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Abstract

Turbine blades and nozzle guide vanes (NGVs) are operated at extreme temperatures in orderto max-
imise thermal efficiency and power output of an engine. In this paper the suitability of existing temperature
monitoring systems for turbine blades and nozzle guide vanes are reviewed. Bothffline and online meth-
ods are presented and their advantages and disadvantages are examined. The use of offline systems is well
established but their online equivalents are difficult to implement because of the limited access to com-
ponents. There is the need for an improved sensor that is capable of measuring temperature in real time
with minimum interference to the operating conditions of the engine, allowing operating temperatures to
be increased to the limits of the components and maximising efficiency. ‘Aeetistic monitoring techniques
are already used for a large number of structural health monitoring (SHM) applications and have the po-
tential to be adapted for use in temperature monitoring for turbine blades 'and NGVs. High temperatures
severely affect the response of ultrasonic transducers. However, waweguides and buffer rods can be used to
distance transducers from extreme conditions, while piezoelectric materials such as YCOB and AIN have
been developed for use at high temperatures. A new monitoring approach based on ultrasonic guided waves
is introduced in this paper. The geometry of turbine blades and NGVsrallows Lamb waves to propagate
through their structure, and the presence of numerous cooling holes will produce acoustic reflections that
can be utilised for monitoring temperature at a number of locations. The dispersive nature of Lamb waves
makes their analysis difficult; however, wave velocity in dispersive regiens is particularly sensitive to changes
in temperature and could be utilised for monitoring purposes. The proposed method has the potential to
provide high resolution and accuracy, fast response times, and the ability to place sensors outside of the
gas path. Further research is required to develop a monitoring system based on the use of guided waves in
extreme environments.
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1 Introduction

This review considers recent surface temperature
monitoring methods for turbomachinery applica-
tions, focusing on jet engine turbine blades and noz-
zle guide vanes (NGVs). Monitoring of these parts is
important for a number of reasons: identifying poten-
tial failures before they occur, evaluating the need for
maintenance, investigating ways of improving engine
efficiency, and reducing fuel consumptions

Carbon dioxide emission is the largest contributor
from aviation to global warming, comprising 70%. of
aircraft engine emissions [1]. A small improvement
in the design of a jet engine will resulthin a sizable
reduction in pollution, as well as in fuel and, engine
costs [2, 3]. The results of temperature monitoring
can inform the research and development process to
improve the operation and efficiengy of .components
[4]. More accurate monitoring, in’ terms of absolute
temperature, spatial resolution; and time history al-
lows for further development, maximising the effec-
tiveness of components.  Current.and past methods
focus on testing parts in contrelled environments be-
fore installation in an engine;, with the majority of
methods requiring the bladefor vane to be removed
from the engine forfanalysis,after a test has taken
place. This can be improved with online methods
that allowsfor monitoring during normal engine op-
eration. /Online methods provide considerably more
data for'amalysis during start-up and cool down of
the engine rather than only providing a peak result.
The currently available online methods can only pro-
vide point measurements (in the form of thermocou-

ples) or require optical access (pyrometry & thermo-
graphicg/phosphors) which is difficult to achieve in the
cramped conditions of a turbine. These online sys-
tems_have been utilised in test rigs and gas turbines
but havemnot been adapted for use on in-service jet en-
ginesbecause of space, weight, and power constraints.
An improyvement to these sensors would greatly ben-
efit gasturbine manufacturers, allowing for further
development in turbine blade and NGV design by
better understanding their limits. If the uncertainty
of temperature measurements can be reduced then
engine efficiency can be improved by operating com-
ponents closer to their ideal conditions [5].

An increase in turbine inlet temperature elevates
the risk of blade failure from blade creep or oxida-
tion, the extent to which is determined by the ex-
posure time at raised temperatures [6]. Blades and
vanes require constant cooling with film cooling tech-
niques embedded into their structure to avoid corro-
sion and melting [7], with gas temperatures up to
1000°C using uncooled blades and around 1800°C
with cooled blades [8]. The air used for film cooling
is drawn from the main gas path, reducing efficiency
while increasing NOx emissions [9]. As emission lim-
its become stricter the use of film cooling may have
to be reduced, emphasising the importance of tem-
perature monitoring to allow components to be op-
erated closer to their thermal limits. Components
such as turbine blades and NGVs are coated with ce-
ramic based thermal barrier coatings (TBCs) to al-
low gas stream temperatures to be further increased.
These coatings are normally multilayered, utilising
yttrium-stabilised-zirconia (YSZ; Y2O3-ZrO3) as the
insulating material, a thermally grown oxide layer
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(TGO), and a bonding layer to attach to the sub-
strate [10]. The most likely point of failure from ex-
posure to excessively high temperatures [11] is consid-
ered to be at or near the TBC/TGO interface, which
makes monitoring of this area vital for maintaining
blade health. Reviews of condition monitoring/non-
destructive evaluation (NDE) /structural health mon-
itoring (SHM) for all aspects of gas turbines are pro-
vided by Abdelrhman [12] and Mevissen [13], however
there are a limited number of studies that focus on
developments in online surface temperature monitor-
ing for jet engines, which is covered in the first half
of this paper.

Substrate
(Super-alloy)

Figure 1: Cross section of a typical turbine blade with
TBC applied [14].

N

Acoustic methods are a potential alternative that
have already been utilised for a number of other SHM
and NDE applications{»Ultrasonie, guided waves in
particular offer many benefits including low costs,
high accuracy, and fast'résponsetimes if utilised cor-
rectly. Acoustic waves transmitted through the struc-
ture of a blade or vane would not interfere with their
operation, and temperature measurement at multiple
locations could be achievednby utilising the acous-
tic reflections from the large number of cooling holes
found acress'the structure. The difficulties of this
method are in managing the impact of high tempera-
tures on ‘electronic components [15] and sensor oper-
ationy which requires appropriate material selection
and signal processing techniques. There are a num-
ber of different options for the generation and acqui-

sition of waves, methods of coupling to the structure,
and temperature derivation, all of‘which need to be
investigated further to determine the mest suitable
method. The second half of this,paper discusses the
potential of acoustic methods and how they can be
implemented for use on|turbine blades and NGVs.

In the next sectionsthe methods currently used for
temperature monitoring of turbine blades and NGVs
are discussed. Starting with numerical simulations
used in the design, stage, followed by offline systems
used for validation, amnd finally online systems used
in monitoring, engines during normal operation. The
monitoring, of ‘rotating turbine blades differs from
that of/static nozzle guide vanes, which is discussed
for each monitoring method. Summaries of the meth-
ods.can be found in tables 1 and 2. The following
section discusses an alternative temperature moni-
toring system that aims to address the limitations of
the eurrent methods, based on the use of ultrasonic
guided waves. The most suitable methods of attach-
ing sensors to the structure of a blade or vane are
diseussed, followed by an explanation of how Lamb
waves can be utilised for this application.

2 Current surface temperature
monitoring strategies

Numerical simulations are used in the design stage
of blades and vanes to predict the efficiency of cool-
ing techniques before parts are put into production.
Experimental data from offline or online monitoring
can then be compared to numerical simulations for
validation. Offline systems record the peak tempera-
tures of the blade for later analysis at room tempera-
ture while online measurements are carried out in real
time. The majority of the offline systems are well
established having been used for many years, with
online systems being more difficult to implement and
operate reliably as sensors need to be installed inside
of the engine. The implementation of online systems
is further complicated when applied to jet engines,
as there are severe restrictions on space, weight, and
power. The systems can be further categorised into
either point measurement methods or mapping meth-
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ods, where point-based systems only record the tem-
perature at a single location, but can be installed in
arrays to provide more spatial information. Mapping
methods allow for continuous measurement across the
surface of the blade, allowing for analysis of temper-
ature gradients.

2.1 Numerical methods for
temperature estimation

Numerical simulations are used to find the cooling
effectiveness of turbine blades and NGVs. Results
of the simulations are validated against experimen-
tal results, such as those from temperature-sensitive
paints [16]. Finite element modelling (FEM) can be
used to predict the thermal load on a blade and anal-
yse the effectiveness of blade cooling methods. There
are two methods of calculations, uncoupled or cou-
pled. Uncoupled methods are less computational in-
tensive as the heat transfer coefficients aisédnin the
calculations are only computed at key engineeperat-
ing conditions. Coupled methods use computational
fluid dynamic (CFD) calculations toviterate the heat
transfer coefficients, which improves aceuracy over
uncoupled methods. Findeisen et d@l. [17] eompared
two coupled methods, FEM1D and FEM2D. The
FEM1D method uses simplified.modelsiof the cooling
system making it suitable for initial designs, while the
FEM2D method uses three dimensional CFD simu-
lations that are more realistic but,nearly a hundred
times slower than FEM1D. This makes FEM2D mod-
els more suitable for comparison.with experimental
data. In order to validate eomplex thermal models
over 80% of the surface should be measured, which
is not possible with point.measurement systems such
as thermocouples [18]. Thermal maps allow manu-
facturers to better' understand the effects of air flow
on specifierareas of,.components, which can help to
improve fthe life ¢ycle of a part. Areas of increased
thermal stress can be identified, which may require
additional cooling or design adjustment, while also
highlighting dess critical areas that could be reduced
in weight or cooling.

2.2 Offline Monitoring:Methods

Offline monitoring methods rely on an, irreversible
physical change to occur in order to accurately record
the peak temperature of assurface. "A summary of the
available offline methods is shown in table 1. Ther-
mal paints and thermal history sensors are the most
commonly used methods as they allow temperature
to be mapped across the surface of the blade or vane
while being lessdintrusive than other methods.

2.2.1 Thermal paint or Temperature
indicating paint (TIP)

Specially formulated paints can be applied to the sur-
face of ‘a blade or vane that irreversibly change colour
after exposure to high temperatures, recording the
peak temperature at which they were exposed. Irre-
versible thermochromism takes place because of de-
compesition, i.e. changes to the crystal structure be-
cause of chemical reactions that produce new com-
pounds. The change in colour is both a function
of temperature and time, requiring careful control
of exposure time for accurate analysis. Yang et al.
[19] describe the development of temperature indicat-
ing paints including their formulation, application,
and test methodology. Paints can be categorised as
single-change or multi-change, whereby single-change
paints change colour once after exceeding a particu-
lar temperature threshold, and multi-change paints
undergo multiple colour changes as temperature in-
creases past a number of thresholds. Multi-change
paints are more suitable for use on parts with large
temperature gradients, such as turbine blades or
NGVs. Examples of commercially available thermal
paints produced by Thermographic Measurements
Ltd, UK, can be seen in figures 2 and 3 [20]. Results
can be visually interpreted by an operator drawing
isothermal lines, or analysed with automated image
processing techniques. When analysis is carried out
by an operator only a small number of temperature
changes can be identified, where colour changes are
obvious. In order to measure a greater range of tem-
perature changes other blades can be monitored with
different paints during the same test. Results from
the different blades can then be combined to provide
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Method E:KESE(?:; re ?;r;ii;;‘:lu:f ) ls'é)szfiluatlion Sensor type Interrogation method
Crystal temperature sensors up to 1400 —+/-10 Low Surface mounted Tllumination + observation
Templugs 650 15-25 Low (single points) Embedded in substrate Analysis of ferromagnetism/hardness/phase
Glass ceramic arrays 1100 Not given Low Surface mounted Observation only
Temperature sensitive paints (TIP)  Up to 1500 10-100 Moderate Surface layer Obseryation only
Thermal history paint (THP) 150-1400 +/-5 High Surface layer or embedded in TBC _dllumination % observation
Table 1: Summary of offline temperature monitoring methods

a more detailed map. When analysis is carried out us-
ing image processing techniques accuracy can be im-
proved to identify colour changes representing +10°C
changes, however inconsistent lighting conditions can
cause significant sources of error. A large range of dif-
ferent paints can be used, covering the temperature
range 150°C-1300°C. This range can be further ex-
tended to 1500°C with the use of fluorescent paint
that is analysed under UV rather than visible light
[21], which reduces the chance of operator error and
the effect of variable lighting conditions [22]. Engine
test data is often used to validate numerical ‘mod-
els. In order to produce quantitative results from the
use of thermal paints, the engine test data must be
compared with calibration data, without which the
paints only provide qualitative spatial information.
Laboratory-based tests can be carried out to replicate
engine conditions while the temperature is monitored
using other methods (e.g. thermocouples, IR cam-
eras) for validation of the real engine data.»Another
option is to validate the real data using predictions
based on the paint’s chemistry 23] ~Colour/changes
are cross sensitive to environmental gases which must
be accounted for when comparing results to calibra-
tion charts. Low paint durability means that testing
time should be limited to between 3 and 5 minutes at
peak temperatures forsbest resultsiy[24]. Longer ex-
posure time makes it difficult to determine if a colour
change has occurredrdue to peak temperatures over a
short period or lewer temperatures over a longer pe-
riod. Dismantling the engine for analysis can be time
consuming and additional tests require the paint to
be removedsand reapplied before the engine is recon-
structed/ Many thermal paints contain cobalt, nickel,
or lead compounds that are restricted for use by EU
legislation (REACH [25]) because of their toxicity.

Figure 2: Time at temperature colour maps for
single-change paints: SC155, SC240, SC275, SC367,
SC400, SC458, SC550, SC630 [20].

Figure 3: Time at temperature colour maps for
multi-change paints: MC135-2, MC165-2, MC395-3,
M(C490-10, MC520-7 [20].
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2.2.2 Thermal history paint (THP)

Thermal history paints are based on ceramic ma-
terials doped with luminescent transition or rare-
earth ions. They are similar in principle to thermal
paints/temperature indicating paints in that expo-
sure to high temperatures causes irreversible changes
to their optical properties. When subjected to high
temperatures the detection material transforms from
the amorphous state to the crystalline state, which
results in a change in the luminescence properties, in-
cluding the luminescence spectrum and the lifetime
decay. This transformation depends on thermal his-
tory, which includes the temperature to which the
component has been subjected, and the time at that
temperature. The method was originally proposed
by Feist in 2007 [26]. Resolution and accuracy is im-
proved in comparison to thermal paints/temperature
indicating paints as the optical change is continuous
across the surface of the part and can be analysed
with an emission detector, as with online thermo-
graphic phosphors. Parts do not have to be fully
dismantled for analysis, and the phosphiors,do not
contain restricted chemicals (EU REACH,regula=
tion [25]). Biswas and Feist [27] discuss the theo-
retical background of thermal history sensors, their
analysis methods, and carry out an experimental
comparison against thermal paintsfand thermocou-
ples. Results show good agreement between ther-
mal paints/temperature indicating paints and ther-
mal history paints from 400°C to 900°C.Standard
deviation of the thermal history coating measurement
is typically below 5°C4Péral ‘et al. [18] has devel-
oped an uncertainty model for the use of thermal
history sensors from 400°€, to 760°C, indicating that
the maximum estimated uncertainty was +£6.3°C or
+13°C for 67% or 95% confidence levels respectively.
This is believed_ torbe well within the uncertainty of
thermal models and the requirements for temperature
measurements in harsh environments on gas turbines.

AraguagRodriguez et al. [28] have carried out tem-
perature/ measurements between 350°C and 900°C
on three'types of NGVs (without cooling, internally
cooled, externally cooled) and compared the results
to an embedded thermocouple. The THP was made
up ‘of .an oxide ceramic pigment mixed into a water-

based binder doped with lanthanide ions. Measure-
ments are carried out using ashandheld probejeach
taking approximately five seconds. Precision of the
measurement was +5°C, and results were within the
min-max range of the thermocouple,results. An ex-
tended test (around 50 hours) using THPs was car-
ried out by Pilgrim [29]z No damage to the THP was
observed, and results are insagreement with temper-
ature sensitive paints.and CED models (10°C differ-
ence between them). This'shows an improvement
over temperature sensitive paints, which can only
be used forhshort term (~5 minutes) engine tests.
The processes behind' the optical changes that are
caused /by temperature are explained by Rabhiou et
al. [30]; followed by experimental results that show a
Y,SiO5:Th phosphor suitable for use up to 1000°C,
with potential. for further development to extend the
upper temperature limit to 1400°C. A resolution
comparison between thermal paints/temperature in-
dicating/paints, pyrometry, and thermal history sen-
Sors is given by Amiel [31] in Table 2. Pyrometry
methods provide the highest resolution (0.3°C), fol-
lowed by thermal history sensors (1-5°C), and finally
temperature sensitive paints (10-100°C). Heyes [32]
carried out tests using a Y2SiO5:Tb phosphor sus-
pended in a binder that could be used for temper-
ature measurement from 400°C to 900°C. Results
showed that the use of the binder caused some signal
degradation, inhibiting the crystallisation process of
the phosphor. This indicated the potential benefits of
integrating the phosphors into TBCs, which negates
the need for a binder. A preliminary investigation
was carried out utilising air plasma spraying (APS)
of YAG:YSZ:Dy which showed promising results.

Although accuracy and resolution are improved in
comparison to thermal paints, optical access to the
parts is still required for analysis, which requires dis-
mantling of the engine but not the parts themselves.
Paints need to be removed and reapplied to carry
out additional tests. The application of the paints re-
quires sophisticated coating technologies which limits
their uses. Careful phosphor selection is required as
emission intensity decreases with increasing temper-
atures [11].
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2.2.3 Other offline sensors

A number of other offline sensors have been developed
for use on turbine blades or vanes that are described
below. The use of these sensors is limited in compar-
ison to temperature sensitive paints or thermal his-
tory sensors as they only provide point measurements
while being more intrusive to blade operation.

Crystal temperature sensors have been developed
to more accurately measure temperature gradients
across blades in comparison with thermal paint meth-
ods. A crystal structure is installed on surface of the
blade using thermo-cement and exposed to neutron
radiation (“illumination”), causing the atomic lattice
to expand. When exposed to heat the lattice relaxes,
which can be analysed with an X-ray diffraction mi-
croscope. If exposure time is also measured the tem-
perature can be deduced from comparison with a cal-
ibration diagram. Accuracy of the method is £10°C,
up to at least 1400°C [33].

Glass ceramic arrays rely on using materials that
all undergo different allotropic phase transformations
when exposed to temperature changes. Using.a sin-
gle material will result in the same phasenchange
whether the material is exposed to a high temper-
ature for a short time, or a low 4emperature for a
long time, which can be accounted forswhen using
a number of materials. As temperature and expo-
sure time increases optical transmittance is reduced,
which can be measured using a UV light spec¢tropho-
tometer. A disadvantage of this method is that it is
strongly influenced by moisture ifn the environment
(as found in aircraft engine exhausts)s which causes
large changes in the crystallisation structure of the
glass. It also suffers frompan inability to account for
overheat events unless they are of sufficient magni-
tude (>50°C) [34]

Metallurgical temperature/sensors are a family of
offline sensors /that ¢an be machined into almost any
shape. They ‘are best suited t0 applications where
wire connections are mot possible, especially those
where the sensor is\immersed in a corrosive medium.
Their aceuracy is poor in comparison to thermocou-
ples (around 110°C) and they can only be used to
give rough estimates of temperature. Stainless steel
“Feroplugs” reduce in ferromagnetism with increas-

ing temperature exposure, which can be measured
using a ferritscope or magnetie, suspectometer., The
reduction in ferromagnetism, fully diminishes above
600°C, the upper limit of temperature measurement.
Sigmaplugs have been developed torextend the mea-
surement range, introducing a new phase that can be
measured up to 900°Cs» Templugs are made of steel
alloys that reducedn hardness'with increasing tem-
perature. The changedn hardness can be measured
and compared with calibration charts to determine
the temperature if exposure time is known. Accuracy
is around 15°C up to 600°C, reducing to 25°C up to
650°C [35].. Madison et al. [36] compared metallur-
gical temperature sensors with thermocouples when
measuring piston temperatures in a running engine.
Results were comparable however the metallurgical
sensors were heavily influenced by areas with large
thermal gradl%nts.

2.3 Online Monitoring Methods

Online methods are used to measure temperature in
real-time. This is particularly useful in comparison
to offline methods as the monitoring can take place
at start-up and cool down of the engine, rather than
only providing a peak result. Accurate measurement
of the peak exposure temperature requires separa-
tion of time and temperature effects, which is not
necessary for online methods. Another benefit over
offline methods is the reduction in research and de-
velopment time as the engine does not need to be
dismantled between each test, which in turn reduces
cost. This enables in-service data collection as op-
posed to short-term engine test data gathered from
offline monitoring. Additional data helps to further
validate numerical models when online systems are
installed in test rigs, but they can also be used for
condition monitoring applications on in-service en-
gines. More comprehensive monitoring is beneficial in
reducing maintenance schedules as these can be based
on component health rather than a fixed number of
operational hours. This has the benefits of reducing
maintenance costs whilst minimising downtime. A re-
duction in the frequency of blade replacement is also
beneficial to the environment. Table 2 shows the cur-
rently available online monitoring methods. For ro-
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tating turbine blades pyrometry based methods are
commonly used as they do not require a phosphor
coating or laser excitation to operate (as with ther-
mographic phosphors), and scanning methods can be
used to monitor a whole row of blades with single sen-
sor system. They are also less intrusive than point-
based thermocouple or resistance temperature detec-
tor (RTD) arrays, which require complex telemetry
systems to transmit the sensor signals outside of the
engine. Thermographic phosphors are utilised in sce-
narios where pyrometry issues cannot be mitigated,
and can be used to calibrate/correct pyrometer mea-
surements [37]. For static nozzle guide vanes pyrom-
etry cannot be used to scan the surface and so an
array of thermocouples are typically used.

2.3.1 Thermocouples

Conventional thermocouples are not suitable for use
on turbine blades or NGVs, as their large size dis-
rupts airflow, and reliably attaching them to the sur-
face of a blade is difficult. Thin film thermocouples
(TFTC) on the other hand can be directly fabricated
on to the surface of a turbine blade or NGVjgreatly
improving long term durability in comparison te cen-
ventional thermocouples. COMSOL simulations car=
ried out by Duan et al. [38] show a ~170°C difference
between conventional thermocouples and their thin-
film counterparts due to the distance between the
thermocouple joint and the bladesurface. The place-
ment of a conventional thermocouple in“its insula-
tion filling adds an additional uncertainty of around
500 x 500 pm, which fas a temperature difference
from top to bottom of ~300°C. The uncertainty as-
sociated with the use.of conventional thermocouples
shows the motivation for the development of thin film
equivalents.

The small footprint of "TETCs does not affect air-
flow, leading t0 moré accurate measurements of fast
temperature fluctuations. TFTCs have an extremely
fast responsertimen(<d ps), are low cost, and have
very fine'spatial resolution at a single point. S-type
platinum plus platinum 10% rhodium thermocouples
havedbeen shownto be stable up to 1100°C. However,
oxidation of ghodium (which would occur in the gas
pathiof a turbine) causes the thermoelectric potential

to decrease, which in turn limitsythe upper working
temperature of these types of thermoeouple [39]s The
main challenges to overcome,with TFTCs,are: devel-
oping an electrical insulation film, that can withstand
the harsh conditions of ghe turbine, (high tempera-
tures, shock, and vibration), and@pplying the sensor
to curved surfaces.
~

Yang et al. [40] havé shown that an S-type ther-
mocouple can befabricated(using pulsed laser depo-
sition (PLD) techniques‘that functions up to 700°C.
To improve'thermal stability at high temperatures
composite ceramic oxides can be used, which have
good amti-oxidation properties and have been shown
to maintain high thermal outputs up to 1200°C [41].
Direct-Write Thermal Spray (DWTS) is a process by
which powder; wire, or rods can be adhered to a com-
plex substrate such as a blade or vane. A thermo-
couple can be embedded into the TBC on the surface
of an' NGV in this way and has been shown to per-
form well up to 450°C [42]. The addition of Al;O3 to
Y SZ(yttria-stabilized zirconia)-based TBCs improves
their electrical insulation above 400°C which allows
TFTCs to be used effectively [43]. A summary of
THTC systems is given by Satish et al. [44] along
with the implementation of a K-type TFTC on an
NGV deposited using an E-beam evaporation tech-
nique. Two methods of measuring temperature dis-
tribution on a TBC coating are given by Z. Ji et al.
[45] whereby Pt soldering dots are placed along a
PtRH thin film. Measurements are possible up to
1200°C with this method.

Despite the improvement of thin film thermocou-
ples over conventional thermocouples they are still
an invasive monitoring method. Only point measure-
ments are possible unless installed in dense arrays
which can have an impact on blade operation, re-
quiring complex wiring systems. The connection be-
tween thin-film and leadwires is the primary failure
point when installed on turbine blades, and complex
telemetry systems are required to transmit sensor sig-
nals outside of the engine [46]. Oxidation has a signif-
icant impact on the operation of TFTCs at high tem-
peratures, causing drift and delamination [47], which
makes the use of an insulation material vital.
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Temperature

Method Temperature range

Spatial resolution (°C)

Sensor type Interrogation method

resolution (°C)
Thin film thermocouples (TFTCs) Up to 1200 +/-2 Low (can be installed in arrays) Surface mounted Electrical conneection
Infrared Thermography/Pyrometry 500->2000 0.3 Low (blades can be scanned) Optical probe Observation only
Temperature sensitive paints (MLCs) <200 1-5 High Surface layer Tllumination + observation
Thermographic phosphors Up to 1600 1-5 High Surface layer or embedded in TBC  Illumination + observation

Table 2: Summary of online temperature monitoring methods

2.3.2 Pyrometry

Optical pyrometry is a non-contact method of mea-
suring thermal radiation emitted from the surface of
a material. There is no upper temperature limit as
thermal radiation increases with temperature, but
there is a lower limit of around 500°C [48]. Mea-
surement response is fast in comparison to conven-
tional thermocouples as there is no thermal inertia
to overcome. In order to implement a pyrometry
system in a turbine optical access is required, which
can be achieved by routing a probe through the wall
of the turbine casing and connecting it to a detec-
tor via fibre optic cable, away from the high tem-
perature environment of the turbine [48]. The sys-
tem can be considered a point measurementrsystem
for nozzle guide vanes as the probe is focused, on an
area 1-10 mm in diameter, however the point cambe
scanned across the surface of turbine blades to pro-
duce temperature maps [49]. A reviewrof fibre op-
tic thermometry methods is given by Yu etwal. [50],
covering blackbody, infrared, and fluorescence optical
thermometers. For accurate results the emittance of
the blades must be measured/prior o installation to
later be used in correcting the output of the pyrom-
eter, however the emittance is also_affected by fac-
tors such as surface roughness, oxidation state, and
chemical compositiong“which will/affect the overall
accuracy of the system. A number of solutions have
been proposed to improve the accuracy of emittence
measurement, namely dual and triple wavelength py-
rometry [5, 51]. A geview of multi-spectral pyrom-
etry systems ig\given by Aradjo et al. [52]. Accu-
racy is alseraffected.byteflected radiation from other
surfaces (within the turbine, absorption of radiation
in the gas path, interference from hot particles, and
deposits’ forming‘on the surface of the probe lens.
The effectiveness of short wavelength (~1 microns)
pyrometry is negatively affected by the application

of TBCs, which réducessémittance while increasing
reflectivity of the blades. The optical transparency
of TBCs causes significantdmeasurement errors [53],
while the thermal gradient of TBCs (~0.5°C/pm)
means that careful wavelength selection is required
to ensure that measurement is taking place at the
required depth [54]. Long wavelength (~10 microns)
pyrometry has been developed to overcome this prob-
lemgwhere T BC emittance is reliably close to 1, and
reflectance,islose to 0. Long wavelengths are non—
penetrating [55] and have been shown to work effec-
tively during engine tests [56], although the readings
are strongly influenced by background radiation. A
number of authors have tested pyrometers on turbine
engine test rigs [6, 57, 58]. Taniguchi et al. [59] have
carried out temperature measurements using a py-
rometer on a turbine blade rotating at 14,000 RPM.
The system has a measurement range of 700-1150°C
with an accuracy of +£3°C, over a 2 mm diameter
area. The measurement probe is only inserted into
the hot section of the engine for a short time (10s) be-
fore being removed to avoid damage, which limits the
long term use of this method. To avoid placing the
sensor into the turbine during measurement (which
can cause gas disturbances), multiple beam pyrome-
try methods have been developed [60, 61]. Infrared
thermography has also been used on gas turbines for
crack and defect detection rather than absolute tem-
perature measurement [62]. Although pyrometry can
provide high accuracy (in favourable conditions) and
fast response times, the need for optical access and
their large size restricts their uses to dedicated test
rigs and large gas turbines. It is unlikely that a py-
rometry system could be installed inside of a jet en-
gine for SHM applications without considerable re-
ductions in size and weight. During long term use
the build up of deposits on the surface of the probe
lens will reduce accuracy and require regular mainte-
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nance. In order to produce temperature maps of noz-
zle guide vanes the probe must be scanned across the
surface which would require mechanical movement of
the probe, a potential point of failure.

2.3.3 Temperature sensitive paints

Temperature sensitive paints (TSPs) differ from ther-
mal paints or temperature indicating paints in that
they do not undergo permanent changes to their
structure after exposure to high temperatures. The
temperature dependence of luminescent molecules
can be measured after application to the surface of a
material using a polymer binder. The luminophore is
excited by a light source, causing thermal quenching
to take place. The intensity or decay lifetime of the
luminescence can be measured using a camera, both
of which are temperature dependent [63]. A selection
of TSPs are described by Patel et al. [64], showing
their useful temperature ranges. At low tempera-
tures (<200°C) metal-ligand complexes (MLCs) are
used as luminophores, whereas at high temperature
thermographic phosphors are used.

2.3.4 Thermographic phosphors

Thermographic phosphors can be used,in a very
similar way to the metal-ligand complexes (MLCs)
used in temperature sensitive paints however they
are suitable for use up to muchshigher temperatures
(~1600°C). They can be excited and analysed in the
same way as TSPs using laser excitation and fluores-
cence detectors. A number of ‘authors have carried
out reviews of thermographie phosphor systems, cov-
ering the principles and theoryrof fluorescence [65],
instrumentation [66], implementation [67], and dis-
cussion of phosphor materials and error analysis [68].
Phosphors can be applied to a blade or vane in a
number of ways, the simplest, of which is to mix the
phosphor with a binder and apply it to the surface
of the TBQ; which, provides a surface temperature
measurement. A phosphor layer can also be applied
beneath the TBC, which allows for monitoring of the
temperature eritical bonding layer. This is difficult
to achieve astYSZ is mostly opaque to UV radiation,
making excitation of the phosphor a challenge [14].
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Phosphors can also be directly integrated inte TBCs,
acting as thermal insulation and as asensor simulta-
neously. The first investigation into using, phosphors
embedded into TBCs, called ‘smart coating’ or ‘ther-
mal barrier sensor coating” was carried out by Feist
[11]. Further development has shown that the ad-
dition of phosphors tesproduce sensor coatings does
not affect the structure of FBCS and they can be ap-
plied using the same aif plasma spray (APS) process
as non-doped TBCs [69]. The system has been ap-
plied to an NGV in a,Roells-Royce Viper 201 engine
with optical‘access provided through a dedicated win-
dow [70]. A comparison between temperature mea-
surements from a TBC doped sensor, pyrometer, and
thermocouple shows a large temperature gradient be-
tween the surface of the TBC and the surface of the
substrate, with the phosphor sensing taking place
élose £o thelbond coat interface [37].

Online temperature measurements from 513°C to
767°C have been carried out on an operating engine
by Jenkins et al. [71]. Measurements were carried
out at rotational speeds up to 32,750 RPM. A laser
was used for excitation of two phosphors applied to
the TBC of the turbine blades, while a fibre optic
probe was used for detection. Results were found
to be within 25°C of of those estimated by the en-
gine manufacturer. It is suggested that measurement
range (from engine off to maximum engine power)
can be improved by utilising Y2Og3:Er phosphors [72].
Nau et al. [73] have presented results from the use
of five different phosphors that allow measurements
from room temperature up to 1500°C. Comparison
of the phosphors show that their individual tempera-
ture ranges are limited (400°C). Measurements were
carried out on two model combustor systems, and
at high pressure, to demonstrate the potential appli-
cation in real turbines. Measurements are demon-
strated with a high speed camera, allowing for tem-
poral resolution up to 1 kHz.

The main limitation of using thermographic phos-
phors is the need for optical access, both for ex-
citation and detection, which is normally achieved
with fibre optic probes. Careful selection of phos-
phor material is required to cover the entire temper-
ature range of interest and to ensure that emission
intensity is high enough for accurate detection at ele-
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vated temperatures [11]. In the case of turbine blades
the excitation and detection needs to be synchronised
with blade rotation which requires extremely fast re-
sponse times [54], and is limited by the decay rate of
the phosphor.

2.3.5 Other methods

Duan et al. [74] have found that the electrically
conductive nature of TBCs at elevated temperatures
(above 600°C) can be utilised as a form of smart sen-
sor, by measuring a change in resistance with tem-
perature. Experimental data shows good repeatabil-
ity up to 950°C, measurement error of less than 3%,
fast response time (~1s), and stability comparable to
conventional thermocouples and TFTCs.

3 Emerging techniques for
online monitoring

The ideal sensor for jet engine turbine blade and
NGV temperature monitoring should bg' capable of
mapping the temperature of a blade or vanéyin real
time with minimum interference to operating condi-
tions. The use of a sensor shouldhnot reduce the
lifetime of the blade, cause damage to its structure,
require large amounts of power, or requirésregular
maintenance, ideally surviving for the lifetime of the
engine. Response time should be'fast in order to ac-
curately record the changes in temperature during
start-up, shut-down, and overshooet events, while res-
olution and accuracy should be‘comparable to tradi-
tional monitoring methads.

Ultrasonic guided waventechnology may be suit-
able for this application as‘ithcan provide real-time
sensing, fast respomse times, jand the ability to re-
use the sensor indefinitely.. There is the potential for
transducers to be képt away. from the harsh condi-
tions of the turbime by transmitting a wave through
the structure of asblade or vane and analysing the
received [signal. Measuring temperature in this way
reduces the influence of the sensor on the operating
condition of the-component. The small footprint of
the sensors swould not affect the operation of com-
ponents or disrupt airflow. Advancements in sensor
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materials for use at high temperatures as well as the
associated signal processing may allow for sensors to
be installed in harsh environments. The following
section considers the suitability of acoustic methods
for the temperature monitoring of turbine blades and
NGVs.

3.1 Ultrasonic Structural Health
Monitoring

Ultrasound is of particular interest for SHM applica-
tions as it allews for small sensors, high precision, fast
data rates, and can be utilised at frequencies much
higher than environmental noise [75]. Traditional ul-
trasonic NDE utilises A-scans, a measurement of sig-
nal amplitude against time, to detect cracks, defects
etc. This can be extended to B [76], C [77, 78], or
phased—arrayT?Q] scans to build an image of damage
in an area by moving the transducers around and
carrying’out multiple measurements. This form of
evaluation is not particularly suited to turbomachin-
ery applications as the transducers would ideally be
permanently installed on the structure. Guided wave
SHM is of more interest as constructive interference
with surfaces/boundaries allows waves to travel large
distances with limited attenuation, which is already
utilised for pipe [80] and rail inspection methods [81].
Ultrasound has been proposed as a method of defect
detection NDE for aircraft [82], installing transducers
in large arrays to allow for guided wave tomography.
When using acoustic waves for SHM and NDE ap-
plications either a standalone sensor can be placed in
an area of interest, or the structure of interest can di-
rectly be used as the sensing medium. In the context
of high temperature turbomachinery it would be ad-
vantageous to avoid placing sensors into the gas path
as they are difficult to interrogate and have the po-
tential to affect operation of the engine components.
The structure of turbine blades and NGVs can be
used as the sensing medium assuming that an appro-
priate system of transducers can be implemented.
When considering using a structure as a sensing
medium its geometry has an impact on wave propaga-
tion. The geometry of a typical turbine blade or NGV
is that of a thin plate like structure through which
ultrasonic guided waves will propagate. Rayleigh
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waves (otherwise known as “Surface Acoustic Waves”
(SAWs)) can be excited at high frequencies (at wave-
lengths much smaller than material thickness) and
are confined to the surface of a material, while Lamb
waves (otherwise known as “Guided Waves”) will
propagate if excited at frequencies with wavelengths
in the order of material thickness, as they interact
with both the top and bottom boundaries of a ma-
terial. Although Rayleigh waves are non-dispersive
they produce large surface motions that are highly
sensitive to any discontinuities or defects and are
highly affected by surface coatings such as TBCs [83].
Lamb waves will propagate through the multilayered
structure of substrate-bonding layer-TBC, where the
through-thickness temperature gradient will affect
wave propagation, rather than only the temperature
at the surface of the TBC.

3.1.1 Temperature Compensation
Techniques

In many applications of Lamb wave SHM/NDE the
effect of temperature on wave propagation‘issan_un-
desirable factor that is compensated for usingwarious
signal processing techniques. These methods attempt
to eliminate the influence of température in order to
isolate the variable of interest i.e. defeets. Tempera-
ture compensation or calibration can be carried out
by using thermocouples [84], but this is not ideal for
the cases where the external useofasensor is prohib-
ited. Temperature compensation techniques, such as
baseline signal stretch (BSS){[85,/86], optimal base-
line selection (OBS) [87]yhybrid combination of BSS
and OBS [88, 89], combination of OBS and adap-
tive filter algorithm [90];time-of:-flight (ToF) calibra-
tion based on a linear relationship between the ToF
and temperature [91], Hilbert transform and the or-
thogonal matching pursuit_algorithm [92], and tem-
perature compensation for both velocity and phase
changes [93, 94] have been proposed to reduce resid-
uals between the baseline signal and the current sig-
nal.

BSS method only targets the wave velocity change,
neglecting the.change in phase and amplitude of the
signal. BSS) method is restricted for small tem-
perature variations. OBS method can accommo-

12

date larger temperature variations, however it re-
quires many baseline signals sthat have sufficiently
low post-subtraction noise levels at different temper-
atures. Therefore, a combination of BSS and OBS
can achieve temperature compensation with a low
number of baselines. A new method introduced by
Mariani et al. [93] eonsiders amplitude and phase
changes as well as/wave speed changes. It is shown
that the residual betweeén the baseline signal and cur-
rent signals roughly halved when the two signals were
acquired at temperatures 15°C apart [93]. Since this
method hasmot been used for measuring the temper-
ature, the sensitivity of the technique has not been
analysed.

3.2+ Acoustic temperature sensing

Bulk Aacoustié’ waves such as longitudinal and shear
waves have been used for temperature sensing for a
number.of years. An overview of temperature sensing
using acoustic waves is given by Lynnworth [95]. The
most,common method of monitoring a change in tem-
perature is to measure a change in acoustic wave time
of flight (ToF). This can be calculated from equation
1 [96]:

lp = " (1)
Where d is the distance travelled at wave speed v ,
both of which are functions of temperature, 7. The
sensitivity of the time of flight to temperature can
then be expressed as:

P

v

Where « is the coefficient of thermal expansion of the

medium and k is the rate of change of wave velocity
with temperature:

ov

k= 5T (3)

Monitoring a change in temperature using a change

in time of flight provides an average measurement

across the transmission path. In the case of turbine

blades or nozzle guide vanes there will be a large ther-

mal gradient across the component. Improving spa-

tial resolution may be possible by utilising changes in
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time of flight from a number of different reflections,
caused by features such as cooling holes or bound-
aries.

A number of authors have utilised acoustic waves
for temperature sensing. Davis et al. [97] experi-
mented with an acoustic temperature sensor during
variable frequency microwave curing of a polymer-
coated silicon wafer. A sapphire buffer rod was used
to separate the wafer from a Zinc Oxide (ZnO) trans-
ducer centered at approximately 600 MHz. Time
of flight (ToF) was measured from the wafer/air in-
terface reflection. Results were comparable to ther-
mocouple measurements from 20°C to 300°C, £2°C.
Takahashi et al. [98] carried out 1D measurements
of temperature distribution through a 30 mm thick
steel plate in contact with molten aluminum (700°C).
They noted that the system had a faster response
time than the thermocouples used for validation of
the method. Jia & Skliar [99, 100] have demonstrated
a method for “UltraSound Measurements of Segmen-
tal Temperature Distribution” (US-MSTD) in solids,
utilising reflections along the signal path to estimate
temperature distribution. Three differentmethods
of parametrizing the segmental temperature,distri-
bution are discussed. The system has been tested,in
an oxy-fuel combustor at temperattres up to 1100 de-
grees, with results comparable to thermocouple mea-
surements [101]. Jeffrey et al. [102]/demonstrates 2D
spatial ultrasonic temperature measurement through
a container of wax using 8 0.5 MHztransducers (4
transmitters, 4 receivers), with results.comparable
to thermocouple measurements. /£ Balasubramaniam
et al. [103] developedfa,démperature/measurement
system in which an externally cooled buffer rod was
used to separate an ultraseund transducer from the
hot material under test (molten glass). Changes in
time of flight (ToF) with temperature were measured
from reflections from a notchplaced close to the solid-
liquid boundary. A calibration procedure carried out
from 25°C to 1200°C was used to compensate for the
thermal gradients of the delay line, and results were
compared againsta thermocouple showing a greater
than 2% precision! It was noted that the change in
ToF.due to temperature was greater than the change
due to thermal expansion, leading to a non-linear re-
lationship between temperature and time difference.
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Measurements were then carriedsout on molten glass
with a resolution of 5°C (1 ng,precision) usingra 10
MHz transducer, however the author suggests resolu-
tion could be improved to 0.5°C with faster sampling.
Ultrasonic oscillating temiperature sensors (UOTSes)
are another way to utilise ultrasound for tempera-
ture sensing wherebystwo,transducers are setup to
transmit through the material of interest in a feed-
back loop. A number of architectures are desribed by
Hashmi et al. [104, 105], with sensitivities up to 280
Hz/K [106].

The uses(of guided waves for temperature sensing
purposes_are limited. HHowever, the fundamental an-
tisymmetric- Lamb wave mode, Ay, has been used
for temperature monitoring of silicon wafers during
rapid thermal processing [107, 108]. Quartz pins are
used as Wave%uides, connecting to the wafer through
Hertzian ‘contact points. time of flight (ToF) was
measured /at a rate of 20 Hz from 100°C to 1000°C
with ‘amaccuracy of £5°C with this method. A laser
excitation system has also been used to measure the
temperature of silicon wafers during rapid thermal
processing [109]. A broadband excitation pulse is
used, and two different methods of signal process-
ing are compared. A cross correlation method be-
tween a room temperature baseline signal and those
at elevated temperatures, plus a matrix comparison
method whereby an unknown signal is compared to
a database of signals taken over the whole temper-
ature range of interest. The matrix method was
shown to require less signal averaging than the cross-
correlation method, with an accuracy in the order of
1°C. The current implementations of acoustic tem-
perature sensors demonstrate the potential of this
method, but adapting these systems for use on tur-
bine blades and NGVs will be challenging, starting
with the method of effectively coupling to their struc-
ture.

3.2.1 Measurement devices for the
generation and acquisition of guided
waves

The choice of transducer for the generation and ac-
quisition of guided waves is limited by a number of
factors including: elevated temperatures, space, and
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power consumption.

When transmitting a wave through the struc-
ture of a material transducers can either be oper-
ated in pulse-echo mode or in a pitch-catch con-
figuration. Pulse-echo mode operates with a single
transducer acting as both transmitter and receiver,
where the signal reflected from features such as de-
fects or boundaries are analysed. Pitch-catch con-
figurations operate with multiple transducers, some
acting as transmitters and some as receivers. Re-
sponse times are faster in pitch-catch configurations
as waves travel directly between transducers rather
than requiring a reflection to operate. Systems de-
signed to map defects or damage (tomography) oper-
ate in pitch-catch configurations, usually with multi-
ple pairs of transmitters/receivers to allow for higher
spatial accuracy. For rotating turbine blades a trans-
ducer could be implemented in a pulse-echo config-
uration, if a transducer could not be housed at,the
rotating tip of the blade. Transducers could be ‘oper=
ated in a pitch-catch configuration on NGVs as trans-
ducers could be placed on either side of the static
vane.

Piezoelectric based transducers are amongst the
most common methods of generating and acquiring
acoustic waves. They can be utilised in a number
of different ways for either dedicated semsors or for
transmitting a wave through a particular structure of
interest. Many dedicated sensors are based on the use
of interdigital transducers (IDTs) operated as either
delay lines or resonators, and /are often referred to as
surface acoustic wave (SAW)'devices. These sensors
can be used for high femperature sensing and can
be interrogated wirelessly [110, 111], however they
would be difficult to implement on/the structure of a
turbine blade or NGV, while enly providing a single
point measurement.

In order to transmit a wave through a structure us-
ing piezoelectries thére are amumber of options, such
as wafers and wedges. These sensors are reliant on
an effective’bond between transducer and substrate,
which is/difficult te a achieve at high temperatures.

Wedges (Figure 4) can be used to generate surface
acoustic waves,based on Snell’s law [112], where a lon-
gitudinal waye produced by a piezoelectric transducer
is transmitted through an angled wedge (typically
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made from a material with a slow. longitudinal wave
speed relative to the substrategsuch as acrylic) into a
substrate material where waye refractiontakes place.
Transmission of shear or surfage acoustic waves are
dependent on the material properties of the wedge
and the substrate, and the wedge(angle. A large ben-
efit of this method is the ability to excite single Lamb
wave modes in ong'direction [113]. Unfortunately a
liquid couplant is required to form an effective bond
between wedge and substrate, which is unlikely to be
suitable for permanent installation at high tempera-
tures.

Piezoelectric Wafer Active Sensors (PWAS) are be-
ing used extensively for SHM applications and have
been shown to withstand exposure to extreme envi-
ronmentsh[114]. They are non-resonant wide-band
dévices [L15] however they can be used for genera-
tion of single‘Lamb wave modes with careful geom-
etry/selection [116]. PWAS are small, inexpensive,
and minimally invasive [115], making them poten-
tially suitable for installation on turbine blades and
NGVs if a suitable bonding method and piezoelectric
material can be found.

Longitudinal Wave

Ultrasonic
Transducer

/i Shear wave

Figure 4: A typical wedge transducer

One promising solution to the bonding problem is
to use a waveguide to separate the transducer from
the extreme environment of the turbine. This method
is especially suited to guided waves as they are known
to travel large distances with little attenuation, how-
ever the strong reflections from the boundaries of the
material can introduce dispersion, and material dis-
continuities should be considered [117]. One of the
main challenges of this method is how to couple the
waveguide to the structure of interest, as liquid cou-
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plants (as used for wedge coupling) are not suitable
for use in high temperature environments, and simple
welding is likely to introduce defects causing addi-
tional reflections and discontinuities to occur. It has
been shown that clamping a waveguide to a structure
can be effective even at relatively high temperatures
(700°C) [118], although this method may not be suit-
able for installation on a turbine blade or NGV.

Ultrasonic ___y,

T
ransducer Longitudinal
Wave
Buffer
Rod
Rayleigh/Lamb Wave
<«

VVWY U VWV

_

i

Figure 5: An example hertzian contact ‘transducer

A system of Hertzian contact poiits. (Figure 5) may
be more appropriate as only a small point,would need
to be in contact with the surface ©f interest. The
contact size of the point determines the aperture size
of the source, which can be considered as/a point
source up to very high frequenciesy allowing for ac-
curate measurement of absolute yelocity [119]. This
method of coupling hasébeén used to measure the me-
chanical properties of carbon. fiber reinforced plastics
(CFRP) using measuredsphasenvelocities of the Ag
and Sp Lamb wave modes [120]. Application force of
the rods can be controlled with springs. An example
of a welded waveguide system installed on a turbine
vane is given by Willsch [121].

Other options for excitation facquisition of acoustic
waves include electromagnetic acoustic transducers
(EMATS)[122] or lasers. Both of these methods could
allow for contactless operation, however EMAT's are
quitefinefhicient; requiring large amounts of power to
produce a signal of adequate amplitude. The use of
lasers, would /require optical access to the surface of
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interest as well as the installation, of a pateh to pro-
tect the surface of the substrate from laser ablation
[123].

Although the use of piezoelectric transducers is
likely to be the most appropriate method of excit-
ing acoustic waves for this appli¢ation, temperature
has an effect on theiroperation [124, 125]. The reso-
nant frequency of a piezoeleetric transducer reduces
as temperature elevates [124] and if the transducer
operates at thé resonance inging may be seen at
some temperatures [93]. ‘Filtering methods have been
proposed t@'ecompensate for the transducer transfer
function at different frequencies [126]. Temperature
variations affeet the bonding stiffness at the interface
between the transducer and the structure. This re-
sults.in frequency response changes which can affect
both amplitude and the phase of the signal [127]. A
common problem with all methods of excitation us-
ing piezoelectrics is their reduction in sensitivity with
increasing temperature, which makes the choice of
piezoelectric material vitally important.

3.2.2 Piezoelectric selection for high
temperature sensing

Piezoelectric materials for high temperature sensors
have been compared by a number of authors [128,
129, 130, 117, 131, 132, 133, 134]. Aluminium Ni-
tride (AIN), Langasite (LGS), and Rare Earth Cal-
cium Oxyborate Single Crystals (ReCOB), specif-
ically Yttrium Calcium Oxyborate Single Crystals
(YCOB), can be used for high temperature sensing
with piezoelectrics [135]. YCOB has the highest op-
erating temperature besides having a high resistivity
at high temperatures. This signifies that YCOB will
be able to operate at higher temperature as less heat
is dissipated with a lower current. YCOB has rela-
tive small degradation in sensitivity with increasing
temperatures of up to 1000°C, together with no sig-
nificant phase change up to temperatures of 1500°C,
which makes it ideal for high accuracy temperature
measurements [136]. YCOB also has a linearly de-
creasing resistance with temperature, and a close to
linearly decreasing resonance frequency with temper-
ature, which can both be used for temperature mea-
surement [137].
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Aluminium Nitride (AIN) also exhibits a number of
very promising properties necessary for high temper-
ature sensing such as high electrical resistivity, tem-
perature independence of electromechanical proper-
ties, and high thermal resistivity of the elastic, dielec-
tric, and piezoelectric properties [138]. The use of an
AIN sensor up to 800°C has been demonstrated for
detection of laser generated Lamb waves in thin steel
plates by Kim [139]. Unfortunately high-quality AIN
single crystals are difficult to grow, showing a wide
range of resistivity that greatly affects their suitabil-
ity as ultrasound transducers [140].

It should be noted that although there are a num-
ber of piezoelectric materials suitable for use at high
temperatures their response would be severely af-
fected by the hot gas flow if installed onto the surface
of a blade or vane. Transducers could instead be in-
stalled onto the end wall, outside of the main gas
path.

3.3 Lamb waves for temperature
sensing

The geometry of turbine blades and nozzle guide
vanes allows Lamb waves to propagate through their
structure at ultrasound frequencies. Lamb waves are
a type of elastic wave present in thin plates when
wavelength is in the order of thickness. They are
guided by the upper and lower boundaries of ‘a ma-
terial allowing for continuous wave'propagation (Fig-
ure 6)[141]. A typical nozzl¢ guide vane is thicker
(~3 mm) on the leading edge wheére it is exposed to
the highest temperatures.and gas pressures, tapering
down to the trailing edge (=1 mm). This thickness
range allows for the exéitation of Lamb waves assum-
ing careful frequency selection, which can be deter-
mined by analysing dispersion curves generated using
material properties. Anrexample of this for Inconel
718 can be found infigure 10.

The bulk acoustic waves discussed previously are
non-dispersive, i.e their wave velocities are constant
with frequency, whereas Lamb waves are dispersive
and multismodal which makes their analysis com-
plexs“especially.when their are other factors such
as changing gemperatures are involved. The lowest
order,modes, the fundamental antisymmetric mode
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Ay, and the fundamental symmetric mode®S, (Fig-
ure 9), are the most commonly used,modes asithey
are relatively non-dispersive,and comparatively easy
to generate in comparison to the higher order modes
(Ay, S1, etc.). Lower order Lambywaves are used
extensively for NDE and SHM applications and an
overview of their usesdor damage identification is pro-
vided by Su [142]. Lamb_wawes have both phase and
group velocities, the phase velocity relating to the lo-
cal speed with which phase of the wave changes, and a
group velocity which deseribes the overall speed of en-
ergy transport through the propagating wave. Phase
velocity is.generally higher than the group velocity.
time of’ flight(ToF) measurements of Lamb waves
give the group velocity, while special phase compar-
ison_techniques are needed to measure the phase ve-
locity [143). 5

\/\/\/\/
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Figure 6: Particle displacement of symmetric and an-
tisymmetric Lamb wave modes in a plate.
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Figure 7: Temperature dependent Young’s modu-
lus, density, and calculated Poisson’s ratio for Inconel
718.
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Lamb waves are affected by three main factors
due to changes in temperature: thermal expansion,
variations in Young’s modulus, and transducer re-
sponse (including bonding). The effect of tempera-
ture on density, Poisson’s ratio, and Young’s modu-
lus, is shown in Figure 7 for the superalloy Inconel 718
[144, 145]. Nickel based superalloys such as these are
commonly used for aerospace components that are
exposed to high temperatures. A change in tempera-
ture has the greatest relative effect on Young’s mod-
ulus in comparison to changes in thermal expansion
(density and Poisson’s ratio)[146]. These changes af-
fect guided wave velocity [147], an example of which
is given in figure 8 for the Sy mode when excited
in an aluminium plate using wedge transducers with
a b cycle tone burst, where it can be seen that an
increase in temperature from 20°C to 60°C reduces
wave velocity and signal amplitude. A number of au-
thors have investigated the temperature dependence
of Lamb waves [148, 149, 96, 146, 150] however their
studies are limited to relatively low temperatures.
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Figure 8: The effect of temperature on the Sy mode
in an aluminium plate.

To bettér understand the uses of Lamb waves their
frequency spectrumn can be split into three areas:

e Llow frequency region — Contains the lowest two
Lamb wave modes (Ag & Sp). It is possible to
selectively excite either mode as they have very
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different wave velocities, leading to large differ-
ences in excitation angleswhemyusing a wedge
transducer for example.

Mid-frequency region’='Contains many disper-
sive modes with similar waye speeds making it
difficult to excite speecific modes without exciting
others, leading/the pro@ction of complex wave-
forms that are difficult to analyse.

High frequeney, region® The modes become less
dispersive and converge to similar wave speeds,
leading to, them travelling as a single packet.
Grouprvelocity. can be measured for the packet.
The Ay & Sg modes begin to act like a Rayleigh
wave as their velocities converge.

Figure 9 slaows phase velocity curves for the sym-
metri¢ and anti-symmetric Lamb wave modes gener-
ated by The Dispersion Calculator [151] for the su-
peralloyInconel 718. Dispersion curves such as these
can be be generated based on material properties al-
lowing areas of interest to be identified.
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Figure 9: Lamb wave phase velocity dispersion curves
for Inconel 718. Modes are displayed in ascending
order.

As an example of Lamb wave temperature depen-
dence figure 10 shows the shift in group velocity dis-
persion curves for the superalloy Inconel 718 from
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21°C to 1093°C. An increase in temperature causes
a reduction in wave velocity (shifting down) and a
reduction along the frequency-thickness axis (shift-
ing left). Temperature sensitivity of the wave veloc-
ity varies depending on mode and the dispersiveness
of the region excited. Careful selection of excitation
frequency can allow for higher temperature sensitiv-
ity. As an example figure 11 shows the temperature
dependence of the Ag & Sy modes at a frequency-
thickness product of 1 MHz-mm. The change in wave
velocity at this frequency-thickness product is non-
linear because of two factors, a non-linear change in
Young’s modulus with increasing temperature, and
the chosen frequency of 1 MHz falling into a more
dispersive region as temperature increases, particu-
larly for the Sy mode. Average temperature sen-
sitivity for the Ay mode is -0.898 m s~ !'°C~! and
-1.868 m s~ '°C~! for the Sy mode. It can be seen
from Figure 10 that the Ap mode has a relatively lin-
ear reduction in wave velocity with increasing tems=
perature regardless of frequency, whereas the other
modes have highly dispersive regions (steep slopes)
that reduce in frequency (shift to the left)iwith in-
creasing temperature. Although the wave welocities
have a relatively modest temperature sensitivitysre-
gardless of mode, a high temperature resolution can
be achieved with high precision of velocity measure-
ment. Precision is dependent on sampling frequency
and the choice of time of flight (ToF) measurement
method [152, 153]. If a sampling rate of 2.5 GHz is
used on the example given above over a distance of 10
mm (rough distance to first line©f cooling holes) a
theoretical velocity resélution of 0.4.4n s—! for the
Sop mode and 0.2 m s7' for the Ay mode can be
achieved at 1093°C, whichwwouldallow for a tempera-
ture resolution of <1°C at 1 MHz. This would require
measurements of ToFE at sub-wavelength resolution
which, althoughschallengings can be achieved with
cross-correlation methods [164, 155]. Linear inter-
polation of cross-correlation methods can be used to
increase resolutionswithout increasing sampling rate
[156].

Although the non-dispersive nature of lower or-
der anodes (Ag-& Sp) makes them relatively easy
to @nalyse, ity would be advantageous to operate at
higher frequencies as phase shifts are easier to de-
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Figure 10: A, Sp, Ay, and S; group velocity dis-
persion ¢urve shift with temperature from 21°C to
1093°C for Inconel 718.
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tect when wavelengths are shorter, which leads to im-
proved sensing resolution and accuracy. As the wave
speeds of the Ay & Sy modes converge (around 10
MHz-mm for Inconel 718) they behave as a Rayleigh
wave, which limits their use for this application as
discussed previously. Higher order modes such as A;
& Sp are more difficult to selectively excite as their
phase/group velocities are similar, which leads to
the formation of complex waveforms that are highly
dispersive. However, as frequency-thickness product
is increased further the excitability of higher order
modes reduces dramatically which can allow less dis-
persive regions of lower order modes to be excited
[157] (see high frequency region of figure 9). Wilcox
et al. [158] have presented a method of reducing the
effect of dispersion on a transmitted signal if prior
knowledge of dispersion curves are known. This re-
laxes the need to excite only a single mode and sim-
plifies the analysis process. In the case of turbine
blades and NGVs, the propagation distance is rela~
tively short so effect of dispersion is likely to be low,
however a change in temperature will cause different
regions of dispersion curves to be excited whiech will
change the shape of a transmitted wave packet.

Jayaraman et al. [159] have présented the exis-
tence of “Higher Order Mode Cluster. Guided Waves”
(HOMC-GW), a non-dispersiveségion found at high
frequency-thickness products/in which the various
modes all have similar group'velgcities. This causes
them to move as a singlé envelope,«which can be
treated like a single non-dispersive mode. A num-
ber of aspects of HOMCs have been investigated in-
cluding: their use for pipe inspections [160, 161, 162],
their interaction with weld pads [163], and their inter-
action with noteh=like defects in plates [164]. Khalili
& Cawley [113] carriéd out aninvestigation into excit-
ing singular higherorder modes which found that the
HOMC deseribed by, Jayaraman was likely to be sin-
gle mode dominating a cluster (A; around 20 MHz-
mm). The use of this higher order mode cluster for
temperature sensing is of particular interest for tur-
bine blade applications and further investigation is
required.
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4 Conclusion

A review of the current methods of temperature sens-
ing for turbine blades and"NGVs in jet engines has
been carried out. Offline systems such as thermal
paints and thermal history sensors are well estab-
lished, but provide limited datasin comparison to on-
line systems. When used for the validation of thermal
models online systems can provide considerably more
information, covering temperature changes through
start-up to shut-down of.an engine, as well as record-
ing over shoothevents: There are a number of on-
line systéms availablé including thin film thermocou-
ples (TETCs), thermographic phosphors, and pyrom-
eters. Thermocouples need to be embedded into the
strueture ofya component and require a wire con-
nection whielis a significant point of failure, while
only/ providing point measurements unless installed
in densedarrays. Pyrometers can provide tempera-
ture maps without installing sensors onto the surface
of &, component, but optical access is required, and
environmental factors have a significant impact on
their accuracy unless specialized long wavelength py-
rometers are used. Thermographic phosphors require
optical access to components for both excitation and
analysis, as well as direct application of a phosphor
to the surface. This makes sensors difficult to imple-
ment for condition monitoring applications because
of space constraints, especially in jet engines.

The ideal sensor for this application would oper-
ate outside of the gas path without interfering with
operation of components, while still providing a high
degree of accuracy with fast response times. Acous-
tic methods offer a potential advantage in their low
power operation and small footprint. Further inves-
tigation is required to fully understand wave prop-
agation through the complex geometries of turbine
blades and NGVs. This includes coating materials
and thicknesses, their temperature dependency, and
their degradation (for example pitting and surface
microcracking). Changes in surface characteristics
can significantly alter the attenuation of guided waves
and cracks/defects would cause additional reflections
to occur. Residual stresses relating to high tempera-
ture gradients will also modify guided wave behaviour
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locally. Further investigation is required to deter-
mine the best method of attaching transducers to a
blade or vane. Using waveguides to reduce the im-
pact of temperature on the operation of transducers
is likely to be the most appropriate option for attach-
ing transducers to a vane although there are a number
of piezoelectric materials (most notably YCOB and
AIN) that would be suitable for use at extremely high
temperatures, allowing transducers to be mounted di-
rectly onto the end wall of the vane housing. Attach-
ing transducers to rotating turbine blades is likely to
be considerably more challenging.

The literature covering the temperature depen-
dence of guided waves is limited to relatively low
temperatures and generally only considers the low-
est order fundamental Lamb wave modes (Ag & Sp).
To achieve a temperature resolution that is compa-
rable with traditional sensors the frequency of op-
eration needs to be high in order to accurately, de-
tect a phase shift with changing temperature, which
highlights the potential of higher order modes. Rel-
ative measurement of wave velocity is the most com-
mon method of temperature sensing usingracoustic
waves as in most cases (using non-dispersiveywaves)
the change with temperature is linear. When utilising
Lamb waves for this purpose careful excitation of sin=
gle modes will reduce the complexity in signal analy-
sis however this may not be possiblé with thelimited
range of transducers and mounting points available.
Comparisons with baseline signals'may,be more ap-
propriate which are already utilised in_a number of
different temperature compensation techniques. In
order to map temperature/distribution@across a blade
the complex series of reflections from cooling holes
and boundaries need 40 be, utilised. Reflections can
cause mode conversion to takeiplace that has the po-
tential to add additional complexity to the system.
This presents a.signal processing challenge that has
not been previously/ considered for this application.
Further research is planned to evaluate the potential
of a guided'wave based temperature sensing system
for turbine bladessand NGVs. The temperature de-
pendence of Lamb wave modes will be theoretically
predicted andsmeéasured experimentally up to high
temperaturesy, The results of this investigation can be
used to determine the most suitable mode for temper-
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ature sensing. The interaction between guided waves
and cooling holes will be investigated for the purposes
of mapping the temperature,across a vane. Methods
of coupling transducers to the structure of a vane will
be considered based on the ability to.excite the mode
of interest and survive in the high temperature envi-
ronment of a gas turbine,
~
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