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The drive to reduce aircraft operation and support (O&S)
costs, increase platform availability, and enhance their per-
formance and safety has motivated researchers, technology
developers, aircraft manufacturers, and fleet operators to
explore effective concepts, methodologies, and technologies
as an alternative to the traditional schedule-based mainte-
nance philosophy.

Condition-based maintenance (CBM), also known as
“predictive maintenance,” is a maintenance practice that
derives maintenance requirements, in large part, from real-
time assessment of platform or weapon system condition
obtained from embedded sensors and/or external tests and
measurements using built-in diagnostic equipment. When
coupled with real-time asset data, sophisticated materials,
and structural and propulsion models, it promises the deliv-
ery of enhanced effectiveness of maintenance programs,
preventing unplanned downtime, making better use of main-
tenance resources, and maximizing the operational life of the
asset.

Our analysis indicated that the areas with the highest
level of contribution to CBM are sensor technologies, health
assessment and analytics (diagnostic and prognostic meth-
ods), communications technologies, and decisions support.
This issue on CBM addresses all identified areas and focuses
on maturing the understanding of the contributing concepts
and technologies to achieve a wider implementation of CBM,
particularly in the aerospace and defence sectors.

Miller presented the use of a systems’ engineering
approach to guide the development of integrated instru-
mentation/sensor systems (IISS) and concluded that such

approach provides clear benefits in identifying the overall
system requirements and architectural framework for catego-
rizing and evaluating alternative architectures. While Miller
effectively addressed the instrumentation functional features
such as interrogation of sensor types, sensors interfaces,
multiplexing, and communication to provide flexibility and
rapid system reconfiguration to adapt to evolving sensor
and data needs, G. Rinaldi et al. focused on a specific
structural issue and presented a novel approach to aid in shift-
ing time-based maintenance schedules towards condition-
basedmaintenance procedures.Theproposednovel approach
demonstrated the innovation in the design of integrated
microelectromechanical- (MEMS-) based multiparameters
sensing using carbon nanotube/polyaniline polymer sensors
for corrosion sensing and monitoring of aircraft structural
materials (e.g., aluminium alloys). Through fusion of the
multiparameters sensor data (chloride ion concentration,
hydrogen gas evolution, humidity variations, and material
degradation), a corrosion index was developed to be used in
a condition-based maintenance protocol consisting of both
preventative and corrective maintenance scheduling. Due
to the criticality of sensor data in the CBM framework,
Zhigang et al. presented a meticulous and well-thought-
out review of piezoelectric-based acoustic wave generation
and detection techniques for structural applications. They
reviewed a variety of ingenious ways on how piezoelectric
transducers are used in today’s structural health moni-
toring (SHM) methodologies as a means for generation
and/or detection of diagnostic acoustic waves. Although this
review presented three different approaches, all-piezoelectric
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approaches, hybrid approaches, and wireless excitation and
detection techniques, these can easily be integrated to provide
a more powerful solution to specific problems (e.g., wireless
fiber-acoustic approach).

While the above discussed contributions focused on
addressing sensor issues for structural applications, L. Jiang
and A. Corber presented a thermal fluid dynamics modeling
and analysis of a gas turbine engine combustor. This effort
is to define the aerothermodynamic working environments
and service histories that will enable the assessment of the
remaining life of gas turbine critical components, hence
significantly reducing the cost and time of gas turbine engine
fleet management. Their results illustrated a complicated
(uneven distribution) flow features inside a combustor and
the need for future improved modeling tools.

Not only key processes, technologies, concepts, and
methodologies are critical to the cost-effective implementa-
tion of efficient CBM but also decisions support. S. Horning
et al. developed and demonstrated an operational readiness
simulator for optimizing maintenance activities and opera-
tional availability focussing on a rotary wing aircraft. The
developed simulator provides a synthetic environment to
forecast and assess the ability of a fleet, squadron, or aircraft to
achieve the desired flying rates and the capability of the sus-
tainment systems to respond to the resultant demands, while
maintaining efficient and optimized maintenance program.
They used this virtual simulator to assess several operational
scenarios including adjustment of preventative maintenance
schedules, including impact of condition-basedmaintenance,
variation of the annual flying rate, and investigation of
deployment options.

By compiling these selected papers, we hope to provide an
opportunity to researchers, practitioners, and operators with
the opportunity to enrich their knowledge in increasing the
operational acceptability of the condition-basedmaintenance
approach, particularly within the aerospace sector and air
weapons systems.

Nezih Mrad
Peter Foote

Victor Giurgiutiu
Jérôme Pinsonnault
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Piezoelectric transducers have a long history of applications in nondestructive evaluation of material and structure integrity owing
to their ability of transformingmechanical energy to electrical energy and vice versa. As condition basedmaintenance has emerged
as a valuable approach to enhancing continued aircraft airworthiness while reducing the life cycle cost, its enabling structural
healthmonitoring (SHM) technologies capable of providing on-demand diagnosis of the structure without interrupting the aircraft
operation are attracting increasing R&D efforts. Piezoelectric transducers play an essential role in these endeavors. This paper is
set forth to review a variety of ingenious ways in which piezoelectric transducers are used in today’s SHM technologies as a means
of generation and/or detection of diagnostic acoustic waves.

1. Introduction

Piezoelectric transducers are omnipresent in modern human
life, from a kitchen gas lighter to popular gadgets such as
smart phones and tablet computers, from submarine sonar
to medical echography systems, and from electric watches to
more dedicated measurement devices such as accelerometers
for aircraft vibration monitoring and pressure sensors in
jet engines for engine operation monitoring. Piezoelectric
transducers can be used either as an actuator, for example,
as the ultrasonic motor in a camera lens, or as a sensor, as
in the case of an ultrasonic fish finder. These transducers can
be used stand-alone, as are the case of conventional ultrasonic
nondestructive evaluation (NDE) andnondestructive inspec-
tion (NDI) sensors, or be an integrated part of microelectro-
mechanical systems (MEMS).The piezoelectric elements can
also be used as harvesters of mechanical vibration energy.

From an acoustic point of view, there is no difference
between SHM and conventional NDE/NDI since both rely

on the same physics in the sense that in either case acoustic
waves need to be generated and then detected, independently
of the acoustic wave mode or method used. What truly
differentiate an SHM approach from an NDE/NDI approach
is that the former usually requires the sensing elements to be
permanently mounted on or embedded in the structure to
be evaluated while allowing the wave generation elements, if
activewave generation is used by the inspectionmethod, to be
either permanently mounted or mobile, whereas in the latter
case bothwave generation and detection elements aremobile.
The requirement of permanently installed SHM sensors, and
in some cases, of acoustic wave generation devices, poses
challenges and at the same time spurs the development of new
sensing concepts which are not practicable in conventional
NDE/NDI.Themain objective of this paper is to review some
of these unique concepts. Since the focus is on presenting
the concepts, there will be no attempt to review all existing
works which implement a same idea. Instead, the idea will be
presented only through representative cases. It is important
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Figure 1: Dispersion curves for a traction free aluminum plate (the classic Lamb wave problem): (a) phase velocity dispersion curvesa and
(b) group velocity dispersion curves [1, 2].
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Figure 2: A wave structure for various points (particle displacements) for the 𝑆
0
mode in an aluminum plate, showing the in-plane (u—

solid line) and out-of-plane (w—dashed line) displacement profiles across the thickness of the plate, for different wave frequency and plate
thickness products [1, 2].

to note that as sensors, piezoelectric transducers can be used
in acoustic and nonacoustic based techniques. Piezoelectric
pressure sensors, accelerometers, and structural electrome-
chanical impedance sensors are examples of nonacoustic
applications of piezoelectric transducers. Although these
sensors are widely used in SHM, they are not within the scope
of the present paper.

This paper is divided into three sections. The first section
is dedicated to all-piezoelectric acoustic based approaches in

which piezoelectric transducers are used for both generation
and detection of acoustic waves. The second section presents
hybrid approaches in which either piezoelectric transducers
are used for acoustic wave generation (i.e., as exciters) and
a nonpiezoelectric transducer based technique is used for
wave detection or are used for wave detection whereas a
nonpiezoelectric based technique is used for acoustic wave
generation. The third section is devoted to wireless wave
generation and detection techniques.
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Figure 4: Olympus NDT variable angle beam wedge.

2. All-Piezoelectric Approaches

2.1. Some Basics. Thin-wall structural elements such as shells,
plates, and pipes are building blocks of aircraft structures.
While NDE/NDI techniques are in their majority applied
in localized areas of the structure, employing through-the-
thickness wave propagation, SHM of aerospace structures via
acoustic based techniques inevitably necessitates detection,
and possibly also generation of acoustic waves propagating
in thin-wall structures. Since these waves’ propagation is con-
fined in a thin layer and being guided by the two close-by and
parallel (or quasiparallel) free surface boundaries in a thin-
wall member, they are usually called guided plate acoustic
waves. Because of their confinement in a thin-wall structure
and the close-by free surface boundary conditions, guided
acoustic waves can travel over a long distance, even in high
acoustic attenuatingmaterials such as carbonfiber-reinforced
composites (CFRP). This long distance reaching capability
makes guided acoustic waves a powerful tool for evaluation
of thin-wall structure integrity, broadening the inspection
area and enabling the inspection of multiple sites in a
thin-wall member with a limited number of transducers—
smaller than the number of mounted transducers that would
have to be used for the application of through-the-thickness
propagating waves in a conventional NDE/NDI fashion.

There are two types of guided acoustic waves that can
propagate in thin-wall structures.Thefirst type is called Lamb

waves to honor the British mathematician Horace Lamb who
was the first to prove mathematically the existence of this
type of waves, publishing a comprehensive analysis in 1917
[4]. Lamb waves can be decomposed into particle vibrations
in two orthogonal (polarization) directions: one in line with
wave propagation direction, also called in-plane direction,
and another one perpendicular to both wave propagation
direction and the wall surface, also called out-of-plane
direction. Particle vibrations in these two directions are cou-
pled. Depending on the vibration strength in each direction
across wall thickness, different vibration patterns (modes) are
formed. The second type of waves is horizontally polarized
shear waves that vibrate in a direction perpendicular to the
wave propagation direction and parallel to the wall surface.
Owing to relative easiness of generation and detection with
conventional piezoelectric acoustic transducers, Lamb waves
are used more widely than shear horizontal (SH) waves for
NDE/NDI of structures.

By nature, guided acoustic waves are multimodal and
frequency dispersive. This means that a plurality of particle
vibration patterns (modes) can coexist in the same struc-
ture and each vibration pattern propagates at a different
speed. Furthermore, the propagation speed and the vibration
pattern of each mode can vary with the frequency of the
wave. This multi-modal and dispersive nature can make a
diagnostic signal so complicated that even an expert may not
be able to extract relevant information about the structure
integrity from the signal. For this reason, a great deal of
applications in acoustic NDE/NDI has been focused on how
to selectively generate and single out one or two simple
modes of the generated acoustic waves and to make signal
interpretation much less prohibitive while ensuring that the
selectedmode is sensitive to the defects or damage to detect—
a process often called “tuning.” For example, the detection
of through-the-thickness cracks with the pulse-echo method
is considerably more successful with the use of the fun-
damental symmetric mode (usually denoted by 𝑆

0
) than

with the fundamental antisymmetric mode (usually denoted
by 𝐴
0
). On the other hand, 𝐴

0
mode seems to be better

suited for the detection of delaminations, disbonds, and
corrosionwith pitch-catch acoustoultrasonics techniques [5].
The fundamental symmetric mode (𝑆

0
) consists in a traction-

compression occurring parallel to the wave propagation
direction and free surface boundaries and mid-plane of
the thin-wall structural element where the wave propagates
with the particles presenting a symmetric displacement with
respect to the mid-plane of the structural component. The
fundamental antisymmetric mode (𝐴

0
) consists in a bending

wave, with the main movement of the particles in the cross
section of the thin-wall structural element being out of plane,
that is, perpendicular to the wave propagation direction and
to the free surface boundaries and mid-plane of the thin-wall
structural member, and with the particles presenting an anti-
symmetricmovement with respect to itsmid-plane.Thewave
generation and receiving transducers should be “tuned” in
order to enhance a specific mode while suppressing others.

The dispersive behavior of Lamb waves is represented
by the dispersion curves, depicting the relationship between
different wave characteristics which must be considered to
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Figure 5: (a) Four-element PVDF and piezoceramic arrays and (b) array geometry [3].
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Figure 6: Phased arrays for tuned wave generation and detection.

accomplish an effective tuning. For a thin-wall structural
element with a certain thickness and made of a specific
material, the dispersion curves present the dependence of
wave phase velocity and group velocity on the wave fre-
quency. The dependence of the waves’ velocity on their
frequency also results in a dependence of the wavelength on
wave frequency. In Figure 1, the dispersion curves for the
fundamental, 1st order, 2nd order, and so forth, symmetrical
modes of Lamb waves, respectively, 𝑆

0
, 𝑆
1
, 𝑆
2
, and so forth,

are presented. In addition, the dispersion curves for the anti-
symmetrical modes of corresponding orders to 𝐴

0
, 𝐴
1
, 𝐴
2
,

and so forth are depicted. In these figures 𝑓𝑑 represents
the product of the frequency and the plate thickness. As
depicted in Figure 2, for different Lamb wave modes, wave
displacement profiles across the thin-wall member cross
section are different.Thefirst step in a tuning process consists,
therefore, in the selection of the mode to apply (detect and
potentially generate) in the inspection method. Afterwards,
in an active technique, the excitation frequency of the wave
generation transducer (exciter) must be selected. Generally,
it is preferable to select an excitation frequency at which the
following requirements are met as much as possible for the
selected mode: (1) frequency dispersion of the phase velocity
is minimal, that is; the slope in the phase velocity dispersion
curve is minimal for a frequency range around the selected
frequency (to minimize signal width spreading in time as a
result of its propagation in space), at these frequencies the
group velocity approximates well the phase velocity; (2) its
group velocity differs sufficiently from those of other modes
that coexist in the structure (to minimize the chance of
observing the merge of different propagating wave modes);
(3)wave displacement profile favors desired sensing of certain

physical properties or defects; (4) wave displacement at the
structure surface is easily detectable with the wave detection
means. For example, if a longitudinal wave transducer is used,
the displacement profile (f) in Figure 2 may be preferable to
profile (a) due to much larger out-of-plane displacement at
𝑓𝑑 = 3 and the fact that a longitudinal transducer is sensitive
to out-of-plane wave motion. If a shear wave transducer
polarized in the wave propagation direction is used, then
profile (a) could be preferable to profile (d) because the shear
wave transducer senses in-plane wave motion at the surface
which is stronger in case (a). Depending on the application,
used method and defects to detect, some of the above rules
may not apply. For example, if the inspection method is
based on the use of wave dispersion for structure integrity
evaluation, then it may be preferable to excite the transducer
at a frequency where the desired mode manifests significant
frequency dispersion (i.e., a sharp slope in the dispersion
curve). Some key characteristics of guided acoustics wave
inspection and its applications in SHM are summarized in
[6].

2.2. Tuned Wave Excitation and Detection with Wedge Trans-
ducers. In the previous section, the importance ofwavemode
and wave frequency selections was explained in terms of
the phase and group velocity dispersion curves and wave
structure. In a practical application, the wave mode and
frequency can be defined effortlessly by controlling the gen-
erated wave frequency through an electric excitation device.
Furthermore, the selection of phase velocity can be realized
by using a wedge. Let 𝑐

𝑤
be the velocity of the acoustic waves

(longitudinal or transverse) in the wedge, 𝑐phase the phase
velocity of a desired wave mode at a selected frequency in the
thin-wall structure, and 𝜃 the incident angle of the acoustic
waves impinging on the structure, as depicted in Figure 3.
According to Snell’s law, acoustic waves with a phase velocity
of 𝑐phase will be enhanced through phase matching, much
more thanwaves of any other phase velocities, if the following
condition is met:

sin 𝜃 =
𝑐
𝑤

𝑐phase
. (1)

Therefore, a wedge and transducer pair can be used for
tuned wave excitation and detection as well. Examples of
applying this wave tuning method to anomaly detection
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Figure 7: Examples of spray-on piezoelectric acoustic transducers: (a) IUTs and (b) an FUT.
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in aircraft component can be found in [7]. Wedge based
wave tuning has, however, several drawbacks. First, the
phase velocity 𝑐

𝑤
must be smaller than 𝑐phase. This can

limit either the choices of wedge materials appropriate for
generation of a desired mode or the availability of modes
that can be generated with a given wedge material. Secondly,
spurious signals, resulting fromwave reverberation inside the
wedge, may deteriorate the quality of the useful signal, that

is, intended applied wave. Thirdly, due to beam spreading
of acoustic waves propagating through the wedge to the
structure surface, other wave modes beyond the mode of
interest may be generated. Furthermore, if a fixed-angle
wedge is used, the efficiency of wave tuning can be affected
by temperature, due to temperature dependence of wave
velocities. A variable angle beam wedge can be used to cope
with temperature variation or to tune wave generation to a
differentmode by adjusting the incident angle, as presented in
Figure 4. However, in this case, an extra block introduced in
the wedge is needed, which not only reduces the wave energy
transferred to the structure but also creates additional wave
reverberation noise.

2.3. Tuned Wave Excitation and Detection with Piezoelectric
Wafers. Piezoelectric wafer active sensors (PWASs) made
of lead zirconate titanate (PZT) and bonded onto a plate
substrate have been studied theoretically and experimen-
tally for the generation of and detection of acoustic waves.
Compared with conventional ultrasound transducers, which
generate and detect out-of-plane particle displacement at the
transducer/structure interface, the PWAS is able to generate
and detect both out-of-plane and in-plane particle displace-
ments through thickness-wise piezoelectric coupling (𝑑

33
)

and lateral piezoelectric coupling (𝑑
31
). If the wafer thickness
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Figure 10: Two 62 𝜇m thick piezoceramic films are sprayed onto a
75-𝜇m thick stainless steel (SS) membrane to form two IUTs (upper
pane). On the other side of the membrane and opposing each IUT, a
grooved grating is made with electrical dischargemachining (EDM)
(lower pane). Each grating is composed of seventeen 0.3 mm wide,
∼0.03 mm deep, 10 mm long, and 0.6 mm equidistant grooves.

is much smaller than its lateral dimensions, the fundamental
thickness-wise resonance frequencywill bemuch higher than
lateral resonant frequencies to an order equivalent to the ratio
of lateral dimensions to the thickness of the piezoelectric
wafer.Wave generation and detection aremuchmore efficient
when the PWAS is excited at one of its natural resonant
frequencies. It happens that the most exploitable Lamb wave
modes, in terms of easier excitation and detection, are the 𝑆

0

and 𝐴
0
modes in the frequency range of hundreds of kHz.

Also, in this frequency range, the coexistence and potential
interference of propagating multiple higher order modes are
avoided, resulting in simplified wave propagation, detection,
and interpretation (of the corresponding sensor signals).
Waves in this frequency range can be fairly easily generated
and detected by PWASs of adequate sizes and PZT material
and excited at or near one of their lateral resonant frequen-
cies. In this configuration, the 𝑑

31
piezoelectric coupling is

essential for an efficient generation and detection of 𝑆
0
and

𝐴
0
Lambwavemodes in a plate.Thickness-wise piezoelectric

coupling is far less efficient for this purpose due to much
higher thickness-wise resonant frequencies and also due to
the fact that by using a planar 𝑑

31
effect, a more uniform

direction-wise excitation and sensing capability are obtained.
It has been shown that the mode of wave motion inside

a plate structure can be tuned by properly selecting the
dimensions of the wafer and the excitation signal frequency
and by taking into consideration the plate thickness and
constituent material [8]. For example, if a square PWAS
is used, efficient excitation of a particular mode of Lamb
wave may be achieved if the length of the PWAS is half
the wavelength of that wave at the excitation frequency.
However, this excitation could still not be optimal, because
this excitation frequency may not match a lateral resonant
frequency of the PWAS due to different wave speeds in

the wafer and in the substrate being inspected. This means
that further frequency tuning (and more careful selection of
PWASmaterial and dimensions) would be needed to achieve
optimal excitation efficiency. The excitation efficiency is also
affected by the bonding quality and the ratio of the stiffness
of PWAS to that of the substrate at the excitation frequency.
Maximum energy is transferred from PWAS to the structure
and vice versa when the stiffness of PWASmatches that of the
substrate [9]. Since the stiffness of a plate is proportional to
its thickness, both of the thickness of PWAS and that of the
substrate affect the efficiency of energy transfer. To enhance
the generation of a specific mode even further, two identical
PWASs may be bonded vis-à-vis onto the upper and lower
surfaces of the substrate. If they are excited electrically in
phase, symmetric modes will be enhanced. If the two PWASs
are excited electrically out of phase, anti-symmetric modes
will be enhanced.

It is important to point out that efficient excitation
of a wave mode does not guarantee effective detection of
this mode, since this propagating wave mode may interfere
and merge with other propagating modes that coexist in
the structure, or it may be so dispersive in the excitation
frequency range that the wave pattern arrived at the detector
has largely widened, resulting in reduced spatial and time
resolutions. To achieve optimal detection ability of a desired
mode, it is important to follow the four guidelines set forth
in Section 2.1. The detection ability may be further improved
by carefully selecting the excitation frequency and the lateral
dimensions of the transducer in such a way that favors
excitation of a desiredmodewhile suppressing the generation
of undesired modes. For instance, when a square wafer is
used, it may be possible to select an excitation frequency at
which the length of the wafer is an odd multiple of the half
wavelength of a desiredmode and at the same time amultiple
of the wavelength of an undesired mode [10].

2.4. Tuned Wave Excitation and Detection with Transducer
Arrays. Oneotherway of selectively generating anddetecting
a desired guided wave mode is to use an array of ultrasonic
transducers. In Figure 5 an example of the application of
a periodic array structure of piezoelectric polyvinylidene
fluoride (PVDF) transducers and an array of piezoceramic
transducers is presented [3]. As in the case of a square
PWAS, under uniform loading and application/installation
conditions (i.e., excitation and bonding), a wavemode ismost
efficiently excited when the array element width is as close
as possible to 1/2 of the wavelength 𝜆 of the guided wave
propagating in the structure. The wave generation efficiency
is further enhanced via promoting constructive interference
of waves generated by all the elements when the array element
spacing 𝑑 is equal to 𝜆 for the excitation of waves propagating
in the direction of the array. As pointed out by the authors
in [3], the PVDF array has the merits of being thin, flexible,
and thus convenient for conformal mounting or embedded
applications. The cost of PVDF transducers is usually much
lower than that of PZT transducers. On the downside, PVDF
has much weaker piezoelectric strength than PZT and its
lowest operation temperature (about −30∘C)may be too high
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Figure 11: Ultrasonic performance of the IUTs shown in Figure 10 and operated in transmission mode. A 10-groove grating area was covered
by the silver top electrode. (a) Signal in time domain and (b) spectrum of echo signal 𝑃
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Figure 12: (a) Flexible grating transducers shown in Figure 10
are bonded at two ends of a 1.9 mm thick stainless steel plate.
(b) Ultrasonic performance obtained by operating the two grating
transducers in transmission mode.

for an application to aircraft SHM. It is important to point
out that the piezoceramic transducer array in the figure was
designed for pipelinemonitoring, where the transducer array
was pressed onto the outer surface of the pipe to realize better
contact between transducers and the concerned structure.

LUT

Figure 13: Integrated ultrasound transducer deposited onto one
end edge of an aluminum plate, for generation and detection of
symmetrical plate acoustic waves (PAW).

For aircraft SHM, one can bond onto aircraft structures an
array of low profile piezoceramic transducers.

2.5. TunedWave Excitation andDetection with Phased Arrays.
Wave mode tuning can be achieved by using a tuned wave
phased array [12]. The array elements can be piezoelectric
PZT, PVDF, or other types of acoustic transducers. The first
step in constructing a tuned wave phased array would be to
decide on the desired wave mode to apply and therefore on
the type and dimensions of array elements and excitation
frequency that would favor the generation and detection of
the wavemode selected. In a simple tuned wave phased array,
the array elements are mounted equidistantly onto the thin-
wall structure to inspect, in the direction ofwave propagation,
as shown in Figure 6. For illustration purpose only four
elements are used for the transmitting and receiving arrays.
For a tuned phased array configuration for the excitation
of a particular wave mode at a selected frequency, the time
interval (Δ𝜏), or phase shift, in between the activation of
consecutive elements in the array for the generation of the
tuned wave mode is determined according to the frequency
of the wave mode to apply, its propagation velocity, and
wavelength (according to the dispersion relations explained
previously). Let 𝑑 be the array element spacing, defined to
be equal to the wavelength (𝜆) of the wave mode to apply
in an optimized configuration, according to the (excitation)
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Figure 14: Measured reflected symmetrical PAWmode echoes from the edge opposite to the IUT (experiment performed with environment
temperature of 150∘C) in (a) time and (b) frequency domains.
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Figure 15: Schematic diagram of an IUT fabricated directly onto the
side edge of a 2 mm thick aluminum plate to generate and detect SH
PAWs (a) and a received echo signal (b).

frequency selected (𝑓) and the phase velocity (𝑐phase) of a
selected mode in the structure, Δ𝜏 is determined as the time
of flight for the wave front of the selected mode to travel a
distance 𝑑 in the structure

Δ𝜏 =
𝑑

𝑐phase
(=
𝜆

𝑐phase
=
1

𝑓
) . (2)

Array elements 1, 2, 3, and 4 are excited sequentially with
excitation pulses to elements 2, 3, and 4 being delayed by Δ𝜏,

385 mm
LUT 50.8 

mm

Figure 16: Integrated longitudinal wave ultrasound transducer
(LUT) for the generation and detection of antisymmetrical PAWs
using mode conversion.

2Δ𝜏, and 3Δ𝜏 respectively with respect to the excitation pulse
applied to element 1.This ensures constructive interference of
waves excited at all the elements, with these waves travelling
towards the receiving array with a phase velocity 𝑐phase.
At the receiving array, the waves will be sensed and the
corresponding sensor signal will be given by elements 5, 6, 7,
and 8. The signals given by sensors 5, 6, and 7 will be delayed
by 3Δ𝜏, 2Δ𝜏, and Δ𝜏, respectively, with respect to the time
at which the propagating wave was sensed by element 5 and
then added to the signal received by element 8. This enables
the constructive interference of the signals of the different
sensing elements and hence further enhances the sensitivity
of the array to the propagating selected wave mode. The
most significant advantage of phased array wave tuning is the
capability of tuning to any desiredmode (departing, however,
from an optimized array since the sensor dimensions may
not be optimized for inspection at the selected mode and
frequency) by adjusting time delays and excitation frequency
without changing the layout of array elements. This makes
automatic tuning possible to compensate for temperature
variation or to cope with situations where precise velocity
dispersion curves are not available. The downside is the need
for more sophisticated electronics than other wave tuning
methods.

For selective directional generation and detection of
acoustic waves, array elements can be arranged in a line, a
circle, or forming a two-dimensional pattern to achieve a
desired directivity pattern [15]. For example, an embedded
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Figure 17: Measured anti-symmetrical PAWs reflected from the edge opposite to the IUT (experiment performed at 150∘C). (a) Time domain
signal and (b) frequency spectrum of the 1st round trip echo signal.
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Figure 18: (a) An integrated probe which can generate and receive longitudinal and two orthogonal shear waves. (b) Probe head having two
IUTs.

phased array can be formed by using a plurality of PWASs
to scan a planar thin-wall structure in a similar way to
conventional ultrasonic phased array system [16], using in the
former case guided acoustic waves. By using a phased array,
guided acoustic waves can also be focused to a point in a non-
planar structure, for instance, a pipe, resulting in an improved
flaw detectability [17].

2.6. Wave Excitation and Detection with Sol-Gel Based
Piezoceramic Transducers. A sol-gel based process has been
applied to the fabrication of piezoelectric acoustic transduc-
ers [18, 19]. A key feature in this process is the spray of a
piezoceramic powder solution directly onto a substrate on
which to make the transducer. This means that piezoelectric
transducers could be conveniently fabricated on curved
surfaces as integrated ultrasound transducers (IUTs). The
process also allows fabricating flexible transducers by spray-
ing the piezoceramic powder solution onto a thin metallic

foil. The flexible ultrasound transducers (FUTs) can then be
bonded onto a structure to be evaluated. An array can be
formed by depositing a plurality of top electrodes directly
on the piezoceramic film. Figure 7 shows two examples.
Depending on the piezoceramic power used, the transducer
can work at temperatures up to 200∘C or up to 500∘C. On
the lower temperature side, the transducers have been tested
working at −60∘C in an environmental chamber.

On a microscopic level, what differentiates the sol-gel
based spray-on piezoceramic transducers from conventional
PZT transducers is the much higher porosity of the former.
This porosity endows a spray-on ceramic film with a certain
degree of flexibility, illustrated in Figure 7, and allows the
spray-on type transducers to be conformally mounted onto
a base structure and, as a result, to be able to sustain much
higher external stresses than conventional PZT transducers
without cracking.This porosity also provides a unique acous-
tic characteristic to sol-gel based piezoceramic acoustic trans-
ducers; that is, they are highly efficient wideband longitudinal



10 International Journal of Aerospace Engineering

20 30 40 50 60 70 80

−0.4

−0.2

0

0.2

0.4
A

m
pl

itu
de

 (V
)

Time delay (𝜇s)

𝐿2

𝑆⊥
2

(a)

20 40 60 80 100

−0.4

−0.2

0

0.2

0.4

A
m

pl
itu

de
 (V

)

Time delay (𝜇s)

𝑆//
2

𝑆//
4

𝑆𝑠

(b)
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Figure 20: An SHM transducer node. (a) Schematic design; (b) packaged prototype.

wave transducers but not efficient in generating in-planewave
motions. A performance comparison study was completed
between sol-gel based piezoceramic transducers and conven-
tional PZT transducers [22]. It was found that for bulk wave
generation and detection, sol-gel based transducers produce
cleaner signals and generatemuch less crosstalk and therefore
are better suited for applicationswhere ultrasound transducer
networks or bulk wave diagnostic signals with high signal-to-
noise ratio (SNR) are required. Conventional PZT acoustic
transducers are able to generate much stronger plate acoustic
waves and therefore are better suited for applications where
plate acoustic waves are used.

Sol-gel based acoustic transducers can be installed into
the structures to inspect in several different ways. In Figure 8,
a piezoceramic layer was first deposited onto a steel tube
with 102mm outer and 46mm inner diameters. Then, a pair

of interdigital colloidal silver electrodes were painted on the
piezoceramic layer with help of a stainless steel (SS) mask
to form an interdigital transducer (IDT). The width of and
the gaps between the electrode fingers were designed in such
a way that favored the generation and detection of Rayleigh
surface acoustic waves through constructive interference, in
a similar way presented in Section 2.4. In Figure 9, the sensed
waves by the transducer are presented, when such waves were
generated by the same transducer in an experiment with an
environment temperature of 150∘C. In the figure,𝑅

𝑛
, with 𝑛 =

1, 2, . . . , 6, indicates the nth round trip echo signal around
the cylindrical surface of the tube.The center frequency, 6 dB
bandwidth, and SNR of the first round trip echo signal were
1.5MHz, 0.3MHz, and 24 dB, respectively [24].

Guided acoustic waves in a plate can also be generated by
introducing line shaped mechanical gratings on the side of
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Figure 21: Sensing design using dual PZT transducers. (a) A schematic drawing of a dual PZT transducer; (b) different excitation and sensing
combinations; (c) signals measured with sensing configurations illustrated in (b); (d) difference between signal pairs in each of the panes of
(c); (e) corresponding signal differences of those illustrated in the panes of (d) but with introduction of a notch in the plate.
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Figure 22: Construction of an ultrasonic active fiber sensor [11].

Figure 23: Experimental setup for ultrasonic transmission using a
fiber wave PZT transducer (FL = fiber length between the PZT in
the fiber wave PZT transducer and the remote transmitting point
in mm). Three transmission paths, each in an individual plate, were
explored simultaneously [13].
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Figure 24: Lamb wave signals obtained by the polarimetric method
for different polarizer orientations: top −10∘ to the plane of the plate
and bottom −60∘ orientation [14].

the plate and exciting these gratings acoustically with a spray-
on piezoceramic integrated ultrasound transducer (IUT),
deposited on the opposite side of the panel with respect to
the grating. This approach has been adopted for fabrication
of two flexible guided wave transducers, shown in Figure 10
[26].Thewidth of the top electrodes is used to control the size

PZT acoustic 
transducer FBG

Figure 25: Generation and detection of acoustic waves in a 25.4mm
thick aluminum beam.

of active piezoelectric area. The IUTs operate predominantly
in their thickness resonance mode. The gratings either con-
vert longitudinal waves to plate acoustic waves or vice versa.
In Figure 11, the signals obtained from IUTR are presented,
where sensing waves were excited by IUTL. Different wave
propagation paths are illustrated in Figure 10, corresponding
to the different signal arrivals depicted in Figure 11. It is
important to point out the difference between the 15MHz
center frequency of the excited longitudinal waves by IUTL
and the much lower center frequency of about 300 kHz of the
plate acoustic waves received at IUTR.

The two grating transducers shown in Figure 10 were then
separated and bonded at two ends of a 1.9 mm thick, 100 mm
long, and 50 mmwide SS plate, as shown in Figure 12(a). The
ultrasonic signal obtained in transmission mode is shown in
Figure 12(b). The signal-to-noise ratio (SNR) of the received
signal was 20 dB.

In Figure 13, an IUT was fabricated onto one end edge
of a 6.35 mm thick aluminum plate to generate and detect
predominantly symmetrical Lamb wave modes. The signal
reflected from the opposite end of the plate with respect to
the transducer location and its frequency spectrum is shown
in Figure 14 [24].The center frequency of the signal was about
10MHz, resulting in a frequency-thickness product value of
63.5MHz mm. By referring to Figure 1, one will see that a
plurality of modes could be generated.This is indeed the case
as manifested by the rather complex detected waveform.

In Figure 15, a set-up configuration to generate and detect
shear horizontal plate acoustic waves (SH PAWs), with help
of mode conversion, is illustrated. An IUT is deposited at the
side edge near the end of a 2mm thick aluminum plate with a
length of 406.4mm and a width of 50.8 mm.The thickness of
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Figure 26: FBG response to acoustic wave excitation by a PZT transducer.

the IUT piezoceramic layer was 90 𝜇m. The top rectangular
electrode was 20mm long and 1.6mm wide, defining the
IUT active area. Symmetrical PAWmodes are first generated
by the IUT and travel nearly 25.4mm to the oblique edge,
depicted in the figure, where they are converted to SH PAWs.
The SH PAWs propagate then to the straight end of the plate
and are reflected back to the oblique edge where they are back
converted to symmetrical PAWs, which are captured by the
same IUT. For this configuration the chosenmode conversion
angle is 61.7∘. This value was obtained by using Snell’s law
based on measured extension mode velocity and the shear
wave velocity in the plate [29].

Longitudinal to shear mode conversion and vice versa
can also be applied to generate and detect predominantly
anti-symmetric PAWs. In Figure 16, a set-up configuration
to achieve such mode conversion is demonstrated. An alu-
minumplate, 6.35mm thick, has one of its end edge obliquely
cut to form a 64.6∘ angle between the end edge surface and
the plate upper surface.This angle was calculated using Snell’s
law, according to the longitudinal and shear wave velocities
in the plate material. At this angle, the energy conversion
ratio from longitudinal waves to shear waves is 75.1%, which
is only 0.06% smaller than the maximum conversion ratio.
Longitudinal wave ultrasound transducers, denoted by LUT
in the figure, were fabricated onto the upper plate surface
to its very end, above the oblique edge, by using the sol-
gel spray technique. Acoustic waves generated by the LUT
hit the oblique edge and are then mode converted to shear
vertical vibrations, with the resulting boundary reflected
waves propagating in a direction towards the other end of
the plate. Shear vertical vibrations at the oblique edge are
forced predominantly to anti-symmetric Lamb waves that
propagate in the plate to its other end and then are reflected
back to the oblique edge, where they are mode converted
back to longitudinal waves and then captured by the LUT. In
Figure 17, the signal fromLUT is presented, for an experiment
performed at a temperature of 150∘C. The 1st and 2nd round
trip signals, denoted by 𝐴

𝑆𝑉,1
and 𝐴

𝑆𝑉,2
, can be observed in

the graph.The frequency spectrum of the 1st round trip echo
is also shown in the figure. The 3.9 MHz center frequency
of this signal results in a frequency thickness product of
14.2MHz-mmatwhich a plurality of anti-symmetricalmodes
are generated and propagate in co-existence in the plate [24].

Owing to the low footprint of sol-gel based acoustic
transducers, it is possible to make a probe that generates
longitudinal and shear waves simultaneously through mode
conversion. The probe design shown in Figure 18 is able to
generate a longitudinal wave and two orthogonal shearwaves,
simultaneously, through the use of two IUTs deposited on the
probe head [31]. In Figure 19, the signals corresponding to the
sensed waves (generated by the same probe and transducers)
are presented. Simultaneous information of longitudinal
and orthogonal shear waves’ velocities can be used for the
characterization of the substrate material (for example, to
determine residual stresses).

2.7. Other Multielement Wave Excitation and Detection Meth-
ods. Multiple elements can be built into a single unit. Kessler
and Raghavan [32], at Metis Design Corporation (MDC),
patented an SHM transducer node design composed of a PZT
actuator at the center and four PZT sensors equidistantly
distributed in a circle, around the center actuator, as shown
in Figure 20 [32]. It is claimed that through the use of this
transducer node design, it is possible to determine with good
accuracy a damage location, with a single node.The accuracy
of this node to damage localization is limited, however, by its
size.

A common SHM practice for damage detection is to
compare the currently gathered data with “baseline data” pre-
viously obtained when the structure was in a pristine state or
a reference condition. With the objective of detecting newer
and/or developing damages, the reference condition may
correspond to a structure with existing damages, which were
previously detected, located, and well characterized. Strictly
speaking, this approach is valid only if the performance of the
sensors and associated systems remains unchanged over time.
In practice, this is rarely true due to the effects ofmany factors
on the sensors and electronics. These factors include temper-
ature, pressure, humidity, corrosion, UV radiation, structure
load, material degradation, debonding of sensors from the
structure, and variation in wiring conditions. Approaches
which are capable of damage identification, localization, and
assessment, without the need of baseline data, and in which
the effects mentioned previously in the acquired data are
minimized, are deemed to be more reliable and are highly
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Figure 27: AMAP sensor demonstration. (a) Key dimensions in
a section of the optical fiber core in the AMAP sensor; (b) test
panel made of an aluminum alloy with the wave generation element,
AMAP sensor, and bonded disc, attached to simulate a damage, as a
source of reflected waves; (c) spectral decomposition of the AMAP
sensor response measured for a selectively excited 𝑆

0
mode in the

absence of the bonded disc (top) and after attachment of the disc
(bottom) [20].

sought after. A dual PZT transducer sensing design has been
proposed as a response to the need for reference-free crack
detection methodologies [33]. In Figure 21(a), a schematic
drawing of a dual PZT transducer is presented. One pair of
such transducers is used according to six different excitation
and sensing combinations, with respect to the use of the

outer ring of the transducers (configuration denoted by a
and b, respectively, for the first and second transducer),
the inner disc of the transducers (denoted by a and b),
and by the use of both of the inner and outer regions of
the transducers simultaneously (configuration denoted by A
and B). These six excitation and sensing configurations are
depicted in Figure 21(b), and the signals, obtained for each
configuration, are presented in Figure 21(c), for a 122 cm ×
122 cm × 0.6 cm aluminum plate without defects. With these
signals, the differences between corresponding propagation
and counter-propagation signal pairs can be calculated, for
example, for the signal pair Ab and Ba indicated in the
upper two panes of Figure 21(b). These calculated differences
are depicted in Figure 21(d). In Figure 21(e), the signal dif-
ferences corresponding to the ones illustrated in the panes
of Figure 21(d) are displayed for the same aluminum plate
but now with an introduced 0.15 cm deep × 0.10 cm wide ×
6 cm long notch.The comparison between the corresponding
signals in Figure 21(d) and Figure 21(e) shows that the signal
differences are noticeably larger in the presence of the notch.
The larger differences are believed to result from the mode
conversion from 𝑆

0
mode to 𝐴

0
mode and vice versa due

to the presence of the notch. The differences of the three
signal pairs are used in a damage classifier method proposed
by the authors to assess the damage. It should be pointed
out that the proposed method assumes no mode conversion
when there is no crack in the structure, that is, for a pristine
structural condition. This may not be true for composite
structures or for structures with more complicated geome-
tries, with joining elements (such as fasteners and rivets) and
with different boundary conditions than the plate in which
this method was investigated by the authors. However, the
proposed technique still has its merit in revealing defects
which may not be detectable using a conventional single PZT
element actuator/sensor pair.

2.8. Ultrasonic Active Fiber Sensor (UAFS) Based Pulse-Echo
Method. Ultrasonic Active Fiber Sensor (UAFS) is simply a
PZT acoustic transducer bonded to one end of an optical
fiber, as depicted in Figure 22. The PZT transducer excites
ultrasonic waves in an optical fiber, used as a wave guide,
and captures ultrasonic waves reflected from the opposite end
of the optical fiber or from a location in the fiber where a
mechanical load is applied [11, 34].This sensor has been used
to locate the position of the application point of a mechanical
load, detect liquid spills, monitor the cure of solder, and to
measure the level of liquid in a reservoir. Research efforts
were dedicated to demonstrate the applicability of the PZT
coupled optical fiber, as a wave guide, to transmit, generate,
and acquire Lamb waves propagating in a solid media. In
particular, aluminum plates were used for such demon-
stration [13]. In this work, the optical fiber termination,
opposed to the one attached to the PZT element working as
a transducer, that is, either as actuator or sensing element,
was bonded to the edge of the aluminum plate. Additionally,
another PZT element was bonded to the opposite edge of
the plate with respect to the location where the optical
fiber termination was bonded. Subsequently, either of the
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Figure 28: Hybrid sensor network used for damage detection. (a) Hybrid layer mounted on the surface of a composite panel; (b) diagnostic
image of debond on the composite plate; (c) X-ray image of the damage [21].

PZT elements was excited while the other one was used as
sensor (Figure 23). These experiments proved the capability
of using the fiber wave piezoelectric transducer in a pitch-
catch network configuration, with the optical fiber serving as
a wave guide, to generate or sense Lambwaves propagating in
the aluminum plate, with the subsequent possibility of using
this transducer configuration for a damage detection system.

A main advantage of this sensor over other fiber optic
sensors is its low cost, as only a common optical fiber
used for telecommunications is needed, without any printed
sensors. While it may not be suitable for certain embedded
applications due to possibly considerable leakage of acoustic
energy into the surrounding medium, this technique may be
useful when embedding is not required andwhen the effect of
bonding can be minimized or well characterized. The sensor
may also be used for high temperature SHM by using the
optical fiber to transfer diagnostic acoustic waves to a hot
structure through a bonding layer, so that a direct contact
of the PZT transducer with the hot structure is avoided.
Depending on applications, the optical fiber can be replaced
with wires/wave guides made of other materials.

3. Hybrid Approaches

3.1. Detection of Ultrasound Using Fiber Optic Sensors (FOSs).
The application of Fiber Optic Sensors (FOSs) offers certain
advantages in comparison with the use of conventional PZT
sensors in terms of the following: directional sensitivity;more
broadband response; denser sensor multiplexing; immunity

to and not generating Electro-Magnetic Interference (EMI)
and therefore showing good electromagnetic compatibility
(EMC) with other on-board avionic systems; good mechan-
ical and environmental durability; potential application in
explosive environments, such as inside fuel tanks, possibly
inside wetted structure, with minimal risk due to the fact that
required sensor power and signal transmission is performed
through light travelling in an optical fiber, possibly to remote
locations, with the optical fibers replacing required electrical
networks; and ease of embedment in composite materials
without bulky wiring scheme. It has been shown that FOS can
be sensitive to acoustic pressure (fiber polarimeters) or acous-
tic wave induced strain (using Fiber Bragg Grating (FBG)
sensors) [14], and therefore, FOS can be used for detection
of ultrasound. The combination of using PZT actuators for
ultrasonic wave generation and FOS for diagnostic ultrasonic
waves detection can be a powerful inspection tool for guided
wave based SHM. Figure 24 shows that Lamb waves can be
detected by using a polarimetric fiber optic sensor and that
the sensitivity of the sensor to the fundamental symmetric
mode (𝑆

0
) and the fundamental anti-symmetric mode (𝐴

0
)

can be tuned by varying the polarizer orientation.
In a recent study, an FBG sensor was used to detect

acoustic waves generated with a 6.35 mm diameter PZT
acoustic transducer.The PZT transducer and the FBG sensor
were 1.32 meters apart and both were bonded onto the
upper surface of a 25.4 mm thick aluminum beam, as shown
in Figure 25. The FBG sensor was able to detect acoustic
waves generated by the PZT transducer at a distance of 1.32
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Figure 29: Combined use of piezoelectric actuator and laser vibrometer for SHM of aerospace composite structures. Composite plate and
experimental setup used in active impact damage detection investigations (a) and Lamb wave amplitude in the in-plane x-direction (b), in
the in-plane y-direction (c), and in the out-of-plane z-direction (d) [23].

meters from the FBG sensor, with the waves propagating
in a relatively thick structural component, in comparison
to the thin-wall members usually used for experimentation
with guided acoustic waves. Figure 26 shows the excitation
signal applied to the PZT transducer and the acoustic signal
captured by the FBG sensor [35].

A distributed Bragg grating sensor array, termed acous-
tic mode assessment photonic (AMAP) sensor has been
proposed in conjunction with the two-dimensional Fourier
transform, to resolve the Lamb wave field both spatially
and temporally. The method, as depicted in Figure 27, has
shown its capability of the detection of structural damage
by identifying acoustic wave mode conversion caused by the
damage [20]. Mode conversion from 𝑆

0
to 𝐴
0
caused by

the presence of an aluminum disc simulating damage, as an
added discontinuity in mass and stiffness, can be clearly seen
in Figure 27(c).

There are several possibilities to combine fiber optic
sensors with piezoelectric actuators for guided wave based
SHM.The following example shows a network configuration
explored at Stanford University for damage detection in a
composite laminate plate [21]. A main merit of a hybrid
PZT/FBG system is the decoupling of actuator and sensor
signals, whereas in an all-PZT actuating and sensing system
the crosstalk between the actuation signals and sensor signals
is an inherent problem particularly when highly integrated.
As depicted in Figure 28, the applied system was successful
in detecting, locating, and estimating the dimensions of
an imposed impact resulting delamination in a composite
material substrate, at the center of the sensor network.
A pitch-catch based methodology was used, as well as a
previously developed damage index method based on energy
scattering of the waves’ corresponding FBG sensor signal.

3.2. Wave Generation with Piezoelectric Actuator and Detec-
tion with Laser Vibrometer for SHM of Aerospace Composite
Structures. In this method, a piezoelectric transducer is used
as actuator to generate Lamb waves in a host material, such
as in the carbon/epoxy composite plate depicted in Figure 29
[23]. Subsequently, a scanning 3D laser vibrometer is used to
acquire Lamb wave responses from the analyzed plate and
to monitor the propagation of the waves and the effect on
such propagation of the interaction with existing damage.
The damage introduced in the composite plate by an impact
has been clearly detected by the laser vibrometer, through
the out-of-plane (z-direction) vibration measurement. This
technique has three attractive merits. First of all, a compli-
cated sensor layout is not required. Secondly, it is easy to
apply without the need of sophisticated signal processing and
wave analysis. Finally, and importantly, it does not need any
baseline data as reference.

3.3. Ultrasonic Wave Generation with Laser and Wave Detec-
tionwith Piezoelectric Sensor. In this technique, a laser is used
for the excitation of the waves and a piezoelectric element is
used as a sensor, in opposition to the technique presented
in Section 3.2. The present technique uses a laser, with the
help of a rotation stage, as depicted in Figure 30(a) [36],
or a mirror scanner, as presented in Figure 30(b) [37], to
excite, point after point, the entire surface of a structure,
and uses the piezoelectric element to sense the laser induced
ultrasonic waves propagating in the host material being
scanned. Subsequently, all the traces of signals obtained from
the piezoelectric sensor are combined to obtain a sequence
of images showing the propagation of the waves in the
structure, as depicted in Figure 30(c) [38]. In Figure 30(d),
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Figure 30: Application of a laser for ultrasonic wave generation and of a piezoelectric sensor for ultrasonic wave detection. (a) Laser ultrasonic
visualization system using a dual-angle stage for scanning; (b) laser ultrasonic visualization system using a scanning mirror; (c) illustration
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the impact damage (dimensions in mm).
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circuit board [25].

an example of the application of this technique for damage
detection is presented [36]. The technique has been applied
to composite aircraft debonding visualization. The inspec-
tion showed that the location, shape, and size of the poor
bonding defect, artificial stringer tip debonding, and real
skin-spar debonding could be visualized and/or measured
from the imaging results [39].This hybrid approach has been
adopted by other researchers [40, 41] and particularly for
high temperature applications [42]. In comparison with the
technique presented in Section 3.2, the current technique
may present some advantages when inspecting a complex
structure where it is difficult to use a piezoelectric actuator to
generate detectable, strong, and diagnostic ultrasonic waves
propagating through the entire structural component. By

Figure 33: A prototype planar transducer based on the design in
Figure 32 (lower left) and a pulse generation and detection probe
(upper right). The PZT was 1 mm thick and 25mm square, and the
ferrite sheet was 1mm in thickness and 26mm square [27].

Figure 34: A wireless test setup [28].

utilizing a laser as an actuation element in the way adopted
by the present technique, unlike in the selective (or tuned)
mode generation of ultrasound with a piezoelectric actuator,
different wave modes will unavoidably be generated in the
structure.This will increase the complexity of required signal
processing and data interpretation.The selection and analysis
of a particular wave mode at a preferred frequency among
a plurality of wave modes and frequencies in dispersive
modes generated by the laser type actuation, can be tackled
through wavelet transformation [43], or through analysis in
the frequency-wavenumber domain [44]. One other aspect
that must be taken in to account is that an ultrasonic wave
generation laser usually uses powerful short laser pulses for
wave generation. The applied laser beam may be detrimental
to the structure, as studied by Hong et al. [45] among others.
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Figure 36: The 10GHz 25-element microwave rectenna array for
wireless powering of on-board electronics [28].

4. Wireless Excitation and
Detection Techniques

The present section reviews four noncontact wave generation
and detection techniques that involve the use of piezoelectric
acoustic transducers. These techniques aim to explore and
achieve the benefits of wireless piezoelectric (mechanical)
based acoustic wave actuation and sensing. These simulate
the advantages presented by other noncontact transducers for
acoustic wave excitation and sensing, such as electromagnetic
acoustic transducers (EMATs), which base acoustic wave
generation and sensing on eddy currents and electric and
magnetic field conversion, transmission, and influence [46].

4.1. Inductively Coupled Piezoelectric Acoustic Transducer.
Electrical excitation to a piezoelectric acoustic transducer
can be achieved through inductive coupling. In Figure 31,
this concept is depicted. A PZT wafer is wired to a winding
(1) and bonded onto the substrate to inspect. The electrical

excitation is sent to winding 2 and coupled to winding #1
inductively to excite the PZT wafer. Ferrite cores are used to
increase themutual inductance.The PZTwafer, when excited
electrically, generates acoustic waves in the structure through
converse piezoelectric effect. The same setup can also sense
acoustic waves propagating in the structure via piezoelectric
effect and inductive coupling. If operated in pulse/echomode,
an additional coil, winding 3, can be used for sensor signal
output [25]. Depending on the characteristics of the probes,
the separation of the excitation and sensing probes (windings
2 and 3) from the sensing element (PZT and winding 1) can
be as large as 20 cm [47] and allows both the probe and the
sensing element to be completely sealed, therefore offering
a superior protection. Since the sensing element can be
entirely built in a compact enclosure, it could be conveniently
embedded in or mounted on a structure for structural health
monitoring [25]. Figure 32 illustrates a planar transducer
design using a coil on a printed circuit board. The PZT top
surface is patterned to form two electrodes. Connections
are made through a ferrite sheet to a printed circuit board
containing a two-layer and spiral-wound coil [25]. A pro-
totype of this design, paired with a pulse generation and
detection probe with winding 2 wound on a ferrite pot core
of similar size, is shown in Figure 33. This transducer pair
was able to generate and detect 𝑆

0
and 𝐴

0
modes of Lamb

waves in a 3.2mm thick steel plate girder in a frequency range
from 250 kHz to 351 kHz and for a probe-to-transducer coil
distance up to 6mm. The inductively coupled non-contact
wave generation and detection approach could be highly
beneficial to applications for inspection of amobile structure,
for example, a helicopter rotor blade, by bonding a sensing
element on the blade while keeping the excitation/sensing
probe(s) on a fixed base at a close distance to the blade.
A diagnostic signal can be generated and detected when
the sensing element passes in front of the excitation/sensing
probe(s). This configuration enables a minimization of the
weight of the transducer system installed in the rotating
component with a view to respect the small maximumweight
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that can be added to such rotating components (restricted by
the operation conditions of such structures, in terms of their
inertia, vibration, balancing, etc.).

4.2. Capacitively Coupled Piezoelectric Acoustic Transducer.
Capacitive coupling is another approach to wireless acoustic
wave excitation and detection. In Figure 34, a test setup is
presented, in which a PVDF transducer is bonded to one
end of an aluminum plate. A transmitting monopole antenna
delivers radio frequency (RF) pulses wirelessly through an
on-boardmonopole antenna to the PVDF transducer for gen-
erating Lamb waves, and another active monopole receives
the ultrasonic echoes from the PVDF sensor through the
same on-board monopole antenna. The antennas are made
of 6.5 mm diameter aluminum tubes [28]. A fundamental
limitation of this approach is the required short coupling
distance (<10 cm). Large antenna size can also be an issue for
practical applications.

4.3. Microwave Powered Wave Generation and Detection.
Microwaves are electro-magnetic waves in the 300MHz to
300GHz frequency range. These frequencies are too high for
the generation and detection of acoustic waves through direct
coupling with conventional piezoelectric acoustic transduc-
ers which usually operate in the tens of kHz to several tens
of MHz range for most NDE/NDI applications. However,
microwave energy can be used to power an embedded piezo-
electric based diagnostic device. In Figure 35, the diagram
of an embedded ultrasonic SHM system is presented [28].
As embodiment, the power for the embedded sensor system
was provided wirelessly from a 10GHz transmitter and horn
antenna at a 1m range from the inspected aircraft wing. A
10GHz patch antenna array loaded with rectifiers (rectenna
array) was conformably mounted onto the inspected wing to
convert incident microwave power to DC power, as depicted
in Figure 36.

4.4. Wireless PZT Excitation and Sensing with Laser. Lasers
have also been used to generate and transmit powerwirelessly
to achieve non-contact piezoelectric based acoustic wave
generation and sensing. A schematic of the concept is given
in Figure 37. An electric waveform generated with a signal

generator is converted into a laser power modulation using
a transmission (𝑇𝑥) driver, and the laser wirelessly transmits
a generated waveform to a photodiode. The photodiode con-
verts the received laser light modulated intensity into electric
current (proportionally to the received light power). The
generated current signal is then converted into proportional
electric voltage, through on-board electronic circuitry, by a
receiving (𝑅𝑥) driver, which is used to excite the PZT attached
onto the host structure.The excited PZT consequently creates
diagnostic guided waves within the structure. The reflected
waves are measured by the same PZT and reconverted into
a laser power modulation using the on-board laser and 𝑇𝑥
driver. The laser light with modulated power is transmitted
back to another photodiode located in the data acquisition
unit for diagnosis. Again, in this photodiode the variations
in the received laser light intensity (proportional to the PZT
sensor signal and to the detected waves) are translated to
corresponding variations in an electrical signal, which can
be interpreted for wave detection analysis. An additional 5W
high power laser is utilized to supply the power necessary for
operation of the 𝑇𝑥 and 𝑅𝑥 drivers at the PZT transducer
node [30]. The laser based approach enabled the excitation
of the transducer and the acquisition of diagnostic signals
with the laser and transducer being separated by distances
of around 0.6m to 1m (with the working pairs of emitting
lasers and receiving photodiodes having to be in-line of sight
between each other). This feature could be beneficial for
inspection of areas which are difficult to access. Owing to its
capability of transmitting arbitrary waveforms and capability
of the PZT to sense both in-plane and out-of-plane vibra-
tions, the technique could be better suited for tuned wave
generation and detection than conventional laser ultrasonics.
Examples of potential applications and usefulness for this
system are presented in [48–51].

5. Conclusions

In this paper, different concepts and a number of approaches
to generating and detecting diagnostic acoustic waves for
SHM through the use of piezoelectric acoustic transducers
are reviewed. All approaches aim to address three basic
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requirements to attain a successful SHM system and appli-
cation: generating a diagnostic wave which is effective in
revealing structure integrity information; generating and
detecting the desired wave in an efficient manner; generating
and detecting the desired wave in a way that is practical.
Although this paper is divided into three categories, some of
the concepts may be fused together to form a more powerful
solution to a specific problem.
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The maintenance and logistics systems that support aircraft fleets are complex and often very integrated. The complexity of these
systems makes it difficult to assess the impact of events that affect operational capability, to identify the need for resources that
can affect aircraft availability, or to assess the impact and potential benefits of the system and procedural changes. This problem
is further complicated by the adoption of condition-based maintenance approaches resulting in dynamic maintenance planning
as maintenance tasks are condition directed instead of scheduled or usage based. A proof of concept prototype for an aircraft
operational readiness simulator (OR-SIM) has been developed for the Canadian Forces CH-146 Griffon helicopter. The simulator
provides a synthetic environment to forecast and assess the ability of a fleet, squadron, or aircraft to achieve desired flying rates
and the capability of the sustainment systems to respond to the resultant demands. The prototype was used to assess several
typical scenarios including adjustment of preventative maintenance schedules including impact of condition-based maintenance,
variation of the annual flying rate, and investigation of deployment options. This paper provides an overview of the OR-SIM
concept, prototype model, and sample investigations and a discussion of the benefits of such an operational readiness simulator.

1. Background

Operational availability, capability, or readiness, also known
as aircraft mission capable rates, is used to describe the avail-
ability of aircraft to fly their assigned missions. Fleet opera-
tion and sustainment systems for Air Force weapon systems
are highly complex and multilayered and involve stakehold-
ers from different commands within the military, the public
service, and industry. There exist three primary elements
through which operational capability is generated. The first
is the weapon system maintenance plan. The second is the
capability and capacity of the maintenance organizations
(e.g., Air Force and support contractors) to produce available
aircraft through the execution of the maintenance plan. The
third is the aircraft operational concept through which the
Air Force uses and “consumes” the available aircraft. As
shown in Figure 1, the interaction or “fit” of these three ele-
ments determines the operational capability of a given fleet.
From the perspective of an operational capability model, the

interaction of these elements across different armed forces
weapon systems combine to determine the overall opera-
tional capability of the armed forces of a nation.

Improving the fit, and thereby increasing the capability,
involves understanding the characteristics of each element
and the interactions between them and then taking steps to
align these elements to maximize such operational capability.
Leaders and mangers at all levels make decisions that have
the potential to either improve or deteriorate the existing fit
of these three elements and therefore affect operational capa-
bility yet there is no readily available tool through which this
impact can be assessed. The result is that potential impacts
on operational capability cannot be reliably determined prior
to making decisions on these changes.

Furthermore initiatives such as condition-based main-
tenance (CBM) that may improve operational capability
cannot be supported by any objective evidence linking the
initiative to the benefit. Central to the CBM concept is
the idea that maintenance planning and scheduling become
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Figure 1: Interactions that affect operational capability.

condition directed instead of static or usage based. CBM
holds the potential to significantly improve the operational
not only availability and ownership costs of aircraft fleets
but also increases the complexity and dynamics of fleet sus-
tainment systems. Since with CBM, maintenance actions are
driven by need, rather than on a routine or repetitive basis,
the coordination of maintenance resources becomes much
more dynamic as available resources are deployed to meet the
emerging maintenance needs.

Therefore, there exists a need for a means to forecast and
assess the ability of a fleet, squadron, or aircraft to achieve
a desired operational availability and the capability of the
sustainment systems to respond to the resultant demands.
In addition, there is a requirement for a scenario planning
and assessment capability for operations and maintenance
planners, which can be used for quantitative assessments of
changes to operations and sustainment plans and to provide
a dynamic schedule forecasting capability to assess short- and
long-term resource requirements based on forecasted aircraft
flying rates. Ideally, this would be implemented in a model
in a synthetic (virtual) environment where knowledge of the
fleet sustainment systems can be consolidated and provide
a true capability to manage operational capability instead of
simply managing fleets, aircraft, or contracts.

1.1. CH-146 Griffon Helicopter. The CH-146 Griffon is the
Canadian military variant of the Bell 412EP, a multiuse utility
helicopter powered by two Pratt and Whitney PT6T gas
turbine engines. The Griffon is a multiuse platform equip-
ped to provide aerial support reconnaissance, search, rescue,
and mobility tasks. The fleet of CH-146 Griffon Utility Tac-
tical Transport Helicopters is divided into six squadrons
spread out across Canada. Collectively, these squadrons ope-
rate under the command of 1 Wing Kingston. Five Tactical
Helicopter Squadrons support specific Army brigades within
their geographic regions. The sixth squadron is an opera-
tional training squadron.

While collectively the squadrons operate under the com-
mand of 1 Wing, the squadrons are self-contained and field
deployable and as such each squadron operates relatively
independently of the other squadrons. As each squadron
fulfills slightly different roles, the number of aircraft assigned

to each squadron and the number and duration of missions
that the squadron flies vary resulting in different usage rates
of the aircraft assigned to each squadron. Like all aircraft,
the CH-146 has a scheduled (i.e., preventative) maintenance
plan. The CH-146 preventative maintenance plan includes
both usage and calendar-based inspections of key aircraft
components such as airframe, engine, and gearbox. Since
aircraft usage tends to vary between squadrons, the resulting
preventative maintenance burden is also different.

In addition to the preventative maintenance, the squad-
rons must also contend with component failures, trouble-
shooting of issues on the AC, and reconfiguration of the AC
for different missions. These tasks are collectively referred
to as corrective maintenance and together the preventative
and corrective maintenance result in aircraft downtime (i.e.,
unavailable to fly missions).

The maintenance resources such as the number of repair
bays, paint booths, and qualified maintenance personnel also
differ between the squadrons. In each squadron, the senior
squadron maintenance personnel must optimize the use of
the squadron’s limited maintenance resources to maintain
a level of availability that best meets the demands for
operational aircraft. For example, the maintenance planner
must assign personnel to specific maintenance tasks to ensure
that both short-term and long-term maintenance actions are
completed. The squadron personnel must also attempt to
assign aircraft to missions such that the upcoming scheduled
maintenance for the aircraft is staggered so as to not overload
the maintenance capacity of the squadron.

The squadron to squadron differences in number of air-
craft, quality of aircraft, aircraft usage rates, and the number
and availability of resources represents a difficult modelling
challenge and necessitates the need for a data-driven model
that can be configured based on the input data. The data
input structures must be generic enough to handle the
squadron to squadron variations.

1.2. Discrete Event Simulation (DES). The basis for discrete
event simulation is a “transaction-flow world view” where
a system is visualized as consisting of discrete units of
traffic (or “entities”) that move (“flow”) from point to point
in the system while competing with each other for scarce
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resources. DES is ideally suited to model a variety of sys-
tems ranging from manufacturing, supply chain, customer
service, communications, and defence. The state of a model
in DES changes at only discrete but possibly random sets
of simulated time points. During these time points, one
or more entities may move. The general structure of DES
software is described in detail in textbooks and papers such
as [1]. DES is ideally suited for simulating aircraft operations
and support systems. The aircraft would be the entities and
different points in the system would represent different pro-
cesses such as maintenance, the flying of missions, and pre-
and postflight checks. To perform an analysis using DES, one
or more replications are required. A replication is the execu-
tion (running) of the model from start to completion. Multi-
ple replications use the same model but with a different set
of (generated) random numbers and so produce different
statistical results. The results across multiple replications can
then be analyzed to determine averages.

MathWorks provides a toolbox for its Simulink simula-
tion environment called SimEvents [2] for the development
of event-based simulations. Since Simulink is a time march-
ing simulation environment, it is also possible to develop
hybrid (continuous and event-based) simulations making it
ideally suited for development of component degradation
models. The use of SimEvents also leverages the data import/
export capabilities of MATLAB/Simulink to access either
databases or Microsoft Excel workbooks. Aircraft compo-
nents modelled in SimEvents retained all of their attributes
(data) when combined and/or separated with other compo-
nents. MATLAB/Simulink/SimEvents combine a powerful
programming language and modelling toolset with a DES
capability making it ideal for use as the modelling environ-
ment.

2. Operational Readiness Simulator Model

2.1. Model Overview. The operational readiness simulator
(OR-SIM) is a DES model of the fleet operations and
maintenance activities. The model simulates flight oper-
ations of a squadron and the resulting preventative and
corrective maintenance of individual aircraft. The fault
characteristics of specific components on specific aircraft
are simulated creating a unique simulation of each aircraft.
In addition, component degradation models allow for the
assessment of condition-based maintenance burdens.

The OR-SIM model is a “closed” simulation where all the
input data is preloaded at model initialization and no other
(user) inputs are required while the simulation is executing.
The model inputs, consisting of configuration, operation,
and maintenance data, are stored in data templates that are
read in on initialization and the data is then propagated
throughout the model to populate the various component
models. Examples of model input data include squadron
and aircraft specific operations and maintenance data such
as squadron nominal flying rates and aircraft component
flight hours. Monte Carlo simulation techniques are then
used to address the stochastic nature of this data. In addition,
scenario specific time scheduled events such as the start of
a fleet-wide modification can be used to modify the base

data set. The model data is described in more detail in a
subsequent section.

As shown in Figure 2, the model structure is divided into
three main components: Aircraft Initialization, Flight Line,
and Maintenance. These submodels are briefly described in
the following paragraphs.

In the Aircraft Initialization model, AC subcomponent
(e.g., airframes, engines, etc.) entities are created and popu-
lated with initial usage, condition indicator, scheduled main-
tenance, and failure data. As the entities are created, they are
combined to form AC entities according to the configuration
data by matching unique identifiers (e.g., engine serial num-
bers and airframe tail numbers) and the completed AC enti-
ties are sent to the Flight Line model.

The Flight Line model consists of models of the mission
planning, preflight checks, mission flying, and postflight
checks. The mission planning model selects suitable AC to
fly as many of the day’s scheduled missions as possible. The
selection of AC in the mission planning model simulates the
techniques used by the Air Force to optimize availability by
assigning AC to missions so as to maximize use prior to time
consuming calendar backstopped inspections (referred to as
“stagger”). The pre- and postflight check models check the
component failure flags to determine if a component failure
has been detected and processes the AC based on the failure
effect code. The preflight check model also includes a model
of the power assurance check (PAC) that is used to update the
interturbine temperature (ITT) margin condition indicator
values stored for each engine on the AC.

After the preflight check, the AC entity proceeds to the
fly sortie model which consists of three processes: deter-
mining in-flight failures, updating component usage, and
degradation levels, and holding the AC to simulate the
mission time. As part flying the mission, the model simulates
component degradation which then results in changes to
the condition indicators (e.g., ITT Margin) that are used to
trigger condition-based maintenance tasks. Statistical repre-
sentations of degradation rates determined as a function of
mission type and duration and key environmental conditions
(e.g., desert versus marine operations) are used to degrade
performance as part of each mission. These relationships can
be determined through analysis of historical data, experi-
mental study, and detailed performance simulations. Once
the AC returns from the mission, it proceeds to the postflight
check model.

The Maintenance model includes a maintenance and
resource planning model that simulates a maintenance
manager and assigns resources to aircraft in maintenance.
This model is based on techniques used by squadron main-
tenance managers to optimize availability by ensuring that
long duration maintenance actions such as the annual
inspection are continuously worked on. Each maintenance
manager can have a unique approach to assigning resources
to specific tasks. The model can be adjusted to evaluate dif-
ferent approaches to the assignment of resources to tasks.
Once the resources are assigned, the aircraft and resources
are processed in the maintenance work model. In the main-
tenance work model, the fraction of time that the main-
tenance personnel is working on the AC is simulated as
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Figure 2: OR-SIM SimEvents model.

a contiguous period of time and interruptions are simulated
by reducing the time the resource is available during the
shift. For example, while maintenance personnel may work
an eight hour work shift, due to other responsibilities (e.g.,
training, base defence, etc.) they may only be available to
work on maintenance tasks 50% of the time. When all of the
maintenance actions are completed, the maintenance records
are closed and the maintenance flags are reset and the AC is
returned to the flight line.

During run time, model parameters are continuously
monitored and stored in output variables along with a time
stamp so that time histories of parameters can be produced.
When a test (replication) is completed, all of the model data
is saved to an output results files. Results files from replica-
tion sets are then postprocessed to determine outputs suit-
able for direct comparison to data normally captured by the
Air Force (e.g., aircraft flying hours, downtime, etc.) and can
be viewed for specific actions.

2.2. Model Input Data. The OR-SIM model input data con-
sists of three types of data: configuration, operation, and
maintenance data. Configuration data is primarily used in
model initialization to create and populate the AC entities.
The input operational data is used to determine when AC
fly and how long they fly to simulate the missions that
were flown during the study period. Maintenance input data
includes component failure rates, scheduled maintenance
plans, and the time required to complete maintenance tasks.

The current version of the OR-SIM simulates only
4 major subassemblies (components or entities) of the
CH-146: airframe, engine, gearbox, and rotor. These were
selected primarily based on the preventative maintenance
plan for the CH-146 which is divided into airframe, engine,
and gearbox inspections. To accurately model the fleet, the
simulated AC entities must reflect the same configuration
and usage as the fleet at the start of the study period. Each
component is created at model initialization, populated with
usage data such as current flying hours and condition indi-
cator values, and assembled into AC according to the

configuration data. To properly model aircraft maintenance,
previous maintenance dates and component failure data are
also assigned to each assembled AC entity. The configuration
data is used to baseline the simulated fleet to a configuration
and level of usage at some point in time. Records from Health
and usage monitoring systems (HUMS) installed on the AC
and maintenance records for performance or power assur-
ance checks (PAC) can be used to obtain initial values for
relevant condition indicators such as ITT Margin.

Since the AC have been in use and have undergone peri-
odic maintenance, the preventative maintenance schedule for
each AC is initialized to the date and flying hours of the
last scheduled maintenance. The model can then calculate
the aircraft flying hours (AFH) or calendar date of the next
scheduled maintenance. The component failure rates used to
trigger corrective maintenance are similarly initialized.

The operational data is a function of the operational
concept or profile. This data is used to determine the number
of missions and the durations of the missions to simulate
the AC usage. Different mission types can be simulated and
distributions are used to add variation to the flights and
durations. A usage factor is used to define the ratio of AFH
(engine-on-time) to the actual time that the AC is executing
the mission. A repeating schedule of a single day, week,
month, year, and so forth can be used.

The OR-SIM maintenance data consists of component
failure data, scheduled maintenance plan, maintenance com-
pletion data, and squadron resource levels.

Component failure data is used to trigger corrective
maintenance activities. The failure data consists of failure
rates, when the failure was detected and the effect that the
failure had on the mission (e.g., no effect, delay, abort, etc.).
Ideally, a mean flight hours to failure and standard deviation
would be calculated for each corrective maintenance type
(Work Unit Code or WUC) for each AC. However, the histo-
rical failure rates were generally low so that an AC specific
average and standard deviation for each WUC for all AC
could not be calculated. Therefore, a method based on divid-
ing and categorizing the fleet based on failure rate was used to
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obtain the average and standard deviation component failure
rates. A discrete distribution was used to model the effect of
the failure for each WUC.

For each component, the scheduled maintenance
(inspection) can be triggered based on usage and/or calendar
time. For each inspection, the usage and calendar time
between inspections are required. In addition a usage and
calendar time window are used to define a range of usage or
time when the inspection would be done if the aircraft was
already in maintenance. A hierarchy of concurrent sched-
uled maintenance is used to trigger inspections that are
performed as part of other scheduled maintenance (e.g.,
lower usage interval inspections are performed when higher
usage interval inspections are triggered).

The maintenance completion data is used by the model
to determine the number of maintenance person hours
(MPHR) that are required to complete each of the sim-
ulated maintenance actions. For each maintenance action,
the average, standard deviation, minimum, and maximum
MPHR are input into the model. A minimum calendar time
value is also included to simulate delays in the parts sup-
ply network that was not modelled. For each maintenance
action, minimum and maximum numbers of workers are
also defined. The maintenance completion data for the OR-
SIM was obtained from the historical maintenance records
stored in the Air Force maintenance repository database.

The input data is stored in Microsoft Excel spreadsheets
that are loaded on model initialization. The use of spread-
sheets provides a means to input data in an organized and
readily understandable format. The configuration and main-
tenance data required for the model was obtained from
existing databases that track aircraft configuration and main-
tenance records (e.g., failure rates and maintenance action
completion times). The Excel tables match airframe tail
number to component (e.g., engine and gearbox) serial num-
bers and can be easily updated with changes in configuration.
The maintenance records are preprocessed offline to calcu-
late the required model data and saved to the Excel tables.
Similarly, the preventative maintenance plan was also defined
in a table in Excel that matched component inspections with
usage and calendar backstops. Historical operational records
of flight times by aircraft were used to create operational
profiles of flights that were used by the Flight Line model to
simulate the flying rate of the AC (usage hours). Squadron
specific data (e.g., number of resources, available repair bays,
etc.) are stored in a MATLAB data (.m) file. Different scen-
arios can be simulated by manipulating the input data (e.g.,
adding/removing inspections, increasing flying rate, etc.).

2.3. Model Output Data. The OR-SIM outputs can be cal-
culated for an individual aircraft tail number, for a group
of specific aircraft (e.g., squadron), or for the entire fleet of
aircraft. Since the OR-SIM models each AC individually dur-
ing the study period, almost any data regarding AC condition
and location can be tracked during the simulation. For
example, it is possible to examine an individual AC through-
out the study period to determine when the AC was idle,
when it was flying, and when it entered maintenance (and
the cause for maintenance) and to track its usage and

performance/condition indicators such as ITT Margin. For
convenience the outputs are grouped in the following cate-
gories: summary, operational, and maintenance.

The summary information calculated from the OR-SIM
model includes common indicators of fleet performance
including the total number of calendar hours that the AC
spends in preventative and corrective maintenance and the
operational availability (ratio of calendar hours where the
aircraft is available to fly missions to the total number of
calendar hours). In many cases the output must be cal-
culated in a given time period (e.g., flying hours may be
calculated per month or per year). In these cases the out-
puts can be calculated for specific periods and averaged
(e.g., average monthly flying rate per year). In other cases
the specific output is defined only at a particular instant
(e.g., Preventative Maintenance/Inspection Stagger Charts).
Time outputs such as MPHR and aircraft downtime can be
expressed in time (e.g., hours or days) or as a relative measure
(e.g., percentage of downtime due to corrective mainten-
ance).

In addition to the summary information, the OR-SIM
can output other important data including total AFH, num-
ber of mission aborts, number of maintenance hours and
the total number of hours the AC are unavailable due to
corrective or preventative maintenance, maintenance per-
sonnel utilization rates, AC usage between calendar-based
inspections, and the time from when a modification order
is issued to when the last AC receives the modification. In
addition, condition indicators can be monitored to deter-
mine when maintenance was triggered to assess the effective-
ness of the CBM program.

These outputs are directly comparable to the metrics
used in the quarterly fleet health reports and therefore the
simulation results can be used to essentially forecast the fleet
health reports for different scenarios. The model summary
outputs can be compared to the actual fleet health reports
to evaluate and support decisions, identify bottlenecks in the
organization, and predict availability.

2.4. Model Validation. The OR-SIM was validated against
historical data from two squadrons over a two-year period.
The objective was to predict overall results consistent with
average trends found in actual fleet data. In particular,
it was intended for the prototype model to predict total
maintenance hours and maintenance actions and total flight
hours within 10% of the fleet data.

To ensure proper model initialization or “warm-up,” the
model was initialized with data from one year previous to
the validation period. The warm-up period ensures that the
modelled system has reached equilibrium representative of
normal operations and any assumptions in the initial data
no longer have an impact on the output of the system. The
simulation was executed for 3 years starting with twenty
replications of simulation. The initial seeds for the random
number generators in the model (e.g., for determining flight
duration, MPHR for maintenance actions, etc.) were rando-
mized between replications. Once all of the replications were
complete, the model outputs from each replication were
processed to determine the average and the 90% confidence
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interval. In general the simulation results match well with the
historical records and were typically within the 10% target.

For the first squadron, the simulated squadron total
AFH, downtime, and operational availability for the first year
were within 2% of the fleet totals. The total maintenance
MPHR was within 10% of the fleet total, although the cor-
rective maintenance results were overpredicted by 16%.
Since the model is based on average values based over sev-
eral years of mean time between failure data, it cannot repli-
cate the short-term differences in failure times that can occur
in one year. The difference in actual and simulated correct-
ive MPHR could be reduced by further refining the compo-
nent fault data and possibly using more sophisticated prob-
ability distributions (e.g., Weibull) rather than the normal
distribution used in the model. Since the purpose of the
study was to develop a proof of concept model structure for
an operational availability simulator, a rigorous analysis of
the failure data was not performed and normal distributions
were generally assumed. Further analysis of the reliability
data may show that other distribution types provide a better
fit and these can be easily accommodated with minor updates
to the model and input data.

There was also some variation in the preventative mainte-
nance MPHR distribution among the periodic maintenance
types. These differences may be caused by assumptions in
the initialization data, the use of waivers to extend intervals
between periodic maintenance, which was not modelled, or
variations in the recording of the maintenance data.

In the second year the airframe hours were again within
2%, although the availability was overpredicted by 7%. The
maintenance burdens were similar to the previous year so
it is possible that the drop in availability was due to a
reduced maintenance capacity (i.e., maintenance personnel),
or parts availability—neither of which were accounted for in
the simulation input data. These influences could be further
investigated, but since the results were within the validation
target of 10% they were outside the scope of the prototype
model.

Similar results were observed for the second squadron.
The first-year model results matched the historical opera-
tional availability, downtime, total airframe hours, and total
corrective MPHR within 2% or less. However, the model
overpredicted the total preventative MPHR. Detailed analysis
of the historical preventative maintenance records show sig-
nificantly less than the expected number of monthly airframe
inspections. This finding requires further investigation. The
second-year validation results were similar.

3. Scenario Investigations

Once the OR-SIM was validated, it was used to investigate
several different scenarios. In each scenario, the effects of a
change to the fleet baseline on key fleet performance para-
meters such as availability, yearly flying rate, maintenance
hours, and aircraft downtime were investigated. Examples
of scenarios included adjustment of calendar backstops on
periodic maintenance, effect of changes to squadron operat-
ing profiles (increases/decreases in flying rates), effect
of deployment on operational capacity, assessment of

implementation methods for a modification, and extension
of engine wash intervals based on power assurance check
(PAC) results. The results of two of these investigations are
discussed below.

3.1. Aircraft Flying Hours Variation. This scenario investi-
gated the sensitivity of operational availability and preven-
tative and corrective maintenance burdens to changes in
annual flying rate. As the aircraft flying rate was changed
it was expected that there would be a variation in aircraft
availability and in the ratio of preventative and corrective
maintenance. The aircraft flying rates were revised by ±10%
and ±25% of the nominal value by adding or removing
flights. A 10-year simulation of the fleet was executed and
compared to the fleet baseline. For reference, a set of 20
replications was completed in approximately 19 hours on a
standard single core 2010 era desktop computer. A sample of
results from the simulation is shown in Figure 3.

In general, increases in flying rate resulted in decreases
in operational availability but the squadron was able to still
achieve the planned flying rates up to 125% of the nomi-
nal illustrating that it is possible for the squadron to support
sustained increased operations with the current mainten-
ance capacity. It is interesting to note that a 10% reduction
in flying rate resulted in negligible increases in operational
availability. The amounts of corrective and usage-based
scheduled maintenance are functions of usage and hence fly-
ing rates. However, calendar-based scheduled maintenance
is relatively constant. For the CH-146 the annual inspection
represents approximately 50% of the total scheduled main-
tenance MPHR and is unaffected by usage or flying rate.
The model shows that a minor reduction in flying rate does
not reduce the remaining required scheduled maintenance
enough to increase the availability.

This is an example of using the OR-SIM to forecast the
effect of annual flying rate on availability and maintenance
burden. It can be used to assess the capacity of the squadron
to support higher flying rates and can be used to forecast the
expected preventative and corrective maintenance hours that
will be required to support the new flying rates. The model
can also be used to identify aspects of the maintenance plan
(e.g., calendar backstops on preventative maintenance) that
can lead to lower availability even with reduced flying rates.

3.2. Engine Wash. In this scenario, the OR-SIM model was
used to investigate the effect of increasing the engine wash
interval as well as to simulate the impact of on-condition
washes. The CH-146 maintenance plan includes an on-
condition compressor wash triggered by data collected by the
onboard HUMS. The PAC is an aircrew function performed
with the aircraft light on skids on a daily basis (i.e., first
flight of the day) to verify the engine performance. Data
collected by the HUMS for each PAC is used to calculate
the engine ITT margin which is used to evaluate the engine
performance. The engine wash also has an operating hours
limit and analysis has shown that the degradation rate
between washes was negligible and so the majority of the
engine washes were completed due to this schedule require-
ment rather than on-condition.
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Figure 3: Aircraft flying hours and operational availability for variations in yearly flying rate.

Table 1: Extension of engine wash interval results.

10-Year average

Parameter
(change relative to default
degradation rate and schedule)

Default ITT margin Increased ITT margin

Degradation rate Degradation rate

Default schedule Extended schedule Default schedule Extended schedule

Case A B C D

Operational availability — 1% −1% 0%

Down time — −3% 3% 0%

Total airframe hours — 0% 0% 0%

Total maintenance MPHR — −1% 0% −1%

Total washes — −34% 15% −15%

Scheduled washes (% total) 100% 100% 74% 57%

On-condition washes (% total) 0% 0% 26% 43%

As part of this scenario investigation, the airframe main-
tenance schedules were revised to extend the operating hours
limit. Since it can be expected that there would be an increase
in the ITT margin degradation rate due to the extension
of the operating hours limit, the model was also modified
to investigate the influence of ITT margin degradation rate.
It is expected that the change in degradation rate would
increase the frequency of on-condition compressor washes.
A 10-year simulation of the fleet was executed. In this
scenario, it was assumed that the level of effort to complete
the engine wash was constant between scenarios and there
would be no change in fault rate of aircraft components. The
results for the two compressor wash intervals for no degra-
dation and with component degradation are summarized in
Table 1.

Comparing Case B to Case A, assuming no significant
degradation in the ITT margin, as expected, extending the
wash schedule resulted in a reduction in the number of

engine washes and a slight increase in availability due to the
reduced preventative maintenance burden. Also as expected,
since the degradation rate remained the same, there were no
on-condition washes. Case B represents the ideal case where
the extension of the wash schedule had no impact on engine
performance and would result in a 34% reduction in the
number of washes. The likelihood of that is expected to be
relatively low since it can be expected engine performance
would be affected by having a dirty compressor/engine.
These two cases (A and B) were run to provide a comparison
for the cases where the degradation rate was changed.

For a simulation with an increased degradation rate and
the default wash schedule (Case C), there were a number
of on-condition washes which resulted in an increase in the
total number of washes compared to the default case (Case
A). This increase in the number of washes resulted in a
decrease in availability but marginal change in the overall
maintenance burden.
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When the wash schedule was extended with the increased
degradation rate (Case D), the total number of washes
was found to decrease and a higher percentage of washes
were completed on-condition compared to the previous case
(Case C). Compared to the default case (Case A), even with
the increased degradation rate the availability was unchanged
and the overall maintenance burden was slightly decreased.
Compared to Case A, the 15% less engine washes would also
reduce the materiel costs for the wash fluid.

Based on these results, one could conclude that it can be
expected that the extension of the compressor wash interval
would yield a reduction in compressor washes of up to 34%
(Case B) but likely would be closer to 15% because it is
expected that the engine performance would be affected by
the increased interval. To validate these results, the schedule
would have to be increased and the ITT margins would have
to be monitored to determine the actual degradation rate
due to the extended wash interval. Once the degradation
rate has been determined, this analysis can be repeated to
determine the expected reduction in the total number of
washes or the ratio of on-condition to scheduled washes.
This scenario highlights the potential of an OR-SIM model
to predict the effects of proposed changes to a CBM plan on
aircraft availability and maintenance hours.

4. Summary

A CH-146 operations model was developed as a proof of
concept prototype for an Operational Readiness Simulator.
The model was validated against historical flight and mainte-
nance data records for two squadrons over a two-year period.
Overall, the model provided a reasonable match to the histor-
ical data. The simulated squadron total AFH, downtime, and
operational availability were typically within 2% of the fleet
totals. Predicted total maintenance labour hours were within
approximately 10% with some differences in the distribution
of preventative and corrective activities. Total preventative
maintenance MPHR matched well indicating that the total
preventative workload is being modelled but the historical
records showed variability in the individual inspection
records. The validated model successfully demonstrated that
it could be used to investigate representative scenarios.

This project has developed several technological
advances that incorporate a number of unique attributes and
capabilities that are not readily found in previous discrete
event simulations applied to the domain of fleet operations
and sustainment. In particular, the incorporation and use of
condition data obtained from embedded health and usage
monitoring systems and the integration of process mod-
els spanning operations, logistics, and maintenance are
expected to greatly enhance the fidelity and scope of the
simulated operations and sustainment processes.

This work has demonstrated that an integrated model
can simulate operations, scheduled, corrective, and con-
dition-based maintenance in a synthetic environment. The
fundamental framework including the procedures and tech-
niques for modelling the operations, maintenance-and in
particular the maintenance decision-making processes that
was developed for this project can be used to model other

fleets or organizations. The OR-SIM model serves as a basis
for models to provide the fleet managers a synthetic environ-
ment to quantify the cost-benefit tradeoffs during the deci-
sion-making processes required to manage the operations
and maintenance for a fleet of vehicles or other group of
complex machinery. This further allows the fleet managers
the ability to assess changes to the maintenance including
the assessment of impacts of condition-based maintenance
on mission capability and operating costs.

Another use for an OR-SIM-type model is as a training
tool to illustrate the operations of the fleet and provide
candidate maintenance managers a synthetic environment to
apply their understanding of the maintenance processes and
receive immediate feedback on their performance.

5. Future Plans

This OR-SIM project addressed the base simulation compo-
nent of the OR-SIM. There are additional simulation compo-
nents as well as other components of the OR-SIM platform
yet to be investigated including a user interface (for use by
fleet managers and candidate maintenance managers who
may not be familiar with the simulation platform). Currently
the OR-SIM model is very technical and requires a user that
is knowledgeable and comfortable in the modelling language
to develop scenarios, execute the model, and analyze the
results. The user interface component is a key component
in ensuring that the target users and fleet managers are pro-
vided a means to execute the model with only a very mini-
mal knowledge of the details and technology of the base
simulation. This phase of the development would require
input from the target users to ensure that the interface meets
their needs and expectations. In particular the model results
processing and results display will need further refinement.
Web-based model hosting is also a possible component to
ensure availability of the OR-SIM to users.

Additional simulation components not developed in this
project include the component models primarily related to
logistics (e.g., sparing/inventory management models and
organization transfer models). These are models that can be
developed to expand the scope of the OR-SIM model.

As previously mentioned, other possible areas of further
development and analysis include refining the data collection
and data reduction processes (e.g., distributions).
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The objective of the work reported herein was to use a systems engineering approach to guide development of integrated
instrumentation/sensor systems (IISS) incorporating communications, interconnections, and signal acquisition. These require
enhanced suitability and effectiveness for diagnostics and health management of aerospace equipment governed by the principles
of Condition-based maintenance (CBM). It is concluded that the systems engineering approach to IISS definition provided clear
benefits in identifying overall system requirements and an architectural framework for categorizing and evaluating alternative
architectures, relative to a bottom up focus on sensor technology blind to system level user needs. CBM IISS imperatives
identified include factors such as tolerance of the bulk of aerospace equipment operational environments, low intrusiveness, rapid
reconfiguration, and affordable life cycle costs. The functional features identified include interrogation of the variety of sensor types
and interfaces common in aerospace equipment applications over multiplexed communication media with flexibility to allow rapid
system reconfiguration to adapt to evolving sensor needs. This implies standardized interfaces at the sensor location (preferably to
open standards), reduced wire/connector pin count in harnesses (or their elimination through use of wireless communications).

1. Scope, Objectives, and Methods

This article paper the instrumentation and sensors employed
to support condition-based maintenance (CBM) of
aerospace equipment, sensing the condition of equipment
and components (state and operation) needed to enable
diagnostics triggering necessary maintenance actions. It
encompasses such instrumentation and sensors, plus the sig-
nal acquisition function and the intervening communication
media, thus “integrated instrumentation/sensor systems”
[IISS]. The focus is on IISS application to diagnostics and
health management (DHM) enabling more cost effective
CBM for the complex mechanical systems required for
propulsion & power, environmental control, flight control,
and other essential functions that are weight and volume
constrained, tightly integrated with other systems and
vehicle structure, and exposed to the full rigors of the flight
envelope and environment.

Modern aerospace equipment control systems include
many control sensors that may also serve CBM functions.
However, IISS are being proposed and deployed for aerospace
equipment diagnostics and health management (DHM) (as
described by Urban [1], Litt et al. [2], and Paris et al. [3])
to enable more effective CBM. The growing complexity of
such IISS is leading to consideration of distributed DHM
architectures to overcome the cost, weight, and dependability
challenges of centralized system architectures.

A distinction between sensor systems, or elements of
sensor systems, relates to the signal acquisition bandwidth
and inherent data processing requirements. The majority of
the physical parameters sensed for DHM require discrete
samples at relatively low rates, on the order of 100 to 1
per second. Periodic quasistatic samples of parameters such
as pressure, temperature, rotational speed, strain, position,
and flow are adequate for most physical system state assess-
ments. On the other hand, dynamic sensor measurements
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(acoustic, pressure fluctuations, vibratory motion, and
strain. . .) require high bandwidth, high frequency records.
This study addresses sensor system applications interrogating
a multiplicity of diverse sensed parameters at relatively low
bandwidth, but the conclusions may also apply to high
bandwidth signal acquisition given appropriate multiplexing
technologies.

It is hypothesized that, within the above bounds, a top
down systems engineering approach will be more fruitful
than a bottom up pursuit of advanced sensor technol-
ogy in meeting user needs for more suitable and eco-
nomic instrumentation and sensor solutions. This approach
involves defining DHM IISS requirements and objectives,
assessing user preferences, defining a functional architectural
framework capturing the full range of alternative functional
architectures, and identifying functional features and archi-
tectures that transform the performance, suitability and
cost/benefit trades limiting the exploitation of advanced
sensor capabilities in CBM. Relevant state of the art examples
of these are briefly described.

2. Basic Sensor System Requirements

This section addresses the instrumentation/sensor require-
ments inherent to DHM IISS functionality, that is, acquisi-
tion of sensor signals indicative of equipment condition.

2.1. Accuracy, Precision, and Range. DHM may often require
accurate measurements covering the full range of condi-
tions experienced by the system in normal and abnormal
operation, although in many cases thresholds identifying
abnormal conditions or modes of operation may be all
that is necessary. However, such thresholds may need to be
field adjustable over a significant range based on service
experience and high precision is required for critical mea-
surements.

2.2. Repeatability and Stability. The operational implications
of diagnostic sensor servicing or recalibration on intervals
less than months and even years of service are usually
unacceptable. Access to degraded sensors usually requires
removal of the equipment in which it embedded. Servicing
signal acquisition subsystems may not be as onerous, but
it is still an undesirable cost and unavailability driver.
Intermittent wire harnesses and connector faults are often
the major contributor to poor repeatability of DHM sensor
data. Corrupt DHM data records are common impediments
to troubleshooting, prolonging, and undermining effective
CBM responses.

2.3. Endurance and Reliability. Similarly, sensor and IISS
dependability is crucial for diagnostic applications. Dispatch
with DHM failures may be restricted, and sensors and
harnesses are often inaccessible. Interconnecting harnesses
are an important source of failures and false alarms that
reduce mission capability and availability, and contribute to
the high maintenance cost of aerospace systems.

For some specific sensor requirements in the domains
considered here, for example, assessing system behavior
and component state in gas turbine hot sections, sensor
durability may limit the possibilities but research and devel-
opment continues to expand the environmental capabilities
of available sensors.

The above metrics are central to sensor selection and
IISS serviceability and the overall sensor system architecture
and functionality must accommodate these requirements.
However, one must also consider DHM IISS requirements
driven more by suitability and life cycle cost (LCC) consid-
erations derived from the operational challenges of CBM,
requirements related to the process more than the product.
The sensor system must be both suitable and affordable
for CBM usage. In the US Navy, CBM is expected to be
implemented in accordance with the principles of reliability
centered maintenance (RCM), identified as CBM+. The most
cost effective solution for individual failure modes is adopted
and the cost of IISS enabled CBM must be competitive with
traditional approaches.

3. Suitability and Life Cycle Cost Objectives

DHM IISS design considerations and requirements must
consider the application and usage of the system in serving
the needs of CBM.

3.1. Serviceability and Affordability. Justifying total DHM
IISS life cycle cost, including maintenance, technical support
and data analysis, versus the known and accepted burden
of direct periodic inspection, or removal and test, of
aerospace system components is a significant barrier for
DHM IISS application, even when users appreciate the value
of CBM. Development and deployment of DHM IISS that are
serviceable and affordable in aerospace applications limits
the application of CBM.

A critical factor driving cost in instrumentation and sen-
sor systems in aerospace applications is the usual architecture
of a single sensor energized by, and communicating with,
unique signal acquisition circuitry over a dedicated com-
munication channel (usually more than a few conductors
per sensor). This is less common in industrial applications,
where networked “smart” sensors (e.g., Madni [4]) that
locally process sensor readings and communicate the results
in a standard format over a digital data bus to a central data
recorder are common.

The possibility of distributed sensor & signal acquisition
architectures in aerospace control system applications has
been the subject of much analysis and research (e.g., see
Behbahani et al. [5], Litt et al. [2], Culley and Behbahani [6],
and Tulpule et al. [7]) but has been limited in application to
date as the demanding aerospace operating environment and
the limited thermal and vibration capabilities of available
analog and digital circuit components preclude the use of
such “smart” sensors.

A related issue is quality assurance for DHM IISS. Once
all sensors have been installed and hooked up, verifying
that the sensors are correctly hooked up and functional,
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and correcting any faults, is critical. Furthermore, DHM
sensors are usually expected to be field replaceable with no
change in signal acquisition calibration or compensation.
Both factors drive IISS cost versus capability trades, and
should be considered in selecting IISS architectures that
enable embedded sensor identification and functionality
checks.

3.2. Compatibility versus Intrusiveness. Sensor size, the need
for access and interconnections, and signal acquisition
equipment weight and volume constrain the application and
utility of DHM sensor systems. Provisions for accessibility
of sensors and interconnects have significant impact on
equipment cost, while the need to measure more param-
eters, more reliably, increases DHM IISS complexity and
cost. As aerospace programs proceed through design and
development, with tightening cost and weight margins, the
weight and cost of DHM IISS combine to drive reduction or
(indefinite) deferral of CBM essential capability.

3.3. Adaptability and Flexibility. A central issue in all instru-
mentation/sensor systems is uncertainty, the risk that what
needs to be measured to meet the system performance and
reliability/availability objectives has not been anticipated or
considered. Aerospace equipment is designed and developed
to be robust and reliable with limited reliance on preventive
and corrective maintenance. Much of the need for scheduled
maintenance is in response to unanticipated equipment
failure modes becoming apparent late in development and
in service. Thus, the ability to reconfigure DHM IISS to
acquire data not foreseen when the equipment was specified
and acquired is essential for effective CBM. (Xu et al.
[8] emphasize these imperatives). DHM systems should be
reconfigurable in days or weeks to enable data collection for
informed root cause determination and to preempt signif-
icant degradation of operability and mission availability by
rapid fielding of DHM system upgrades.

3.4. User Preferences. To validate the above, a survey was
sent to known DHM subject matter experts [SME], asking
them to rank the above factors as contributors to DHM
IISS suitability. The results of the seven responses received
are displayed in Figure 1, with highest priority given to ser-
viceability in the aerospace environment but with significant
concern with user needs for easy of IISS integration with
the equipment serviced and adaptability to emerging CBM
requirements.

When asked to weight these system level factors, the
median SME responses results were intuitively satisfactory:
1, 2/3, and 1/3 for serviceability, unobtrusiveness, and
flexibility, respectively.

4. Functional Architecture and Implications

4.1. DHM IISS Schematic Functional Architecture Framework.
Figure 2 represents a schematic framework for DHM IISS
functional architectures. It depicts a number of diverse
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Figure 1: Subject matter expert ranking.

sensors monitoring a piece of aerospace equipment. This
illustration neglects auxiliary elements, such as power supply
and sensor excitation, to highlight the core functions for
the purpose of identifying primary functional architectural
options.

In this illustration, the state of a piece of equipment is
measured by a number (n) of sensors, each of which first
converts a physical input into an analog input intrinsic to the
physical sensor mode/design (PIN-AIn). For example, sensed
pressure deflects a diaphragm to strain a strain gauge, or an
optical fiber Bragg grating.

A schematic illustrating the common functions of sys-
tems for data acquisition from multiple, diverse sensors,
including alternatives for multiplexed sensor data commu-
nication.

The second class of functions converts the fundamental
analog input to an analog output (AIn-AOn) appropriate for
signal transmission and acquisition, for example, a voltage
or specific frequency of light. The third class of functions
converts this analog output to a digital output (Aon-DOn),
a basic function of modern a signal acquisition systems
enabling further automated processing of the IISS output
data (DOn) by the DHM system. These are proposed as the
fundamental functional building blocks of any DHM IISS.

Furthermore, if the selection and implementation of
the IISS functions are appropriate, the “digital output”
originating from multiple sensors can be transmitted using
a common, standardized protocol to the DHM signal acqui-
sition and processing functions over a single multiplexed
digital data bus.

If the selection and implementation of the first two
functions are compatible, “analog output” originating from
multiple sensors can be transmitted in a standardized format
via a frequency and/or time division multiplexed channel
(e.g., optical fiber or wireless analog signals sharing a
common transmission medium).
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Figure 2: Generic functional architecture for DHM IISS.

4.2. Architectural Alternatives. The more common alterna-
tive is the standardization and multiplexed transmission of
the digital outputs. This functional architecture is almost
essential for state of the art DHM, where data bus based
architectures for digital data transmission are the norm.
However, for many aerospace applications the sensor envi-
ronment and space constraints require placing the analog
output signal acquisition, digital conversion, and further
processing in an avionics bay or other protected environment
removed from the equipment being monitored and the
embedded sensors. This typically requires communication
of analog sensor output over a multiplicity of dedicated
channels feeding dedicated signal acquisition subsystems,
curtailing the desired benefits of digital signal multiplexing:
reliable, lighter, unobtrusive, and economical interconnec-
tions.

A distributed physical architecture, where the analog
to digital conversion and signal multiplexing function is
allocated to embedded “smart sensors,” appears highly
desirable. However this alternative is constrained by the
environmental limitations of conventional silicon based
digital electronics. Work is in progress to demonstrate a cost
effective and suitable capability exploiting high temperature
qualified electronic components, (see Millar and Tulpule [9]
for one example).

A second architectural alternative exploits standardized
analog output signals to attain the benefits of multiplexed
signal transmission at this interface, as exemplified by
applications of optical fiber Bragg gratings where multiple
fiber optic sensors are interrogated by over a single optical
fiber. (See Abad [10]). This alternative architecture requires
sensors (preferable unpowered transducers) designed to
conform to standardized analog outputs (electrical, opti-
cal, or radio frequency) communicated over a common
transmission medium using time or wavelength division
multiplexing for acquisition by a common signal acquisition
channel. This is attractive in both reducing the size and
complexity of harnesses and limiting the number and variety
of signal acquisition interfaces and devices.

The second architecture puts severe constraints on the
analog output, and demands innovation in sensor design
to suit a common interface. The design disclosed in Millar
[11], for example, requires that all sensors are designed such
that diverse sensed physical parameters strain an optical fiber
Bragg grating or otherwise modify its optical characteristics
in compliance with a defined common standard, so all results
can be read out with a single optoelectronic signal acquisition
subsystem.

However, the latter approach is an attractive option for
aerospace environments and applications where the cost,
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volume, complexity, and immaturity of robust smart sensors
would otherwise put the desired benefits out of reach.
(Designing sensor suites to standard analog outputs alone
would enable some of the features proposed below, but the
ability to multiplex the sensor analog output is necessary to
radically address suitability and life cycle cost objectives).

4.3. Features Addressing Suitability and Life Cycle Cost
Objectives. In general, the implication of the suitability
and life cycle cost [LCC] driven objectives for integrated
instrumentation/sensor system design is to make the sensors
“smart” by moving the sensor specific (AOn) interface as
close as possible to the sensed parameter, without com-
promising the sensor performance objectives. Distributed
systems with standardized multiplexed interfaces at the
sensor location should reduce the weight, complexity, and
cost of interconnections and facilitate IISS modification
in response to sensor requirements changes or capability
improvements.

If the standard interface is “open,” to a public specifica-
tion, system capability will increase and LCC will reduce as
suppliers compete to provide improved sensors meeting the
standard interface, for both existing measurements and novel
sensor requirements.

A capacity to support multiplexed communication will
yield gains in cost and compatibility, particularly if it
allows a single (smaller and less complex and costly) signal
acquisition unit to interrogate multiple sensors. A variety
of communication network architectures become viable,
allowing optimization for enhanced system reliability and
reconfiguration on the fly. As noted above, multiplexing
the “analog outputs” of the sensors is the more attractive
option as it may eliminate a multiplicity of differentiated
signal acquisition channels. Appropriate standardization of
the analog output communication protocol would enable
“plug and play” sensor interchangeability, enhancing IISS
adaptability to emerging DHM requirements.

Another desirable feature would be functionality for
automated sensor identification (type and item) and char-
acterization, avoiding the onerous signal tracing of con-
ventional instrumentation, and alleviating the high costs of
manufacturing sensors with effectively identical calibrations.
Embedded identification and calibration (or classification)
data interrogated over the signal acquisition network would
be ideal, allowing plug and play sensor addition, configura-
tion management, and interchange on the network. The non-
volatile memory function implied by this requirement might
also be used to store usage, fault and system configuration
data to guide maintenance.

A further desirable characteristic is a technology base
shared by current and future applications in other fields,
preferably ones with commercial markets that can contribute
to financing technological maturation and add production
volume for common components. These alternative markets
would then share in recovering the sensor system invest-
ments. For example, wireless and optical fiber technology
spun off from communications industry applications is a
resource for development of analog multiplexed IISS.

5. Conclusions and Recommendations

The schematic DHM IISS functional framework presented is
a useful tool to categorize alternative DHM IISS approaches.
Within this framework, it will be fruitful to identify a
variety of compatible implementations for each function,
for example, generation of suitable pairings of analog inputs
and common analog multiplex output protocols from optical
fiber sensors measuring diverse physical inputs. Morpholog-
ical variations on these options could be used to identify
promising design alternatives for DHM IISS.

A variety of design approaches implementing the sec-
ond alternative functional architecture—standardized mul-
tiplexed analog sensor outputs—have been defined and
are in the early stages of feasibility demonstration and
development. Six years ago, Mrad and Xiao [12] pointed
out a key technology hurdle for aerospace optical fiber
sensor systems: the need for robust optoelectronic signal
acquisition. Luna Innovations Inc. [13] recently completed
a US Navy Ph. II SBIR contract addressing this requirement.

Fonseca et al. [14] early demonstrated multiple pressure
transducers responding to microwave interrogation, and
Environetix [15] offered temperature sensors using a similar
principle. Recent Navy SBIR topics exploring the potential
of multiplexed analog signals are also bearing fruit. Gregory
et al. [16] describe a SBIR project exploiting a wireless
transducer concept applicable to a variety of sensor types
which will allow numerous sensors in a gas turbine hot
section to be wirelessly interrogated by a single signal
acquisition unit. Syntonics LLC [17, 18] is developing a
novel surface acoustic wave (SAW) wireless transducer with
multiple sensor capabilities for use up to 750 deg. C.

Further effort to investigate the feasibility of, and
develop, such innovative technological approaches is a
promising route to more suitable and cost effective DHM
IISS. In defining and evaluating such approaches, the
desirable features described in the previous section should
be considered. In general, the systems engineering approach
provided clear benefits in defining user significant IISS
system requirements and an architectural framework for
categorizing, identifying, and evaluating alternative architec-
tures, relative to a bottom up focus on sensor technology not
addressing system level user needs.

Nomenclature

CBM: Condition Based maintenance
DHM: Diagnostics and health management
IISS: Integrated instrumentation/sensor systems
LCC: Life cycle cost
RCM: Reliability centered maintenance
SBIR: Small business innovation research.
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In order to assess the remaining life of gas turbine critical components, it is vital to accurately define the aerothermodynamic
working environments and service histories. As a part of a major multidisciplinary collaboration program, a benchmark modeling
on a practical gas turbine combustor is successfully carried out, and the two-phase, steady, turbulent, compressible, reacting flow
fields at both cruise and takeoff are obtained. The results show the complicated flow features inside the combustor. The airflow over
each flow element of the combustor can or liner is not evenly distributed, and considerable variations, ±25%, around the average
values, are observed. It is more important to note that the temperatures at the combustor can and cooling wiggle strips vary
significantly, which can significantly affect fatigue life of engine critical components. The present study suggests that to develop an
adequate aerothermodynamics tool, it is necessary to carry out a further systematic study, including validation of numerical results,
simulations at typical engine operating conditions, and development of simple correlations between engine operating conditions
and component working environments. As an ultimate goal, the cost and time of gas turbine engine fleet management must be
significantly reduced.

1. Motivation

It is a promising approach to assess the remaining life of gas
turbine critical components, based on their service history
(flight operating conditions and sensor readings), by apply-
ing aerothermodynamics, structural and material analysis
models. It is consistent with condition-based maintenance
(CBM) of gas turbine engines, that is, maintenance actions
would be performed only when they are required. As a result,
the expense of maintenance/repair of an engine fleet can be
reduced, the engine operation can be made more reliable,
and service life can be extended. This approach has been
investigated by researchers from various disciplines under a
major collaboration program [1].

One of the subprograms is the development of an
aero-thermodynamics model. The model will provide more
realistic distributions of temperature and pressure or loads
for safety/cost critical components from engine operational
conditions and sensor readings. Furthermore, it will also
provide an environment for the assessment of current and
enhanced sensor suites and the prediction of degraded

operation with wear/damage or control changes. With the
required thermal flow information, structural and material
analyses can be performed, and the remaining life of engine
components can be assessed with confidence.

For technology development, a practical gas turbine
combustor is selected as a research case. Gas turbine
combustors are exposed to high-temperature, high-pressure,
and high-dynamic load environments, and failures occasion-
ally occur during operation. The flow parameters around
and inside the combustor vary significantly, which causes
considerably uneven structural stresses. Increased localized
metal temperatures and thermal gradients can both reduce
the combustor fatigue life. A higher temperature reduces
the fatigue strength of the material, while a larger gradient
increases the strain excursion and causes higher stresses.
Therefore, for reliable structural, material and life analyses,
the accurate definition of the working environment for the
combustor is deemed necessary.

Due to the harsh conditions, experimental measurements
inside the engine are extremely difficult. An alternative is to
use validated computational flow dynamics (CFD) methods
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Figure 1: A 60-degree sector.

to document typical operating conditions and then correlate
these detailed numerical results with the engine operating
conditions and sensor readings to form semiempirical mod-
els. These models can be used for engine component life
analysis or an essential component of CBM for engine fleet
management.

This paper covers a high-fidelity CFD model of the gas
turbine combustor, complex flow fields inside the combustor,
temperature and pressure distributions over the combustor
can as well as indications or suggestions from the present
study.

2. Thermal Fluid Dynamics Modeling of
the Combustor

2.1. High-Fidelity CFD Model of the Combustor. Figure 1
illustrates a 60-degree sector of the gas turbine combustor.
It is a can-annular design with six combustion cans and an
annular air supply chamber [2]. Compressed air enters the
annular chamber through a narrow annulus, decelerates in
the diffuser, and then flows over and enters the combustor
can or liner through air-management holes and cooling
wiggle strips around the can. Inside the can, fine fuel droplets
from a fuel nozzle evaporate, mix with air, and then burn.
The mixture continues to react with air, cools down further
downstream, and eventually reaches the air-cooled nozzle
guide vanes (NGVs). For the present phase of work, the NGV
is not included in the CFD model.

For traditional numerical simulations of gas turbine
combustors, the computational domain is limited to the flow
field inside the combustor liner, that is, the liner internal and
external flow fields are decoupled. The airflow-splitting over
the combustor liner is estimated based on semi-empirical
discharge coefficient correlations [3, 4] and the flow rate is
assumed evenly distributed over each liner airflow device
(a row of holes, a wiggle strip, etc.). In the present study,
both the liner internal and external flow fields are simulated
simultaneously, that is, they are directly coupled.

Two engine operating conditions, takeoff and altitude
cruise [2], are considered in the present study and the flow
parameters for a single can are listed in Table 1.

2.2. Fuel Spray Measurements at the GTL High-Pressure Spray
Rig. The temperature field in a combustor is dominated by

Table 1: Engine operating conditions.

Flow parameters

Takeoff

Air inlet total pressure (kPa) 1000

Air mass flow rate (kg/s) 2.36

Air inlet temperature (K) 606

Fuel mass flow rate (kg/s) 0.053

Cruise

Air inlet total pressure (kPa) 463

Air mass flow rate (kg/s) 1.17

Air inlet temperature (K) 552

Fuel mass flow rate (kg/s) 0.0207

Figure 2: Fuel spray measurements in the GTL HPSR.

the fuel distribution and arrangement of primary, cooling
and dilution air [5]. Therefore, it is essential to have proper
fuel spray parameters in order to predict the combustor flow
field accurately. The fuel spray characteristics were measured
in the GTL (Gas Turbine Laboratory) High-Pressure Spray
Rig (HPSR) with a phase Doppler particle analyzer (PDPA),
as shown in Figure 2, at the engine cruise and takeoff
conditions. Figure 3 gives a picture of the fuel spray in an air
box which is the domed portion of the combustor can.

During spray measurement, the air and fuel flow rates
remained the same as the flight conditions, and the pressure
in the HPSR was adjusted to match the air density at flight.
The measured parameters included the radial distributions
of axial, tangential, and radial velocities, droplet size as
well as fuel flux. All these results were used as the initial
conditions of fuel spray for the predictions of the combustor
thermal fields.

2.3. Mesh-Independent Studies and Combustor Mesh. Due
to the geometrical complexity of practical gas turbine
combustors, it is difficult to fully meet mesh-independence
requirements. Researchers, such as [6], have pointed out
that a gas turbine combustor simulation would need 410
million cells in order to claim mesh independence. This is
understandable, for example, if the rollup of vortices along
the bending jet and the structures of horseshoe and wake
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Figure 3: The fuel spray in a specifically built air box.

vortices for a single cross-flow jet [7] have to be properly
resolved in numerical simulations, the required mesh size
can be even larger than 410 million cells. Therefore, the
best way to check mesh independence would be to examine
if the objectives or required flow parameters remain mesh-
independent in simulations.

As mentioned before, the main objective of this work is to
obtain accurate temperature and pressure distributions over
the combustor can. Since the air distribution over the com-
bustor can directly determines the combustor performance
and metal wall temperature, the mesh-independence issues
related to liner airflow devices (holes and wiggle strips) were
studied first before meshing the whole 60-degree sector. For
detail, please refer to [8, 9].

During meshing of the whole geometry, 36–84 surface
elements were used for medium and large liner airflow holes.
For small holes, such as the splashing holes over the dome
swirler plates and cooling baffles (Figure 1), about 30 surface
elements were generated. With these arrangements, the area-
weighted numerical uncertainty of air distribution over the
liner is less than 2%.

For the whole combustor simulation, the wiggle strip was
replaced by an equivalent slot which gave the same mass flow
rate as that of the wiggle-strip for similar flow conditions.
For the purpose of structure/material/life analyses of wiggle
strips, the flow field of a single wiggle strip element was
resolved with the boundary conditions obtained from the
results of whole combustor simulations.

A few meshes were created and preliminary test runs were
performed to improve the quality of numerical simulations.
In the end, a mesh with 13.3 million cells was used for the
simulations. Figure 4 illustrates the meshes of the 60-degree
annular chamber (top) and the combustor can (bottom).
Efforts were made to generate hexahedral cells as far as
possible. Fine nodes were laid in and around holes, cooling
slots, baffles, regions, dome swirler, and dome section.
The nondimensional wall boundary parameter, y+, at the
combustor can walls varied from ∼20 to ∼250.

2.4. Flow Fields of the Combustor. A large amount of data
is available to reveal complicated flow features and physical

Figure 4: Meshes of 60-degree annular chamber and a combustor
can.

phenomena inside the combustor [8]. Only some of the
results at the cruise conditions are presented here. The flow
features at takeoff are similar to those at cruise. Figures 5–
7 show the velocity vectors and contours of Mach number
and temperature along the middle longitudinal plane of the
60-degree sector of the combustor. In the figures, the thick
black lines are the cut-through surfaces of the combustor can
and fuel nozzle, and the dimensions and flow parameters are
normalized by their representative values.

As shown in the upper plot of Figure 5, the compressed
air flows into the annular chamber through a narrow
inlet, slows down in the diffuser, and then enters the can
dome through the splashing holes on the dome walls. As a
result, two large recirculation zones are formed immediately
downstream of the dome swirler, and the shape of the lower
one is distorted by the igniter (Figure 1). These swirling
flows are used to start and anchor flame in the combustor
(Figure 7), and at the same time cool the dome head walls.
Further downstream, the air flows through cooling slots into
the combustion can, and the flow velocity gradually increases
towards the can exit, as shown in both upper and lower plots
of Figure 5. Another recirculation zone inside the can is also
observed adjacent to the two dome recirculation regions. For
the annular chamber, due to the geometrical blockage, strong
swirling flows are found upstream of the dome, and a mild
recirculation zone is observed in the dead flow region above
the can exit section.

The Mach number contours at this section are given in
Figure 6. In the primary zone of the combustor can (just
downstream of the dome swirler), the Mach number or flow
velocity is low. This gives enough time for fuel droplets
to evaporate, mix and burn with air, and provides good
environments for flame stabilization. The Mach number
inside the can gradually increases downstream of the dome
section and reaches a high value of ∼0.28 at the can exit.
In Figure 6, a maximum Mach number of 0.32 is observed
in the diffuser due to the narrow flow passage (Figure 1).
Shown in Figure 7 are the temperature contours inside and
outside the can. As illustrated in Figures 5 and 6, the flow
field is not symmetric, even in the upstream region of the
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Figure 5: Velocity vector plots along the middle longitudinal plane.

combustor can. The high temperature region starts from
the dome swirler and extends to the middle of the can
with a maximum of ∼1. This complies with gas turbine
combustor design criteria [5], that is, the high-temperature
region should be located in the primary and secondary
zones. The low-temperature region in the center immediately
downstream of the dome swirler is where the fuel spray is
introduced into the flow field.

Figure 8 shows the velocity vector and Mach number
plots, while Figure 9 illustrates temperature distribution at
a dome swirler cross-section. This section cuts through the
dome section, including swirler plates, splashing holes, and
can liner wall, as indicated in thick white lines in Figures
8 and 9. There are eight swirler plates with 5 splashing
holes for each, and only one hole for each plate is shown
in the figures. As shown in Figure 8, the air enters the dome
through small splashing holes and forms swirling flow at the
plane perpendicular to the combustor axial axis. Referring
to the two swirling regions inside the can observed along
the longitudinal plane in Figure 5, it is understood that a
donut-shaped vortex is formed immediately downstream of
the dome swirler. Due to the geometric variation, high Mach
number is found in the inner region of the annular chamber.
The maximum temperature at this section (Figure 9) is close
to that of the whole flow field (Figure 7), as shown in
Figure 12, which could cause defects and cracks on the dome
swirler [8].

The flow features at the cross-section of the second
primary holes are given in Figures 10 and 11. Air enters
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the combustor can through 3 holes, and two large and two
medium swirling regions are observed inside the can. It is
important to note that although the size of the three air
entry holes is the same, the airflow rate varies significantly,
as shown in Figure 10. This is also observed at other liner
air entry cross-sections (holes and wiggle strips), and the
deviation of airflow rate can be as high as ±25%.

It is expected that the flow parameters such as flow
and liner temperature distributions can be significantly
different from those with the even airflow distribution over
each cooling device in the traditional decoupled combustor
simulations as mentioned earlier. As a result, the accuracy
of combustor performance and life assessment can be con-
siderably affected. This observation strongly suggests that for
combustor simulations, the flow fields inside and outside the
liner should be coupled in order to avoid potential prediction
errors. At this primary zone section, the temperature is
highest in the combustor flow field, as shown in Figure 11.
This is because the combustion process takes place mainly
in this zone. In Figures 10 and 11, a cooling baffle with four
small splashing holes is displayed, and its cooling effect can
be found in Figure 11.
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Figure 12: Combustor can and dome temperature contours at
cruise.

2.5. Combustor Working Environment. Figures 12 and 13
present 3D temperature and absolute static pressure distri-
butions over the combustor can and fuel nozzle at the cruise
conditions. The maximum temperature occurs at the bottom
left of the can exit. It reaches ∼0.50, which is below but
close to the allowable temperature for Hastelloy X alloy. As
shown in Figure 12, the temperature over the combustor
can vary significantly, which can cause considerably uneven
structural stresses. As mentioned, increased localized metal
temperatures and thermal gradients can both reduce the
combustor fatigue life. Therefore, for reliable structural,
material, and life analyses, the reliable working environments
for engine components are deemed necessary.

The pressure distribution over the can walls is fairly uni-
form, as indicated in Figure 13. For the current combustor
case, the pressure difference inside and outside the liner is
minor, and therefore the pressure effect on the combustor life
is probably insignificant in comparison with temperature.
The detailed temperature distribution over the wiggle-strip
element is illustrated in Figure 14 for cruise. The maximum
temperature reaches ∼0.288.

These detailed 3D temperature and pressure distribu-
tions over the combustor can and wiggle-strip element will
be used for structural, material and life analyses of the
combustor. It is expected that the critical or representative
regions and/or parameters for the life analysis would be
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identified, which may help the development of a simple aero-
thermodynamics model. This model should be able to corre-
late the engine operating conditions/sensor readings with the
working environments of engine critical components.

3. Conclusions and Future Work

To be able to reduce the cost of gas turbine engine fleet
management, extend their service time, and perform main-
tenance actions only when they are required, it is vital to
provide reliable aero-thermodynamic loads for the engine
critical components.

As a first phase of the development of an aero-thermo-
dynamics model, the benchmark modeling on a practical
gas turbine combustor is successfully carried out, and the
two-phase, steady, turbulent, compressible, reacting flow
fields at the cruise and takeoff conditions are obtained. The
complicated flow features inside the combustor are observed.
More importantly, the present study indicates that the airflow
over each liner flow device is not evenly distributed, and
±25% variations around the average values are observed.
These findings suggest that the coupled combustor simula-
tion should be performed.

The detailed 3D temperature and pressure distribu-
tions over the combustor can and wiggle-strip element at
the engine cruise and takeoff conditions are available for
structural, material, and life analyses. It is expected that
the critical or representative regions and/or parameters
would be identified for the development of a simple aero-
thermodynamics model, which can correlate the engine
operating conditions/sensor readings with the working envi-
ronments of engine critical components.

The present study also indicates that it is necessary to
carry out a further systematic study in order to develop
an adequate aero-thermodynamics model. The on-going
and future activities should include validation of numerical
results, simulations at typical engine operating conditions,
and development of simple correlations between engine op-
erating conditions and component working environments.
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Aircraft routinely operate in atmospheric environments that, over time, will impact their structural integrity. Material protection
and selection schemes notwithstanding, recurrent exposure to chlorides, pollution, temperature gradients, and moisture provide
the necessary electrochemical conditions for the development and profusion of corrosion in aircraft structures. For aircraft
operators, this becomes an important safety matter as corrosion found in a given aircraft must be assumed to be present in all
of that type of aircraft. This safety protocol and its associated unscheduled maintenance requirement drive up the operational
costs of the fleet and limit the availability of the aircraft. Hence, there is an opportunity at present for developing novel sensing
technologies and schemes to aid in shifting time-based maintenance schedules towards condition-based maintenance procedures.
In this work, part of the ongoing development of a multiparameter integrated corrosion sensor is presented. It consists of carbon
nanotube/polyaniline polymer sensors and commercial-off-the-shelf sensors. It is being developed primarily for monitoring
environmental and material factors for the purpose of providing a means to more accurately assess the structural integrity of
aerospace aluminium alloys through fusion of multiparameter sensor data. Preliminary experimental test results are presented for
chloride ion concentration, hydrogen gas evolution, humidity variations, and material degradation.

1. Introduction

Metals are vulnerable to corrosion due to environmental
factors, and in the majority of cases engineering-grade metals
and alloys are selected based on design and functionality
priorities: strength, light-weight, mechanical and electrical
properties, and so forth, rather than corrosion resistance per
se [1]. Unfortunately, the cost of corrosion has a substantial
impact on the economies of all nations with the United States
spending approximately $437 billion annually for corroded
infrastructure maintenance and replacement [2].

This costing trend is increasing because aircraft are
exposed to service operating environments that negatively
impact their long-term durability. This is an on-going design,
materials selection, and maintenance scheduling issue whose
combined neglect or oversight can lead to a shortened life
cycle or catastrophic failure of the aircraft [3, 4]. For aircraft,

the effects of corrosion damage are cumulative and can
increase in severity if the damage is not detected early. A
serious result of undetected corrosion is that it can have a
cascading effect by which it can precipitate and accelerate
fatigue damage [5] leading to a corresponding decrease in
the load bearing capacity for that structure. In this respect,
the structural integrity of the aircraft is undermined by
two separate yet complicit factors. Corrosion damage occurs
slowly, insidiously, and often out of sight. In the short term, it
may represent only a small part of the total maintenance cost
of a short-life aircraft; however, due to its cumulative nature,
corrosion damage-based maintenance expenses will inflate to
a substantial amount the ownership cost of a long-life aircraft
at retirement [6].

Due to the extreme environments often encountered in
military and search-and-rescue (SAR) air operations, these
types of aircraft are often flown in conditions that can
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(a) (b)

(c) (d)

Figure 1: (a) an CH-113 “Labrador” search-and-rescue helicopter during a training exercise; (b) an CP-140 “Aurora” aircraft on patrol; (c)
an CH-124 “Sea King” helicopter during water-bird training; (d) an CH-124 “Sea King” helicopter rendezvousing with HMCS Windsor.

be considered to be “pushing their design and operational
limits.” As an example, exposure of a few hours to sea water
may cause pitting, and if it is not removed, as can happen in
hidden or difficult to access areas, it can lead to premature
crack nucleation in aircraft components [7]. Also, dissolved
chlorides are known to be involved in the penetration of the
protective aluminium oxide layer [8]. The combined effects
of corrosion and accelerated fatigue due to corrosion will
eventually limit the performance and availability of these
aircraft. Presented in Figure 1 are images of Canadian Forces
and SAR aircraft [9] in various typical operational modes.

The integrated corrosion sensor development program
presented here intends to mitigate these consequences by
providing a condition-based approach to aircraft main-
tenance protocols through a data-intensive maintenance
scheduling methodology. The primary aim is to trim main-
tenance schedules down to actual structural, component
or material requirements as opposed to operating under
predefined inspection timetables. Presented in Figure 2 is
a schematic of various factors involved in the corrosion
process. Using data fusion, these factors will determine a
corrosion index, which in turn will determine the condition-
based maintenance (CBM) protocol. Figure 3 shows a
proposed breakdown of the CBM into preventative and
corrective protocols as a function of the corrosion index.

2. Aluminium Corrosion Chemistry in
Aqueous Solution

2.1. Aluminium Oxide Passivation Layer. Aluminium is only
workable from an engineering point of view because of the

existence of a natural aluminium oxide (Al2O3) protective
layer, without which it would react violently. Aluminium
reacts quickly with any available oxygen source to immedi-
ately form Al2O3. This thin layer inhibits chemical interac-
tion between bare aluminium and the local environment.
However, aqueous solutions carrying anionic species can
diffuse through Al2O3 and lead to corrosion [10]. The
corrosion process of aluminium (Al) in aqueous solutions
involves a combination of several factors: (i) moisture; (ii)
anionic concentration (chloride); (iii) pH of the solution;
(iv) temperature [11, 12].

The protective reactions, in air and water, respectively, are
given as

4Al + 3O2 −→ 2Al2O3, (1)

2Al + 3H2O −→ 2Al2O3 +
(
6H+ + 6e− −→ 3H2

)
. (2)

Equation (2) indicates that the reaction of Al with water
(H2O) will also release hydrogen gas (H2).

2.2. Oxidation Reduction. The oxidation reaction of Al (in
H2O) is given by [13]:

Al −→ Al3+ + 3e−. (3)

Trivalent Al ions (Al3+) readily bind with chloride (Cl−)
and hydroxide (OH−) ions present in the solution, and this
bonding competition either leads to continued degradation
of the Al2O3 layer or its regeneration, respectively.
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The above reaction is electrochemically balanced by a
corresponding reduction reaction given by [13]:

6H+ + 6e− −→ 3H2, (4)

where the hydronium (H+) ions are a result of the dissolution
of H2O given by

H2O ←→ H+ + OH−. (5)

Generally, the dissolution of Al in water is the sum of the
oxidation and reduction reactions, as given by (3) and (4):

2Al + 6H+ + 6e− −→ 2Al3+ + 6e− + 3H2. (6)

Employing (5) and (6), the dissolution of Al with water
results in the formation of aluminium-hydroxide (Al(OH)3)
and the release of H2 and is given by [8, 14, 15]:

2Al + 6H2O −→ 2Al(OH)3 + 3H2. (7)

2.3. Chloride-Based Aqueous Solution. Chloride enters the
aqueous solution through the absorption of gaseous
hydrochloric acid or an organic gas containing chlorine or
through the deposition of sea salt [16]. For chloride-based
solutions, the oxidation/reduction reactions would involve
the following [17]:

2Cl− −→ Cl2 + 2e−,

2H2O −→ O2 + 4H+ + 4e−
(
or 2H+ + 2OH−).

(8)

As more and more Cl− is adsorbed, repair of the
Al2O3 layer is no longer possible, and corrosion proceeds
rapidly [12, 18]. This process is shown schematically in
Figure 4(a). Competitive adsorption of Cl−, or OH− at Al3+

lattice sites will result in either continued dissolution or
reoxidization, respectively [18–20]. A sample chain structure
for a dissolution complex is shown in Figure 4(b) (adapted
from [21]).

2.4. Hydrochloric Acid. Hydrochloric acid represents an
aggressive environment for Al, particularly Al alloys [13, 16,
22]. After Al2O3 penetration by Cl−, the dissolution process
continues as follows:

AlCl3 + 3H2O −→ Al(OH)3 + 3HCl, (9)

where HCl further attacks the Al2O3 layer:

Al2O3 + 6HCl −→ 2AlCl3 + 3H2O, (10)

which exposes more bare aluminium to HCl and the
evolution of H2 [23]:

2Al + 6HCl −→ 2AlCl3 + 3H2. (11)

When fully corroded, 1 gram of Al will produce 1.245
litres of H2 gas [23]. The AlCl3 in (9) can then further
react with H2O to create more HCl (as in (11)), and the
dissolution process continues. Of importance, during the
corrosion process, H2 gas creates blisters on the Al surface
due to H2 gas accumulating in microcavities beneath the
Al2O3 layer, thereby causing structural damage [24].
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Figure 4: (a) breakdown of the aluminium oxide layer in a chloride-based aqueous medium. (b) chain structure showing the bonding of
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3. Sensor Node Development

3.1. Hydrogen Gas and Humidity Sensing Nodes: Conduct-
ing Polymer-Based Sensing. Conducting polymers become
electrically conductive through the addition or removal
of π-electrons; however, polyaniline [25] (PANI) is more
commonly doped by the addition of an acid. Shown in
Figures 5(a) and 5(b) is a sample acid-doped chemical
structure of PANI [26, 27]. The electrical conductivity of
PANI depends on the size and shape of the acid anion [27],
and it may be further enhanced by incorporating carbon
nanotubes (CNTs) in the preparation of the polymer [28].
The addition of carbon nanotubes is thought to influence
the semiconductor charge carrier mechanism (p-doped or n-
doped) in polyaniline. Carbon nanotubes also significantly
increase the current output of I-V type tests [29] because
CNTs exhibit greater electrical conductivity along their
length as compared to conducting polymers, although bulk
CNTs do not conduct as well as expected, as the charge
transfer is believed to occur by hopping. The conductivity
of composites apparently exceeds that of the parent materials
alone. This apparent synergy is attributable to the reduction
in contact resistance between CNTs by the presence of the
conducting polymer. The PANI/CNTs blend can then be
readily applied to a sensing platform such as interdigitated

L

W

t

Figure 6: Schematic of an IDEs chip with a PANI polymer
conductive coating.

electrodes (IDEs). Shown in Figure 6 is a schematic of an
IDEs chip coated with PANI/CNTs (not to scale).

3.2. Integrated Chloride Ion, Relative Humidity, and Temper-
ature Sensing Node. The development of this node presents
an opportunity for integrating various “corrosion” sensors
within the same enclosure. Also, the electronics and the
associated computer interface capability being developed in
parallel will provide a means that can allow for simultaneous
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data acquisition from the various sensors. At this stage of the
corrosion sensor project, it can be considered as a prototype
from which refinements in sensor integration, electronics
and scaling-down can be developed. This unit consists
of COTS chloride ion, relative humidity, and temperature
sensors. Currently, the primary components include (i) a
chloride ion electrode (Cole-Parmer Instrument Company);
(ii) an ion concentration controller that interfaces to the
electrode (B&C Electronics IC 7685); (iii) a packaged
SHT21 humidity and temperature sensor (Sensirion AG);
(iv) an MSP430FG461x/F20xx Experimenter’s Board (Texas
Instruments). Presented in Figure 7 is an overview of the
integrated sensor. The microcontroller communicates with
the SHT21 sensor through an I2C bus and reads the chloride
ion level detected by the IC 7685 controller through one of
its analog inputs (ADC0). The microcontroller platform is
MSP430FG4618 (Texas Instruments). The firmware resides
in the FLASH memory of the microcontroller device and
performs various functions required for detection of chloride
ion, temperature, and relative humidity. On power up, the
system boots automatically and enters the default mode for
detection.

At the current developmental stage of the corrosion
sensor project, the microcontroller hardware and firmware
are very much underutilized. For example, only one of the
eleven available analog inputs is used, and the firmware is
often in “sleep” mode. Thus, such a microcontroller system
has room to accommodate future extensions such as adding
more sensing elements, and more functions. In this respect,
the integration of additional features along with size and

weight reductions forms the basis for the next phase of the
project.

3.3. Material Degradation Sensing Node. For the material
degradation sensing node, an XCorr multiarray sensor
(Aginova Inc.) was adopted. This sensor is a 16-element
passive electrochemical sensor that does not require any
applied voltage for operation (Figure 8(a)). The sensor’s
16 elements are designed to measure uniform or localized
corrosion through a naturally occurring corrosion-current
between anodic and cathodic sites on the metal surface when
it is exposed to a corrosive solution. The probe’s 16 elements
are connected together through a common interface within
the electronics (Figure 8(b)). The corrosive aqueous solution
creates both cathodic and anodic sites at the elements on
the probe head (Figure 8(c)). In this regard, corrosion at
anodic sites can develop as on an actual metal surface. The
system integrates data from the 16 individual elements and
extrapolates both average and maximum yearly corrosion
rates (Faraday’s Law).

4. Experimental Section

4.1. Polyaniline Preparations. In its finished form,
PANI/CNTs blends resemble a dark powder, as shown
in Figure 9(a). In this state, it cannot be employed directly
for sensing applications but must be dispersed in a suitable
solvent in order to apply it to a sensor surface such as IDEs. In
this work, two types of metallic IDEs (Synkera Technologies
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(a) (b) (c)

Figure 8: (a) XCorr multiarray sensor; (b) encased sensor electronics unit; (c) close-up of the 16 element probe.

(a) (b) (c) (d)

Figure 9: (a) PANI/CNTs “powder;” (b) platinum IDEs; (c) gold IDEs; (d) IDEs coated with a PANI/CNT blend.

Inc.), platinum (Figure 9(b)) and gold (Figure 9(c)),
were employed for hydrogen gas and humidity sensing,
respectively. Figure 9(d) shows a platinum 5 × 5 mm2 IDEs
chip coated with a PANI/CNTs blend. In this figure, the IDEs
chip is mounted onto a small electrical bread-board for ease
of wiring and handling.

4.1.1. PANI: Hydrogen Gas Sensor Node. Hydrogen sensing
using PANI and PANI/CNTs blends has been reported in the
literature [30–32]. In this work, camphor sulfonic acid (CSA)
was employed as the doping material. The PANI/CSA/CNTs
were dispersed in a chloroform solvent (0.040 grams
PANI/CNTs powder per mL solvent). The mixture was then
placed into a sonication bath for approximately 18 hours in
order to obtain a uniform suspension. Small pipettes were
used to transfer the solutions, and drop small amounts onto
platinum IDEs. Spin-coating (2000 RPM for 1 minute) was
used to distribute the solution over the IDEs surface.

4.1.2. PANI: Humidity Sensor Node. Humidity sensing using
PANI blends has been reported in the literature [33–
35]. In this work, the PANI humidity sensitization was
prepared by doping PANI with bis-(2-ethylhexyl) phosphoric
acid (HDEHP), toluene, and CNTs. For this preparation,
ethanol was employed as a dispersing solvent (0.021 grams
PANI/CNTs powder/0.5 mL solvent). The same transfer,
sonication, and spin-coating procedures, as described pre-
viously, were employed. For humidity sensing, a gold IDEs
chip was used.

4.1.3. Electrical Continuity Measurements. The electrical
continuity of the deposited polymer was measured by apply-
ing a ramp voltage (0–500 mV) across the polymer-coated
IDEs and measuring the resulting current. A sample result is
shown in Figure 10(a). The equation relating resistance (R),
length (L), cross-sectional area (A), and resistivity (ρ) of an
electrical conductor is given as

R = ρL

A
. (12)

Due to the nature of the spin-coating polymer deposition
process, L and A can vary between sensors. A sample
conductivity curve is shown in Figure 10(b).

Given in Table 1 are the electrical continuity charac-
teristics for the various IDEs/polymer sensors tested. The
resistances shown include the contact resistance of the pads,
associated wiring, and the particular PANI formulation. For
ease of comparison, in this table the conductivity100 is a
derived value for a polymer thickness of 100 microns.

4.2. Experimental Results

4.2.1. PANI/CSA Hydrogen Sensing. The PANI/CSA-based
sensors developed for hydrogen sensing were tested in a dry
hydrogen/argon atmosphere. Presented in Figure 11 is an
overview of the fully automated gas flow system and electrical
interface. Data was acquired in real time and transferred to
a PC (not shown). Shown in Figure 12 is a typical response
obtained for the hydrogen sensors. It can be seen from
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Figure 11: (a) argon and hydrogen gas cylinders; (b) the hydrogen/argon gas chamber used for the PANI sensor testing; (c) interior of the
chamber and electrical contacts.
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this figure that the PANI/CSA formulation is sensitive to
the presence of hydrogen. However, it is summarized that

Table 1: The measured resistances and derived conductivities for
various polyaniline polymer formulations.

Sensor designations
Resistance
(103 ohms)

Conductivity100

(S/m)

CSA-1 68 0.147

CSA-2 758.1 0.0132

CSA-3 4.1 2.42

CSA/CNTs-1 4.0 2.46

CSA/CNTs-2 2.0 4.93

HDEHP-1-A 377.6 0.0265

HDEHP-1-B 91.1 0.11

HDEHP-2-A 102.1 0.098

HDEHP-2-B 105.1 0.095

HDEHP-3-A 28.6 0.35

HDEHP-3-B 7.2 1.39

HDEHP-4-A 0.009 1000

HDEHP-4-B 0.011 882

the similar responses seen for different hydrogen concen-
trations are in part due to hydrogen-bonding sites within
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Figure 13: (a) hydrogen sensor and evaluation circuit board; (b) 6061-T6 aluminium alloy shards in a plastic container; (c) overview of the
test setup showing the glass jar with hydrogen sensor within; (d) the sensor response as a function of hydrogen evolution over time.
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Figure 14: Humidity sensor responses. (a) PANI-based humidity sensor and (b) COTS humidity sensor.

the PANI/CSA material not being fully vacated when the
flow is stopped or it is possible that the saturation point for
this particular PANI/CSA formulation is below 1% hydrogen.
Another possibility is that despite curing of the polymer in a
dessicator prior to testing, some residual moisture may have
remained trapped, thereby limiting the effective sensitivity of
the PANI/CSA in these tests.

4.2.2. COTS Hydrogen Sensor. Described here is an exper-
iment in which hydrogen gas was detected evolving from
6061-T6 aluminium alloy in a 5% saltwater solution. This

test was carried out to demonstrate the possibility of
measuring hydrogen evolution for corrosion monitoring of
aluminium. Testing was carried out with a COTS hydrogen
sensor (Kebaili Corporation) as shown in Figure 13(a). This
sensor is capable of measuring hydrogen up to 4% per
volume in air and is based on the microcatalytic oxidation
of hydrogen. The variation of the sensing element resistance
due to the exothermic reaction of hydrogen oxidation is
directly proportional to the hydrogen concentration. In these
tests, the baseline offset of the sensor was set to 215 mV.
These “accelerated” corrosion tests consisted of immersing
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Figure 15: (a) salt-fog chamber and (b) chloride ion and material degradation probes.
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Figure 16: A comparison of the corrosion rate for steel with the increase in chloride ion concentration over time.
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Figure 17: Corrosion rate as a function of the chloride ion
concentration (solid line is a linear fit to the data).

6061-T6 aluminium alloy shards (Figure 13(b)) into a 5%
salt water solution. The hydrogen sensor was affixed inside a
250 mL glass jar and then placed over a small opening in the
plastic cover (Figure 13(c)). The glass/plastic interface was
sealed with a putty material. The aluminium was left in the
saltwater solution for ∼36 hours prior to testing. A digitized
acquisition system (Omega instruNet) was employed for the
data acquisition. The result, shown in Figure 13(d), shows a

gradual increase in the hydrogen concentration over time.
In this figure, the sensor output increased by 15 mV over
the measuring span, which corresponds to ∼3% hydrogen
(7.5 mL) within the glass container, which in turn indicates
that approximately 6 mg of aluminium was consumed.

For aircraft applications, hydrogen sensing would require
an enclosed area, where the diffusion of hydrogen is reduced
and the gas concentrations reach levels that are practical
for detection. Enclosed fuel storage areas such as under-fuel
bladders, where condensation can form and initiate corro-
sion, are seen as potential areas for monitoring hydrogen gas
evolution.

4.2.3. Humidity Sensor Node. Humidity sensor tests were
conducted using a small container that allowed the flow
of humid air through it. Both a PANI/HDEHP + toluene
formulation IDEs sensor and a COTS (Omega RH820)
sensor were placed inside the container for humidity sensing.
Presented in Figure 14 is a comparison between the humidity
sensitive response of the PANI-based and the COTS sensor as
a function of time. As can be seen, the PANI sensor responds
very well to humidity with excellent response.

4.2.4. Chloride Ion and Material Degradation Sensor Nodes.
The chloride ion and material degradation testing was
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carried out in a salt-fog chamber (Singleton Corporation)
as shown in Figure 15(a). The chloride ion sensor and
material degradation sensor were placed into a beaker of
deionized water (Figure 15(b)). Salt-fog condensate (3.5%
sodium chloride solution) was captured within the beaker
and mixed with the deionized water. Data was acquired over
a two-hour span. Shown in Figure 16 is a comparison of the
increase in chloride concentration and material degradation
as a function of time.

Shown in Figure 17 is the dependence of the yearly
corrosion rate on chloride ion concentration (40–130 ppm
range).

From Figures 16 and 17, it can clearly be seen that salt-fog
condensation into the prepared beaker containing deionized
is detected by the increase of Cl− concentration and also in
the increase in the corrosion rate of test metal electrodes. For
example, a Cl− concentration of ∼90 ppm corresponds to a
corrosion rate of 900 microns/year. Hence, if such a solution
were to remain undetected for an extended period of time, it
could cause significant damage to an aircraft structure.

With the cumulative data of the various sensors, it
will be possible to cross-correlate the influence of each
corrosion parameter. In this way a theoretical corrosion
index can be developed. In this regard, further testing is
required in order to obtain adequate data for a more in-depth
analysis and interpretation. This being said, the corrosion
index will provide an indication of the environmental and
material conditions so that either preventative or corrective
maintenance actions can be taken.

At this stage the sensors are still in the developmental
stage. However, as further refinement to the sensing technol-
ogy is conducted, it is the aim that their use in aircraft will be
in areas most prone to corrosion such as the cockpit in fighter
aircraft, galley and latrine areas, or any other area prone to
the accumulation and retention of moisture.

5. Conclusions

Part of the ongoing development of a multiparam-
eter integrated corrosion sensor, consisting of carbon
nanotube/polyaniline-based and commercial-off-the-shelf
sensors, has been presented. This paper also described
the integration methodology being investigated for the
various sensor nodes and presented preliminary chloride
ion, humidity, and temperature data acquisition capabilities.
Also, experimental test results were presented for chloride
ion concentration, hydrogen gas evolution, humidity vari-
ations, and material degradation. The integrated corrosion
sensor development program presented here intends to
provide a condition-based approach to aircraft maintenance
protocols through a data-intensive maintenance scheduling
methodology in order to tailor maintenance schedules for
structural/component/material requirements as opposed to
operating under predefined inspection timetables. Through
data fusion, environmental and material factors were pro-
posed for determining a corrosion index, which in turn
was suggested for developing condition-based maintenance
protocol consisting of both preventative and corrective
maintenance scheduling.
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