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Abstract: Fibre bundle-based reflective optical sensors are good candidates for parameter monitori-
sation in aero engines. Tip clearance is one of those parameters of great concern that is necessary
to monitor. Within this optical technology, the evolution experienced by a custom-designed optical
sensor is presented from its first configuration up to the fifth one. The performance of the last
configuration is compared with those of other two optical sensors that are also based on a fibre
bundle design. The comparison has been carried out in an experimental program in a transonic wind
tunnel for aero engines. The proven high resolution and sensitivity of the last configuration of the
optical sensor opens up the possibility to detect blade defects, cracks, etc. that could otherwise be
hard to track.

Keywords: fibre bundle; optical sensor; tip clearance; turbine; aero engine

1. Introduction

Among the various parameters of interest in gas turbines, blade tip clearance (BTC)
is one of the most important as it affects their performance, safety and stability. Defined
as the air gap between the most prominent part of any of the blades and the inner part
of the casing, its value is related to engine efficiency and fuel consumption. High BTC
values allow an amount of air to flow without generating useful work, whereas small
values of it accelerate blade tip wear over time and put engine integrity at risk [1]. For
noncontact clearance measurements in gas turbines, there exist several technologies such as
eddy current sensors [2-7], capacity sensors [8-10], microwave sensors [11-13] and optical
sensors [14-16]. Among the latter, fibre-based reflective optical sensors offer a trade-off
between high performance and implementation simplicity. The present contribution aims
to present the latest performance achievements of a fibre-based reflective optical sensor
that demonstrates an upgrade from previous configurations of it [17,18]. More specifically,
after presenting the general design and working principle of the optical sensor, we will
show the most representative results obtained from several test programs carried out in a
wind tunnel commonly used for turbine testing. We will put an emphasis on BTC, but the
presented results may bring inspiration for other gas turbine applications.

2. Materials and Methods

Although sensors based on other technologies may bring higher accuracy, the fibre-
based reflective optical sensor presented in this contribution has very important advantages
such as simplicity, robustness, low cost and high bandwidth. More specifically, this sensor
corresponds to the fifth configuration of the optical sensors that evolved from an initial
basic configuration. That initial basic configuration consists of a central multimode glass
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fibre emitting light from a laser diode, and around it a set of multimode receiving glass
fibres in a ring-like arrangement to collect part of the reflected light and convert it into a
photocurrent using a single photodetector. Both emitting and receiving fibres were packed
in a single fibre bundle. In this initial conceptual configuration, as the distance is correlated
with the light intensity received by the sensor, any undesired power change in the light
emitting source leads to an incorrect measurement of the distance to the target. To avoid
this behaviour, the first configuration included a second concentric ring of receiving fibres
(an outer ring or Ring 2) connected to another photodetector whose gain was set to the
same value as that corresponding to the photodetector connected to the first concentric
ring (the inner ring or Ring 1). Such a configuration allowed us to divide the received light
intensities of both rings such that the effect of any change in the power of the light emitting
source was ideally cancelled, and therefore the quotient was directly related to the distance
to the target [6,19,20]. It is straightforward to prove this immunity to light fluctuations if
we take the optical irradiance on each photodetector as:

11 = K()RI()KlFl (d), and 12 = KOR10K2F2(d),

where I is the light coming out of the emitting fibre, R is the reflectivity of the target, K;
and K; stand for the fibre losses, and Kj includes the laser fluctuations. By dividing both
optical irradiances, any effect of the light source will be cancelled, as well as the other
common factors. Thus:

L/} = KxF(d) /K Fy(d)

However, there were spatial resolution problems that arose from the use of a nar-
rowband light source combined with a relatively short length of multimode fibre bundle,
preventing the equilibrium mode distribution from occurring [21]. The multiple modes
propagating through the fibre interfere with each other creating at the exit of the sensor
head a kind of speckle pattern [22]. The pattern is highly sensitive to several parame-
ters such as the frequency of the laser source, mechanical deformation of the fibre and
temperature, thus affecting to the overall performance of the sensor [23].

Therefore, in order to overcome the aforementioned issue related to the speckle pattern,
the second configuration of the sensor included a mode scrambler that made the light
power distribution uniform at the expense of decreasing the light intensity collected by the
receiving fibres. Moreover, in order to maximise the sensitivity of the calibration curve, the
second configuration of the sensor also used photodetectors whose gain was set to different
values. With the aim of reducing the bundle cost, we built a third configuration of the
sensor with characteristics similar to the first configuration of the sensor, but using plastic
optical fibres instead of their glass counterparts. Some tests were performed to prove this
concept, but constraints in the maximum working temperature for plastic optical fibres
made this configuration inadequate for real engines and limited their use to moderate
temperature conditions. Both problems, i.e. the modal noise and the power losses [24],
were addressed in the following fourth and fifth configurations of the sensor by replacing
the central multimode emitting fibre with a single-mode fibre [25,26]. In addition to that,
in the fifth sensor configuration, the outer ring fibres were replaced by fibres of larger
core diameter, and the outer ring diameter was also made larger. This geometrical and
optical upgrade of the bundle design was aimed at customising the working distance of the
optical probe to larger distance values. More details about this will be given later on in this
section. One additional improvement of the fifth configuration of the sensor arises from
having three or more rings available, a fact that makes possible the use of the sensor for
different purposes at the same time. For example, we might use two rings to measure the
BTC, and another spare ring to measure blade arrival times for the tip timing measurement.
Furthermore, by having three or more rings at our disposal, we might use a different pair of
ring combinations to measure the tip clearance for different working distances. A summary
of the most relevant characteristics of the different configurations is shown in Table 1.
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Table 1. Details of the different sensor configurations.

5th Sensor Configuration

3rd Sensor Configuration

4th Sensor Configuration

1st Sensor Configuration 2nd Sensor Configuration
Multimode Scrambler + Multimode POF Multimode Single-mode Single-mode
Emitter fibre NA =0.22 NA =022 NA =05 NA =0.12 NA =0.12
fibre @100 pm fibre @100 um fibre @240 um fibre @4.3 um fibre @4.3 um
. . . . Multimode
Multimode Multimode POF, Multimode Multimode NA = 0.22
NA =0.22 NA =0.22 NA =05 NA =0.22 fibre @20'0 um
fibre @100 pm

Receive fibres

Max. operational
temperature for fibres
Gain of each
photodetector
Range of working distance

Calibration curve

Cross-section

fibre @100 pm
350 °C

G1=G,=075x 10* V/A

3-7 mm
V,/V7 = —0.089d + 1.8783
R? = 0.9945

&

fibre @100 um

350 °C

G =075 x 10° V/A
G, =238 x 10° V/A
3-7 mm
V,/V7 = —0.2002d + 2.4578
R2 = 0.9455

&

fibre @240 um

60 °C
Gy =0.75 x 10° V/A
Gy =238 x 10° V/A
0-5 mm
V,/V7 = —0.213d + 5.0064
R? = 0.9997

350 °C

Gy =0.75 x 10° V/A
Gy, =238 x 10° V/A
0-5 mm
V,/Vy = —0.2167d + 3.8448
R? =0.9882

&

fibre @300 um
350 °C

Gy =151 x 103 V/A
Gy, =151 x 10° V/A
2.5-4.3 mm

V,/V; =43.36d — 67.57
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The structure of the fifth configuration of the sensor is depicted in Figure la: The
fibre bundle manufactured by Fiberguide using our own design parameters consists of
one emitting glass fibre (central fibre) and two rings of receiving glass fibres (inner and
outer rings, Ring 1 and Ring 2, respectively) surrounding the central emitting fibre. As
stated above, the principle of operation is quite simple: A continuous light is launched
from the central emitting fibre, and after hitting the surface of interest located at a certain
distance from the bundle tip, it reflects back, and finally, it is collected by both rings
of receiving fibres (Figure 1b). The quotient of the light intensities collected by each of
the aforementioned rings of receiving fibres will be directly related to the distance of
the surface of interest. Although the sensor of the fifth generation has multiple built-in
rings available, we only used the innermost and outermost rings to extend the maximum
range of measurable distances (Figure 1c,d). We have connected off-the-shelf devices
to the fibre bundle: The light source is a pigtailed 660 nm-wavelength laser diode from
Thorlabs (54FC660, Bergkirchen, Germany), the photodetectors are Si PIN photodiodes
from Thorlabs (PDA 100A-EC), and the data acquisition system is a multifunction I/O
device from National Instruments (USB-6366, Irvine, CA, USA) with a sampling rate of
2 MS/s. Finally, we control all these components using a custom-designed software in the
LabVIEW (LabVIEW 2017, National Instruments, Irvine, CA, USA) environment.

PDI

Light source

PD2

(b)

3m

(c)

Figure 1. Cont.
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1X ASI 4.3/125/145T
5X AFS200/220/245T

14X AFS200/220/245T
15X AFS300/330/370T

30X AFS300/330/370T

(d)

Figure 1. (a) Cross-sectional photograph of the fibre bundle (showing only the central emitting fibre,

as well as the innermost and outermost rings). All configurations share the same general geometrical
scheme, but the exact geometry of the bundle and the physical and optical characteristics of the
fibres vary from configuration to configuration. (b) Illustration of the working principle of the optical
sensor: The reflected light is collected by two independent rings of receiving fibres. (c) Detailed
description of the fibre bundle in the fifth configuration. (d) Cross-section of the fibre bundle in the
fifth configuration (OS 3).

For the sake of comparison, we have tested three optical sensors in several stages of a
turbine test rig assembled in a transonic wind tunnel. On the one hand, the first sensor,
labelled OS 1, is a commercially available sensor from Philtec (RC171, Annapolis, MD,
USA). In this sensor, the transmitting and receiving fibres are separated in two independent
semi-circular patterns, and they are arranged in a random fashion on the inside. Their
numerical aperture (NA) is 0.22, and the diameter of the sensor head is 4.75 mm. This
sensor has its own inner circuitry, which biases its laser source and converts the received
optical signal into an electrical signal that is acquired by our data acquisition system. The
bandwidth of OS 1 is 20 kHz. On the other hand, the fibre bundles of the second and third
sensors, labelled OS 2 and OS 3, respectively, are manufactured by Fiberguide, and they
are two variants of the fifth configuration of our design. The theoretical modelling behind
these custom-designed sensors is based on the quasi-Gaussian emission of the transmitting
fibre [27]. Taking into account such a model and the design constraints imposed by the
turbine specifications (maximum allowed diameter of the fibre bundle, expected BTC
working range, etc.), their theoretical characteristics have been calculated with the aid of
computer simulations. This preliminary work allows the design of a sensor fulfilling the
operational requirements. OS 2 and OS 3 are mostly identical, except for the radii of the
outer rings for the reasons explained below. Thus, the radii of Ring 1 and Ring 2 in OS 2 are
200 and 930 pm, respectively, whereas in OS 3, they are 200 and 1800 pm, respectively. As
for the central emitting fibre of both sensors, it consists of a 4.3 um-diameter single-mode
silica fibre with an NA of 0.12, whereas the receiving fibres are multimode silica fibres of
200 to 300 um diameters (for the innermost and outermost rings, respectively) with an NA
of 0.22. The diameters of the sensor head are § mm.

Each of these optical sensors has been inserted in three different radial holes in the
casing of the turbine and shifted 90° from each other (Figure 2). The accurate positioning
of the optical sensors inside the casing is crucial; therefore, we have employed ad-hoc-built
micrometre-driven adapters.
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OS2

(a)

Moving parts

Protecting tube /

/-ﬂ__._.

Sensor tip

Micrometre

Figure 2. (a) Illustration of the geometrical distribution of the sensors in the turbine test rig. (b)
Photograph of one of the ad-hoc-built micrometre-driven adapters used to insert accurately the
optical probe in the casing. (c) Assembly of one of the optical sensors in the turbine test rig.

Prior to the real tests in the wind tunnel, the sensors were calibrated in laboratory
conditions (Figure 3).
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@) ()

Figure 3. Detail of the optical probe (a) installed inside one of the adapters, and (b) during a laboratory calibration with a

spare blade.

Figure 4 shows the response curves that relate the quotient of the collected light
intensities to the distance to the target. Thus, if we increase the distance to the target, the
reflected light will illuminate progressively the innermost and outermost rings (Ring 1 and
Ring 2) so that the response curve (V,/V1) will increase in the first linear region (i.e. the
front slope region) until a maximum is reached; for longer distances, the reflected spot will
exceed the boundaries of the outermost ring so that the response curve will decrease in the
second linear region (or the back slope region) [27].

| —os3
—082

1 —081

g

2

£

e

o,

g

o~ |
0 1 2 3 4 5 6 7 8 9 10 01 12

Distance (mm)

Figure 4. Response curve of the three optical sensors OS 1, OS 2 and OS 3 as a function of the distance
from the surface of interest to the tip of the sensor. The shaded region defines the working region of
interest. OS 1: Commercial optical sensor from Philtec (RC171). OS 2 and OS 3: Custom-designed
sensors that operate in the back and front slope regions (second and first linear regions), respectively.

We can change the sensitivity of the response curve and make it higher by decreasing
the radius of the outermost ring, but at the expense of a faster transition from the first
linear region to the second one. This way, it can be observed from Figure 4 that, due to the
shorter radius of Ring 2, the response curve of the sensor OS 2 changes faster than in the
case of the sensor OS 3. As a consequence, the working region of interest lies in the second
linear region for the former, and in the first linear region for the latter.

Figure 5 shows the performance of the different configurations of the sensor. From
the comparison of the results, it can be observed that each configuration improves the
slope sensitivity of previous configurations. Thus, the fifth configuration shows the highest
sensitivity thanks in part to the optimised ring size. A suitable choice of the radii of the rings
ensures that the sensor is working in the most sensitive front slope for the working region



Int. J. Turbomach. Propuls. Power 2021, 6, 3 8 of 12

of interest. Likewise, in order to achieve the maximum sensitivity, several differential gain
configurations have been tested in the search of the optimal setup (from [24], the sensitivity
from the previous configurations has improved from 0.089 to 0.2).

110 110

Config. 1 (x20) ——Config, 5 ( x1)
1004 e Config. 2 (x20) 1004 T
90H SR Config. 3 (x20) 90+ s,
T~ Config. 4 (x20) b
80 - e 80 ‘\\
701 s 704 :
Z 601 TT—— Z 60
504 > 504
404 404
304 B TS 30
20 T 20
104 1 (A
0 - - - - - - (et
y 1 2 3 4 5 6 7 8 9 10 T 2 3 4 5 6 7 %8 9 10
Distance (mm) Distance (mm)

Figure 5. Response curves for different sensor configurations. On the left, for the fifth configuration
(Config. 5), the complete calibration curve is shown as a dashed line, and the front slope is highlighted
as a solid line. On the right, the back slopes of the rest of the configurations are shown magnified
20 times.

In the final configuration of the custom-designed sensor, we can highlight the follow-
ing three advantages:

e  The fluctuations in the light source and the variations in the reflectivity on the target
surface are effectively cancelled by performing the quotient of the light intensities
collected by the receiving fibres of each ring.

e  Its sensitivity has been improved by using an asymmetric gain configuration in the
photodetectors.

e  The outer ring has been calculated so that the sensor works in the first and most steep
positive slope of the response curve for these test particular conditions.

3. Results and Discussion

Figure 6a shows the raw signal provided by each sensor on the passing of one typical
turbine blade. On the one hand, the commercial sensor OS 1 provides the smoothest signal,
but it misses most of the blade profile features such as the datum (grey-shaded area) or
the inter-blade spacing (red-shaded area). This is due to the bigger emitters’ spot size
and their own electronic bandwidth limitations. On the other hand, the sensors OS 2 and
OS 3 are able to detect specific features of the passing blade. For the sake of comparison,
the lower curve in Figure 6a shows an ideal response to the passing of a typical blade.
From the figure, it is clear that the high resolution and sensitivity of OS 3 are closest to the
ideal response.

As for the steep rising and falling edges of the waveform of OS 3 (defined within the
grey-shaded area in Figure 6a), they are closely linked to the datum boundaries (Figure 6b).
This specific feature of the waveform allows us to determine the passing time of the
blade with high precision, making it possible to define an instantaneous rotational speed
associated with each blade within a complete turbine turn.

Once the raw data have been acquired, a very simple algorithm has been used to detect
the blade arrival. A threshold value has been applied to detect patterns in the waveform.
Those patterns are linked to physical parts of the blade, so the arrival has been inferred.
The OS 3 sensor stands out as the most reliable sensor using this simple algorithm, as its
signal is more stable in time and less prone to false detections or missing events. Missing
events lead to significant errors, and for that reason, the error values in Table 2 are very
high. The blade arrival can be inferred from the arriving pulse slope (blade leading edge
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detection) or by the exiting pulse slope (blade trailing edge detection). In our tests, using
the trailing edge of the blade led to more stable results.

Blade 55
0OS1
-/\/\/___ Sealing lands
]
= 082
=
(o]
=
0S3 .
>~ Platform
Laser spot
Ideal Y p
0 50 100 150 200 250 300

Time (us)
(a) (b)

Figure 6. (a) Response curve of the different three optical sensors OS 1, OS 2 and OS 3 to the passing of a blade. The datum
and inter-blade spacing are highlighted as grey and red-shaded areas, respectively. (b) 3D model of the blade and travel
path of the light beam emitted by the emitter fibre.

Table 2. Errors of OS 1, OS 2 and OS 3 while detecting the blade speed blade by blade.

0s1 0s1 0S2 0S2 0S3 0S3
Leading Trailing Leading Trailing Leading Trailing

Edge Edge Edge Edge Edge Edge

91% 77% 53% 70% 6% 2%

For the sake of brevity, in the discussion that follows, we only show the results corre-
sponding to OS 3 and, using the trailing edge, the sensor that offers the best performance.
If we define in Figure 7 the instantaneous speed as the average speed (in rpm) over one
turbine turn, then the Once-Per-Revolution (OPR) signal directly offers it, whereas in the
case of OS 3, all blade-to-blade instantaneous speeds must be averaged over one full turn.

| — OS 3 Lead. OPR rpm
4950 ® OS 3 Trail.
~ 4948
=
e
= 4946
o
8 /\/\\/\—.
2]
T e N D N
4942
4941 T T T T T T T T

Rotation number

Figure 7. Comparison of the instantaneous speed of the turbine over several shaft turns given by OS
3 and the Once-Per-Revolution (OPR) signal.
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We can observe that all curves follow the same trend, although the OPR signal has
an edgy behaviour in contrast to the smoother behaviour of OS 3 as a consequence of the
averaging process carried out over each shaft turn.

In order to appreciate further the accuracy provided by OS 3, Figure 8 shows the
deviation in the instantaneous speed determined according to OS 3 with respect to the
reference speed value provided by the OPR signal. In this case, the passing time of each
blade was determined from the arrival time of the trailing edge of the datum. Similar
results are obtained if data from the leading edge of the datum are used. Although not
shown in Figure 8, the histograms corresponding to OS 1 and OS 2 contain data values
that are much more spread out around the nominal value. Table 3 presents a summary of
the statistical analysis in which the higher performance of OS 3 over the other two optical
sensors is highlighted.

2000
1750 4 ™ OS 3 Trailing edge 4945 rpm WP

1500 -
1250 -
1000 -
750 A

Value counts

500 A
250 A

0 -

-50 -40 -30 -20 -10 O 10 20 30 40 50
rpm deviation

Figure 8. Histogram that represents the deviation in the calculated instantaneous speed (OS 3) with
respect to the OPR reference speed (4945 rpm).

Table 3. Summary of the statistical analysis corresponding to the data shown graphically in Figure 8.
The summary shows the results corresponding to OS 1, OS 2 and OS 3. Nominal speed of the working
point: 4945 rpm.

Sensor Mean (rpm) Standard Deviation of the Mean (rpm)
OS1 —-21.37 £3.06
OS2 —141.74 +7.13
0s3 0.09 +0.40

These observations are the logical consequence of the higher waveform quality of the
signals gathered with OS 3.

Finally, one of those parameters of interest due to its great influence on the turbine
efficiency and lifespan is the BTC. The optical sensor OS 3 once again stands out over
the other two sensors and offers the possibility of taking corrective actions in the case of
detecting nonstandard blades, i.e. blades with unexpected features and defects.

4. Conclusions

We report on the development of a fibre-based reflective optical sensor from its
first configuration to its fifth configuration. Our sensor is capable of monitoring several
parameters of interest in aero-engine applications, such as the TC or blade passing time.
This sensor is designed and manufactured specifically for each application to guarantee
that it will operate in the most sensitive and stable part of the response curve of the sensor
(front slope), offering the highest performance.
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This sensor can be easily customised to different applications requiring noncontact
measurements, small dimensions and immunity to electromagnetic interference. The tests
carried out certify that our sensor is a good candidate to measure small distances at high
speed with high precision.
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