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TEST AND VALIDATION OF A MICROWAVE TIP
CLEARANCE SENSOR ON A 25MW GAS TURBINE
ENGINE

Blade turbine monitoring is an important area of work for improvements in gas turbine
operation. Blade tip clearance measurements offer improvement in engine efficiency by enabling
active clearance control. However, this is a difficult measurement because of the harsh turbine
environment. The high temperature microwave sensor presented in this paper is one of the most
promising candidates for clearance measurement. It has been tested on the high pressure stage of
a 25MW gas turbine engine during different operating modes. Moreover, the individual blade
clearance measurement has been tested by using a rotor with ten shortened blades. The resulting
measurement performance is very good in terms of precision and accuracy and show the efficacy

of this measurement system.
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Introduction

Blade tip clearance sensing is akey for future
improvements of gas turbine design, operation and
services [1]. A few sensing technologies exist at different
maturity levels but at this time, no system is used as
original equipment of an engine fleet. One of the
main reasons is the harsh environment of the first
stages of gas turbines in terms of temperature,
pressure, vibration and the presence of combustion
products. This environment limits long-term use of
most candidate technologies.

Within this context, Meggitt Sensing System has
developed a microwave system with high temperature
probes that survive the engine environment [2].
Contrary to capacitive or eddy current technologies,
the phase-based microwave system of Meggitt offers a
raw measurement response which is naturally linear
where the measured phase is proportional to the
clearance as a portion of the wavelength. This fact is
very important from a metrology standpoint and makes
the system much more robust than others.
Nevertheless, the only way to judge of the final
measurement validity and quality is a real engine test
as [3-4]. Within this purpose, an engine test campaign
has been performed with the Meggitt microwave
system in collaboration with the gas turbine company
Zorya-Mashproekt. The high pressure turbine (HPT)
stage of a DM80 engine (25MW rated output power)
was instrumented with eight microwave sensors with
clearance being monitored during different engine
operating modes. This paper describes the different
steps leading to the engine test as well as the obtained
measurement results.

The operation of ablade tip clearance system
within a gas turbine requires some operations such as

engine modification for probe mounting, probe
calibration, system configuration and installation. All
these steps have to be performed consistently in order
to achieve the desired measurement accuracy. The
first step is a laboratory study performed by Meggitt
in order to define the best system configuration
corresponding to the target engine. For that, actual
blades have been mounted on a precision test setup
in order to ensure data a representative calibration
environment [5]. Given the clearance range (0 to
4mm), the 24GHz version of the microwave system
was chosen. This version of the system corresponds
mainly to aeronautic or aero-derivative engines
compared with the 6GHz version, which is designed
for large frame gas turbines. During the laboratory
study, the positioning of the probe with respect to
the blade has been tuned in order to obtain the best
measurement performance [6]. This step is necessary
before the modification of the engine, which consists
of drilling probe passage holes. Once the probe
positioning and the engine modification have been
defined, each one of the eight probes was individually
calibrated by Meggitt.

The second important step performed before the
engine test was the system and probe installation.
When placed in the engine, the probes need to be
positioned in the same location as defined during
the laboratory study. Therefore, the probe actual probe
recesses when installed in the engine (due to tolerance
stack up) were measured and taken into account in
order to correct the clearance measurements.

The objective of the engine test was to evaluate
the Meggitt tip clearance microwave system in terms
of measurement performance. Therefore, two types
of results are considered. The first one is the consistency
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of measurement over different engine operation
modes: start-up, power sweeping, hot restart and
activation of a casing cooling system. The second type
of validation results is the capacity of the system to
measure individual blade clearances. In order to test
this, the rotor was modified by shorting ten blades
at different heights. Before presenting the engine test
results, the first section of this paper will describe
the microwave system and the associated measurement
principle.Then, the laboratory study and the probe
calibration will be presented. The system installation
and the probe mounting will be detailed in the third
section. Finally, the measurement results obtained
during the engine test will be described in the last
section.

1. Presentation of the sensor

The microwave high temperature blade tip
clearance system developed by Meggitt is based on a
phase measurement principle.The first industrialized
version of the system was used for the test engine
presented in this paper.

1.1. Microwave system overview

The measurement system uses high temperature
microwave probes (figure 1). The dimensions of these
probes are relatively small with an outer diameter
of 8.5 mm. This small probe diameter minimizes
the probe intrusion inside the engine.

Figure 1. Picture of the ten microwave high temperature
probes used for the engine test. Eight probes were mounted in
the engine and two probes were used as spare

In order to measure blade tip clearance, the
probes are mounted through the engine casing such
their sensor has adirect view of the blade tips.The
sensor measures the distance between the blades tip
and the probe. The probe is recessed into the ring
segment and a conical opening is made around the
probe tip (figure 2).
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Figure 2. Probe installation into the engine. The probe is
mounted toward the blades

The microwave system used for this engine test
is composed of eight independent measurement
channels operating at 24 GHz. Each channel is
composed of a microwave probe installed in the
engine, a microwave cable and an electronics cards
pair (figure 3). The electronics cards are installed in
a rack mounted inside a protective and thermally
regulated enclosure located close to the engine. The
microwave probes are connected to these electronics
with one meter of integral high temperature cable
and seven meters of medium temperature extension
cable. Additionally to the microwaves channels, the
speed signal of the high pressure rotor is provided to
the system for synchronization.
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Figure 3. System architecture. All electronics cards are
mounted in a VM600 rack

The raw signal acquisition scheme is based on
periodic snapshots every second. Each snapshot catches
exactly one rotor revolution by being synchronized
with the rotor speed signal. The sensors are not
making measurements in-between acquisitions and
during this time the signal processing is performed.
Therefore, each sensor provides atip clearance update
of the rotor’s blades every second.

1.2. Measurement principle

The microwave displacement measurement system
was originally developed and patented at Georgia Tech
in 2001[3]. It is based on a continuous-wave microwave
signal which is generated by the electronics,
transmitted by the probe and reflected by the blade
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tip back to the electronics. The reflected signal is
then compared to an internal reference in order to
extract its phase and magnitude. A quadrature mixer
architecture is used to extract the inphase and
quadrature channels (baseband) from the microwave
signal (figure 4). Therefore, the obtained phase is
directly related to the clearance even if specific signal
processing is necessary to remove the phase
contribution of the cable.

The conversion between the measured phase and
the associated clearance is given by Equation 1 and
depends on the wavelength A. Nevertheless, it requires
a calibration map which depends on probe sensitivity,
blade tip geometry and installation parameters such
as probe installation recess in order to make the
absolute clearance measurement.

' c
S="1.= —

Equation 1: Calculation of the clearance with
respect to the measured phase ¢, the

wavelength A and the calibration map f, .
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Figure 4. Electronics architecture. The microwave generator
emits a signal which is transmitted to the probe through a
circulator. Then, the wave is reflected by the blade tip back
to the circulator and to the two mixers. The inphase and
quadrature components of the reflected wave are extracted
and digitalized before processing

2. Laboratory study

Operation of blade tip clearance systems,
independently of the used technology, requires
preliminary laboratory work. The main goals are the
choice of probe positioning with respect to the blades
and the individual probes calibration. Final
measurement performance greatly depends on these
two steps, which are discussed in this section. The
laboratory study is mainly done by using a precision
test setup with actual blades mounted on it (figure 5).
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Clearance /

Figure 5. Laboratory mounting used for test and probe
calibration. Three actual blades are mounted and moved in the
same arc motion as the engine. The probe is mounted through
an engine casing mockup, which reproduces the actual engine

radius and the actual probe port shape. Clearance is
automatically controlled and corresponds to the absolute
distance between blade tip and casing.

2.1. Choice of probe positioning

Measurement performance depends on the geometry
of the target in front of the probe. Even if the blade
geometry is fixed, the relative axial position of the
probe to the blade as well as its angular orientation
can be tuned to improve performance (figure 6). Indeed,
because of the polarization of the electromagnetic field
generated by the probe, the probe angular orientation
changes the measurement response.

Cold probe

Figure 6. Probe positioning. Usually, the cold probe axial
position can be chosen during the installation within a given
range. This position has to be chosen by considering the axial
shift of the rotor which will set the probe in its hot position
during the engine operation. Moreover the angular orientation
of the probe can also be tuned

The parameter to optimize is the consistency of
measurement over the different axial positions seen
by the probe during engine operation (figure 6). Indeed,
spatial filtering effects can generate measurement
errors if the blades are moving axially relatively to
the probe. These errors are usually characterized by
using the precision test setup and can be minimized
by tuning the probe cold build position and the
probe orientation [6]. The optimal probe cold axial
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position and probe orientation obtained for this engine
are given by figure 7.
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Figure 7. Optimization of probe positioning. The measurement
error due to the axial shift is computed for different
combination of orientation and cold axial position. It shows
an optimum for 10 mm of cold position and 110 degrees of
orientation

2.2. Individual probe calibration

After having chosen the cold axial position and
the orientation of probes, as explained in the previous
section, the individual calibration of each probe is
performed. This calibration is required to remove the
systematic errors that come from blade geometry
and probe manufacturing variability. Probe calibration
is made by using the precision test setup. Several
measurements are made at different clearances in
order to record the system response (figure §).
Moreover, the probe axial position is also randomly
swept from the cold position to the hot position in
order to make the calibration consistent over the
full axial range. The error due to the rotor axial
shift has been estimated during probe calibration to
be within £0.2 mm.

Experimental data
Calibration curve =

6 /
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Figure 8. Example calibration one. The experimental data
points show that the system response is not perfectly linear
and have to be corrected by the calibration map. The spread
of measurement corresponds at the same time to axial shift

effect and to random noise

ISSN 1727-0219 Becmnuk osucamenecmpoerus Ne 2/2011

—1 —32 ——3 —4
——5 ——& 7 B

o

System Response {mm)
L

o 1 2 3 4 5 7] 7
Clearance (mm)

Figure 9. Individual calibration curves of the different probes.
Even if the general shape is comparable, there are some
offset differences

Figure 9 shows each probe calibration curve,
which are slightly different mainly in term of
offsets. These offsets come from the probe
manufacturing variability. That is the reason why
an individual calibration is currently required for
absolute clearance measurement. Nevertheless, a
common calibration is possible but would require
a zeroing process while the probes are mounted
on the engine.

2.3. Conclusion on laboratory study

The laboratory study has been performed by using
real blades and a representative mock-up of the engine
casing. During this study, the optimal probe
positioning, in terms of cold built axial position and
orientation, has been defined in order to get the
best measurement performance. These positioning
parameters have been used to make the individual
calibration of each probe dedicated to the engine
test.

3. Engine installation of the microwave system

Eight probes were installed around the single
HPT stage of a DM80 test engine (figure 10).
This engine is equipped with atip clearance
control system at the HPT with the microwave
clearance system being used to characterize the
efficiency.
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Figure 10. DM80 engine schematic from Zorya-Mashproekt
documentation. This engine has 3 spools: 9 stages low pressure
compressor with a single low pressure turbine stage, 9 stages
high pressure compressor with a single high pressure turbine, a
four stage free power turbine providing 25 MW power to a
generator

3.1. Microwave system installation overview

In order to ensure a good reading of the engine
casing deformation; eight probes were installed around
the high pressure turbine rotor and numbered by
their dedicated probe port (figure 11). These probes
are connected to a rack located next to the engine by
using extension cables which are rated up to 200 °C.
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Figure 11. Mounting diagram of the eight microwave probes on
the stage high pressure turbine of the DM80 engine. The view is
from the exhaust and the rotor turns counter clockwise

3.2. Probe holder design

The probe is clamped into the probe holder at a
given orientation maintained by a pin. The probe
holder is screwed into the upper ring segment from
the outside of the casing. The final recess of the
probe tip inside the ring segment is set by an
adjustment washer. An annulus between the probe
tip and hole in the ring segment allow compressor
pressurized cooling air to circulate around the probe
tip and reduce the probe heating that would occur
with direct contact of the gas path.
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Figure 12. Drawing of the microwave high temperature probe
holder design and its mounting on the DM80 engine port. The
probe mounting is referenced to the upper ring segment while
the blade tip clearance zero is the surface of the ring segment

3.3. Discussion on probe referencing in the engine

The measurement given by the probes is the
distance between the probe and the blades whereas
the distance of interest is the one between the blade
and the honeycomb ring segment surface. The
individual laboratory calibration of the probes was
done by Meggitt with a fixed recess. Any deviation
from this recess used for probe calibration results in
an absolute clearance offset in the final measurement.

The probe mounting was done with the engine
partially assembled when the high pressure turbine
rotor was not yet mounted, allowing the measurement
of the probe recess. For each probe, the difference
between the recess measured during laboratory calibration
and during engine installation was used to correct the
absolute clearance measurement (figure 13).
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Figure 13. Probe recess measured during the laboratory calibration
and the engine installation. The difference between them is taken
into account as a clearance offset for final measurement

A perfect absolute clearance measurement is
difficult to achieve because of the mechanical tolerance
stack up from the laboratory mounting and the
engine one. This is why is it highly recommended to
perform a zeroing with regards to an actual mechanical
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measurement. Unfortunately, this actual mechanical
measurement was not conducted during this engine
test and there are still uncertainties with the absolute
measurement provided by the microwave system.

4. Engine clearance measurements

4.1. Results summary

The microwave system was able to measure
clearance correctly during the different test phases.
The measured valued are consistent probe to probe
and with the expected engine behaviours. Three
different engine phases were monitored: sweeping of
engine power, hot restart and utilization of an active
clearance control system.

4.2. General trends

The general trends for the entire engine test are
presented in Figure 14 through Figure 17. The first
figure shows the ignition of the engine from idle to

1MW of output power. The mean clearance varies
from 2.4 mm to 1.9 mm during this start-up. During
the second day of testing (figure 15), clearance
decreases from 1.9 mm at 3.1 MW to 1.3 mm at
19.1 MW. Therefore, the total clearance variation
from the cold state to the hottest state is about
1.Imm.

Figure 16 shows a rapid load variation from 18 MW
to 1 MW.The tip clearance increases from 1.31 mm
to 1.33 mm immediately after the load decreasing
and reach the value 1.65 mm after 13.5 min. The
total increasing of the clearance is 0,34 mm. After
this rapid load decreasing, the load is increasing up
to 19.3 MW. The clearance quickly goes from 1.65 mm
to 1.60 mm and reaches the value of 1.43 mm after
5 min. The total decreasing of clearance is 0.22 mm.

Fast load increasing-decreasing shows that the tip
clearance is not overlapped and is sufficient for normal
operation in load range from 1 to 19 MW, and after
measured results extrapolation, up to 25 MW.
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Figure 14. Average clearance trends for the eight probes on the first day of engine testing. Short engine test mainly to check microwave
system after its installation. The engine was brought to idle and then to 1 MW output power synchronized with the grid
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Figure 15. Average clearance trends for the eight probes on the second day of engine testing
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Figure 16. Average clearance trends for the eight probes on the third day of engine testing during the fast engine output load
decreasing and increasing event
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Figure 17. Average clearance trends for the eight probes on the third day of engine testing during the slow increasing of output
power load

4.3. Noise Characterization

The results presented in the previous section are
not filtered and contain random noise that comes
from electronics. The amount of noise is generally a
problem on tip clearance system such as those that
use capacitive measurements. It directly impacts the
filtering strategy which has to fulfil at the same time
the needs of accuracy and bandwidth. In this section,
an estimation of the noise levels obtained during the
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engine test is presented. It is based on the assumption
that the actual variations of clearance are located in
the low frequencies and the noise is white. Indeed,
the radial clearance typically changes relatively slowly
within seconds as they are driven mainly by thermal
change of the different engine components such as
the rotor, blades and stator casing. Therefore, the
noise is separated from the signal by using a filter
with a cut-off frequency set at 0.01 Hz for a
measurement frequency of 1 Hz (figure 18).
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Figure 18. Estimation of noise based on frequencies separation

Once the noise is separated from the signal, it is
characterized in terms of spectrum, standard deviation
and 99t percentile. The spectrum (figure 19) does
not show any specific frequency content and be
considered white. Standard deviations and 99th
percentile have been computed for all sensors and
are summarize by (figure 20).
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Figure 19. Spectrum of the noise, it shows the noise can be
considered white
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Figure 20. Standard deviation and 99th percentile of noise
measured for the eight sensors. Results are within the same
order of magnitude for all probe and consistent with a
Gaussian distribution

4.4. Individual clearance measurement

One of the objectives of this engine test is to confirm
that the microwave system is able to correctly measure
individual blade tip clearance.It is important in terms
of technology demonstration but also in terms of
application. Indeed, individual clearance measurement
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are necessary to get the minimal clearance which
corresponds to the blade that will rub the casing first.
Moreover, one of the applications of tip clearance
measurement is the detection of blade crack by tracking
a quick change with the blade size.

In order to evaluate system performance for
individual clearance measurement, ten blades of the
rotor were shortened at different heights up to one
millimetre shorter. Theses shortened blades are located
at different angular positions on the rotor which
gives a recognisable pattern. This pattern has been
measured and averaged for all sensors as shown by
figure 21. The shorter blades can be easily differentiated
and correspond to the actual modification realized
on the engine. Nevertheless, some differences appear
between the sensors which arise from two areas. The
first reason is calibration imperfection which generates
measurement sensitivity variations. In other terms, a
clearance difference between two blades is seen
smaller or larger depending on the sensor. As
example, the sensor n°8 generally measured higher
clearance differences than the other sensors (see
figure 21). Independently of scaling factor which
comes from calibration, a residual variability of about
0.Imm remains. This second type of difference is
typically a systematic measurement error which could
come from the probe sensitivity to small differences
on blade tip geometry. Indeed, microwave
measurement corresponds to an integration of the
waves reflected on almost the entire surface of the
blade tip in front of the probe. Small difference
between blade surface such cooling holes, can be
seen differently by the probes and generate small
clearance pattern differences.

Figure 21. Averaged blade patterns measured by the eight
sensors. Blade patterns correspond to the individual clearance
relative to the mean one and the unit is in millimeters
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In addition to cross-sensors clearance pattern
comparison, it is interesting to looks at the evolution of
a pattern measured by one sensor over a test period. As
an example figure 22 shows the minimal and maximal
values of individual clearance measured by one particular
sensor. It shows pattern variation lower than 0.25 mm.
This pattern variation can be explained by rotor
vibrations, differential blade expansion with temperature
and centrifugal forces, or measurement errors.

Figure 22. Lower and upper limits of the pattern measured
by one particular probe over the entire period of test. The
unit shown on the graph is in millimeters

Conclusion

Blade tip clearance measurement is adifficult
measurement because of the harsh turbine
environment. Many technologies are used for engine
development and testing but no technology has been
successfully adopted for long term monitoring over
the life of the engine. The challenge is to find a
technology that is suitable for long term, high
temperature operation but that can also provide
accurate and reliable measurement.The tip clearance
microwave system of Meggitt is based on high
temperature probe design and on a measurement
principle robust to the effect of temperature and
contaminants. The engine test presented in this paper
has demonstrated the operability of the system in
terms of probe mounting, calibration and system
installation. The clearance measurements obtained
during this test are within the range of expected
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values and directly usable for test engineers. The data
has been used to correctly characterize the engine
behaviour during normal operation and load
variations. HPT blade tip clearance influences highly
on the performance of the stage. Obtained results of
the tip clearance measurements at different operation
modes show the possibility of HPT stage performance
increasing on 1.5-2.0% with gas-turbine engine
performance increasing on 0.2-0.25% (absolute).
Moreover, individual blade monitoring has been
demonstrated with the ten shorter blades of the rotor
correctly detected by the microwave system. Such
detection can be used to track changes over time
within individual clearance and detect potential blade
crack and pending blade failure.

The results obtained during the engine test are
very promising. Nevertheless, they will be completed
with a follow-on engine test. More specially, low
rotor speed measurements of a hot restart after an
emergency stop have to be made to complete the
range of situations to test. Long term test campaigns
are also recommended to evaluate the stability of the
system and the aging of the probe in a real turbine.
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HcnbiTanue W NpoBEPKa CBEPXBLICOKOYACTOTHOrO JATYMKA KOHTPOJIS 3230POB KPOMOK JIO-
MATOK HA Ta30TYpOMHHOM JIBHTaTejie MOIIHOCThIO 25 MBT

Koumponw 3a30p06 mencoy Kpomkamu 10namox mypouHbsl 1841emcst 8alCHOU 4acmbovio pabomol,
HanpaeaeHHoll Ha YAyUulieHUe pabouux XapaKkmepucmux dgueamensi, npedxicoe 6ceeo, Ha NOGbLUICHUE
xapakmepucmuk e2o 3pgexmusnocmu. Hazmepenus nodobHoeo muna seasomcs 4pe3ebiuyaiiHo
caoxcHvimu. Ilpedcmaesasiemvili 0amuuk s1641emcs 0OHUM U3 Haubolee HA0eXHCHbIX NPUOOPOE C60-
e2o0 Kaacca, obecneyusaroujux nodooHvle usmepenus. Hcnoimanus damuuka npogoousucs 6 ycao-
BUSX BbICOK020 0ABACHUS HA PA3HBIX pexcumax pabomot dsueamens. Kpome moeo, 6viiu npogede-
Hbl UCNLIMAHUS HA U3MepeHUe 3a30po8 omdenbHbix aonamok. C amoil yeavto Obli UCNOAb308AH
pomop, umerowuil decsms yKopoueHHbX sonamok. Tloayuennvie pe3yasmamol UMeOM 6blCOKUL
YDOBEHb MOYHOCMIUL, YMO OeMOHCIpUpyem 3(heKxmugHocms OAHHOU U3MEPUMENbHOL CUCMEMD.

Karouesvte caoea: 2azomypounmbiil, damuui, 3a30p KPOMKU, CEEPXEbICOKOHACHIOMHDLIL.

BunpoOysanns i nepeBipka HaIBHCOKOYACTOTHOTO JJATYMKA KOHTPOJIIO 3230PiB KPOMOK JIO-
NATOK Ha ra30TypOiHHOMY JABUrYHi moTyxHicTio 25 MBT

Konmpoaw 3a30pie midc kpomkamu sonamox mypOiHu € 8adicAU800 YaCMUHOI0 pobomu, cnpsi-
MOBAHOI Ha noainweHHs podouUX XapaKkmepucmuk 08ueyHa, Hacamnepeod, Ha NIOBUWEHHS XAPaK -
mepucmuk oeo egpekmuerocmi. Bumipu nodibHoeo muny € HadzeuuaiHo ckaaduumu. Jamuux,
W0 npedcmaesasicmocs, € 00HUM 3 HAUOiAbW HAOIIHUX npuaadie c6o2o Kaacy, wo 3abe3neuye
nodibni eumipu. Bunpodyeanna damuuka npogoouaucs 6 yM0o8ax GUCOK020 MUCKY HA DI3HUX
pexcumax pobomu deueyna. Kpim moeo, 6yn0 npogeedeHo eunpoOyeanHs HA 8UMID 3A30pié OKpemMux
AONamoK. 3 yiero memoio 0y8 GUKOPUCMAHUL POMOD, W0 MAe Oeciamb YKOPOYeHUX A0NAMOK.
Ompumani pezyabmamu Maroms 8UCOKULL pi6eHb MOYHOCMI, W0 0eMOHCMPYE epeKmugHicmo 0aHoi
BUMIDIOBANBHOI cUCMEMU.

Karouosi caosa: cazomypbinnuti, damuuk, 3a30p KPOMKU, HAOBUCOKOYACMOMHUIL.
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