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Abstract

To monitor the vibration of blades in rotating machinery, the contactless method called Blade Tip Timing
(BTT) is widely used. Blade vibration and clearance are important diagnostic features for condition moni-
toring, including the detection of blade cracks. To perform the BTT technique, optical sensors were widely
used by industry due to their high accuracy, but the main drawback of these systems is their low tolerance
to the presence of contaminants. To overcome this downside, eddy current sensors are a good alternative for
health monitoring applications in gas turbines due to their insensitivity to contaminants and debris. This
type of sensor has been used by many researchers, predominantly on the experimental side to investigate
BTT systems and there is a lack of modelling to support the measurement system design. This paper fills
the gap between experiments and modelling for the particular case of a blade rotating past eddy current
sensors. Hence the novelty of this paper is the simulation of the BTT application using detailed quasi-static
finite element models of the electro-magnetic field to estimate the outputs from active and passive eddy cur-
rent sensors. A test rig composed of a bladed disk with 12 blades clamped to a rotating shaft was designed
and manufactured in order to validate the proposed models with experimental measurements. Finally, a
parametric study is presented to show the effect of the blade tip clearance and the rotational speed on the
accuracy of the BTT measurement. This leads to better understanding of the sources of error in the time
of arrival of the blades passing the sensor and hence insight into the blade vibration measurement accuracy.

Keywords: Passive eddy current sensor, Active eddy current sensor, Blade tip timing, Electro-magnetic field,
Quasi-static finite element model
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1. Introduction

In turbomachinery, severe vibratory loads may lead to blade failures and therefore the total failure of
the engine. Maintenance of the rotating machine is very important and has a tremendous impact on the life
cycle cost of the engine. To obtain the best efficiency, an intelligent assessment is necessary for early damage
diagnosis and condition based maintenance activities. Initially, contacting sensors such as strain gauges were
used to monitor blade response [1]. This approach required mechanical transducers to be attached to several
blades to measure the vibration. The shortcomings of this approach include the time required to install the
sensors, the fragility of the sensors in the gas turbine environment, and each blade monitored must have
its own sensor. Therefore, many investigators have considered contactless diagnostic systems to assess the
blade response in the rotating frame, since it is non-intrusive and is able to measure blade vibration in real
time and thus enable the prompt detection of potential damage. One of the most widely used methods is the
so-called Blade Tip-Timing method ( BTT) using sensors mounted on the casing of a machine. This method
analyses the time when a blade tip arrives at the position of the stationary sensors, called the blade Time of
Arrival (ToA). The blade vibration causes a variation of the ToA and therefore the BTT measurements can
be converted to a vibration response as the vibration displacement, frequency and amplitude. In addition
to the ToA, the distance separating the blade tip and the sensor mounted in the engine casing, so called the
Blade Tip Clearance (BTC), can provide further information to detect damage.

During the early 1970s, Zablotsky and Korostelev [2, 3] introduced the first non-contact measurement
based on their own device called ELURA to measure vibration. Their technique was extended by Heath [4]
and Heath and Imregun [5] with an enhanced formulation to generate the blade arrival times using optical
laser probes. Different sensor technologies have been used to monitor the blade response and position in
turbo-machinery, such as optical, capacitance and eddy-current sensors. A review of the technologies used in
vibration blade monitoring was summarized by Von Flotow et al. [6]. The need to distinguish between the
effect of cracks and other sources of damage on the blade lengthening measurements has been highlighted. In
the last decade, crack detection techniques using non-contact blade vibration measurements has witnessed
several developments described by Zielinski and Ziller [7, 8] through various experimental applications. Due
to the potential of capacitance probes to provide data for both tip clearance and tip timing, Lawson and Ivey
[9, 10] investigated blade vibration measurements collected using these sensors. Kempe et al. [11] considered
an optical probe due to its low cost and performance at high temperatures to perform proof-of-principle
measurements for a novel tip-clearance measurement technique with high spatial and temporal resolution.
Sheard [12] described an improved capacitance probe used for high temperature turbine applications. He

explored the probe’s reliability at high temperatures using blade tip clearance measurement techniques and
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laboratory experiments. In order to overcome several shortcomings of inductive, capacitive and discharging
probes in measuring blade tip timing and clearance in turbines, Garcia et al. [13], Garcia et al. [14] proposed
a probe based on a trifurcated bundle of optical fibers mounted on the turbine casing. Based on their
approach, the tip clearance and blade tip timing measurements were obtained simultaneously, leading to
lower cost and time requirements. More recently, Guo et al. [15] performed a model of the blade tip-timing
signal from a fiber bundle sensor. They were able to remove the measurement error caused by the variation
of the clearance between the blade and the sensor using a variable gain amplifier to amplify the signals to
similar levels.

Many researchers have explored the potential of eddy current sensors (ECS) to monitor the health of
an engine without any need for direct access to the blade. ECS are also insensitive to the presence of any
type of contaminant (e.g. fluid or high temperature). Both tip timing and tip clearance of each blade could
be measured by these sensors in real time and at high resolution. However, some limitations such as case
thickness or case material could be a major obstacle in monitoring the system. Garcia-Martin et al. [16]
reviewed the state-of-the-art of eddy current testing for crack detection in different electrical conductive
materials. In terms of experimental studies investigating the eddy current assessment of rotating systems,
Lackner [17] assembled a test rig of three spinning test blades to test the ability of ECS in a simulated
gas turbine environment. Compared to strain gauge data extracted from the test rig, he showed that ECS
could mitigate the drawbacks of other types of sensors, such as optical or capacitive sensors. A numerical
model of an ECS for an in-line assessment of hot wire steel was performed by Rahman and Manklein [18].
They used a different numerical method with the aim to model a nondestructive testing system. Chana and
Cardwell [19] measured the arrival times of a rotor blade using ECS in various engine trials to evaluate the
ability of these sensors to detect pre-existing damage and to capture dynamic foreign object damage events.
They obtained high quality tip timing data using ECS. Similarly, Cardwell et al. [20] used ECS to measure
blade tip timing in rotating machinery, and developed an improved ECS system through laboratory tests
to measure the blade arrival times. Moreover, Chana et al. [21] evaluated the ability of an ECS and a
Reasoner software system to isolate a crack propagated in a cyclic engine and to predict its remaining useful
life. More recently, a pulsed eddy current technology to monitor the health of the engine through its casing
was developed by Mandache et al. [22] based on blade tip displacement. Using a simple 3-blade assembly, a
“through the casing” transmit/receive pulsed eddy current probe was employed to investigate variations in
blade tip clearance, inter-blade spacing and blade twist/angle. In addition, Liu and Jiang [23] proposed an
improved blade tip timing method, and introduced an ECS to detect the torsional vibrations of the rotor.
Haase and Haase [24] used through-the-case ECS to advance tip clearance measurement systems for turbine
engines. Using a combination of ECS and optical sensors, Guru et al. [25] instrumented a low pressure
turbine stage of a developmental aero engine to monitor blade vibrations during engine tests. In terms of

analytical modelling of eddy current fields, Karakoc et al. [26, 27] derived an analytical model of an eddy
3
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current brake ( ECB) under time varying magnetic fields, and investigated the effect of the time varying field
on the braking torque. To predict small fatigue cracks, Rosell and Person [28] performed an eddy current
contactless inspection based on a finite element model and experiments. Wu et al. [29] studied the effect
of the motion-induced eddy current (MIEC) on circumferential magnetization in high-speed magnetic flux
leakage (MFL) testing. They investigated the effect of rotational speed on the MIEC and circumferential
magnetic flux density. They also performed MFL testing experiments for steel pipes to confirm the effect
of the MIEC. More recently, Kubin et al. [30] modelled the magnetic interference between ECS and a blade
shroud. They proposed a methodology to choose the size of a BTT sensor and where to place this sensor,
and they verified their approach through test rig measurements.

The past investigations using eddy current testing in blade tip timing of rotating blades have been
predominately experimental. Therefore there is a lack of modelling that can help to understand the error
sources in the estimation of the blade time of arrival and hence its effect on the accuracy of the timing
measurement, which depends on the blade deformation and clearance between the blade and the sensor.
As the requirements from the BTT system becomes more stringent, for example using multiple sensors
to extract bending and torsional responses from blades with a complex geometry, the optimization of the
measurement system cannot be undertaken experimentally. Further development of BTT systems therefore
requires detailed models of both the sensor and the rotating bladed disk. This paper fills the gap between
experiments and modelling for the particular case of a blade rotating past eddy current sensors. Hence
the novelty of this paper is the simulation of the BTT application using detailed quasi-static finite element
models of the electro-magnetic field to estimate the outputs from active and passive eddy current sensors.
Hence, for the first time, quasi-static 3-D finite element models of the electro-magnetic field are developed
in this paper to simulate the integrated measured output from an Active Eddy Current Sensor (A-ECS)
and a Passive Eddy Current Sensor (P-ECS). The blade time of arrival will depend on the amplitude and
frequency of vibration and therefore the blade motion can be characterised by the knowledge of such data
An integral test rig was designed and manufactured to generate BTT outputs in order to validate the models
of the ECS.

This paper is arranged as follows. The basic theory of eddy current sensors in monitoring a moving target,
including the governing equations to model a moving target in an electro-magnetic field are described in
Section 2. Two numerical models for blade tip timing using P-ECS and A-ECS are described in details in
Section 3, where the details of the meshing and boundary conditions are described and simulation results
are presented. A description of the test rig design and fabrication, with the validation of models with
experimental measurements, are presented in Section 4. Section 5 gives a parametric study and the paper

ends with concluding remarks.
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2. Basic theory of ECS in sensing a moving target

2.1. Fundamental principle of ECS

In this section the concept of eddy current monitoring a moving target is described. Two types of
eddy current sensors exist, namely A-ECS and P-ECS. In the case of a P-ECS, if a conductive target moves
through a permanent magnetic field, eddy currents are generated. In contrast, when an alternating magnetic
field acts on a conductive target, this case corresponds to an A-ECS. These two types of sensors have been
used in BTT applications. In the following, the operating concept of an A-ECS is described [16]. A time-
varying magnetic field generated by an alternating current in the coil of the ECS is formed around the coil.
If an electrically conducting target is moving past, the primary magnetic field penetrates the moving object
causing a variation of the magnetic flux through it. Following Faraday’s law of induction, this induces a
set of electrical closed loops that flow in planes perpendicular to the magnetic field within the conductive
target, and are called eddy currents. The current in a given loop is proportional to the area of the loop,
to the rate of change of the magnetic field and to the magnetic flux magnitude. Following Lenz’s law, the
induced currents in the target create a secondary magnetic field that opposes the primary magnetic field
and hence the eddy currents affect the primary magnetic field, as shown in Figure 1. This reaction results in
a change in the coil impedance which is captured by the sensor. The A-ECS is considered as a displacement
sensor, since the change in the coil impedance is related to the gap between the sensor and the target, and
commercial sensors are calibrated so that the sensor output is proportional to the relative displacement.
In the case of a P-ECS, the operation process is almost the same, except that a permanent magnetic field
is generated, and the motion of the conductive target through the magnetic field generates eddy currents.
The secondary magnetic field generated by these eddy currents is measured by the sensor. The magnetic
field needs to vary to generate an output in the sensor coil, and hence a P-ECS essentially measures velocity.
Thus a P-ECS is not used as a displacement sensor, but does work well for blade tip timing where the blade

is always moving past the sensor. Models of both a P-ECS and an A-ECS are considered in this paper.

2.2. Basic physical background for modelling ECS

In this section, the model of an ECS for a moving target is developed. Describing the material properties,
in relation to the electromagnetic fields and the corresponding flux densities, the following constitutive

relations are considered:

D=¢F (1)

B=uH (2)

where E is the electric field vector, H is the magnetic field strength vector, D is the displacement flux density

vector, B is the magnetic flux density vector, ¢ is the electric permittivity and u is the magnetic permeability
5
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Primary Magnetic Field

DC Current

Secondary
Magnetic Field

Figure 1: Mechanics of a P-ECS monitoring a moving target

of the medium. For a moving target, the general time-dependent Maxwell’s equations (Egs. (3)—(6)) are
used to describe the electro-magnetic field in terms of sources [27, 28]. These equations are written in vector
notation and in differential form as:

oD

0B
V-D=p (5)
V-B=0 (6)

where J is the current density and p is the charge density. Satisfying the fourth Maxwell equation (Eq. (6)),

a magnetic vector potential A can be defined as,
B=VxA (7)

By defining the electric field intensity, and satisfying the second Maxwell’s equation (Eq. (4)), the field
quantity can be derived from the potential as,

0A

E=-Vo- >

6

(®)
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where ¢ is the electric scalar potential. In the particular problem of an eddy current sensor, the electric

current generated is composed of two parts and given by
J=J+ Js 9)

where J; is the current density induced in the electro-conductive target close to the coil sensor and Js is the
current density in the coil region of the sensor generated by the voltage supply in this coil. Following Ohm’s
law for a moving conductor, along with the presence of the magnetic field, the eddy current generated in

the target is defined as
Jiy=0(E+vxB) (10)

where v is the velocity of the target and o is the conductivity of the material of the target.
Since the eddy current problem is a magneto-quasi-static problem [31], the displacement current can be

D
ignored, i.e. %—t ~ 0. Therefore, substituting Eqs. (7)-(10) and Eq. (2) into Eq. (3) yields
VxB=uJ+ou(E+vxB) (11)

By rearranging the terms in Eq. (11) and replacing the electric field and magnetic flux density by their
expressions in Egs. (7)—(8), we obtain, in terms of A and ¢, the following magnetic governing equation

Vx(VxA)—opu <V@%:1+UX(VXA)>MJS (12)

3. Finite element modelling of ECS monitoring of rotating blades

3.1. Summary of previous models by the authors

Initial investigations by the authors modelled a P-ECS [32], and simulated a rotating bladed disk of
simple geometry composed of 4 simplified rectangular blades and surrounded by a casing onto which an
eddy current sensor was attached. The aim was to simulate the measurement process used for blade tip
timing using ECS. A detailed description of the geometry of the 2-D and 3-D models were described.
The simulations gave sensor outputs that corresponded to those measured and reported in the literature.
Moreover, the investigation into the sensitivity of the eddy current signal to different model parameters
enabled these parameters to be strategically fixed in order to increase damage sensitivity. Furthermore,
this modelling approach was utilised to design and optimise the bladed disk test rig presented in the next

section.

3.2. Design of the bladed disk

A bladed disk composed of a rotating disk and 12 rectangular twisted removable blades was designed

using SolidWorks. Based on the parametric study described in the previous section and performed by Jamia
7
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Outer D=200mm

" Inner D=60mm

(a) (b) ()

Figure 2: The test rig design (a) Blade (b) Disk (c) Bladed-disk assembly

et al. [32], the initial geometry parameters of the bladed disk were fixed. A rectangular blade with 100 mm
length, 31 mm width and 4 mm thickness was designed, as shown in Figure 2a. A detailed modal analysis of
the disk was performed using the finite element analysis commercial code ANSYS 16.2., to predict the test
response and to guarantee sufficient stiffness of the disk in order to isolate the blade response from the disk
response. The outer and inner diameters of the disk were fixed to 200 mm and 60 mm, respectively. The
outer thickness of the disk was set at 30 mm and the inner thickness was set at 20 mm, as shown in Figure
2b. Figure 2c shows the assembled bladed disk. Due to the high computational cost of running the models
of the bladed disk with 12 blades, a bladed disk with only 2 blades was modelled in the following sections.

3.83. Modelling of P-ECS monitoring a rotating blades

In this section, the modelling of a P-ECS monitoring a rotating bladed disk is described. To achieve this
task, a commercial FEA software package, COMSOL Multiphysics®was used [33].

S Bladed disk

Figure 3: Model geometry of the P-ECS case

8
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The model geometry is first uploaded as a 3D CAD object to the geometry interface of the software. The
ECS is represented by a hollow cylindrical with 3 mm inner diameter and 6 mm outer diameter, and is fixed
at a distance § which equals the gap between the blade tip and the sensor. This sensor is mounted to
cylindrical casing that surrounds the bladed disk at a distance of §/2. The material properties of structural
steel are assigned to the bladed disk and the casing, and copper material properties are assigned to the core

of the sensor. The model geometry is shown in Figure 3 and the material properties are given in Table 1.

Table 1: Material parameters

Parameters Air Structural steel Copper Potting material
Relative permittivity 1 1 1 1
Relative permeability 1 1 1 1
Electrical conductivity 0 [S/m] 4.032¢6 [S/m)] 5.998e7 [S/m)] 0 [S/m]
Young’s modulus - 200¢9 [Pa] 110€9 [Pa] -
Poisson’s ratio - 0.30 0.35 -

The 3-D domain of the model geometry is discretized by cutting the geometry along the air gap into two
parts: one containing the static part of the model (the sensor and casing), and the other containing the
moving part (i.e. the disk, the blades and the surrounding air), as shown in Figure 4a. The air region
between the two parts must be included in the geometry. The highlighted boundary in Figure 4b represents
the cut boundary. Tetrahedral elements were used to mesh the different 3D parts of the geometry, while
triangular elements were used to mesh the cut boundary. The COMSOL interface uses the moving mesh

approach to model the rotation as the finite element method does not naturally support rotations.

. static part
@S Moving part

(a) (b)

Figure 4: Model geometry of the P-ECS case: (a) Static and moving parts (b) Cut boundary between static and moving

parts

9
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The static part remains stationary while the moving part rotates. The two parts are then meshed separately,
as shown in Figure 5b by the different positions of the nodes of the mesh on the two sides. Therefore, the
meshes slide over each other, remaining always in contact at the cut boundary. Finally, 861810 tetrahedral

elements were used for the model, as shown in Figure 5a.
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Figure 5: (a) Mesh details of the P-ECS model (b) A close up of the model mesh

The dynamics of the system is defined using the rotating domain interface of COMSOL by applying a
rotational velocity to the moving parts. COMSOL enables the moving mesh for the rotating part and
guarantees suitable transformations of the electromagnetic field. In time dependent analyses, the quasi-static
approximation, which neglects the displacement current density, is applied by the software and therefore
all of the currents in the system are induced in the conductive parts or applied externally through the
sensor in this case. In order to compute the distribution of the electromagnetic field, COMSOL solves
Maxwell’s equations using mixed formulations. The vector potential formulation is based on the magnetic
vector potential A, which fulfils two of Maxwell’s equations (Faraday’s law and the magnetic Gauss’s law).
The second formulation is the scalar potential formulation based on a magnetic scalar potential which is
used to define the magnetic field in such away Ampere’s law is automatically fulfilled and the magnetic flux
conservation law is satisfied. These two formulations are used together by combining the vector potential
formulation for conductive domains (e.g. the bladed disk and sensor) and the scalar potential formulation
for the free-current domain, such as the surrounding air and air gap. In the case of the sensor, a coil feature
from the magnetic field interface in COMSOL was assigned to the hollow cylinder in the model geometry to
model the sensor as a conductor subject to an externally applied current or voltage. This feature transforms
the applied excitation into local quantities (e.g. electric field and electric current density), and calculated
as lumped parameters. The different coil parameters are given in Table 2. The hollow cylinder assigned as
a sensor in the model geometry is composed of hollow part representing the core of the sensor with inner

diameter D,,, and a second cylinder concentric with the first one with an outer diameter D,,;. These
10
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two dimensions are given in Table 2. The second cylinder contains a multiple tiny wires wound together
around a common axis, arranged as a circular coil and placed in a potting material geometry. This wires
form a closed circular loop that models the direction of the current flow. The coil wire conductivity, the coil
wire cross section area, the coil length and the number of turns given in Table 2 are used to calculate the

resistance of the coil as,

Nurn Lcoi
Reoit = —turn Zeotl (13)

A Ocoil Qcoil A
Where A is the total cross-sectional area of the coil domain. The coil applies an external current density in

the direction of the wires defined as

_ Nturn (Vcoil + ‘/znd)

Je
) Rcm’,l A

(14)

Where V;,4 is the induced voltage calculated by integrating the electric field along the coil and Ry is
the total coil’s resistance. In this paper the value of V,,;; was chosen as a small value due to convergence

purposes since increasing this value will results on an important increase of computational cost.

Table 2: Coil parameters

Coil parameters Value Unit Name
Coil excitation le-6 A% Veoit
Number of turns 500 turn - Newrn
Coil wire conductivity 6e7 S/m O coil
Coil wire cross-section area le-6 m? Qeoil
Coil length 10 mm Leoit
Inner diameter 3 mm Dinn
Outer diameter 5 mm Doy
Coil excited frequency 100 kHz fo

In addition, due to convergence issues of the model, the current value in the coil is ramped from a low
value using a smoothed step function. Regarding the boundary conditions, the tangential components of
the magnetic potential is set to zero at the external boundary due to the magnetic vector potential; on
external boundaries with a magnetic scalar potential, the normal component of the magnetic flux density
is set to zero. In addition, an identity pair is created connecting the static and moving part which enforces
the continuity of the magnetic scalar potential in the global coordinate system.

A time-dependent analysis for an interval of 1.7s at a rotational speed of 100rev/min was performed for
the P-ECS model. Figure 6a shows the surface plot of the magnetic flux density at the instant when one

of the blades passes the sensor. The current density induced throughout the bladed disk is also shown by
11
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Figure 6: (a) Magnetic flux density (surface) and current density (arrows) for the P-ECS model when a single blade passes

the sensor (b) The P-ECS output when several blades pass the sensor

arrows. We can notice a variation in the induced current density at the blade tip. This variation is due
to the interference between the primary magnetic field generated by the ECS and the secondary magnetic
field generated by the moving blade past the sensor. This agrees with the concept of the P-ECS described
in Section 2. Figure 6b shows the corresponding coil voltage captured by the P-ECS when blades pass
by. A signal peak is obtained every time a conducting blade enters the field of the sensor which alters the
magnetic field through the induced eddy currents in the blades. This describes clearly the behavior of the
signal output of the P-ECS; based on a reference voltage which will correspond to a known position on the
blade, the time of blade passing can be determined. This gives information about the time of arrival of the
blade at the sensor probe. In addition, the shape of a single peak corresponding to the P-ECS case, gives
information to determine when the blade is positioned at the middle of the sensor, which gives more detail

about the exact blade position.

3.4. Modelling of an A-ECS monitoring rotating blades

This model is based on measuring the change in the coil impedance which is related to the gap between
the sensor and the target, and hence the sensor output gives the relative displacement. Therefore, compared
to the P-ECS model, the continuous rotation approach is replaced with a series of blade positions using a

sweep of the geometry parameter defined as
rot_angle = t_parax Q* 2w (rad) (15)

where € is the rotational speed of the bladed disk, t_para is the parametric time and the blade will rotate

with an angle equal to rot_angle with respect to this time. Then, the model is solved as a series of frequency
12
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domain studies whilst rotating the blades in the geometry via a parametric sweep. A frequency domain
study defines that an alternative current is used for the coil excitation oscillating at a parameter fo. This
excitation has been set to be 1000 times the rotational speed, to ensure that the quasi-static approximation

is valid. A slightly simpler model geometry shown in Figure 7a is used in the case of the A-ECS model.
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Figure 7: (a) Model geometry of the A-ECS case (b) Mesh details of the A-ECS model

Due to the absence of rotation, the model is solved using the vector potential formulation in all domains.
Similarly to the P-ECS model, the coil feature of COMSOL is assigned to the cylinder in the geometry
model and the lumped parameter of interest, which is impedance in this case, is calculated. For the meshing
of this model, a very fine mesh is used for the blades and the coil; the mesh in the blades has been heavily
refined to resolve the currents well. Then, 468634 tetrahedral elements were used for the model, as shown
in Figure 7b. Regarding the modelling of the sensor, unlike the P-ECS case, the coil was composed of 100
turns carrying a sinusoidal varying current of 1 A /turn. The magnetic field and the eddy currents induced
in the conductor blade is computed for coil currents of frequency fy given in Table 2. In a frequency domain
study, the impedance variable Z.,;; is computed as

‘/coil
Icoil

Zcoil = (16)

and is proportional to the variation of the magnetic flux due to the interaction between the external magnetic
field applied by the sensor and the induced magnetic field by the rotating blade. The values for the coil
wire conductivity and cross section area described in Table 2 were used in this model. Finally, the boundary
conditions were fixed by the COMSOL interface, considering the tangential components of the magnetic
potential is set to zero at the external boundary with magnetic vector potential. The A-ECS model is solved
for a full period of rotation of the bladed disk, Ty = 27/q, for 1000 time steps within that time interval.

Figure 8a shows the surface plot of the magnetic flux density at the instant when one of the blades passes
13
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by the sensor. The current density induced through the bladed disk is also shown by arrows. The eddy
currents in the blades induced by the coil result in a variation of the current resistance of the coil. This
variation of the coil’s impedance causes an electrical signal which is measured by the sensor and calibrated
in order to be proportional to the distance between the blade tip and the sensor coil. This signal is shown
in Figure 8b. The zero-to-peak amplitude of the signal is determined by the gap; any variation of the gap

between the sensor and the blade tip will lead to a variation of the amplitude of the signal.
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Figure 8: (a) Magnetic flux density (surface) and current density (arrows) for the A-ECS model when a single blade passes

the sensor (b) A-ECS output when several blades pass the sensor

4. Experimental program and validation

In this section, the models described above will be validated with measurements collected from a test rig

designed and manufactured in the workshop at Swansea University.

4.1. Design and fabrication of test rig

In order to demonstrate the reliability of the models described in this paper, a test rig was designed and
manufactured in order to replicate a BTT application and generate BTT measurements using commercial
A-ECS and P-ECS and therefore validate the models. Based on a brief review of the literature of the existing
test rigs built for monitoring the structural health of a machine [34-38], a test rig was designed that was
composed of a bladed disk with 12 blades surrounded by a cylindrical casing. The bladed disk is clamped
to the end of a rotating shaft supported by two bearings. In order to avoid any vibration caused by the
flexibility of the shaft, a Finite Element Analysis of the shaft was undertaken using ANSYS to ensure that

the shaft is effectively rigid. The first natural frequency of the shaft was around 1.2kHz which is much
14
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higher than the blade first natural frequency, which is around 300 Hz. To provide support for the rotating
shaft, two split Plummer block housings are used with compatible ball bearings fitted in the housings. The

design of the full test rig is shown in Figure 9. The test rig was fabricated in the machine shop at Swansea

(a) (b)

Figure 9: Test rig design: (a) Overall view (b) Side view

University using an EDM machine which uses a very thin wire to accurately cut the blade and disk geometry
and decrease the uncertainties that could be introduced through the contact regions. For safety, an acrylic
casing was used to cover the entire test rig during operation. The manufactured parts of the test rig are

shown in Figure 10.

o (@

(a) (b)

Figure 10: (a) Manufactured blade (b) Manufactured disk

4.2. Ezxperimental setup and validation

In this section, a description of the experimental setup and the validation of the models with the ex-
perimental measurements is presented. In order to replicate the BTT application, the shaft is driven by a
Schneider Electric servo drive system composed of a BCH servo motor and an LXM28 (AC servo drive). Two
commercial sensors, Active and Passive ECS, were mounted on the casing around the bladed disk through
holes, as shown in Figure 11. The sensors were connected to a 4-channel Data Acquisition system (DAQ) in
order to measure the sensor outputs. As mentioned earlier, regarding the high computational requirements

of the 3-D models of the P-ECS and A-ECS, the simulated model was composed of a disk with two blades,
15
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() (b)

Figure 11: (a) Test rig setup (b) Mounting of the sensors on the casing

which was exported to COMSOL. Therefore, only two blades were installed on the bladed disk to be used
to validate the numerical models; retaining blades on opposite sides of the disk ensured that the bladed disk
was balanced.

The rotational speed was set to 100 rpm and the clearance between the blade tips and the sensor was 3 mm.
The BTT measurements were collected from the A-ECS and P-ECS for a period of 1.28 s at a sampling rate
of 13kHz. Regarding the simulation, the physics based model was updated to predict the same behavior as
the commercial sensor by estimating the coil properties such as the number of turns and the coil wire cross
section area to give the measured peak sensor output. The comparison of measured output of the P-ECS
and the A-ECS, and the numerical results from the models described above are shown in Figure 12 and 13,
respectively. These figures show a good agreement between the simulated and measured BTT data for the

P-ECS and the A-ECS.

16
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The accuracy of the ToA measurements is a key parameter for the BTT method. The ToA depends strongly

on the threshold picked from the output signal sensors. The sample rate is a key driver for the accuracy

of measurements in addition to the level of noise. A high level of noise might lead to errors in picking the

accurate threshold corresponding to the ToA of the blade. Depending on the level of noise some techniques

can be used to reduce the level of noise, such as cross-correlation or curve fitting methods. Regarding the

17
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simulated measurements, the sample rate can be chosen and then the variation of the noise will be dependent

on the mesh element size.

5. Parametric study

In this section, the effect of the variation of the gap (i.e. the distance separating the blade tip and the
surface of the sensor during the rotation of the bladed disk) and the bladed disk rotational speed on the
output of the A-ECS and P-ECS model was investigated. For the P-ECS model, Figures 14 and 15 show
the effect of the gap on the output signal for a range of low and high gaps, respectively. In Figure 14, the
amplitude of the signal decreases slightly when the gap increases from lmm to 3mm in 1mm increments.
This agrees with the fact that the maximum speed of the blade is always equal to the tip speed of the blade
when it passes the sensor and when the blade aligns with the sensor axis. Therefore, the gap between the
sensor tip and the blade tip will not have an important effect on the relative speed for the P-ECS. However,
in Figure 15, the variation of the signal output is clearly more significant when the gap increases from 3mm
to 9mm. These results show that the P-ECS is relatively insensitive to small distance variations, and it

performs well for a higher range of gaps and still can detect the passing of the blade at a large gap (around

10mm).
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Figure 14: (a) The P-ECS model output for small gaps (b) A locally enlarged graph of Fig. 14a

For the A-ECS model, Figures 16 and 17 show the effect of the gap on the output signal for the gap varying
from 1mm to 5mm. Figure 16 shows that the amplitude of the output signal decreases dramatically when the
gap increases from 1mm to 3mm. This shows the high sensitivity of the A-ECS to small distance variations,

which highlights that this type of sensor is considered as a displacement sensor. As shown in Figure 17,
18
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Figure 15: (a) The P-ECS model output for large gaps (b) A locally enlarged graph of Fig. 15a

the output signal becomes very noisy when the gap value is greater than 3 mm and therefore the A-ECS
starts to lose its performance in monitoring the rotating blade for larger gaps. In practical applications the

effectiveness of the P-ECS for large gaps will be very beneficial.
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Figure 16: (a) The A-ECS model output for different gaps (b) A locally enlarged graph of Fig. 16a

Finally, Figure 18 shows the effect of the rotational speed of the bladed disk on the P-ECS and A-ECS

outputs. Due to the difficulty in analysing the raw results in this case, the signal outputs have been shifted
19
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Figure 17: A-ECS signal output with time corresponding to (a) Gap=4mm (b) Gap=5mm

to a common point so that the blade passes the sensor at the same time.
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Figure 18: The sensor output with time for different rotational speeds (curves shifted to a common point) (a) P-ECS model

(b) A-ECS model

For the P-ECS case, Figure 18a shows an increase of the signal amplitude with increasing rotational speed.
This shows the sensitivity of this type of sensor with the speed variation and which highlights that the
P-ECS is considered as a speed sensor and not as a displacement sensor; the magnetic field in the P-ECS is

obtained from a permanent magnetic and hence the change in magnetic field flux is due to the velocity of

20
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the blade. However, Figure 18b shows the insensitivity of the A-ECS model output with the speed variation
which demonstrates that the A-ECS is behaving as a displacement sensor, This parametric study leads to
the conclusion that the P-ECS could be more efficient for the BTT measurement due to its high sensitivity
to the velocity of the blade.

6. Conclusion

This paper has simulated a rotating bladed disk monitored by passive and active eddy current sensors
mounted on a casing surrounding the bladed disk. The aim was to simulate the measurement process used
for blade tip timing using eddy current sensors. Eddy current sensors have been considered in this paper
due to their robustness in harsh environments. The governing equations modelling the electro-magnetic
field of a moving target have been described for a quasi-static problem. A detailed description of the 3-D
models for a P-ECS model and an A-ECS model were presented, together with the rotating mesh details,
and the physics of the electro-magnetic fields. A test rig was designed and manufactured in order to generate
BTT measurements for P-ECS and A-ECS. These measurements were used to validate the numerical models.
Finally, a parametric study was performed to study the effect of the gap and rotational speed on the outputs
from the sensors. The results showed that the A-ECS output is more sensitive to the gap between blade tip
and sensor than the P-ECS, while this latter is more sensitive to the blade velocity than the A-ECS. This
sensitivity can help to estimate more accurately the time of arrival of the blade by taking in consideration
these effects. In addition it was concluded that the P-ECS can be more accurate for BTT measurements.
The proposed modelling approach can be utilised to design more complex BTT applications with multiple
sensors and complex geometries. Finally, a BTT study to identify damage in vibrating blades while they

are rotating will be the subject of future research.
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