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Abstract

Assessing the state of damage of jet engine blades is a burning issue in aero-
nautics. However, most nondestructive evaluation procedures require cum-
bersome installations and removal of the blades from the engines, which is
time and money consuming. We present a non-intrusive acoustic monitor-
ing technique that could be applied for fast remote inspection of selected
blades inside a jet engine. The technique uses a time reversal mirror in the
audible frequency range to selectively excite a targeted blade a few meters
away. The resonance frequencies of the blade are measured at the location
of the excitation using a laser vibrometer. The technique is first applied on
a few individual blades and then inside a jet engine. Selective excitation of a
difficult-to-access blade among others inside a cavity is shown. In laboratory,
some damage (material removal or slit) is created on a set of initially intact
blades, which cause a shift in their resonance frequencies. By evaluating
these frequency shifts, we are able to remotely detect millimeter size damage
on the blades. Finally, the on-site applicability and the uncertainties of the
method are discussed.

Keywords: mnondestructive evaluation, time reversal, blades
PACS: 43.60.Tj, 43.40.Le, 43.40.Dx

1. Introduction

Solid thin plates, shells and pipes are used in various industrial domains
(e.g., aeronautics, automobile, food-processing, wind energy, ...). Numerous
monitoring techniques are routinely applied to detect and localize damage
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such as fatigue cracks, corrosion or delamination on these structures [see
1, 2, for review|. Optical control goes from simple naked eyes inspection to
tracking changes in the material light transmission due to stress that accu-
mulate around the damage. Ultrasonic scans provide precise location and
size estimate of damage but can require the operator to place the investi-
gated object in a bath of water or into a dye penetrant solution that can
affect the materials properties, as well as being expensive to conduct [e.g.,
3, 4]. Complementary to optical methods, acoustic nondestructive testing
(NDT) methods such as the coin-tap method [5] or resonant ultrasound
spectroscopy (RUS) [6] consist in tracking changes in the eigenfrequencies
of solids to probe their structural properties and to detect and characterize
damage [e.g. 7, 8, 9, 10]. Recent approaches detect the harmonics generated
by the excitation of non-linear defects [see 11, for review]. These methods
are active since they require the excitation of the investigated solid with
an impact or a piezoelectric transducer to measure its frequency spectrum.
In contrast, passive methods record acoustic signals produced by the dam-
age during its growth [12], or take advantage of the ambient acoustic noise
around the structure (e.g., engine noise or wind) to localize flaws [13, 14].
The problem with all of these inspection techniques is that they require com-
plete removal of the investigated object from the structure, time expensive
full scan of the object and/or involves cumbersome installation of transduc-
ers and sensors. More importantly, a direct contact with the object is needed
and can be challenging to achieve.

Recently, Le Bas et al. [15, 16] and Farin et al. [17] showed that it is
possible to remotely measure the frequency response of an object using a time
reversal mirror (TRM). A TRM operates on a two-step procedure [see 18,
for a review of pioneer time reversal (TR) papers]. In the first step (forward
step), a wave is emitted by a source and recorded by a set of transducers
(the TRM). In the second step (backward step), the recorded signals are
flipped in time and played back by the transducers. The re-emitted waves
then focus as a pulse at the initial source position. Such TRMs have been
applied in various contexts such as nondestructive testing [19, 20], underwater
acoustics [21] or room acoustics [22]. Le Bas et al. [15, 16] built an air-
coupled TRM consisting of piezoelectric transducers enclosed inside a hollow
reverberant cavity with an opening located a few centimeters above a tested
plate. In the forward step, the transducers successively emit an ultrasonic
wave that couples to the plate’s vibration modes which are recorded at a
single point on the plate using a laser vibrometer. In the backward step, the
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time-reversed signals are played simultaneously by all transducers to locally
excite the plate. Besides the classical array effect, the focusing is enhanced
by the reverberation of the sound waves inside the cavity and of the flexural
waves inside the plate, as already shown by Draeger et al. [23]. Indeed,
TR process is improved in complex media [24, 25, 26]. After conducting the
forward step at an intact location of a laminated composite plate, Le Bas
et al. [16] repeated the backward step for several locations of the cavity
to provide a 2D-scan of the plate response. At certain positions, the plate
response had a different amplitude and frequency than the reference at the
intact location, which revealed delamination. Farin et al. [17] proposed a
slightly different but complementary approach. Their TRM is composed of a
network of loudspeakers operating in the audible frequency range (1-10 kHz)
to remotely make thin plates vibrate and measure their eigenfrequencies. The
eigenfrequencies are measured at the excitation point with a laser vibrometer.
Working in the audible frequency range allows Farin et al. to selectively
excite an object located a few meters away and inside a complex structure
i.e., in conditions for which the object would be too difficult to access using
the standard coin-tap method or other approaches using ultrasound [e.g. 16].

In this paper, we propose to apply this TR technique to control jet engine
blades. Standard routine inspection of these blades requires disassembly of
the engine, immobilizing the aircraft for hours. In Farin et al. [17], simple
duralumin plates were excited with an array of loudspeakers. The question
remained as to whether the TR technique will also be efficient for titanium
blades of curved shapes and non-uniform thicknesses. Moreover, we also want
to test the selective excitation of blades that are mounted on their wheel and
surrounded by others inside the engine, which structure is designed to attenu-
ate vibrations. Basically, our approach is similar to the previously mentioned
RUS methods [e.g. 7, 8, 9] but with a TR excitation of the inspected objects.
While our objective is not to achieve better damage detection and character-
ization than what was done in these studies, we would like to show that the
eigenfrequencies of a blade can be measured with sufficient accuracy to re-
motely detect and quantify millimeter-size damage. In section 2, we present
the experimental setup. In section 3, the time reversal technique is applied
on several blades, first in laboratory conditions and then inside a jet engine.
In section 4, we measure the effect of different damages that we created on
several blades. We analyze how the observed eigenfrequency shifts are re-
lated to the damage sizes. Finally, in section 5, we discuss the uncertainties
of the proposed TR technique and the on-site application.
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2. Experimental Setup

The TRM consists of an array of 32 loudspeakers (LS) arranged on a
8 x 4 vertical panel with a 20 cm inter-element spacing (Fig. 1). The di-
ameter of the LS (Ryght Y-Storm) equals 6 cm. They are connected to a
homemade electronic card to amplify the signals and to a 32-channel analog-
digital/digital-analog (AD/DA) converter (Orion 32 channels, Antelope) that
sends and samples the data from/to the computer at a rate of 96 kS/s. We
use Python and the PyAudio library to communicate with the AD/DA con-
verter and process the emitted and received waveforms.

During the forward step of the TR procedure, a 1-s long linear frequency
modulated signal between 1 kHz and 10 kHz is emitted with a loudspeaker
at position r; (Fig. la). A laser vibrometer (Polytec OFU-505) measures
the resulting blade vibration at a given position rg. The deconvolution of
the emitted chirp with recorded signals allows us to determine the impulse
responses of the media k;(t) from the loudspeaker at r; to position rg. This
measurement is repeated for each LS in order to obtain the set of responses
ki(t), 1 <i < 32. (Fig. la). During the backward step, all LS simultane-
ously emit the time-reversed responses k;(T" — t) (Fig. 1b). This operation
maximizes the energy focused on the blade, at position rg and at time T
from the beginning of the reemission, in order to excite its eigenmodes [17].
The two-step TR experiment conducted to record the eigenfrequencies at one
position lasts about 40 seconds. The recorded impulse responses have a high
signal-to-noise ratio because the excitation signals have a long duration of
1 s. Therefore, our measurements do not need to be averaged. The rever-
beration time necessary for the sound pressure to decreases by 60 dB in the
impulse response is estimated to be about 0.74 s in the frequency range of
interest (1-10 kHz). The noise level being about -25 dB with respect to the
impulse response maximum (0 dB), the length of the impulse responses used
for the TR focusing operation consequently lasts about 0.3 s.

3. Remote Excitation of Blades

First, in laboratory conditions, we verify the focusing ability at different
positions on several blades and find preferential excitation positions. Then,
we test the selective excitation of one blade in a set of three placed close to
each other inside a complex structure. Finally, to get closer to real conditions,
we deploy a similar setup in front of a jet engine.
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Figure 1: Schematic of the experiment. (a) During the forward step, the impulse responses
ki(t) between each loudspeaker in r; and a position rg on the blade are recorded using a
laser vibrometer. (b) During the backward step, all impulse responses are time reversed
(ki(T —t)) and played simultaneously and the TR response (pulse) is measured at position
Iro.

3.1. Laboratory Measurements on Blades

The TR excitation technique is applied on a set of rectangular blades of
three different sizes: ‘small’ blades of dimensions ~ 7 x 5.5 cm?, ‘medium’
blade of dimensions ~ 16.5 x 8.5 cm? and ‘large’ blades of dimensions ~
21 x 14 cm?. The blades are composed of titanium alloy and have a curved
shape (as displayed on Figure 3a). They are a few millimeter thick and
thinner at the top and along the edges. The blades are placed successively
about one meter away from the TRM on a 1-m tall microphone stand. We
record responses (pulses) after similar TR focusing processes on the three
blades (Fig. 2a-c). Fig. 2d-f show an enlargement a few periods around the
central pulses. The pulses focused in the blades are short in time (a few ms)
and therefore we excite blade eigenmodes over a wide frequency range. Only
a few eigenmodes are observed in the amplitude spectra of the pulses (Fig.
2ghi) in the frequency range of interest (1-10 kHz). More eigenmodes are
detected below 10 kHz on the medium and large blades (~ 20 eigenmodes)
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Figure 2: (a)-(c) Responses recorded after TR focusing at one point on each blade, (d)-(f)
Enlargement around the pulse maximum, (g)-(i) Amplitude spectra (obtained by Fourier
transform) of the pulses showed in panels (d)-(f) (black) and of a noise signal of same
duration (grey) and (j)-(1) TR response at different positions for (a), (d), (g) and (j) the
small blade, (b), (e), (h) and (k) the medium blade and (c), (f), (i) and (1) the large blade.
Pulses amplitudes in panels (j)-(1) are normalized with respect to the amplitude of the
largest pulse on each blade.

at 30 to 36 different positions (Fig. 2jkl). It is clear that the geometry of the
blades affect the excitation amplitude. Indeed, the amplitude is higher along
the thin edges which are more flexible, while it is lower at the center or at
the thick bottom of the blade, where displacement is more constrained. On
the blade edges, the focusing efficiency is at maximum 1%. This number is
evaluated as the ratio of the elastic energy stored in the blade deduced from
the vibrometer scan to the estimated total radiated sound power. See [17]
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for details on the computation of this ratio.

It is observed that the displacements are larger along the thin blade edges.
This is in agreement with numerical simulations of the eigenmodes of the
small blade calculated with a finite elements method using a mesh built from
measurements of the blade thickness (Fig. 3ab). Elastic parameters are
those of titanium. The amplitude of the excitation correlates with the local
displacement of the corresponding excited eigenmodes (Fig. 3b).

f=1485Hz f=2876 Hz f=4478 Hz

Airfoil

f=6914 Hz f=7350 Hz f=8463 Hz
Plateform

Boundary condition:
null displacement

Figure 3: (a) Schematic of a blade used in the experiments. To simulate the eigenmodes
using a finite elements model (GetDP, [27]), a null displacement is imposed at the bottom of
the blade. (b) Different eigenmodes simulated for the small blade and their corresponding
frequencies. Red indicates greater displacement.

Shank
Dovetail

In the next experiment, three small blades are placed side-by-side inside
a PVC tube and we try to excite one of them (Fig. 4). The blades are simply
supported on a 3D-printed stand. Reflecting tape is applied to the blades in
order to scan them with the vibrometer and check the focusing. It appears
that the TR focusing on one blade does not excite much the other blades.
The ratio of the maximum vibration amplitude on the excited blade to the
vibration amplitude on the two other blades varies from 2 (in the middle
blade left corner) to 20 (at the bottom of the blades), with an average ratio
around 15. It is noticeable that the TR focusing is effective although the
central blade is partially hiding the focusing position of the selected blade
from the LS array. Therefore, one can excite blades and selectively measure
their eigenmodes independently of the other blades around it.
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Figure 4: (a) Schematic of the three blades placed inside a PVC tube of thickness 5 mm,
diameter 20 cm and length 2 m. The blades are scanned with the laser vibrometer. (b)
Maximum amplitude of the unfiltered vibration signal measured by the vibrometer at each
position of the blades after TR focusing at position (y = 0,z = 0). Red lines delimitate
the three blades, which have a curved shape.

3.2. Ezcitation of Blades Inside a Jet Engine

In order to approach real conditions, we conducted measurements on
blades embedded inside a jet engine. The deployed experimental setup is
simple, with a panel of 16 LS arranged in a 4-by-4 array with a 20-cm inter-
element spacing and a laser vibrometer, located at the front of the engine
(Fig. 5). With this setup, two types of blades are investigated: (1) the fan
blades at the entrance of the engine and (2) compressor blades of the second
mobile wheel, similar to the ‘small’ blades investigated in the laboratory. We
also installed four microphones to verify acoustic signal transmission through
the engine. Unfortunately, our loudspeakers were not powerful enough to
sufficiently excite the rigid structure of the first fixed wheel of inlet guide
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Figure 5: Simplified schematic showing the experimental setup deployed around the jet
engine and the investigated blades. The TRM is a panel of 16 LS located at the front of the
engine. A laser vibrometer measures the vibration of the excited blade. Four microphones
are installed at the front (M1), through a side access (M2) and at the back (M3 and M4)
of the engine.

Vibrometer

3.2.1. Focusing on Frontal Blades

Because the fan-blade wheel can be rotated, we exploit the possibility to
record the impulse responses during the forward step of the TR process on
a given fan blade and then use these impulse responses during the backward
step to focus on other fan blades successively placed at the same position
after rotation of the wheel (i.e. invariance of the cavity). This simplified
operation could shorten the routine inspection from about 40 seconds per
blade with the standard TR experiment to about 1 s per blade if we only
conduct the backward step. With this procedure, it appears that the focusing
pulse and the secondary lobes are similar on the blade on which we recorded
the impulse responses (black curve in Fig. 6a) to the ones recorded on the
four other fan blades (colored curves in Fig. 6a). The impulse amplitude is
slightly lower on the four other blades but the curves follow the same low-
frequency variation on all blades. The eigenmodes of the blades are similar
on the five investigated blades, especially from 1000 Hz to 3000 Hz (Fig.
6b). Discrepancy between the eigenmodes may originate from the fact that
the fan blades may not be placed at the exact same position when rotating
the wheel or from slight manufacturing differences from one fan blade to the
other. Finally, we excite a booster blade of the second mobile wheel. The
blade is partially hidden behind the fan blades and the inlet guide vanes but
the focused pulse and the eigenmodes are well visible (Fig. 6ef). However,



217

218

219

220

221

222

223

224

225

226

227

228

Fan blades Booster blades
%10 (second mobile wheel)

6r(c)
"o T 4t
£ E 5l
3 3
o} o 0
o o
%) Dol
-4 -2 0 2 4
Time (ms)
——Blade 1
-60 (b) ! —Blade 2 -50 (d)
—Blade 3 (focus)
——Blade 4 _ L
-70 —Blade 5 60

4
o

VIRN

,‘h 2ol bl Il 'jw'|n]li!|"i| I

2000 4000 6000 0 2000 4000 6000 8000 10000
Frequency (Hz) Frequency (Hz)

&
S

CIO
o
'
[{e]
o

o

Spectrum (dB resp. m 5'1/Hz)
Spectrum (dB resp. m s'1/Hz)

Figure 6: (a) Signal measured after TR focusing at a position of several fan blades by
emitting the time-reversed impulse responses acquired at the same position on blade 3.
(c) Signal measured after TR focusing on a booster blade (second mobile wheel). (b) and
(d) Amplitude spectra of the signals in (a) and (c). The noise (grey) is the amplitude
spectrum of a background noise signal (no loudspeaker emission) of same duration as the
signals in (a) and (c).

the simplified TR operation we used for the fan blades is not possible for
the booster blades. Indeed, both type of blades rotate at the same time
and the booster blades are much smaller than the fan blades. Therefore,
the fan blades are not at the same positions i.e., the medium between the
loudspeakers and the booster blades is different, when we rotate the wheel
axis to place a booster blade at the position of the previously excited blade.
Consequently, the impulse responses are different and we have to record them
for each booster blade inspection.

The pulse shape and the spectrum are different on the fan and booster
blades but we excite about ten eigenmodes on the two types of blades. For
booster blades, this is in agreement with our measurements on the similar
‘small” blades in the laboratory (Fig. 2g). Because fan blades are larger,

10
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their eigenfrequencies are lower (f < 5 kHz) than the booster blades (1 kHz
< f < 10 kHz). These two blades are not rigidly clamped to their wheel,
therefore we can control their eigenfrequencies independently from the rest
of the wheel. We noted that the eigenfrequencies can be slightly different for
blades of the same type. We discuss the implications of this observation on
the uncertainty of the TR testing technique in section 5.1.

3.2.2. Exciting Blades Deeper Inside the Jet Engine

In order to check that the sound emitted by the LS can propagate through
the engine and excite blades located deeper inside, we conducted TR, focusing
experiments with several microphones placed around the engine. The proce-
dure is the same as described in section 2 except that we focus sound in air on
the microphones. A microphone is located on the side of the engine, record-
ing sound propagating through the engine from a hole used for endoscopy
measurements (M2, Fig. 5) and two microphones are located at the opposite
extremity of the engine with respect to the TRM (M3 and M4). To verify
sound attenuation through the engine, one microphone (M1) is placed next
to the LS. Microphones M2 and M3 are surrounded by foam to attenuate
the sound coming from the exterior of the engine and to be more sensitive to
the sound propagating through the engine. Pulses are measured on the four
microphones and their maximum amplitude is given relatively to M1 in Ta-
ble 1. The excitation amplitude decays by about 12.2 dB between the TRM

Table 1: Excitation amplitude recorded on the four microphones with respect to micro-
phone M1

Microphone M1 M2 M3 M4
Amplitude (dB) | 0 -12.2 -26.7 -24.1

and the measurement position on the side of the engine (M2). Through the
whole engine, amplitude decays by about 25 dB (M3 and M4). Note that
the amplitude on microphone M3, embedded in foam, is slightly lower that
on microphone M4, located at the same position. It is then a priori possible
to inspect blades deep inside the engine. There are however some limitations
with the current setup and we discuss them in section 5.

11
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4. Detecting Damage from Eigenfrequency Shift

We now measure the variation of the eigenfrequencies of the three blades
presented in section 3.1 when damage is created. Below 10 kHz, these blades
have only a few narrow eigenfrequencies which can be easily distinguished.
Two types of damage are created on the blades: (1) a corner of surface Se,;
is removed using a grindstone to mimic a loss of matter or (2) a slit of length
Lg;; is created with a cutting device to mimic an open crack with the two
sides not in contact with each other (Fig. 7ac). Because of the hardness of
blade titanium, we were only able to make a slit of about 2 mm length in the
small blade and our cutting device was not strong enough to cut the larger
blades.

The blade resonance spectrum is recorded at several positions for each
damage size. The different measurement positions are the same as on Fig.
2jkl. At a given position, it is observed that eigenfrequencies increase when
the surface S.,; of the cut corner increases and decrease when the length L;;
of the slit increases (Fig. 7bd). Note that all eigenfrequencies are not equally
sensitive to the presence of the damage (Fig. 7e). Intuitively, a slit would
generally affect the frequencies of the eigenmodes with motion transverse to
the direction of the slit the most. Analyzing how the eigenmodes are affected
to localize a damage and assess its severity is the goal of the RUS approach
le.g. 8], but this is beyond the scope of this paper. Our proof of concept
results show that damage differentiation (matter removal or slit) on a blade
could be performed remotely using our method.

In average over all of the eigenmodes and all of the measurement positions
on the blades, we observe that the frequency shift increases with the cut-off
corner surface S.y, for all three types of blades (Fig. 8abc). Similarly, when
we create a slit along the side of the small blade, the average frequency shift
decreases with the slit length Lg; (Fig. 8e). The frequency shifts fit well
with a linear law, with a R? factor close to 1 for the small and middle blades
and R? ~ (.77 for the large blade.

These experimental results can be predicted by the Weyl theory [28]. An
estimate of the number of eigenmodes N(f;) of a thin plate below frequency
fo is given by the Weyl expansion as

m(1+ (cs/cp)?)
Z

N(fo) = Sf§+52—}:¢f0+0(f0)7 (1)

with ¢, and ¢, the speeds of the compressional and shear waves in the plate,

12
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Figure 7: (a) and (c) Schematic of the damage created on the blades: (a) cut-off corner and
(c) slit along the side of the blade. (b) and (d) Frequency shift of one eigenmode measured
at the same position of the small blade when (b) the cut-off corner surface S.,; increases
and (d) the slit length Lg;; increases. (e) Amplitude spectra showing the frequency shift
of different eigenmodes of the small blade when the surface of its cut corner increases
(same legend as in panel (b)).

Ce, the phase speed, S and P, the surface and perimeter of the plate and f3, a
parameter that is positive in the case of free boundary conditions. Damaging
the plate modifies its surface S and/or perimeter P and, hence, affects the
number N (fo) of eigenmodes. For the cut-off corner, the blade surface S de-
creases and perimeter P increases. Since N(fy) is more sensitive to changes

13
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in the surface S (coefficient proportional to fZ) than to the perimeter P (co-
efficient proportional to fy), the number of eigenmodes N(f;) decreases and
the eigenfrequencies increase. In contrast, for a slit of increasing length, the
surface is constant while the perimeter increases. Consequently, the number
of eigenmodes N (f;) increases and the eigenfrequencies decrease. Note that
when the damage is a cut corner of surface S.,;, the average frequency shift
on the three blades match well with the surface ratio S, /S, where S is
the surface of the blade (Fig. 8d). Again, we can interpret this dependence
using Eq. (1): the number of eigenmodes N(fy) is proportional to the blade
surface S and, by definition, is also inversely proportional to the average in-
terval between the eigenfrequencies Af. A variation §.S of the blade surface
is then linked to a variation 0(Af) of the interval between eigenfrequencies:
% x %. Consequently, by measuring frequency shift with respect to a
reference frequency value, one can detect a smaller damage on the small
blade than on the large blade. For example, if the detection threshold of the
frequency shift in 10 Hz, we can detect a damage of size 2 mm? on a small
blade, 10 mm? on a medium blade and 15 mm? on a large blade.

5. Discussion

5.1. Causes of Uncertainties on Damage Detection

Our estimate of the damage size from the shift in eigenfrequencies suffers
from the same biases than other methods based on comparison with a refer-
ence measurement: any parameter affecting the reference eigenfrequencies is
a possible cause of uncertainty on the damage size estimate.

An important possible cause of uncertainty is the difference of constraints
applied on the blade between the reference and control measurements. To
verify this, we conducted a series of experiments with a thin 1.5-mm thick
duralumin plate of dimensions 10 cm by 10 cm clamped with a binder clip in
front of the TRM (Fig. 9a). The clip exerts a strong stress and significantly
affects the plate eigenmodes depending on its position. Indeed, the eigenfre-
quency measured at the same position of a plate for ten different clamping
positions varies by about 2% (about 40 Hz in the case of this eigenmode)
while its amplitude varies by about 120%. The large variation in the eigen-
mode amplitude depending on the clamping location might be explained by
the fact that the vibration amplitude may be much lower when the clamp-
ing constrains an antinode of the eigenmode than when it contrains one of
its node. It is then important to control the eigenfrequencies of a blade in
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similar stress conditions as during the reference measurements. In our labora-
tory experiments, the investigated blades are placed on 3D-printed supports
which do not exert strong constraints on them. With these supports, the
uncertainty on the eigenfrequencies is about 0.3%.

Another cause of uncertainty on the frequency shift comes from the fact
that the blade eigenmodes cannot be all measured when we focus at a given
measurement position. Indeed, this position can correspond to a node of some
eigenmodes and to the antinode of other eigenmodes. This is the cause of
the error bars on the frequency shift averaged over all measurement positions
in Fig. 8. Practically, one should try to focus at the same location on the
blade between the reference and monitoring measurements to evaluate the
potential frequency shift for the same eigenmodes. Preferential positions to
focus on the blade are its sides and corners because vibration amplitude is
higher (Fig. 3).

Finally, we noted that the eigenfrequencies of blades of the same type can
be different. For the three similar small blades investigated, the frequency
discrepancy can be as much as 100 Hz (Fig. 9b) which is important because a
shift of 10 Hz corresponds to a damage of about 2 mm? on these blades (Fig.
8a). That said, practically each individual blade of an aircraft engine are
identified with a reference number during inspection. Therefore, the relevant
information to assess the development of a damage on a given blade is the
relative shift of its eigenfrequencies with respect to reference measurements
made on the same blade and not their absolute value.

5.2. On site Applicability of the Time Reversal Technique

As discussed in section 5.1, it is important for future remote inspection of
blades inside a jet engine that eigenfrequency measurements are performed
in similar stress conditions. In particular, the fan and booster blades we
investigated are unclamped and the stress conditions on these blades are
different depending on if they are located at the top (less stressed) or the
bottom (more stressed) of the wheel. Therefore, they have to be located at
the same position between two inspections.

The on-site experiments described in section 3.2 show that a small array
composed of a few PC loudspeakers is sufficient to excite the blades in the jet
engine, even though this structure is designed to attenuate vibrations. Note
that a technique based on the Hadamard matrix, using all LS simultaneously
to record the impulse responses, could be used to increase the signal-to-noise
ratio with a given array of LS [29]. The TR technique is therefore relatively
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inexpensive and easy to install for routine inspection. The advantage of
this technique compared to the standard coin-tap method, which is usually
conducted by a human operator, is that it creates a contactless excitation
and it is more reproducible because the excitation amplitude and location
can be controlled more precisely.

The principal weakness of our experimental setup for on site applications
is that the laser vibrometer incidence must be almost perpendicular to the in-
vestigated surface to get enough reflected light and this is difficult to achieve
on curved blades embedded in the engine. For the laboratory experiments,
we had to use reflecting tape on the blades. Moreover, a direct light path is
necessary between the vibrometer and the scanned blade, compromising the
inspection of blades deeper in the engine. Future studies could for example
use a holographic interferometer, which is more suited for rough surfaces, or
flexible fiber optics. Note that nondestructive evaluation during the fabri-
cation process is less restrictive and the TR technique could be used with a
laser vibrometer in this context.

6. Conclusions

Conventional nondestructive evaluation procedures of jet engine blades
are often expensive and time consuming because the blades are difficult to
access, which require partial disassembly of the engine. In this paper, we ap-
plied a nondestructive acoustic technique based on time reversal to remotely
and locally evaluate the eigenfrequencies of individual blades. The technique
has been applied on individual blades of different sizes and in the real context
of a jet engine. Blades can be excited individually and independently of their
neighbors, even when they are partially hidden by other blades and inside
a reverberant cavity (hollow cylinder or the jet engine). We observed that
the edges of the blades are preferential positions to perform monitoring of
eigenfrequencies because their vibration displacement is higher and there are
less nodal locations than at the middle of the blades. Besides, we noted that
the eigenfrequencies of identical blades can be different. Therefore, damage
detection should rely on the eigenfrequency shifts with respect to reference
measurements made on each individual blade rather that on the absolute
value of the eigenfrequencies. The blade eigenfrequencies are measured with
sufficient precision to enable the detection of frequency shifts caused by mil-
limeter size damage on the blades. Our experimental procedure uses a laser
vibrometer which is not well suited for practical on-site applications because
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blades have a textured surface and a curved shape and it requires a direct
path between the laser and the blades. However, this time reversal technique
could be applied in the future using more flexible remote vibration sensors
(e.g. fiber optics) to advantageously replace conventional techniques, such as
the coin-tap method, for rapid, relatively inexpensive, reproducible and re-
mote monitoring of blades or other plate-like objects during their fabrication
process or their routine inspection.
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Figure 8: (a) Frequency shift averaged over all blade eigenmodes and all measurement
positions as a function of the damage size. (a)-(d) Shift when a corner is cut on (a) the
small blade, (b) the medium blade and (c) the large blade as a function of the surface Scyz
of the cut corner and (d) for all the blades as a function of S.,; normalized by the blade
surface S. (e) Frequency shift when a slit is made on the small blade as a function of the
slit length Lg;;:. The black line in each panel represents the best linear fit to the data.
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Figure 9: (a) (Left) Photograph of a duralumin plate held with a binder clip in front of
the TRM. (Right) Eigenmode measured at the same position of the plate for ten different
positions of the clip (different colors). (b) Comparison of the amplitude spectra of a pulse
focused at the same position on three similar small blades.
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