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ABSTRACT

A novel microwave sensor system for real-time mo-|
nitoring of turbine blade vibrations is reported. The
self-calibration of the sensor modules, a key feature
of the implemented concept, is based on adaptiv
frequency tuning of the microwave source. By using
this calibration, degradation of the measurement
performance caused by temperature drift and dirt de 8,5
posit is compensated. During pilot runs with a 65 ™ = el S 4
MW gas turbine the microwave system proved to Fig. 1 - Photo of the 65 MW gasturbineinstaled in a
give excellent measurement results. power plant near Stuttgart.

INTRODUCTION SYSTEM CONCEPT

The most essential part of turbomachinery is theThe turbine diagnosis system is based on two sensor

blading. Although modern design and calculation modules (so-called ,start* and ,stop” sensor), a ro-

methods for efficient and reliable blading meet thetation detector and a signal processing unit. A sche-

physical realities with a high degree of accuracy, ad-matic of the overall system is depicted in Fig. 2.

ditional measurements of dynamic strain due to

blade vibrations are essential. The monitoring of the t:;g;:z start _ _

vibrations of all blades in a row can be done with a sensof 2%1?!2{3}23?” MfoL

well proven two sensor non contact blade vibration

measurement technique [1].
. . . . DSP | mp S

With the use of simple magnetic sensors a continu- stop

ous blade vibration monitoring is possible for steam T sensor trigger pulse

turbines [2]. Since modern gas turbines incorporate

largely non magnetic turbine blades, other reliable  Fig. 2 - Schematic of the turbine diagnosis system.

sensors have to be used. Optical sensors are quite

sensitive to dirt deposit and thus not optimal for For blade vibration analysis the start/stop time-of-

long-term testing or continuous monitoring. flight (TF) of each blade tip between the start and

In this paper a novel microwave system for measure-sstop position is measured. For a non-vibrating blade

ments with the two sensor system is presented. Pilothis time difference is constant, whereas a vibrating

runs were done with a gas turbine in a power plantblade causes variations of the TF. The accuracy of

near Stuttgart (Germany). The facilities are shownthe vibration monitoring is directly related to the

in Fig. 1. precision of this time measurement.

A
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The microwave sensors, which are described below, VCO
provide pulse sequences when the turbine engine ro- waveguide
tates. Every impulse represents a passing blade (e.g. — < /7@/3
like in Fig. 6). The rotation detector provides a trig-

ger pulse indicating each revolution of the engine

and is used to unambiguously relate the pulses of the rotor
start and stop sensor to the corresponding blades. D control
The sensor signals are fed into the signal processing unit
unit consisting of a DSP as well as some analogue )

electronic preprocessing circuits (amplifier, A/D-

converter). The vibration analysis is done on a PC signal processing
where the results are displayed and the data can be < unit

stored on harddisk for further off-line processing.
During normal operation the turbine revolves with
5400 rpm. Thus, in ablade row with 53 blades every

Fig. 3 - Schematic of the 24 GHz sensor module

.In an ideal situation the blade tip passes the sensor

(al brocessing unit must be able to cope with this%_ead at a constant distance which leads to a constant
P g9 P offset according to:

high speed demand.
Since the vibration frequencies are much greater
than the systems sampling rate (one sample per tur—s(t): AEOS(Z LTl ET)’ (1)
bine rotation), the vibration frequencies are only
detectable as spectral lines of the aliasing frequenwhere A is the maximum amplitude of the mixed
cies in the baseband. The vibration frequency can bé&ignal s(t) and f, is the oscillator frequency. The
derived from the signal spectrum, if the relative po-transmitted microwaves come back to the mixer
sition of the mechanical vibration frequency is with a time delay oft according to the distance of
known with regard to the closest integer multiple of the reflecting blade tip from the sensor head, which
the rotational frequency. causes a-depending offset of the mixed signal.
In order to measure the vibration amplitude of an in-In practice, the microwaves are not only reflected by
teger multiple of the rotational frequency the secondthe blade tip but also by the blade body and the
sensor is applied. waveguide probe, which causes a variation of the
amplitude of the mixed signa{t). For precise com-
putation of the mixed signal the complex geometry
SENSOR SIMULATION of the blade would have to be taken into account.

Fig. 3 shows a schematic of the 24 GHz sensor mod!n @ :simplif?ed model, a _bIgde can be simulated by a
ule. It consists of an oscillator (VCO) operating in rotating pointer whose tip is projected onto the sen-

CW mode, a mixer (schottky diode), a Waveguide,Sor axis. The projected poin.t movin_g towards and
an amplifier, a signal processing unit and a control W& from the sensor head is considered to be the

unit. _reflec_ting part of the turbine blade. The correspond-
The oscillator continuously emits microwaves at a9 c_Jlstanced(t) from the sensor can be well ap-
fixed frequency. This signal is guided to the engine proximated by:

by the waveguide and is reflected by the turbine

blades, when passing the sensor head. The transmigl(t)=1+d, | E‘[309(0’(0) )

ted and reflected microwaves are down-converted

by the mixer diode mounted inside the waveguidewhered, is the minimum distance of the blade tip
between the oscillator and the waveguide probe.  from the sensor antlis the length of the turbine
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blade. The angle a(t) between the blade and the sen- s/a0

1 T
sor axis can be described as: 0.8
O B e
a(t)=20rL 1, (3) O S R A S
where U is the rotation frequency of the turbine. OZ . ]
Assuming that the reflecting areais an infinitely ex- 1Y S | S —
panded conducting area the amplitude a(t) of the i e R R
mixed signal can be approximated by: B S B
o 105 1 115 12
— 2742 t/ms
a(t) = a, Coig/d*(t), (4) Fig. 4 - Simulated signal of a single blade with atip

distance dy of 6 mm.
where a, is the amplitude when the blade tip is near-

est to the sensor head. sla0 | _

An additional sinusoidal part of the mixed signal P U SR SN S
originates from the relative movement of the turbine B
blades’ reflecting parts during rotation with regard 0.4 : : ‘

to the sensor. That causes a continuously varying 0.2 g [ P
phase difference between the transmitted and the re- 0 : :
flected microwaves (Doppler effect). Therefarés Do/ R [
varying with timet according to: 82 D T —

r=20(t)/ ., (5)

1 i L i
10 105 11 115 12

t/ms
Fig. 5 - Simulated signal of asingle blade with atip

whereg, is the speed of light. distance dy of 7.5 mm.

Combining equations (1) to (5) the IF sigsd) ob-
tained from the mixer can be approximated by equasy js ghvious from equation (6), that the IF phase can

tion (6). be manipulated by tuning the oscillator frequeficy
, ( This fact is used for adaptively compensating the
_a, [ [ [_IZHj t)U phase shifting effects such that the blade response
S(t)_ dz(t) @0%2 Tt G E (6) signal is adjusted to an ideal shape (see Fig. 4). This

self-calibration is done with the control unit, which

Figs. 4 and 5 show the signal of a single blade Cal_contmuously checks the ratio between the maximum

culated with equation (6) for two different distances and the mean value of the pulse sequence and ad-

d, between the blade tip and the sensor. The figureéUSts the VCO. S frequency_ if necessary. As a result,
. . o any degradation of the signal performance due to
illustrate that the signals are very sensitive to

changes of the distandg Changes within the range changing blade tip distances or temperature drifts of

of half a wavelength lead to completely different the VCO's operating frequency is suppressed.
shape and amplitude of the IF sigs@). The reason

is, that the distance \(arlatlada causes a phase shlft MEASUREMENT RESULTS
between the transmitted and the reflected micro-

waves. Without a compensation of this critical phaseThe discussed turbine diagnosis system has been
sensitivity, the DSP unit cannot produce a correcttested during measurement campaigns in a power
digital pulse for every passing blade tip. plant.
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The 24 GHz sensor probes (start and stop sensor)
were installed at the lateral border of the turbine at =
the fourth blade row after the combustion chamber,
where the probes are exposed to a temperature of
about 600°C. The sensor probe is an air-cooled rec-
tangular waveguide (material invar) that separates
the sensitive electronic parts of the sensor from the
high temperature section of the turbine.

A typical pulse sequence measured during the pilot
runs is shown in Fig. 6a. It can be seen that each tur-
bine blade produces a characteristic signal. From * — - e
this signal qualitative information on completeness, Fig. 7 - Measured wbranon plot of severa turbine blades.
shape and condition of each engine blade could be

derived. In the present application the signals are

only used to measure the exact time difference CONCLUSION

which the tip of a vibrating blade needs to pass the : .
A novel microwave sensor system for real-time mo-

distance between the start and the stop sensor. In.
) o : ; nitoring of turbine blade vibrations has been presen-
order to achieve this, in the signal processing unit

first the raw signals are filtered and smoothed andted' Pilot runs on a 65 MW gas turbine demonstra-

: . . ted that the system operates reliably and provides
finally digital pulses are created by threshold trig- high measurer)rllent serl?sitivity even ir}: roughp indus.
gering (Fig. 6b).

trial environments, where other sensor principles
currently cannot guarantee stable operation.

5 Caen The new self-calibrating approach has proven to
U/v blade N blade N+2 give suitable sensor signals for every operating con-
—l dition.
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