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ABSTRACT A new measuring system for the engine tip clearance based on alternate current discharge is
proposed in this article. Firstly, theoretical analysis and numerical simulation of the system, as well as the
experiment of gas discharge are introduced to prove the feasibility of the method. Then a validation platform
is built to study the effects of different probe materials and structures, as well as changes in temperature
and humidity under atmospheric pressure on the system. Finally, the system calibration and tip clearance
measurement are carried out. The results show that tungsten copper probe with planar structure is more
suitable for measuring the tip clearance. When the tip clearance is between 0-6mm, the designed system
has high measurement accuracy and its measurement error within 0.05mm. Compared with the traditional
spark discharge method, the proposed method not only has the similar advantages, but also overcomes many

defects, and has a broader application prospect.

INDEX TERMS Tip clearance, AC discharge, measurement accuracy, spark discharge method.

I. INTRODUCTION

Rrecently,the new aircraft has put forward higher perfor-
mance and stability requirements for the engines, which has
brought great challenges to the development of new engines.
The tip clearance is the radial distance between the rotor blade
tip and casing, which is an important parameter affecting
the efficiency, stability and safety of engines. Meanwhile,
how to optimize it is a key technology for improving the
performance of an engine [1]. As the research work reported
by the British RR company, the length of the gas turbine
engine blade tip clearance increases by 1%, the efficiency of
engine is reduced about 1.5%,while the fuel consumption rate
increases about 3% [2].

The decrease of tip clearance can reduce the working
medium leakage and the loss of the end wall, thereby to
improve the engine performance. However, if the tip clear-
ance is too small, with the effects of the factors such as blade
load change, casing deformation and thermal expansion,
the friction collision between blade and casing may occur,
which will affect flight safety [3], [4]. Due to the engine
is working in the environments of high temperature, high
pressure and large vibration, there are many factors affecting
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the tip clearance during the actual working process. Thus
tip clearance can’t be accurately estimated by the theoreti-
cal simulation, its change situation only can be obtained by
real-time measurement, thereby to optimize the design of the
engine. Meanwhile, real-time detection and analysis of the
tip clearance can not only verify the design parameters of
the engine, but also predict the fault and reduce unnecessary
economic losses.

At present, the traditional tip clearance measuring method
based on gas discharge is mainly the discharge probe method,
which is also called spark discharge method [5]-[7]. Dis-
charge probe method is the tip clearance measuring method
based on spark discharge principle. Its specific working pro-
cess can be shown as follows. Firstly, the probe with DC
(direct current) voltage is moved radially by a stepper motor,
and then when gas discharge happens between blade tip
and probe, the probe stops moving, and the tip clearance
could be obtained by the moving distance of the probe from
casing [8]. Davidson firstly designed the discharge probe
sensor to measure the distance between the blade and the
drum in 1983, and the method was applied successfully for
the minimum tip clearance measurement in the following
years [9]. The second-generation tip clearance measuring
system based on discharge probe method was designed by
Sheard in 1992, the system resolution is 2.5um under the
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measurement range of 6mm [8]. The discharge probe method
was deeply researched by Watanabe after 1994, the system
designed by him has a measurement accuracy of +0.05mm
[51, [6], [10], [11], however, the high realization costs and
complex mobile devices made the system applications still
be limited to experimental tests.

As a mature gap measurement method, spark discharge
method has a relatively simple principle, and it can work
at high temperature and pressure environment. However,
the structure of the mechanical actuator applied to drive
the probe is complex and the operation of the device
must be skilled, which greatly limits its development [12].
With the development of technology, there are many other
tip clearance measuring methods appeared including eddy
current, capacitive, microwave and optical fiber methods
[13]-[16]. Eddy current system has the advantages of the
small size and weight, high precision. But this method
can only measure the metal materials and the blade tip is
required to have a certain thickness, meanwhile the poor
heat resistance of eddy current sensor is the key prob-
lem to be solved to promote its practical application [13],
[17]-[19]. Due to simplicity, low-cost and robustness of
the capacitive system, the method has been used widely
for measuring tip clearance. However, low spatial resolu-
tion, small measurement range, and need for calibration are
the main defects which limit its applacation [14], [20]-[23].
Microwave method can be applied in the harsh environment
to achieve non-contact measurement, and the system instal-
lation will not damage the casing. However, due to the wave
nature of the microwaves, the wavelength has to be scaled
down with the blade thickness which increases the difficulty
of measurement [15], [24]-[26]. Optical fiber method has the
advantages of simple structure, stable performance, strong
resistance to electromagnetic interference ability, high sen-
sitivity and resolution, but it also has some disadvantages.
Among them, the blade reflection loss and high realization
costs are the major problems to be solved [16], [27]-[30].

In order to enhance the application of tip clearance mea-
suring methods and optimize the engine design, a novel
measurement method based on AC discharge is proposed in
the article. In Section 2, the proposed measuring system and
theoretical analysis of its working principle are illustrated.
Section 3 introduces the numerical simulation process of the
system. The experiment of gas discharge, the effects of differ-
ent probe materials and structures, as well as changes in tem-
perature and humidity on the system are studied in Section 4.
And in Section 5, the tip clearance measurement and analysis
are performed. Finally, Section 6 draws the conclusions of
this article and makes an outlook for the future work.

Il. DESIGN OF THE TIP CLEARANCE MEASURING SYSTEM
A. THEORETICAL ANALYSIS OF THE SYSTEM WORKING
PRINCIPLE

The particle moving diagram of gas discharge region is pre-
sented in Fig. 1, L is the distance between two electrodes.
When the voltage between the two discharge electrodes
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FIGURE 1. The particle moving diagram of gas discharge region.
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increases, due to the positive and negative particles col-
lided during their moving process, more charged particles
are generated, thereby to increase the current. When the
output voltage reaches the critical point, the discharge mode
would be suddenly transferred from a Townsend discharge
to a self-sustaining discharge, the phenomenon is called the
breakdown of gas, this momentary voltage is called the igni-
tion voltage or the breakdown voltage [31]. According to
Townsend discharge theory [32], the breakdown condition
can be expressed by Equation (1):

ye*t -1 =1 )

where « is the first Townsend ionization coefficient, L is the
discharge gap, y is the third Townsend ionization coefficient,
which is related with the electrode material.

According to Townsend discharge theory [32], o satisfies
Equation (2):

2-a b 2
p=Aep—% ; 7 @)
where P is the gas pressure, A , B are the constant relevant to
the gas property, E is the electric field in the discharge region,
E = Vg/L and Vg is the output voltage of the power supply.
According to Equation (1) and (2), the following Equa-
tion can be obtained:

1
ln(; +1) = APLe BPL/Vs )

Solving the Equation (3):
. BPL
" In(APL/In(1 + 1/y))

Equation (4) is called Paschen’s law [32], when the gas
type, gas pressure and electrode material are determined.
A, B and y become constants. According to Equation (4),
it can be found that the gas breakdown voltage is only related
to the electrode gap L under the normal temperature and
atmospheric pressure. Therefore, the change of electrode gap
would result in the breakdown voltage change, which can be
used as the measurement principle of the designed system.

“

Vs

B. EXPERIMENTAL DEVICE

The structure diagram of the tip clearance measuring sys-
tem based on AC discharge as shown in Fig. 2. The sys-
tem is mainly composed of power module, metal probe,
blade model, voltage measurement module, data processing
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FIGURE 2. The structure diagram of the tip clearance measuring system
based on AC discharge.

module. The power module adopts an AC voltage source,
the power supply device is CTP-2000K, and the output
voltage of the power supply can be adjusted continuously
between 0-30kV, and discharge frequency adjustable range
is between 5-20kHz. The metal probe is made with metal
material with good conductivity and heat resistance, its length
is about S5cm and the diameter is about lmm. The metal probe
connected with high voltage terminal of the power supply
device is as the anode, and the blade model connected with
low voltage terminal of the power supply device is as the
cathode. The gas discharge can happen between the probe
and blade tip when the applied voltage reaches breakdown
voltage. The discharge distance can be adjusted continuously
between 0-6mm by displacement platform which model is
LGX60-C, and its displacement accuracy is 0.0lmm. The
voltage measurement module is applied for measuring break-
down voltage. As a measuring part, the specific operation
of the voltage measurement module can be described as
follows. When the air discharge is happened, the circuit is on
and there is an electrical signal. According to this mutation
phenomenon, the voltage measurement module can record
the voltage at this moment and take it as breakdown voltage.
All the data acquired from the experiments are analysed and
processed by the data processing module.

Ill. NUMERICAL SIMULATION

COMSOL Multiphysics is a large advanced numerical simu-
lation software, it can analyze and compute multiple coupled
physical fields and couplings solve the completely different
logical domain and model [33], with its advantages, the soft-
ware is employed to make numerical simulation of the system
in the article. As shown in Fig. 2, a one-dimensional model
of gas AC discharge has been established, as the composition
of the air is very complex, up to now, numerical simulation
in air still can not be realized. Due to argon is a single
gas and the model of gas discharge is easy to realize in
argon, this gas is selected as discharge gas in the model,
the circuit model of the system is shown in Fig. 3. As the
model with only two electrodes is hard to converge under
standard atmospheric environment, in order to improve the
convergence of the model, the insulating medium is added to
two electrode surfaces. And then the breakdown voltage of
different clearance can be obtained by numerical simulation.
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FIGURE 4. Geometric structure diagram of two electrodes.

The simulation environment of COMSOL Multiphysics
makes the implementation of each step of the modeling and
analysis process very convenient. The process of modeling
using the software mainly includes the following steps:

1) Establishing corresponding geometric model.
In order to simplify the computational complexity
and improve the convergence of the model, a one-
dimensional model of gas AC discharge is established
and the geometric structure of two electrodes is pre-
sented in Fig. 4.

2) Defining physical parameters.
Defining the physical parameters of the model means
that the corresponding variables are simply set up in
the preprocessing module, these parameters can either
be constants or model variables, or can be functions
based on time and location. The parameters are set up
as follows, voltage amplitude and electrode gap L are
adjustable.

3) Partitioning mesh.
The software contains some units that partition the
mesh, such as free triangles, free quads and rectangles.
If more accurate results are required, mesh can be parti-
tioned by users. In this article, a one-dimensional model
of gas AC discharge is established. There are 200 ele-
ments across the width of the gap in order to make sure
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TABLE 1. Model parameter setting.

Name  Expression

Description

freq 12e3[Hz]
omega  2-pi-freq
Vrf 821[V]-sin(omega-t)

Frequency
Angular frequency
Applied voltage

d 0.001[m] Plate diameter
As 0.25-pi- d? Plate area
L 0.001[m] Electrode gap
P 1[atm] Gas pressure
;
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FIGURE 5. Relationship curve between the breakdown voltage and the
electrode gap.

that there is sufficient mesh density to resolve the sharp
gradients in the electron and ion density in the gap.
4) Loading and solving.

According to the micro-discharge characteristics of
gas, when the electron density reaches 10'4m ™3, the gas
discharge could be considered to happen between elec-
trodes [31], [34]. The electron density is just reach-
ing 10'%m™3, which is the basis for judging the gas
discharge in this article, and then the gas breakdown
voltage at different gaps can be obtained. The electrode
gap is adjusted within 1-10mm, and finally the obtained
relationship curve is shown in Fig. 5.

As shown in Fig. 5, relationship curve between the
breakdown voltage and the electrode gap satisfies Paschen
curve [32], which proves the correction of the simulation.
The breakdown voltage shows an increasing trend with the
increase of the electrode gap between 1.75-10mm, which is
consistent with the research results of the reference [35], [36],
and verifies the correctness of the theoretical analysis and the
feasibility of the proposed measurement method.

IV. EXPERIMENTAL RESEARCHES
A. THE EXPERIMENT OF GAS DISCHARGE
Before building the tip clearance measuring system, a simple
gas discharge test platform is designed. Through obtaining
the breakdown voltage at different electrode gaps to verify the
correctness of the theoretical analysis and lay the foundation
for designing the tip clearance measuring system.
High-voltage power supply CTP-2000K is applied to out-
put continuously adjustable voltage. And the frequency is set
to 12Khz. Two similar probes made with copper material are
selected to carry out the experiment, their length is 5cm and
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FIGURE 6. The relationship curve between the breakdown voltage and
the gap under two copper probes.

the diameter is about Imm. The gap between two probes can
be adjusted within 0-Smm by displacement platform. Limited
by experimental conditions which can’t be supposed to adjust
such a wide range of temperature and pressure as the real
engine suffers, so what discusses in this paper is just the
general conclusions under normal temperature and pressure.
The relationship curve between the breakdown voltage and
the gap is presented in Fig. 6.

As presented in Fig. 6, when the electrode gap is between
0.5-5mm, the breakdown voltage gradually increases with the
increase of the electrode gap. Because the discharge gas used
in the experiments is air, which is harder to be punctured
than argon used in the simulation, the breakdown voltage
is much bigger than the simulation results shown in Fig. 5.
Also, for the operational safety of aero engines, active blade
tip clearance control technology requires to control air gap
around 2.5mm. So the different between the experimental
result and the simulation result under low tip clearance plays
an unimportant role in this paper. And it is worth noting that
the experimental result of gas discharge has a similar trend
with the simulation result that with the tip clearance increases,
the breakdown voltage increases too, which verifies the cor-
rectness of theoretical analysis and simulation, meanwhile
proves the feasibility of the proposed tip clearance measuring
method.

B. THE EFFECTS OF PROBE MATERIAL

According to Equation (4), when the temperature, gas pres-
sure and gas type are determined, the breakdown voltage of
the gas is directly related with the probe material. Therefore,
the influence of different probe materials on breakdown volt-
age is studied, which plays an important role in optimizing
the tip clearance measuring system.

In order to study the influence of different probe materi-
als on the system, the probes made of different materials,
including copper, tungsten and tungsten copper, are employed
to carry out the researches, the structure diagram of three
probes with different materials is shown in Fig. 7. The output
voltage is adjustable and the frequency is 12Khz. The distance
between the blade tip and the probe is adjustable continuously
between 0-6mm, the experimental environment is standard
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FIGURE 7. The structure diagram of three probe with different materials.
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FIGURE 8. The experimental platform of the tip clearance measuring
system.
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FIGURE 9. The work schematic diagram of the experimental platform.

atmospheric pressure air, the experimental platform of the tip
clearance measuring system is shown in Fig. 8.

The work schematic diagram of the experimental platform
is presented in Fig. 9. Firstly, the distance between the probe
and the blade tip is fixed by the displacement platform, and
then the output voltage gradually increases from zero by
the regulator. When the output voltage increases to a certain
value, the gas between the blade tip and the probe would break
down and discharge happens, the breakdown voltage will be
recorded by the voltage measurement module at the moment.
Finally, the distance between the probe and the blade tip is
varied continuously by the screw knob of the displacement
platform, repeating the above process, the relationship curve
between the breakdown voltage and the tip clearance could
be obtained, the experimental result is shown in Fig. 10.

As shown in Fig. 10, the breakdown voltage raises with the
increase of tip clearance. As the copper probe has good con-
ductivity, its breakdown voltage is lower. However, the copper
probe has a lower melting point, when gas discharge happens,
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FIGURE 11. The structure diagram of the tungsten copper probe with
different structures.

a large amount of heat is produced due to the collision
between particles, which leads to the melting of the probe tip,
thereby to form the measurement error. The tungsten probe
has high heat resistance and is suitable for measuring the
tip clearance in high temperature components. However, its
breakdown voltage is higher and the power consumption is
greater. The tungsten copper probe has the advantages of high
heat resistance and good conductivity, therefore it is more
suitable for measuring tip clearance.

C. THE EFFECTS OF PROBE STRUCTURE

In order to study the influence of different probe structures
on breakdown voltage, tungsten copper probes with two
different structures of plane and needle are introduced to
carry out the experimental studies, the structure diagram of
the tungsten copper probe with different structures is shown
in Fig. 11. The output voltage is adjustable and the frequency
is 12Khz. The distance between the tip and the probe is
adjustable continuously between 0-6mm, the experimental
environment is standard atmospheric pressure air, the experi-
mental result is shown in Fig. 12.

As shown in Fig. 12, the tungsten copper probe with nee-
dle structure has lower breakdown voltage than the planar
structure and is easier to discharge. This is because when
the environment is unchanged, the sharper the tip, the greater
curvature, and the power line is denser, which causes the
potential gradient larger. Therefore, sharper place of the probe
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FIGURE 12. Relationship curve between the breakdown voltage and the
tip clearance under different probe structures.
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FIGURE 13. Relationship curve between the breakdown voltage and the
tip clearance under three groups of temperature and humidity.

surface has greater charge density and its near electric field
is stronger, the collision of particles is more intense under
the action of electric field, which leads to the gas discharge
occurs more easily, thereby to reduce the breakdown volt-
age effectively [37]. Although the breakdown voltage of the
needle structure is lower, the breakdown voltage fluctuates
greatly due to the extremely uneven electric field formed
between the probe tip and blade, therefore, it is not suitable
for the tip clearance measurement.

D. THE EFFECTS OF TEMPERATURE AND HUMIDITY
During the experimental researches, the humidity and tem-
perature both change slightly at any time. It is very important
to study the influence of changes in humidity and temperature
on the measurement result under normal temperature and
atmospheric pressure environment. The relationship between
the breakdown voltage and the tip clearance under three
different groups of temperature and humidity is recorded,
the experimental result is shown in Fig. 13. Limited by
the experimental conditions, the range of temperature and
humidity is small, but it does not mean that the results are
useless. In other words, these results verified a certain degree
of stability of this measurement method.

As presented in Fig. 13, the influence of changes in tem-
perature and humidity on the breakdown voltage does not
change the shape of curves a lot and the difference of the
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breakdown voltage is within 200V, which is the acceptable
range we defined under normal temperature and atmospheric
pressure environment, therefore, the effects of their changes
on breakdown voltage can be neglected basically. Although
the water molecules in the air are strongly electronegative,
which can capture free electrons to form ions, thereby to
affect the breakdown voltage. However, because the velocity
of the electrons in a uniform electric field and a slightly
uneven electrical field is greatly fast under the action of
strong electric field, which causes water molecules is difficult
to capture electrons in high-speed motion, its inhibition to
discharge is not obvious, therefore, the effect of small range
of humidity can be neglected [38], [39]. The temperature
under atmospheric environment is higher, the faster motion
of molecules in the air, and then to affect the breakdown volt-
age. However, the experimental environment is under normal
temperature and atmospheric pressure environment, the range
of temperature variation is small, therefore, its effect on the
breakdown voltage is also not obvious.

V. MEASUREMENT AND ERROR ANALYSIS

From the above experimental researches, it can be found that
tungsten copper probe has higher melting point and lower
breakdown voltage, which is more suitable for tip clear-
ance measurement in high temperature environment. The
probe with needle structure has a lower breakdown voltage,
however, due to the extremely uneven electric field formed
between blade and probe, breakdown voltage fluctuations
greatly, so the probe with planar structure is more suitable.
The effect of changes in temperature and humidity under
normal temperature and atmospheric pressure is not obvious
on the breakdown voltage, therefore, their influences can be
neglected in the acceptable range.

In order to verify the practicability of the proposed mea-
surement system. Firstly, the relationship between the tip
clearance and the breakdown voltage needs to be calibrated,
and then the measurement of the tip clearance and the error
analysis are required to be carried out. A tungsten copper
probe with planar structure is selected in the article, its
diameter is Imm and the length is S5cm. The output volt-
age is adjustable and the frequency is 12Khz. The distance
between the tip and the probe is adjustable continuously
between 0-6mm, the experimental environment is standard
atmospheric pressure air, the relationship curve is calibrated
as Fig. 14.

As shown in Fig. 14, as the tip clearance increases,
the breakdown voltage shows an increasing trend, and there
is a better linear increasing relationship between them. After
the relationship between the breakdown voltage and the tip
clearance is calibrated, the measurement of tip clearance and
the error analysis are also necessary. Firstly, the distance
between the blade tip and the discharge probe is changed
by the displacement platform, then the output voltage is
continuously increased from zero, and the breakdown voltage
at this distance is recorded. Finally, the tip clearance can be
obtained by the calibrated relationship curve. However, there
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is an unavoidable error between the measured tip clearance
and the actual distance, in order to verify the applicability
and practicability of the measurement system, it is extremely
important to analyze the error between the measured and
actual values.

In order to introduce the uncertainty of the experimental
device clearly, the uncertainty of the experimental platform
under different tip clearances are shown in Fig. 15. In this
paper, Bessel formula method is used to get the experimental
standard deviation s(x). And the standard uncertainly can be
gotten with the Equation(5).

Where n is the number of measurements, in this paper,
n equals 6. And the degree of freedom is 5. From the picture,
it is obvious that the range of the uncertainty is between.
Though it may looks like a large range and the biggest uncer-
tainty is 136.56, when compares it to the values of discharge
voltage under same tip clearance, it only accounted for 1.5%.
So a conclusion can be drawn that the measurement error of
the experimental device is very small, and it can play a role
in the measurement of the aero-engines tip clearance.

A () = s(xk)
A NG
According to the breakdown voltage at an unknown tip

clearance, the function TREND of excel is applied to obtain
the tip clearance from the calibration curve. In order to

&)
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explain specific ideas clearly, a brief introduction to the use
of the TREND function is given. As shown above, with
the experiment results, a series of points about the break-
down voltage and the tip clearance have been obtained. But
the breakdown voltages which are outside the measuring
points remain unknown, in order to get a continuous curve
which can be named as the True-Reference calibration curve,
the TREND function is used to connect two adjacent known
points. By this way, a curve which is piecewise linearly con-
nected can be obtained, and it becomes the True-Reference
calibration curve. After that, when the breakdown voltage is
known, the corresponding tip clearance can be known through
the curve.

The distance between the blade tip and the discharge probe
is changed randomly by the displacement platform, 58 groups
of tip clearance are measured with random distances while the
other factors keep the same, the scatter diagram of actual and
measured values is shown in Fig. 16, the diagram of the error
distribution is presented in Fig. 17.

As presented in Fig. 16, most measured values are not con-
sistent with actual values, measurement error of the proposed
measuring system is inevitable. And with the Fig. 17, we can
find that the error of measurement results is within £0.05mm,
the error of most measured values is within +0.02mm. So a
conclusion can be drawn that there is a high agreement degree
between measured and actual values, and the tip clearance
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measuring system designed preliminarily has better measure-
ment accuracy, its practicability is high. Compared with the
traditional spark discharge method, the proposed measuring
method based on AC discharge not only effectively avoids the
inconvenience of installation and operating difficulties which
mechanical actuator brings, but also improves the safety of
the measurement system and eliminates dangers of collision
and friction generated by the probe movement. Therefore,
with the deeper study of this method, it will play an important
role in engine optimization design and safety control, mean-
while effectively improve the efficiency and stability of the
engine.

VI. CONCLUSION AND FUTURE WORK

In the article, theoretical analysis and numerical simulation
of the proposed tip clearance measuring system, as well as
the experiments of gas discharge are introduced to prove the
feasibility of the measuring method. And then the effects of
different probe materials and structures, as well as changes
in temperature and humidity under normal temperature and
atmospheric pressure on the measuring system are studied.
The experimental results show that the tungsten copper probe
with planar structure is more suitable for measuring the tip
clearance, the influence of temperature and humidity changes
on breakdown voltage is not obvious under normal temper-
ature and atmospheric pressure environment, when the tip
clearance is between 0-6mm, the designed system has high
measurement accuracy and the error between measured value
and actual values is smaller than 0.05mm. Compared with
the traditional spark discharge method, the proposed method
not only has similar advantages, but also overcomes many
defects of spark discharge method, and it will have a broader
application prospect in the field of the engines.

For the purpose of enhancing the application of the pro-
posed measuring system, we will focus on mechanical design
optimization, and we will improve our experimental device so
it can provide similar environment as the real engine suffers
and explore related experiments. Eventually realize the tip
clearance measurement of high temperature components with
our measurement method.
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