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Abstract 

Tip timing is a well-known technique to evaluate the amplitude and frequency of blade 

vibrations in turbomachinery. This technique makes use of the differences between the 

theoretical and the real arrival times of the blades. These time differences are converted into 

vibration amplitudes providing useful information about the turbine operation and the 

structural health monitoring of the blades, since it is possible to detect cracks in the blades 

or other phenomena as flutter.  

In the developed set of tests, three optical sensors were employed to perform tip timing 

measurements in a rotor of a turbine rig assembled in a wind tunnel. In addition to the 

signals of the three optical sensors, the once per revolution signal was acquired to 

synchronised the tip timing calculations. The sensors were placed on the casing of the wind 

tunnel at 120º with respect to each other. The deflections of all blades were satisfactorily 

obtained at stable rotational speed of the turbine as well as during a shutdown of the system. 

 
1 INTRODUCTION 

Blade-tip timing (BTT) measurement, also known as non-contact stress measurement 
system (NSMS), is a technique employed for the calculation of the vibration amplitude and 
frequency of rotor blades. It is based on the estimation of the time of arrival (TOA) of each 
blade to one or several sensors installed in the casing of the turbomachinery [1]. 
Traditionally, the most employed method to obtain information about blade vibrations has 
been strain gauges. However, the strain gauges are being relegated to a second plane due to 
their time consuming instrumentation and the need for a slip ring or a telemetry system to 
transmit the signals. In contrast, BTT provides a non-contact measurement of all blades with 
a reduced instrumentation on the casing [2]. Therefore, BTT is a mature technology used to 
measure stress levels and blade vibration parameters during bladed disks (blisks) 
development phase in order to assess the quality of their design [3]. In addition to this 
purpose, BTT can be used to perform the structural health monitoring (SHM) of rotor blades 
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anticipating fatigue failures, like cracks induced by blade vibrations [4] or estimating the 
foreign object damage (FOD) caused by impacts of birds or ice [5]. 

Different kinds of sensors such as inductive [6], capacitive [7], or microwave-based 
sensors [3] can be utilized to detect the blade passing. Although optical sensors are sensitive 
to contamination, which restricts their employment to relative clean environments, their 
intrinsic characteristics [8] and the fact that these sensors provide the highest resolution make 
them a very attractive option to perform BTT measurements. In this paper we present the 
results obtained using three optical sensors [9] to carry out BTT measurements in a rotor of a 
low-pressure turbine rig assembled in a wind tunnel. 

2 EXPERIMENTAL SET-UP 

As shown in figure 1, three optical fiber sensors were installed in the casing of the wind 
tunnel. They were arrange at an angle of 120º between them, being sensor A in the vertical 
plane, sensor B at -120º respect to sensor A, and sensor C with an angle of 120º respect to 
sensor A. Each of the sensors has three components: a source of light (laser), a bundle of 
optical fibers and a photodetector. The bundle transmits the light from the laser to the blades 
by means of the illuminating fiber. The reflected light is collected by a ring of receiving 
fibers around the illuminating fiber, so that the photodetector is able to convert the optical 
signal into an electrical one. This signal was acquired by an Agilent Technologies Infinium 
MSO9104A oscilloscope for post-processing. 

 
 

  
 

Figure 1: Schematic representation of the set-up for the three sensors (left) and a picture of the sensor C 
installed in the wind tunnel (right). L X stands for Laser X, PD X for PhotoDetector X, and DO for Digital 

Oscilloscope. 

A trifurcated bundle of optical fibers was used for the three sensors, that is, the bundle has 
a common leg on one side and 3 different legs on the other. Even though a bifurcated bundle 
could have been used for BTT measurements, the employment of trifurcated bundles allows 
us to carry out tip clearance (distance from the casing to the blade) measurements at the same 
time. As the third leg of the bundles was not used for BTT measurements it has not been 
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represented in figure 1. Two different configurations of the bundles were employed in order 
to compare their performance, as we did in previous works regarding tip clearance 
measurements [10]. In the case of sensor A and B the illuminating fiber was a single-mode 
fiber whereas for sensor C was a multimode one (see figure 2). Obviously, the lasers 
employed in sensors A and B were different from that employed in sensor C. The same 
photodetectors were utilized for all sensors. 

 

 
 

Figure 2: Cross-section of the common leg output for a bundle with a multimode fiber (left) and a single-mode 
fiber (right) as illuminating fiber. 

BTT technique evaluates blade vibrations comparing the real TOA of each blade to the 
sensor position to the theoretical TOA. This time difference multiplied by the tip velocity 
gives us the blade deflection from its theoretical position. To calculate the tip velocity is 
necessary to know the rotational speed of the turbine, this is why besides the signals of the 
photodetectors the once per revolution (OPR) signal was also acquired. The sampling 
frequency for all signals was 4 Msa/s which provided a resolution of 77.5 µm for the 
calculation of the vibration amplitude. 

The turbine under test had 81 blades and for convenience, the first blade reaching the 
sensor A after a peak in OPR signal was named as blade 1, in a way that the first arriving 
blades at sensor B and C would be blades 55 and 28, respectively. The four acquired signals 
are depicted in figure 3. As can be seen in this figure, the signals are obtained in a highly 
noisy environment which makes necessary their filtering before processing them. This is 
even more evident in the case of sensor A, since the amplitude of this signal is about six 
times lower than the other sensors signals. This amplitude is smaller because the laser of this 
sensor got damaged during the tests, and when the tests concluded we could check that it was 
emitting only a quarter of its nominal power. All the signals were low-pass filtered with a 
cut-off frequency of 120 kHz. 
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Figure 3: Raw (blue) and low-pass filtered (red) signals corresponding to OPR, sensor A, B, and C, respectively. 

3 RESULTS  

The first step in order to retrieve the TOAs from the signals is to decide the type of 
triggering used to determine the exact instant in which the blade is passing in front of each 
sensor. We employed the first derivative of the signal, considering the TOA as the point in 
which the signal changes its concavity. The maximum of the first derivative is going to give 
us this point and consequently, the TOA for each blade. In figure 4 the filtered signals, their 
first derivative and the TOA for several blades are shown. If we compare the signals from 
sensors B and C, we can notice that with regards to BTT measurements there are not big 
differences between employing a single-mode and multimode illuminating fiber in the 
bundle. 

 

 
Figure 4: Low-pass filtered signals (blue), first derivative (red) and TOA of each blade of sensor A, B, and C, 

respectively. The filtered signal is scaled in order to visualise it properly together with the first derivative. 
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The theoretical TOA of each blade to a sensor is defined by the sensor position, the 
number of blades in the turbine and the rotational speed. Once the real and theoretical TOA 
has been calculated, their difference allows us to obtain the deflection of each blade 
according to equation 1. 

2
i i

r
d t

T

   
(1)

 
Where di is the deflection of blade i, r is the radius of the turbine, T is the period for one 

revolution and ti is the difference between real and theoretical TOA for blade i. In figure 5 
are represented the defections obtained by the three sensors for all blades when the turbine is 
rotating at 7047 rpm for 50 revolutions. These deflections provide us with useful information 
that can be employed to perform the SHM of the blades. The deflections for all blades could 
be checked in real time in order to verify if their amplitude increases, what could be a sign of 
crack propagation or the appearance of flutter phenomenon. In order to ensure the integrity of 
the engine, some alarm values can be pre-defined, in such a way that vibration amplitudes 
should keep below them during engine operation. A similar SHM method could be carried 
out in the frequency domain. Figure 6 shows the FFT of the deflection values for the three 
sensors. This spectrum is known as the travelling wave spectrum and it gives an average 
value of all blade defections at a certain nodal diameter. The vibration frequency measured 
by a probe installed in the casing is not the real blade vibration frequency. The measured 
frequency is modulated by the number of excited nodal diameters and the rotational 
frequency of the blisk [11]. This is the reason why the units for the x axis in figure 6 are the 
addition of the engine order (EO) and the nodal diameters (ND). 

 

 
Figure 5: Blade deflections obtained by sensor A, B, and C when the turbine is rotating at 7047 rpm for 50 

revolutions. 
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 Figure 6: Travelling wave spectrum when the turbine is rotating at 7047 rpm. 

Even though the wind tunnel is prepared to maintain a stable rotational speed, during the 
tests some instabilities were detected. These small changes, lower than 0.2% of the rotational 
speed value, were exceptionally abrupt and caused huge deflections of the blades as those 
shown in figure 7. These deflections are not indicative of any damage in the blades, since 
normal amplitudes for the blades are recovered after each instability event. In figure 8 the 
travelling wave spectrum for the acquisition in which instabilities happened is represented. 
The effect of the instability of the rotational speed is clearly seen in the amplitude of the 
peaks of the spectrum, especially at EO+ND = 40. 

 
Figure 7: Blade deflections obtained by sensor A, B, and C when the turbine is rotating at 7047 rpm for 50 

revolutions and rotational speed instabilities are present during the test. 
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Figure 8: Travelling wave spectrum when the turbine is rotating at 7047 rpm and rotational speed instabilities 
are present during the test. 

Although it was not planned in the initial tests, we tried to get the blade deflections during 
a shutdown of the system. This shutdown has to be realized in a controlled way, keeping all 
parameters of the wind tunnel between certain limits. This avoided the possibility of 
obtaining a continuous fall from 7047 to 0 rpm. Another limiting factor is the memory of the 
oscilloscope, for these acquisitions we decided to use a sampling frequency of 2 Msa/s in 
order to increase the acquisition time, at expenses of working with the half resolution for the 
vibration amplitude than in the previous tests. Figure 9 shows the waterfall diagram obtained 
using sensor A for the first section of the shutdown, and in figure 10 all sections are depicted 
in the same waterfall diagram. The blade number 51 (represented in green) is the one which 
presents higher vibration amplitudes for all acquired sections. Similar results were obtained 
for sensors B and C. 

 

 
Figure 9: Waterfall diagram obtained using the sensor A for the first acquisition of the shutdown. 
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Figure 10: Waterfall diagram obtained using the sensor A for the all acquisitions of the shutdown. 

4 CONCLUSIONS 

Three optical sensors have been employed to obtain the deflection of the blades of a 
low-pressure turbine rig assembled in a wind tunnel. These deflections allow the monitoring 
of the structural health of the blades in both time and frequency domains, detecting the 
appearance of phenomena like flutter or crack propagation in the blades. The deflections have 
been monitored at a constant rotational speed and during a system shutdown, getting 
satisfactory results for both conditions. These results demonstrate the suitability of this kind 
of sensor to develop a system that could provide on-condition maintenance for turbines or 
compressors. 
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