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Abstract. Maintaining efficient engine operation has significant impact on the total 
life cycle cost of the aircraft, its safety and its environmental impact.  Being able to 
intelligently assess the health of the engine contributes to this desired efficiency.  
During steady state operations, aircraft engine blade tip clearance and inter-blade 
spacing remain constant.  Formation of fatigue damage in engine disk slots and 
foreign object damage or erosion sustained by blades could result in the 
displacement of the blades from their original position.  Consequently, the blade tip 
radial and circumferential positioning change.  This study is intended to develop 
pulsed eddy current technology for the detection of engine blade and disk damage 
through the engine case wall by monitoring the blade tip displacement.  A 
transmit/receive pulsed eddy current probe that could detect changes in the blade’s 
coordinates was employed for this purpose.  The excitation coil generates a magnetic 
field through the engine case wall, while the receive coil picks up disturbances in 
this field created by the blade movement.  The signal peak strength and its time of 
occurrence are proportional to the blade tip clearance and time of arrival at the probe 
location.  The pulsed excitation and the low frequency components of the signal 
assure an adequate coupling between the blade and the sensor attached to the 
exterior of the engine case.  This type of monitoring could be performed 
periodically, while the aircraft is on the ground and the engine running temperature 
and vibration influences are kept to a minimum.  The potential impact of this work is 
observed in: (1) reduced maintenance costs by allowing larger inspection intervals, 
(2) increased safety due to frequent and simple monitoring events, (3) reduced fuel 
consumption due to efficient operation of the engine.  

This work is a proof-of-concept demonstration using a laboratory setup in 
order to establish calibration curves of the pulsed eddy current signal as a function 
of the blade radial and circumferential displacement, as sensed through a 6.35 mm 
thick Inconel plate.  

1. Introduction  

It is desirable that aircraft engines have low fuel consumption, high thrust, low weight, low 
emissions, low maintenance cost and high reliability and safety. In a smooth running 
engine, the blades should maintain a relatively constant distance from the engine casing and 
pass by a reference location at constant time intervals.  Effective health monitoring of 
aircraft engines is necessary for early fault diagnosis and condition-based maintenance 
activities. Blade condition monitoring enables on-demand condition-based maintenance, 
reducing costs and down time and enhancing efficiency of engines.  Blade condition 
monitoring contributes to the efficiency of a gas turbine, to its enhanced reliability and 
safety, and cost-effective maintenance.  It has been shown that fuel efficiency is inversely 
proportional to the blade tip clearance: smaller the tip clearance, higher the efficiency of the 
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engine [1].  Foreign object damage sustained by the blades, formation of fatigue cracks in 
the engine disks or rotors, and rotating stall translate in a displacement of the blade from its 
original position.  In severe cases this could lead to non-contained damage.  A non-
contained failure means that a piece of the engine breaks apart and penetrates the engine 
casing. The ability to detect early damage, before it reaches a critical size, has significant 
benefits to the engine life management and safety of the aircraft.   

Possible causes of damage are: ingestion of birds and tire debris, ice buildup, blade 
wear, blade hot corrosion, cracks in the rotor, blade erosion, etc.  Blade geometry and 
material, engine casing thickness and material, temperature, vibrations, and many other 
factors that depend on the sensing principles and instrumentation configuration affect the 
detection of blade tip clearance, inter-blade spacing and twisting of a blade [2]. Engine 
inspections that involve physical teardown of engine components were themselves found to 
introduce damage.  Monitoring the damage without disassembly and through the case wall 
represents an appealing solution to aircraft operators.  

There are three geometrical parameters of the blade that are indicative of damage in 
Prognosis Health Monitoring (PHM); they are: blade tip radial position, blade tip 
circumferential position, and the blade orientation.  The blade tip radial position changes 
the blade tip clearance, while the blade tip circumferential position changes the time stamp 
of the blade passing by the sensor location, as well as the distance between the damaged 
blade and the adjacent ones, therefore, called inter-blade spacing or “time-of-arrival”.  
When the blade is twisted, the clearance and time of arrival parameters might be, 
theoretically, unchanged. 

Blade-tip sensors are commonly used for monitoring bladed disks in rocket and gas 
engines, as well as in steam turbines. Direct or indirect measurement of blade parameters 
(time, clearance, vibration, pitch angle, etc) is generally performed through optical, 
capacitive, and eddy current sensors [3].  Capacitive sensors rely on a uniform dielectric 
material between the sensor and blade.  This dielectric needs to be constant and non-
contaminated – conditions difficult to satisfy in the engine environment [4].  Optical 
sensors also depend on a clear view and a transparent medium between the sensor and the 
blade.  They are usually employed for measuring the time-of-arrival of the blades, rather 
than the blade clearance and blade vibrations, because of very small variations in the latter 
cases.  They depend on the angle of incidence of the light beam, as well as on the reflective 
properties of the blades [4].  These are vulnerable to contamination and require frequent 
cleaning [5].  Eddy current sensors are the most viable to detect the blade’s parameters, due 
to their non-contact sensing requirements, low power consumption, insensitivity to 
contaminants [6-10].  For an illustrative exemplification, a General Electric aircraft gas 
turbine engine is shown in Figure 1. 

 

 
 

Figure 1: Picture of a GE aircraft gas turbine engine [11] 
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The sensors could be mounted: (i) on the blade, (ii) inside the engine casing, on the case 
wall, (iii) through holes in the engine casing, and (iv) on the engine casing.  For reasons of 
sensor operation, its resistance to extreme temperature changes, vibrations, as well as the 
integrity of the engine casing, the last choice – with the sensor on the engine casing, is the 
preferable method of detection.  However, it has to be taken into account that out of the 
four mount possibilities, the last one is the least sensitive to the blade, since the sensor is at 
the farthest point from the blade [6].  To increase the eddy current probes penetrability 
through the engine casing, permanent magnets and ferrite cores are normally used in their 
manufacture, but these are losing or diminishing their properties at high temperatures.  The 
workaround for this issue is to use electromagnetic and temperature shielding or, simply not 
placing these types of probes in the hot section of the engine, but at the cooler end, i.e.  the 
compressor stages.  In order to overcome this challenge, eddy current sensors are either 
mounted in holes through engine casing, or used in conjunction with permanent magnets on 
the engine casing.  In the first situation, introduction of holes does not represent a non-
destructive option, while in the second one, the high temperature and vibrations are 
affecting the permanent magnet capability of generating constant field intensities.  Pulse 
eddy current technology represents the ideal alternative; it does not require hole drilling in 
the casing wall and its low frequency components and high input fields allow the 
generation of a sufficiently strong field to interact with the blades on the other side of the 
engine casing.   

2. Principles of Detection 

Eddy current probes are suitable for blade condition monitoring due to low cost, low weight 
and multi-parameter blade detection capabilities.  The excitation coil produces a time-
varying magnetic field, which, due to its low frequency components and magnitude, 
extends to the other side of the engine casing.  Concomitantly, eddy currents are created in 
the engine casing that is opposing the incident field.  The passage of a blade, by the probe 
location disturbs the magnetic field, and implicitly the eddy current flow in the case wall.  
The sensing coil detects these magnetic field changes, according to the blade clearance and 
inter-blade spacing. 

Due to the skin depth effect on the eddy current propagation, the engine case 
electromagnetic properties, specifically the electrical conductivity and magnetic 
permeability, along its thickness, are probably the most important factors dictating the 
feasibility of the proposed method.   Skin depth depends on frequency and material 
properties – in this case both the casing and the blade.  Ideally the casing would be of a 
thin, low conductivity material, while the blade of a ferromagnetic one.  The probe 
excitation frequency should be as low as feasible.  Eddy currents need to propagate to the 
other side of the case wall, and this is facilitated by a low conductivity, low permeability 
(preferably of non-ferrous material) and small thickness of the case wall. 

Other advantages of electromagnetic technologies are that they allow non-contact 
blade sensing and monitoring without contaminant influence.  However, when permanent 
magnets are used for input, the electromagnetic techniques could suffer from changes in 
magnet’s properties at high temperature and low frequency vibrations.  The pulsed eddy 
current technique proposed in this study can directly and simultaneously detect the blade tip 
clearance and inter-blade spacing from the outside surface of the engine case wall, without 
the use of permanent magnets. 
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3. Experimental Details 

A pulsed eddy current probe, with the receiver and driver coils arranged concentrically was 
placed on the back side of a 6.35 mm Inconel 601 plate which is used to simulate the engine 
case wall.  Inconel is often used as engine casing material.  The probe was excited with a 
square waveform of 10 V amplitude and 1 ms period.  The signal was acquired with a 
sampling frequency of 1 MHz.  A three blade assembly was moved along the top of the 
Inconel plate.  The blades were from the compressor stage of a T56 engine, and made of 
Waspaloy.  This linear arrangement and translational displacement were meant to imitate 
the rotation of the blades in the vicinity of a cylindrical engine case wall.  The geometry 
approximations used in these laboratory experiments are schematically represented in 
Figure 2. 

 

 
 

Figure 2: The translational movement of the blades on the top of a flat plate simulate their rotation in 
the proximity of the engine wall casing 

 
The three-blade assembly allowed for changes to be made in blade tip clearance, inter-blade 
spacing and blade twisting.  The baseline measurements were performed with a blade tip 
clearance from the Inconel plate of 1.125 mm, equidistant blades, and a blade orientation of 
32 degrees angle.  The blades were mounted into a robotic arm that moved atop the Inconel 
plate, while the pulsed eddy current probe was attached on the backside of this plate.  All 
the measurements were performed with the blade translational speed of 40 mm/s. The 
moving speed of the blade is important, since from a practical point of view, with 
increasing rotational speed, the blades, under centrifugal forces, will modify their position.  
Of course, in the case of an axi-symmetric rotor, all the blades will be under the same loads 
with increasing speed; therefore, a constant change in the tip clearance would be recorded 
for all blades.  Typical circumferential vibrations of the blade tip are about 0.3 mm [10].  
The results were acquired in the form of a C-scan, as the one shown in Figure 3.  The 
measurements are similar to a linear probe array, with the sensing elements aligned 
perpendicularly to the direction of blade rotation.  Because the changes in the signal are 
very small, the parameter chosen for analysis was the standard deviation of the signal from 
a background reference.  

The variables taken into account in this study were: 
 Blade tip clearance.  The distance between the tip of the middle blade to the plate was 

varied while the clearances of the other two blades were kept constant. 
 Inter-blade spacing.  The influence of this parameter on the detected eddy current signal 

was evaluated when the horizontal coordinate of the middle blade was changed with 
respect to the position of the adjacent blades. 
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 Blade twist/angle.  This parameter was observed due to the fact that the blade clearance 
and inter-blade spacing may be deemed unchanged at the sensing location, but the blade 
may be in fact twisted or untwisted due to damage. 

 

 
Figure 3: A typical result obtained form the three-blade assembly 

4. Experimental Results 

While the data was collected in the form of surface scans (C-scans), line profiles along the 
blades movement, as would be recorded for a single pass of the blades, were used for 
analysis, as exemplified in Figure 4, where peak amplitudes and locations are automatically 
detected.  

4.1. Blade clearance 

The usual radial distance between the blade tip and the casing is about 1-2 mm, with 
smaller clearances translating in better engine efficiency.  It had been reported that an 
increase in the blade clearance of 0.2 mm has an increase in the fuel consumption by 
0.3% [3].  Due to centrifugal forces on the blades, this clearance decreases, but the blade 
should avoid rubbing on the casing wall. 

 

 
Figure 4: Measurement of blade clearance (here of 3.125 mm), based on the signal amplitude of the 

line profile through the centre of the surface scan 
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Variations of the middle-blade tip clearance from the Inconel plate were controlled in 
increments of 0.2 mm, and varying from the 1.125 mm baseline clearance to a maximum 
value 3.125 mm and a minimum of 0.525 mm from the top of the casing wall.  The profile 
scans are represented in Figure 5, while the percentage change in the middle-blade peak 
amplitude indication is shown in Figure 6. 

 

 
Figure 5: Line scans indicating the signal amplitude changes with varying the middle-blade tip 

clearance 

 
 

Figure 6: Percentage variation of the middle-blade peak amplitude with changing blade tip clearance 
 

It has been observed that the corresponding blade tip clearance signal amplitude follows an 
exponential decay, as seen in Figure 6. 

4.2. Inter-blade spacing 

Cracks in the rotating disk or in the blade itself affect the inter-blade spacing.  The crack 
opening could be extracted from the inter-blade spacing as compared to the baseline 
configuration that assumes a constant circumferential distance between the blades.  It had 
been shown that the crack propagation could be in fact monitored by inter-blade distance 
measurement [12].  The difference between a blade crack and a disk crack is that the disk 
crack affects more than one blade. While a blade crack could be sensed through a decrease 
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in the blade tip clearance, a disk crack would be found when two or more adjacent blades 
are displaced, and this is sensed through the inter-blade distance or blade time-of-arrival 
parameter.  Figure 7 shows the variation of the middle-blade horizontal position with 
increments of 1 mm.  It was found that the peak location of the middle blade varies linearly 
with the actual inter-blade spacing, as shown in Figure 8. 
 

 
 

Figure 7: Changes in the inter-blade spacing from the equidistant position 
 

 
 

Figure 8: Measured inter-blade spacing as a function of the actual blade position 
 

4.3. Blade twist/angle 

Unlike the blade tip clearance or blade inter-space distance, the blade twisting or untwisting 
does not need a calibration curve, since this could be directly measured by using two 
sensing elements, placed at the leading and trailing ends of the blade tip.  This is 
exemplified in the Figure 9, where the C-scan of the three blade assembly is sampled along 
two different lines separated by 12.5 mm, simulating the responses of two different probes.  
The distance between the peak locations for each individual blade allows the calculation of 
the blade angle.  In the example illustrated in Figure 9, the middle-blade twisting is shown.  
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While the first and third blades make an angle of 32 degrees with the vertical, the middle 
one is twisted clock-wise by 4.2 degrees. 

 
Figure 9: Detection of the blade angle based on recording two profiles 

5. Conclusions 

The blade tip clearance, inter-blade spacing, and blade angle are good indicators and 
predictors of engine damage.  Detection of early signs of engine damage, without engine 
disassembly, would potentially increase the inspection intervals, as well as the aircraft 
availability.  If the blade condition deteriorates gradually, the time it would take to reach 
potentially dangerous damage conditions could be predicted and maintenance measures 
could be planned accordingly.  The existing, most common alternatives to eddy current 
sensors are the optical and capacitive sensors.  Both are reported to be prone to effects of 
contaminants, such as water, oil, dust, and dirt; moreover, they are not able to 
simultaneously detect both blade timing and clearance, as is the case with eddy current 
probes.  On the other hand, the effectiveness of eddy current sensors containing permanent 
magnets is decreased with higher temperatures and low frequency vibrations.  For these 
reasons, the pulsed eddy current technology proposed herein represents an opportune 
alternative to other types of sensors.  

This blade condition monitoring system does not need in-flight operation, but 
periodically, on ground activation, with the monitoring system attached to the engine when 
necessary.  In this way, the blade vibrations and rotating speeds, as well as temperature 
levels could be kept to a minimum. 

While detection of blade tip clearance and inter-blade spacing need only one 
sensing element per stage, for the detection of the blade angle, there is a need for at least 
two pulsed eddy current sensors per stage: one focusing on the leading edge and the other 
on the trailing edge of the blade.  

On an engine, there are many sources of errors that could inflict significant 
challenges to blade monitoring, such as: axial shift of the rotor during engine operation, 
electromagnetic interferences, vibrations, etc. Transition of this technology from room 
temperature, table-top experiments to the engine operating environment shall include test 
cell and spin rig validation.  Conditions of high vibrations and temperatures need to be 
compensated for or calibrated against. Thermally shielded probes or monitoring at low 
temperature sections of the engines, such as fan and compressor stages, where foreign 
object damage is most likely to occur, could help with this challenge. Moreover, acquisition 
of baseline data is essential in quantifying the signal changes and relating them with blade 
position changes. 
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