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Abstract
Several researchers have considered non-contact methods to monitor blade vibration such as the blade tip

timing method. This method uses contactless sensors mounted on the casing around the engine. Eddy

current sensors are investigated in this work due to their efficacy for monitoring blade vibration in harsh

environments compared to other type of sensors. Very little experience in the modelling of eddy current

sensors is available in the literature; therefore, a detailed 3D finite element model to simulate a rotating bladed

disk passing an eddy current sensor was performed. In addition, a laboratory scale test rig was designed

and manufactured in order to validate the proposed model with experimental measurements. Numerical

and experimental results are presented in this paper. The integrated measured output of the sensor was

investigated to show the effect of the blade deformation and clearance on the accuracy of the Blade Tip

Timing measurements. Finally, a demonstration of blade vibration based on measurements was performed.

1 Introduction

Vibratory loads are a main cause of blade failures in turbomachinery that can lead to total failure of the

engine. Therefore the maintenance of a rotating machine is vital and has enormous impact on the life cycle

cost of the engine. To realise efficient maintenance, an intelligent assessment is important for early damage

diagnosis and condition based maintenance activities. Several monitoring techniques based on using station-

ary sensors mounted to the casing around the rotating blades have been developed to measure and analyse

the Time of Arrival (ToA) of the blade tips passing by the sensors. In the 1960’s a contact method was firstly

used by Fragman et al. [1] to monitor and measure the rotating blade responses. They used strain gauges

mounted on the blade. This method has several shortcomings such as time and cost, and the low resistance

to the harsh environment found inside the machine. To overcome these shortcomings, many investigators

considered contactless methods as an alternative. This method is based on monitoring blade vibrations in the

rotating machinery due to the non-intrusive and easy installation of sensors which allows prompt detection

of potential damage.
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One of the well-known contactless method is the Blade Tip Timing (BTT) approach, which estimates the

blade vibration that is crucial in the assessment of machine operation and the prediction of blade failure due

to fatigue. The concept of this method relies on using a number of probes fixed to a casing of the machine

to detect the blade tip as it passes by the probes. Then, the difference between the time of arrival (ToA) of

non-vibrating and vibrating blades leads to the estimation of the vibration displacement utilized to identify

vibration parameters [2]. During the early 1970s, Zablotsky and Korostelev [3, 4] introduced the first non-

contact measurement based on their own device to measure vibration called ELURA. This technique was

extended by Heath and Imregun [5] based on an improved formulation to extract the blade arrival times

using optical laser probes. Dimitriadis et al. [2] simulated data from traditional BTT tests of rotating blades.

They performed a qualitative analysis of different phenomena that can affect the identification of blade

vibration parameters such as mistuning or coupling. A modal parameter identification of rotating machine

blades was presented by Salhi et al. [6] using BTT data. Liu and Jiang [7] monitored the blade vibration of a

rotating machinery test rig using the BTT method. They proposed a method to improve the accuracy of the

measurements in the presence of torsional vibration. Similarly, Madhavan et al. [8] conducted an experiment

to monitor vibration using the BTT technique.

The focus of previous research has been mainly on the experiment work to describe the BTT method. Several

sensing technologies have been proposed to monitor blade positions in turbomachinery relying on capaci-

tance, inductance, optics, microwaves and eddy-currents. The focus in this paper will be mainly on the eddy

current sensor (ECS) due to its potential to assess the health of a machine without any need for direct access

to the blade (e.g. the possibility to monitor through the casing) and therefore they are insensitive to the pres-

ence of any type of contaminant. Also, both tip timing and tip clearance of each blade could be measured by

these sensors in real time and at high resolution. Dowell and Sylvester [9] described the physical principles

of ECSs and the approach used to develop a health management program for turbomachinery. Lackner [10]

assembled a test rig of three spinning test blades to test the ability of ECSs in a simulated gas turbine envi-

ronment, and showed that ECSs could mitigate the drawbacks of other types of sensors, such as capacitive

sensors. The arrival times of a rotor blade based on ECSs have been measured by Chana and Cardwell [11]

in various machine trials to evaluate the ability of these sensors to detect pre-existing damage and to capture

dynamic foreign object damage events. More recently, Mandache et al. [12] developed a pulsed eddy current

technology to detect the blade and disk damage through the machine casing based on monitoring the blade

tip displacement. In addition, Jamia et al. [13] developed a detailed 2D and 3D model of the use of ECS

in blade tip timing. They investigated the accuracy of the timing measurement when the blades pass by the

sensor in addition to the effect of the rotation speed and the tip clearance between the blade tip and the sensor

on the sensor output.

The past investigations using eddy current testing in blade tip timing of rotating blades have been predomi-

nately 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. Further development of

BTT systems therefore requires detailed models of both the sensor and the rotating bladed disk. Hence, for

the first time, quasi-static 3-D finite element models of the electro-magnetic field have been developed to

simulate the integrated measured outputs from an Active Eddy Current Sensor (AECS) and a Passive Eddy

Current Sensor (PECS). An integrated test rig was designed and manufactured to generate BTT outputs in

order to validate the models of the ECS. The effect of the rotation speed and the tip clearance between the

blade tip and the sensor on the sensor output is investigated. Finally, a comparison between the data collected

from different types of sensors was performed to investigate the effect of system parameters on the accuracy

of Blade Tip Timing measurements of a vibrating blade.
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2 Operation principle of ECS monitoring a moving target

2.1 Basic theory

In this section the approach of using passive and active ECSs to monitor a moving target is described.

Starting with the operating concept of the AECS which is described as follows [14]. An alternating current

in the coil of the ECS generates a time-varying magnetic field around the coil. This magnetic field penetrates

the conductive target passing by the sensor to form a primary magnetic field that leads to variation of the

magnetic flux through the target. Based on Faraday’s law of induction, a flow of electric current is created

in a perpendicular plane to the magnetic field within the target. This current is named the eddy current.

Considering Lenz’s law, these induced currents generate a secondary magnetic field that opposes the primary

one and therefore the currents repel back on the primary magnetic field as shown in Figure 1.

Figure 1: Mechanics of ECS monitoring moving target

This reaction leads to a variation of the coil impedance which is captured by the sensor and it is very sensitive

to the distance between the target tip and the sensor. The commercial sensors are calibrated in order to convert

this variation to the relative displacement.

Similarly, the operation of a PECS is almost the same, except that a permanent magnetic field is generated

as a primary magnetic field, and the motion of the conductive target through the magnetic field generates

the induced 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 PECS

essentially measures velocity. Thus a PECS is not used as a displacement sensor, but does work well for

blade tip timing where the blade is always moving past the sensor. A numerical model of a PECS and an

AECS are considered in this paper.

2.2 Basic Physical background

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 [15]:

D = εE (1)

B = µH (2)
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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, ε is the electric permittivity and µ is the magnetic

permeability of the medium.

For a moving target, the general time-dependent Maxwell’s equations (Eqs. (3)–(6)) are used to describe

the electro-magnetic field in terms of sources as [16]. These equations are written in vector notation and in

differential form as:

∇×H = J+
∂D

∂t
(3)

∇×E = −
∂B

∂t
(4)

∇ ·D = ρ (5)

∇ ·B = 0 (6)

where J is the current density and ρ is the charge density. Satisfying the 4th Maxwell equation (Eq. (6)), a

magnetic vector potential A can be defined as,

B = ∇×A (7)

To define the electric field intensity, and satisfy the 2nd Maxwell equation (Eq. (4)), the field quantity can be

derived from the potential as,

E = −∇ϕ−
∂A

∂t
(8)

where ϕ 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 = Jt + Js (9)

where Jt 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

Jt = σ (E+ ν ×B) (10)

where ν is the velocity of the target and σ is the conductivity of the target’s material.

Since the eddy current problem is a magneto-quasi-static problem [17], the displacement current can be

ignored, i.e. ∂D
∂t

≃ 0. Therefore, substituting Eqs. (7)–(10) and Eq. (2) into Eq. (3) yields

∇×B = µJ+ σ µ (E+ ν ×B) (11)

By rearranging the terms in Eq. (11) and replacing the electric field and magnetic flux density by their

expressions in Eqs. (7)–(8), we obtain, in terms of A and ϕ, the following magnetic governing equation

∇× (∇×A)− σ µ

(

−∇ϕ−
∂A

∂t
+ ν × (∇×A)

)

= µJs (12)

3 Numerical model description of an ECS and rotating blade

3.1 Initial work and model geometry

The authors have performed an initial investigation where they proposed a 2D model of a PECS monitoring a

moving target [13]. A simple rotating disk was composed of 4 rectangular blades and surrounded by a casing
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onto which a PECS was attached. The aim was to simulate the measurement process used for blade tip

timing using PECS. They investigated the sensitivity of the eddy current signal to different model geometry

parameters which led to fix strategically these parameters in order to increase damage sensitivity and in terms

of experimental work, the voltage picked can be chosen with no influence of the blade. Furthermore, this

modelling approach was utilized to design and optimize the bladed disk model geometry presented in this

paper.

Name Value Description

b 31 mm Blade width

l 100 mm Blade length

w 4 mm Blade thickness

Rout 200 mm Outer diameter of the disk

Rinn 60 mm Inner diameter of the disk

Wout 30 mm Outer thickness of the disk

Winn 20 mm Inner thickness of the disk

Table 1: Parameters of the bladed disk model geometry

Therefore, an integrated bladed disk composed of a rotating disk and 12 rectangular twisted blades was

designed using SolidWorks. Based on the parametric study performed in [13], the bladed disk geometry is

generated based on the parameters given in Table 1. The model geometry details are shown in Figure 2.

(a) (b)

(c)

Figure 2: The test rig (a) Blade design (b) Disk design (c) Bladed disk design
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3.2 PECS and AECS model description

In this section, the modelling of a PECS monitoring a rotating bladed disk is described. To achieve this task,

a commercial FEA software package, COMSOL Multiphysics R©was used [18]. The model geometry is first

uploaded as a 3D CAD object to the geometry interface of the software. A hollow cylindrical ECS with

3 mm inner diameter and 6 mm outer diameter is fixed at a distance δ which equals the gap between the

blade tip and the sensor. This sensor is mounted to a cylindrical casing that surrounds the bladed disk at a

distance of δ/2. Structural steel was assigned as the material of the bladed disk and the casing, and copper

was assigned to the core of the sensor. In order to have a reasonable time of computation, only two blades

were considered in the model geometry as shown in Figure 3.

Figure 3: Model geometry of the PECS case

First, the geometry of the model was discretized by cutting the geometry along the air gap between the blade

tip and the sensor 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.

These two parts share the cut boundary as highlighted in Figure 4b.

(a)
(b)

Figure 4: Bladed disk design with 2 blades

The model was meshed using tetrahedral elements for the different 3D parts and triangular element for the

cut boundary surface. To overcome the difficulties of handling the rotating mesh in finite element method, the

COMSOL interface uses a moving mesh approach to model the rotation. 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 mesh nodes on the two sides. Therefore, the meshes slide on 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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(a) (b)

Figure 5: (a) Mesh details of PECS 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. Then, 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. A vector potential formulation based on the magnetic vector potential

A in such away to fulfill 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 used to

define the magnetic field such that Ampère’s law is automatically fulfilled and the magnetic flux conservation

law is solved. These two formulations are used together by combining the vector potential formulation for

conductive domains (e.g. bladed disk and sensor) and the scalar potential formulation for the free-current

domain, such as the surrounding air and air gap. 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. For the case of the AECS,

(a) (b)

Figure 6: (a) Model geometry of AECS (b) Mesh details of AECS

the 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 PECS model, the continuous rotation approach is ignored and replaced with a series of blade positions

using a sweep of geometry parameter defined as

rot angle = t para ∗ Ω ∗ 2 π (rad) (13)

where Ω is the rotational speed of the bladed disk, t para is a 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 domain
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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 f0. 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 described in Figure 6a is used in the case of the AECS model. For the meshing of

this model, a very fine mesh is used for the fan and the coil. The mesh in the blades has been heavily refined

to resolve the currents well. Finally, 468634 tetrahedral elements have been used for the model as shown in

Figure 6b. Due to the absence of rotation, the model is solved using the vector potential formulation in all

domains.

Finally, to simulate the sensor in the two models, a coil feature from the magnetic fields interface in COM-

SOL 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 calculates the lumped parameters such as the impedance

or voltage output.

3.3 Boundary Conditions

For both models, the tangential components of the magnetic potential is set to zero at the external boundary

with magnetic vector potential. In addition, since the magnetic scalar potential is used in the PECS model,

the normal component of the magnetic flux density is set to zero on external boundaries with magnetic scalar

potential. Finally, an identity pair is created connecting the static and moving part in the PECS model in

order to enforce the continuity for the magnetic scalar potential in the global coordinate system.

3.4 Model simulation results

A time-dependent analysis for an interval of time of 1.7 seconds and at a rotational speed of the rotor equal

to 100 rev/min was performed for the PECS model. Figure 7a shows the surface plot of the magnetic flux

(a) (b)

Figure 7: (a) Magnetic flux density (surface) and current density (arrows) for PECS model when a single blade passes

(b) PECS output when several blades pass

density at the instant when one of the blades passes by the PECS. The current density is also shown by

volume arrows induced through the bladed disk. 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 blades past the sensor. This agrees with the

concept of the PECS described in section 2. Figure 7b shows the corresponding coil voltage captured by the

PECS when a blade passes by it. 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
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clearly the behavior of the PECSs signal output; 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

PECS case, gives a reference to determine when the blade is positioned at the middle of the sensor which

gives more detail about the exact blade position.

(a) (b)

Figure 8: (a) Magnetic flux density (surface) and current density (arrows) for AECS model when a single blade passes

(b) AECS output when several blades pass

The AECS model is solved for a full period of rotation of the bladed disk, T0= 1

Ω
, 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 by the AECS. The current density is also shown by arrows volume induced through the bladed

disk. The induced eddy currents by the coil in the blades results in variation of the current resistance of the

coil. This variation in 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 showed in Figure 8b. The shape of the signal gives more detail about the gap between the blade and the

sensor but is not that accurate as PECS regarding the exact position of the blade.

4 Experimental test rig

In order to increase the reliability of the models described in this paper, an integrated test rig is designed and

manufactured in order to replicate a BTT application and generate BTT measurements using commercial

AECS and PECS and therefore a validation of the model results can be performed.

4.1 Test rig design and fabrication

A test rig was designed using SolidWorks. The rig is composed of the bladed disk attached to a rotating shaft

supported by two bearings. In order to avoid any vibration caused by the flexibility of the shaft and not the

disk, a finite element analysis of the shaft was undertaken using ANSYS to ensure that the shaft is effectively

rigid. Finally, a shaft of 60 mm diameter and 600mm length was designed. The design of the full test rig is

shown in Figure 9.

The test rig was fabricated in the machine shop at Swansea University using a CNC machine which uses a

very thin wire cutter to provide an accurate joint between the blade and the disk and decrease the uncertainties

that could be introduced through contact regions. To provide support for the rotating shaft, two split Plummer

block housings are used with compatible ball bearings fitted in the housings. For safety, a plexiglass casing
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(a)
(b)

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

was used to cover the entire test rig while operating. Different manufactured parts of the test rig are shown

in Figure 10.

(a) (b)

Figure 10: (a) Manufactured blade and disk (b) Manufactured test rig

4.2 Test rig setup and validation of numerical models

In order to replicate a BTT application, the shaft is driven by a Schneider Electric servo drive system com-

posed of a BCH servo motor and a LXM28 (AC servo drive). Two commercial sensors, Active and Passive

ECSs, were mounted on the casing around the bladed disk through holes as shown in Figure 11. These

sensors were connected to a 4-channel Data Acquisition system (DAQ) in order to collect the sensor outputs.

Because of the high computational cost of the 3-D models of the PECS and AECS, only a model composed

of a disk with two blades was exported to COMSOL and analysed. Therefore, only two blades were kept on

the bladed disk for the validation of the numerical models, since the blades were manufactured so that they

can be easily removed from the disk.

At a rotational speed of 100 rpm and a gap of 3mm between the sensors and the blade tip, the BTT mea-

surements were collected from the AECS and PECS for a period of 1.28s with a sampling rate of 13kHz.

The comparison of measured outputs of the PECS and AECS and the numerical results from the models de-

scribed above are shown in Figures 12 and 13, respectively. These figures show a good agreement between

the simulated and measured data of BTT for a PECS and an AECS.
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(a) (b)

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

(a) (b)

Figure 12: (a) Comparison of numerical results with experimental measurements for the PECS (b) A locally enlarged

graph of Fig. 12a

(a) (b)

Figure 13: (a) Comparison of numerical results with experimental measurements for the AECS (b) A locally enlarged

graph of Fig. 13a
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5 Effect of the gap and rotational speed on the sensor output

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 AECS and PECS model was investigated. For the PECS model, Figure 14a shows that the amplitude of

the signal decreases when the gap increases. These results show that the PECS can still detect the blade at a

large gap (around 10 mm).

(a) (b)

Figure 14: The sensor output with time for different gaps (a) PECS model (b) AECS model

(a) (b)

Figure 15: The sensor output with time for different rotational speeds (curves shifted to a common point) (a) PECS

model (b) AECS model

For the AECS, the effect of the variation of the gap on the sensor output is shown in Figure 14b. The results

show a clear decrease in the signal amplitude when the gap increases from 1 mm to only 3 mm between the

sensor and the blade tip. This shows the high sensitivity of the AECS to small distance variations which

agrees with the fact that this type of sensor is considered as a displacement sensor but also shows that the

performance of this type of sensor is limited for larger gaps.

Finally, Figure 15 shows the effect of the rotational speed of the bladed disk on the PECS and AECS output.

Due to the difficulty in analysing the raw results in this case, the signal outputs have been shifted to a
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common point so that the blade passes the sensor at the same time. For the PECS, in Figure 15a, we notice

an increase of the signal amplitude with increasing rotational speed. This shows the sensitivity of this type

of sensor to the speed variation, since the PECS is considered as a velocity sensor and not as a displacement

sensor. However, Figure 15b shows the insensitivity of the AECS model output with speed variation which

agrees with the fact that the AECS is behaving as a displacement sensor. This parametric study leads to the

conclusion that the PECS could be more efficient for the BTT measurement due to its high sensitivity to the

velocity of the blade which can be a source of error affecting the accuracy of the BTT measurement.

6 Blade Tip Timing measurements of a vibrating blade

In this section, the setup of the test rig to generate a BTT measurement of a rotating and vibrating blade is

described and the identification of this vibration using the ToA of the blades is shown. In order to obtain a

BTT measurement for a vibrating and rotating blade, the blade needs to be excited to obtain the vibrating

behavior while it is rotating. Hence, a pair of piezoelectric patches was used as an actuator due to the inverse

piezoelectric effect. If a voltage is applied to the patches, they will strain and generate vibration or deflection

of the structure that they are bonded to. The piezo patches were bonded to the bottom surfaces of the host

blade using an EPOXY optical adhesive as shown in Figure 16a.

(a) (b)

Figure 16: (a) Piezo patches bonded to the blade (b) Setup of the process of the blade excitation

In order to obtain the first natural frequency of the blade, a hammer test was performed on the blade with

bonded patches. The first natural frequency was around 113Hz. Then, an excitation voltage was generated

from a wave generator with a excitation frequency around 113Hz and an amplitude of 7V. This voltage was

amplified by a piezo amplifier and then transmitted to the piezo patches through the slip ring as shown in

Figure 16b. An optical sensor was mounted to the casing in order to collect the BTT measurements of all

blades. To identify the vibration through the BTT measurement, the effect of vibration on the inter-blade

distance was monitored. A reference blade was designated and blade number 8 was excited. The 12 inter-

blade distances were calculated using the ToA of two successive blades multiplied by the speed of revolution

of the corresponding cycle. Figure 17 shows 4 inter-blade distances calculated during 20 cycles for the

non-vibrating and vibrating cases.

There is an important variation of the 8th and 9th inter-blade distances in the vibrating case compared to

the 6th and 10th inter-blade distances. This corresponds to the neighborhood of blade 8 and therefore a

demonstration of the blade vibration is realised based on the BTT measurement.
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Figure 17: Inter-blade distance during 20 cycles for non-vibrating and vibrating cases using measurements from an

optical sensor

7 Conclusion

A rotating bladed disk monitored by passive and active eddy current sensors on a casing surrounding the

bladed disk is simulated in this paper. The goal was to simulate the signal output of the sensor used for

blade tip timing using eddy current sensors. Due to their robustness in harsh environments, the eddy current

sensors have been considered in this paper. The governing equations modelling the magneto electric field of

a moving target have been described for a quasi-static problem. A detailed description of the 3-D models

for a PECS and an AECS were presented, together with the rotating mesh details, and the physics of the

electro-magnetic fields. An integrated test rig was designed and manufactured in order to generate BTT

measurement for PECS and AECS. These measurements were used to validate the numerical models. This

modelling approach can be utilized to design more complex BTT applications with multiple sensors and

complex geometries. In addition, a demonstration of blade vibration based on the BTT measurements was

performed. Finally, a BTT study to identify damage in vibrating blade while rotating will be the subject of

future research.
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