location(s) of the cracks, if at all present, would be unknown, making the decision of
where to point the laser prior to inspection difficult. Previous results in this study have
already shown vibration measurement away from the crack (i.e. strain gauge) for
computing the HI to be poor. The microphone which captures an aggregate of the
vibration across the whole of a component, as opposed a single point, was recommended
as the most viable device for capturing the vibration records required for computing the

HI.

Another important finding in Chapter 4 was that the limitation of using the HI in a case

the presence of a crack was unknown. This is because computation of the HI requires
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prior knowledge of crack behaviour (i.e. k). The ideal vibration monitoring parameter
must be one that can assess whether or not the vibration excited in a test is sufficient or
not, irrespective of the presence of a crack. Chapter 5 evaluated an alternative vibration
monitoring parameter called the A% parameter, which does not require knowledge of
crack behaviour. The study in Chapter 5 demonstrated a linear relationship between the
A?and crack temperature rise, thus validating this alternative parameter. In addition, the
strength of the linear relationship compared favourably with that of the HI for a set of 43
cracks. For both the HI and A? the strength of linear correlation (i.e. square of
correlation coefficient) with crack temperature rise was found to be mixed. The
percentage of cracks with a classification of excellent linear correlation (i.e. > 0.7) was
approximately 14% and 16% for the HI and A? respectively, while the percentage of
cracks classified as having no linear correlation (i.e. < 0.2) were approximately 37% and
47% for the HI and A? respectively. The rest of the cracks were classified as having

moderate correlation (i.e. between 0.2 and 0.7).

7.2.3 Simulation of full-field vibrational response of turbine blade under
thermosonic excitation

Vibration measurements and FEA were used to simulate the full-field vibrational
response of a turbine blade under a typical thermosonic excitation. The methodology

used was validated by comparing the measured and simulated vibrational response of
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five different points on the blade, which overall showed reasonable qualitative
agreement. The simulated vibrational energy excited across a blade was found to be
highly non-uniform, and this non-uniformity differed for the 10 different tests completed
in this study. However, some general observations were noted:

e The clamp had a lower vibrational energy than the blade

e The highest vibrational energy levels were not located at predicted defect sites

e The lowest vibrational energy levels were mostly seen in some parts of the

leading edge, platform, blade root and middle section of the shroud seal fins
e Of the five locations of interest, the trailing edge has the highest vibrational

energy level.

7.3 Industrial impact

The motivation for this project was primarily driven from a business (Rolls-Royce)
perspective to reduce overhaul costs, whilst maintaining a high quality inspection
procedure. The ethos was to introduce an additional screening stage which must achieve
95% reliability in terms of NDE results and be completed in an inspection time of less
than 1 minute per blade. Importantly, the work presented in this Thesis and during the
project produced useful insight as to whether thermosonics can achieve the cost-savings

desired by Rolls-Royce.
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Firstly, this Thesis demonstrated thermosonics to be capable of detecting a wide range of
crack sizes and morphologies in different blade geometries. In addition, detection of
multiple cracks on a blade was demonstrated. POD over 90% was achieved in the
empirical study described in Chapter 3 and also in several other experimental trials (on
approximately 300 blades) not included in this Thesis, for brevity. This high POD was
achieved with a microbolometer camera, which demonstrates the potential of using low
cost cameras in thermosonic testing. However, to ensure or to improve on this level of
POD, a high-end cooled camera would be recommended. This is because cooled
cameras have better temperature sensitivities and readily reveal crack heat signals
without the need for extensive image processing. The use of a high-end cooled camera is
included in the business case so no additional cost will be required. The ultrasonic
excitation system used in all the inspections presented in this Thesis is appropriate for

use in an industrial setting.

Although the experimental trials carried out in this project demonstrated excellent crack
detection capability, it must be noted that the blades inspected all had known cracks.
This is important to note as inspections to be carried out in industry would be blind
inspections i.e. the number of cracks and their locations would be unknown. The
challenge in this scenario is to ensure that the excitation applied to a blade in a test is
sufficient for crack detection. This is a challenge because the excitation is non-

repeatable. The A? parameter was shown to be a reasonable tool for monitoring the
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vibration; however, this parameter is crack location dependent. This means that the
crack locations used to obtain the vibration threshold (i.e. A threshold) in calibration
must match the cracks being inspected for in the real inspection. This will not be a
problem if the blade type under inspection only has cracks in certain known locations.
Otherwise, the vibration threshold obtained in calibration may be invalid for a real

inspection.

The microphone was shown to be the most practical and cost-effective as the vibration
monitoring device; however, issues relating to the positioning of the microphone
(relative to the test-piece) and reverberations from other surrounding object need to be
investigated. This is particularly important in an industrial setting where noise is
commonplace. One potential solution may be to carry out the inspections (calibration
and real inspection) in a custom-built sound proof room, not only to avoid external noise
but also to prevent noise from the thermosonic equipment irritating other working
personnel. This solution however, will significantly increase costs (i.e. capital
expenditure), and also require extra floor space outside the vicinity where the current

inspection of turbine blade is carried out.

The second criterion for achieving the desired cost-savings is a one minute inspection
time per blade. This time would include loading the blade onto the blade holder,

excitation, imaging and interpretation of results. The measured time for a complete
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inspection in this Thesis was between 1.5 and 2 minutes; although each blade inspection
involved three separate tests, which may not be the case in a real inspection.
Nevertheless, there is scope to further reduce the inspection time achieved in this Thesis.
A significant proportion of the inspection time in this Thesis involved loading the blade
and allowing the blade to cool down straight after a test. The latter can be avoided if
only one inspection is performed, while the former will require a better designed blade
holder than that used in this project. This new blade holder would be designed to allow
for rapid loading and unloading of a blade. One inspection consideration that may
increase the inspection time is the required number of areas of the blade to be inspected.
In this Thesis, most of the blades inspected required only one field of view; however,
several field of views may be required to cover all parts of a blade. This will increase the
number of inspections performed and also the inspection time. An alternative to using
just one camera with several tests is to employ multiple IR cameras in fixed positions;
however, this will inevitably increase equipment costs, which in turn will reduce the

projected cost savings.

The business case for this project assumes a large volume of blades would be inspected
and a certain percentage scrapped prior to cleaning. During the course of this project,
this assumption was found to be unrealistic as the turbine blades planned for this project
are subject to different repair schemes. Currently, not all turbine blades with cracks are

scrapped automatically — cracks found in certain parts of the blades, such as in the
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shroud area, can be repaired depending on the length of the crack. Each blade type has
its own repair scheme, meaning the criteria for scrapping blades varies from blade to
blade. Typically, only blades with cracks found in the aerofoil are scrapped
automatically, irrespective of crack length. According to the repair scheme, the decision
to scrap a blade is made after the blade has gone through the cleaning process and
inspected with FPI to identify and size any cracks present. The repair scheme directly
affects the implementation of thermosonics as a screening method primarily because
thermosonics cannot be used for crack sizing, rather can only be used to identify the
presence or absence of a crack. Therefore, if the thermosonic process identifies a crack,
the blade cannot be scrapped unless the crack length is known or the crack is within the
aerofoil section. An alternative idea would be to only focus the inspections on the
aerofoil section of the blades. However, this approach may not be viable as the number
of blades with cracking in that part of the blade is relatively few compared to cracking in
other parts of blades such as the shroud. In over 95% of the blades inspected during this
project, the known cracks were located in the shroud area of the blade. This means that
business case will be invalid if inspecting areas where crack sizing is not required as the
blade volume will insufficient. This crack sizing limitation of thermosonics could
therefore be the most significant hindrance in the implementation of thermosonics as a

screening technique in the overhaul process in Rolls-Royce.
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Going forward, the original business case for this project has to be reviewed to decide
how best to implement thermosonics in the overhaul process to achieve meaningful
savings. For this project the scope for the business case was to inspect for all cracks in a
blade irrespective of location or length. However, as described previously, the criteria
for scrapping a blade is much more complex than simply detecting the presence of a
crack. What would be useful is a more detailed understanding of the inspection schemes
of the several types of high-pressure turbine blades (i.e. different engines) to determine
how best thermosonics can be implemented to filter defective blades that would be
normally classed as scrap. The capability of the inspection technique proposed for this
project (i.e. thermosonics) has already been demonstrated in this thesis; however, a well-
defined and viable inspection scope is required in order fully define the specifications,
and consequently costing, for this project. Once the project scope is redefined, the next
step should be carrying out trials in a production environment (i.e. overhaul base) with
‘real’ blades (i.e. not scrap). These trial blades will later be inspected as normal to
validate the thermosonics results. This trial work must however be restricted to a small
number of sample blades as there are other studies that must be conducted to fully
understand the safety of using thermosonics on critical components such as turbine

blades. Some of these studies are suggested in the next section.
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7.4 Suggestions for further work

7.4.1 Impact of thermosonics on the turbine blade inspection process

7.4.1.1 Effect of thermosonics on the structural integrity of a turbine blade

This Thesis has successfully demonstrated the crack detection capability of
thermosonics on turbine blades. However, the effect of the high-power ultrasonic
excitation on the structural integrity of a turbine blade is still uncertain. Several studies,
including this Thesis, have shown that the high-power excitation does not necessarily
cause measurable crack growth. Nevertheless, the exposure to such excitation may cause
changes to the microstructure of a turbine blade, which can potentially affect its life or
performance. Removing any doubt on its impact on the structural integrity of a

component will add more credibility to the technique.

7.4.1.2 Effect of thermosonics on FPI

The proposed inspection process for this project (see Section 1.1) involves using
thermosonics to filter cracked blades, while the rest of the blades still go through the
mandatory FPI process. It is important therefore to understand the impact thermosonic
excitation will have on the FPI inspections carried out on the cracked blades not
identified at the thermosonics inspection stage. This work may be carried out by
investigating the results from FPI inspections before and after thermosonics is applied

on a crack. Preliminary results not published or presented in this Thesis suggest no
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detrimental impact; however, this preliminary work was undertaken using only a limited
sample size. A study with a larger set of samples with well-defined and varying crack

sizes is required.

7.4.2 False indications

7.4.2.1 Effect of surface condition on thermosonic inspection

The turbine blades used throughout this Thesis were relatively clean. However, most of
the turbine blades proposed to be inspected have been exposed to different environments
and have not be cleaned. Some of these blades would have different levels of
accumulated contaminants or dirt on their surface. The impact of these contaminants or
dirt on the thermosonic results remains uncertain. The most important thing to be
understood is the probability of false indications (PFI) due to surface contaminant. This
study should involve the use of both cracked and crack-free turbine blades in the dirty
condition. Anecdotal evidence from the several inspections carried out in this project has
shown that crack-free blades with loose dirt can generate a heat signal of similar
amplitude to the heat signal from a crack. An alternative methodology would be to use

POD specimens coated with ‘representative dirt’.
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7.4.2.2 Effect of component geometry on thermosonic inspection

High levels of acoustic excitation necessary to detect cracks may give false indications
on the thin sections of a turbine blade. Results from thermosonic tests carried out during
this project, but not reported in this Thesis, have shown crack-free thin sections of a
blade generating similar or higher levels of heating compared to a crack. This could
potentially lead to serviceable blades being scrapped at the screening phase. A more
detailed investigation to determine the scale of this problem and also a potential solution

to mitigate this issue are required.

7.4.3 Simulation of full-field vibrational response of a turbine blade

This Thesis only demonstrated the methodology of using vibration measurements and
FEA for simulating the full-field vibrational response of a turbine blade under
thermosonic excitation. Further work is required to understand how the simulated results
can be used to evaluate the areas of a blade that have vibrational energy below or above
the crack detection threshold. However, this can only be achieved by first completing
calibration tests on a set of turbine blades to determine a threshold vibrational energy

(i.e. El or A% required to detect a crack of interest.
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Appendix A

Input excitation function
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Figure C.1 Input excitation function for test B26_1 (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Figure C.2 Input excitation function for test B26_2 (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Figure C.3 Input excitation function for test B10. (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Figure C.6 Input excitation function for test B18 2. (al) shows the first four modes and (a2), the
remaining nine modes. The y-axis of (al) is 10 times that of (a2).
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Appendix B

Comparison of simulated and FE frequency response
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Figure D.1 Comparison of measured frequency response and FE frequency response for B26 1 (a)
Mid aerofoil (b) Under platform (c) Shroud (d) Trailing edge (e) Leading edge.
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Appendix C

Map of vibrational energy on FE model

(a) A (b) Energy Index (EI)
Figure E.2 Computed full-field vibrational energy on the blade (concave side) for test B26_2.
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Figure E.3 Computed full-field vibrational energy on the blade (concave side) for test B10.
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(b) Energy Index (EI)

Figure E.4 Computed full-field vibrational energy on the blade (concave side) for test BO1.
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(b) Energy Index (EI)
Figure E.5 Computed full-field vibrational energy on the blade (concave side) for test B18_2.
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G v 35198
(b) Energy Index (EI)
Figure E.6 Computed full-field vibrational energy on the blade (concave side) for test B18 1.
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(b) Energy Index (EI)
Figure E.8 Computed full-field vibrational energy on the blade (concave side) for test B50_2.
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