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ABSTRACT: Electrostatic monitoring technology is a useful tool for monitoring and detecting component

faults and degradation, which is necessary for system health management. It encompasses three key research

areas: sensor technology; signal detection, processing and feature extraction; and verification experimentation. It

has received considerable recent attention for condition monitoring due to its ability to provide warning

information and non-obstructive measurements on-line. A number of papers in recent years have covered specific

aspects of the technology, including sensor design optimization, sensor characteristic analysis, signal de-noising

and practical applications of the technology. This paper provides a review of the recent research and of the

development of electrostatic monitoring technology, with a primary emphasis on its application for the

aero-engine gas path. The paper also presents a summary of some of the current applications of electrostatic

monitoring technology in other industries, before concluding with a brief discussion of the current research

situation and possible future challenges and research gaps in this field. The aim of this paper is to promote

further research into this promising technology by increasing awareness of both the potential benefits of the

technology and the current research gaps.
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Abbreviations

CBM Condition-based Maintenance SNR Signal-to-Noise Ratio

PHM Prognostic and Health Management EMD Empirical Mode Decomposition

UTC United Technologies Corporation SOA Shaft order analysis

SHL Stewart Hughes Limited AL Activity Level

IDMS Ingested Debris Monitoring System ER Event Rate

EDMS Engine Distress Monitoring System HPT High-Pressure Turbine

EMT Electrostatic Monitoring Technology AE Acoustic Emission

ADC Analog-to-digital Converter LPT Low-Pressure Turbine

DAQ Data Acquisition ODM Oil Debris Monitor

ECG Electrocardiography FADEC Full Authority Digital Engine Control

ICA Independent Component Analysis

1. Introduction

As the heart of an aircraft, an aero-engine is a

complicated system and has extremely high

requirements for operational safety. Due to the

limitations of the currently available materials, the

design and the manufacturing process, operational
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reliability and maintainability cannot be fully

guaranteed. Moreover, there are trade-offs between

flight time, maintenance time and costs – e.g. more

maintenance time means less time in the air. Cost and

safety are key concerns for airlines. It is important to

ensure economic sustainability; an aero-engine is a

high-priced piece of equipment, the purchase/rental

cost, the usage costs and maintenance cost are all

high. The maintenance cost for the engines usually

contributes up to 30-40% of the total maintenance
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cost of an aircraft.

The current progress in flight safety and flight

economy for aero-engines requires improved health

management capability. CBM and PHM are essential

components of a health management system which is

used to improve the availability and balance the

economic, safety, and reliability aspects of usage and

maintenance [1-7]. CBM tries to conduct the

appropriate maintenance actions before a failure

occurs, based on the currently detected condition, and

is diagnostic in nature. PHM is predictive in nature

and tries to predict how long from now a fault or a

failure will happen. Both CBM and PHM determine

the maintenance actions based on a real time or near

real time assessment of health, in order to avoid

unnecessary maintenance but ensure that there is

sufficient maintenance to keep the aero-engine in

service[8]. No matter which maintenance concept is

adopted to balance the flight safety, reliability and

operating profit, effective health monitoring

technologies are essential in order to accurately

understand the current state, track the (real time)

health status, and evaluate the performance and

degradation trend for the aero-engine and its

component parts and subsystems. This depends on

having sufficiently accurate monitoring methods, thus,

condition monitoring technology is crucial to

realizing the full benefits of the advanced

maintenance idea and implementing a maintenance

strategy[9, 10].

To implement the PHM concept the PHM

system requires comprehensive engine information

and an assessment of the engine’s health, not only the

current health state, but also predictions about later

state, in the form of early warning information about

faults and/or future maintenance requirements.

Engine Health Monitoring systems acquire this

information.

There is a wide acceptance of the common

health monitoring methods, such as vibration

monitoring, temperature detection, flow and pressure

measurement at different cross sections of an

aero-engine. However, although these methods can

perform well for detecting some types of faults, they

may not provide good fault localization.

In general, the gas path components have the

highest fault rate in the aero-engine, being in such a

high pressure, load, temperature and speed

environment[11]. Conservative time-based preventive

maintenance strategies are still a dominant

maintenance policy for gas path components working

near their structural limits in high-temperature

environments. This policy can lead to the waste of

useful residual life of the components when

components are replaced before they really need to be,

or may increase the risk of failure before maintenance

when components degrade faster than expected, so

maintenance is not soon enough. Aero-engine related

incidents still occur frequently enough to indicate that

the current health management systems still lack

sufficient ability for adequate advance warning of

faults.

The PHM concept requires engine monitoring

technologies that provide early warning information

about faults, and the capability to monitor the

development of faults so that timely action can be

taken. To achieve it, a new health monitoring

technology will be required, which has the ability to

provide new information, more reliable information,

or earlier information than existing technologies.

Electrostatic monitoring technology for gas

paths in aero-engines is one of the technologies

which could provide improved prognosis abilities. As

will be explained in Section 2, this technology

involves monitoring the electrostatic charge to detect

debris in the exhaust gas. The technology was first

discovered by the Air Force Institute in the 1970s[12].

Further research on electrostatic monitoring

technology was undertaken at various times by the

United Technologies Corporation (UTC) [13],

Stewart Hughes Limited (SHL) [14], and Smiths

Industries[15] (which subsequently bought by GE )

due to licensing of the related patents and company

mergers and acquisitions. SHL developed the Engine

Distress Monitoring System (EDMS) and Ingested

Debris Monitoring System (IDMS), as described in

[16] and is discussed further in Section 5. The work

on electrostatic monitoring technology by SHL and
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Smiths Industries drove the improvement and

application of electrostatic monitoring technology in

other industries, some of which will be discussed in

Section 6.

The advantage of electrostatic monitoring

technology (EMT) is that it can offer timely warning

information about early faults by monitoring the

change in the electrostatic level in the gas path of the

aero-engines. It provides a novel method for on-line

monitoring and diagnosis for components with rub

faults, combustion effectiveness degradation and/or

combustion chamber burnt erosion. Such faults as

these cannot usually be easily detected by other

current monitoring technologies [4, 12, 17-24].

Moreover, combining EMT with other existing

monitoring technologies, will increase the likelihood

of timely detection of faults. Thus, electrostatic

monitoring technology is a useful additional tool for

early detection and progression monitoring of

component deterioration[25]. To underline its

importance, EMT has now been as part of the

Joint Strike Fighter engine prognostic health

management sensor suite[4, 26].

Electrostatic monitoring technology is a

wide-ranging subject and many terminologies have

been used interchangeably. That these terminologies

and ad hoc methods have been presented in a variety

of scientific, mechanical engineering, material

engineering and other publications, shows that the

use of electrostatic monitoring is currently being

investigated in a number of areas, such as condition

monitoring for aero-engine gas path[4, 12, 14, 25-31],

lubrication oil wear debris detecting[32-35] , bearing

wear monitoring[36-39] and flow measurement[40],

rotational speed measurement[41] and particle size

measurement [42], to name a few. However, it is

apparent that much more research is needed into this

technology, as will be discussed in the final section of

this paper.

This paper reviews and discusses the current

state of electrostatic monitoring technology, including

sensor technology, signal detection and processing

technologies, feature extraction methods, simulation

experiments, existing methodologies, recent advances

and remaining challenges. There is a particular focus

upon the existing electrostatic monitoring technology

for condition monitoring of aero-engines, however

some related applications of the technology are also

summarised to give the reader an overview. We end

the paper with by identifying some of the remaining

research gaps and less studied issues which are

pertinent to the application of electrostatic sensor and

discuss future avenues of research in this area.

The remainder of this paper is organized as

follows: in Section 2 the principle of electrostatic

monitoring technology and the formation mechanism

of charged particles is explained. Section 3 provides

an introduction to the sensor technology and

discusses some factors which need to be considered

for the optimization of the design and placement of

the electrostatic sensor. The signal detection

technology, processing methods and feature

extraction are discussed in Section 4. Section 5

describes the related verification experiments which

have already been performed for EMT. Section 6

discusses the application of electrostatic monitoring

and detecting technologies to other fields. Section 7

provides concluding remarks and introduces the

challenges for future research.

2. Electrostatic Monitoring Technology

We begin this review with a consideration of

what Electrostatic Monitoring Technology actually is

and how it works, along with an explanation of the

source of the charged particles which are detected,

and their use in identifying faults.

2.1 The principle of electrostatic monitoring

technology for aero-engines

The fundamental principle of electrostatic

monitoring technology for aero-engines is to perform

real-time monitoring of the overall charge level in the

gas path, on the basis that this provides insight into

what is happening within the engines themselves.

Generally, for a healthy aero-engine, there is a

normal charge level throughout the gas path,

including the exhaust pipe and intake path, and

although the charge level varies with the operational

condition of the aero-engine it will stay within a
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defined range. Once a fault occurs, or the

performance degrades, additional debris will be

present in the gas path, which leads to a change in the

charge level. The normal charge level can be

monitored and used to calculate a baseline reference

or threshold from which subsequent deterioration in

engine performance may be determined. When gas

path component deterioration occurs the system

detects a change in the overall electrostatic charge

level [26, 28, 43-45].

The advantage of electrostatic monitoring

technology is the ability to detect within the exhaust

gas the direct product of the fault. The monitoring

will identify the abnormal charged particles in the gas

path, including both ingested objects in the inlet and

the debris or particles caused by component wear or

faults in the exhaust gas. This method differs

significantly from common monitoring technologies

such as vibration or temperature monitoring

technologies, which detect the secondary effects of

the fault, and the technology can be employed to

detect faults earlier and provide the necessary

warning information to improve the PHM capacity of

an aero-engine in the overall life cycle[26, 43].

2.2 The formation of charged particles

Carbon dioxide, water vapor, Nitrogen Oxides,

hydrocarbons, carbon monoxide, sulphur oxides, soot

and debris (if a fault occurs) are the main components

in the exhaust emission. The particles in the exhaust

emission are electrically charged. To understand why

it is worth considering how each of the types of

particles is created. There are three main types of

charged particles:

(1) Ions and electrons formed by the combustion

chemical ionization processes in the primary

combustion zone of the combustion chamber

[46-48]. The main chemical reactions can be

described by the following [49]:

CH+O -----> CHO++ e- （1）

CHO+H2O----->H3O+CO+e- （2）

CH+C2H2---->C3H3+ e- （3）

The combustion process also forms many other

ionized molecules, including CH3
+, CH3O+,

C3H3
+, H3O+ and NO+.

(2) Soot produced by the incomplete combustion of

hydrocarbons, which is usually a mass of

impure carbon particles. Soot formation is a

complex process and a heterogeneous

interaction, where the details are still remains

unclear and disputed, there has been some

agreements [50-52]:

 The soot forms in the flame.

 The soot formation is related to the molar ratio

of carbon to oxygen (C/O ratio). In premixed

flames the critical C/O ratio for soot formation

is found to be about 0.5. The C/O ratio is

closely related to the fuel type and the

performance of the compressor. [12-14]

analyze the charging mechanism and the

factors which affect it. They clarify the effect

of the fuel flow and sulfur content on the

quantity of electrostatic charge and suggest

that the fuel’s sulfur content increases the

concentration of negative ions, especially for

the low flow case. Large carbon particles

usually carry a positive charge, while smaller

carbon particles are mainly negatively

charged.

 The first step in the formation of soot particles

is nucleation. The particles then continue to

grow through chemical reactions at their

surface, by the adsorption of the gas phase

ions and molecules. Once the soot particles

reach diameters in the range 0.01 to 0.05 um

they begin to coagulate to form chain

agglomerates[52].

 Oxidation of the molecules and soot particles

reduces soot formation.

(3) Debris caused by some fault. As the mechanical

faults, the degradation or the destruction of the

engine components, such as blade rubs, nozzle

guide vane or turbine blade erosion and

combustor burning result in the production of the

charged debris [14, 16, 51, 53]. The larger debris

may also impact with the internal engine surfaces

and interact with the charged ion or electrons. The

impact process may result in an increased charge,

a discharge or an inversion of the charge on the
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debris[16].

In general, the size of a soot particle in an aero gas

turbine engine exhaust port is typically about 6nm

and the distribution of the size is a bimodal

distribution with humps in the ranges of 5 ~ 7nm and

20~ 30nm [54-56]. The sizes of carbon particles or

metal abrasive and most of the abnormal particles

caused by gas path component faults, such as blade

rub or combustion performance degradation, are

larger than 40um[14]. As explained in [57] the

charging process of particles over time can be

represented by formula 4, where qp is the charge of

the particle, dp is the diameter of the particle, k is the

Boltzmann constant, T is the temperature, e is an

electronic charge, v is the mean particle velocity, N is

the concentration (number of particles), and t is time.

2

2
ln(1 )

22

p p
p

d kT d v e Nt
q

kte


  (4)

Based on the analysis above and Equation (4),

the charging characteristic of particles is related not

only to the concentration of electrons and ions but

also to the size of the particles.

3. Electrostatic Sensor Technology
The sensors are key components and play a vital

role in the monitoring system, being the source of the

condition information. Sensor performance directly

affects the accuracy of the early fault indicator

predictions as well as the correct identification of the

state of the components. This section considers the

electrostatic sensors, explains how the sensors work

and reviews current research in the area of

electrostatic sensor design.

3.1 The principle of an electrostatic sensor

An electrostatic sensor is a passive sensor which

is based on the electrostatic induction principle. In the

electrostatic monitoring system, the sensor is used to

detect the change of the electrostatic field in the

sensing zone which is caused by the influence of

nearby charges. The basic principle of electrostatic

measuring is shown in Figure 1, which shows how the

moving charge creates an electric field which is

detected by the sensor[58]. The mobile charges in the

interior of an electrostatic sensor probe are free to

move in any direction. When a charged particle passes

the electrostatic sensor, the mobile charges within the

sensor move under the influence of the field from the

external charge until they reach the surface of the

sensor probe. The movement of charge in the sensor

results in a current flow through the signal wire, and

the signal can be measured by the signal conditioner.

Once the charged particle moves away from the sensor,

the charge inside the sensor probe returns to a neutral

state.

3.2 Sensor design

Two key considerations for electrostatic sensor

design are the material selection and the structural

design of the sensor. Material selection plays an

important role in ensuring that the electrostatic sensor

meets the requirement to work continuously and

smoothly in the high-temperature environment, not

only enduring the environment, but also performing

well under those conditions.

The time to reach electrostatic equilibrium can

be used to evaluate the sensor performance. This time

usually depends upon the conductivity of the sensor

probe material [59] rather than the exerted electric

field intensity or the size of the sensor probe. In

general, the higher the conductivity, the less time to

reach electrostatic equilibrium. In general, from a

conductivity point of view, most metal materials can

be used for the probe material. However, since the

sensor will be used in a high-temperature

environment, both the sensor probe and the isolation

medium must be able to resist very high temperatures.

Considering this, and the desirability for a high

conductivity in the probe, Nickel alloy is usually

recommended for the sensor probe and sensor cover,

and Ceramic, Mica or polytetrafluoroethylene are

usually appropriate for the sensor isolation medium.

In addition to the material selection, the shape of

the sensor needs to be considered, to ensure that it is

appropriate for different applications and different

installation locations. The shape and position of the

sensing surface will affect the performance. The

sensitivity of the sensor and the size and shape of the

space within which it is located affect the ideal sensor

shape. Taking the electrostatic sensor for the gas path
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condition monitoring as an example, the ring shape is

clearly appropriate for the detection of the ingested

debris in the inlet[4], with its fixed position and shape,

while various shapes, such as button [14, 15], plate

[60, 61], cylindrical probe [4, 26, 58], and

hemisphere [62, 63], have all been proposed for

monitoring the exhaust debris in the exhaust pipe. For

example, [61] used a flat sensing plate-shaped sensor

in the exhaust cone; whereas for other applications, a

button sensor, where the probe of the electrostatic

sensor has a button-shaped surface and is mounted

flush in the exhaust duct or jet pipe of the engine,

may be easier to install.

The limited sensing space is another factor that

needs to be considered. Usually, for larger diameter

gas turbine exhausts, one sensor does not have the

coverage to detect particles in the entire gas path, in

which case multiple sensors can be combined or

linked into one compound sensor to monitor the

whole section of the gas path. [64] investigated the

cylindrical type electrostatic sensor arrays for the

online condition monitoring.

3.3 The electrostatic field model for sensor design

optimization

The structural parameters of the electrostatic

sensor material and those of the surrounding

environment have some effects on the sensitivity

characteristics of the sensor at the complex

electrostatic field boundary condition and on the

dynamic performance, as well as the spatial filtering

characteristics [58, 65, 66].

A measuring model for an electrostatic sensor is

needed to describe the interaction mechanism

between the moving charged particles and the

electrostatic sensor. This can then be used to acquire

an adequate understanding of the rules by which

the structural parameters of the electrostatic sensor

material affects the sensor characteristics, to provide

a reference for the sensor design optimization.

Sensitivity is one of the most important

characteristics which determines the dynamic

performance of the sensor and the design of the

corresponding signal processing circuit. The

sensitivity, S, is usually defined by Equation 5, where

Q' is the induced charge on the sensor surface and Q

is the magnitude of the inducing charge, for example

that charge which is carried by debris..

Q

Q
S

'

 (5)

The main challenge for sensitivity analysis is

usually, therefore, to calculate the charge induced on

the surface of the sensor probe for a known charge

carried by the particles.

From Gauss’s law, the total electric flux through

any closed surface in free space of any shape drawn

through an electric field is proportional to the

total electric charge enclosed by the surface, that is:
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, (6)

where zyx dddrd 3 is a volume element.

Based on the Divergence Theorem, Gauss’s law can

be expressed by Equation (7), where


 is

the divergence operator.

0






E (7)

So the relationship between the potential  and

the charge density  can be defined based on

Gauss’s law as follows:

0

2




  , (8)

where 0 is the vacuum permittivity. This relationship

is a form of Poisson's equation. The induced charge

QS on the sensor electrode with surface area S can be

obtained by the following formula:

 
S

s dsQ  (9)

Powrie H, Morris S etc.[36, 67] thought that not

all of the charge could be detected due to the limited

sensing area, so they provided an approximation

calculation method for a given permittivity based on

Gauss’ law as the follows:

2/ xSQQS  (10)
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where SQ is the charge induced on the sensor

surface, Q is the magnitude of the inducing

charge, S is the sensor area and x is the distance

between the charged particle and the sensor face.

Similarly, Liu [68] used a mathematical model

based on Coulomb's law and Gauss’ law to research

the charge induced on the OLS sensor used in the

detection of lubrication debris. This method can be

used for the sensitivity analysis of a sensor for a

given design.

Aiming at different industry applications, [68] also

developed various electrostatic sensors and

established the corresponding model to calculate the

charge induced on the surface of the sensor probe by

the moving charged particles. The same approach,

based on the description of the electric field formed

by a point charge and the electrostatic induction

principle, is also used to analyze the sensing

characteristics of the electrostatic sensors [58, 65, 66,

69]. The electric field formed by a point charge can

be described by the following Poisson equation and

Dirichlet boundary conditions[70]:
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where ),,( zyx is the electrostatic potential;

),,( zyx is the charge volume density;  is the

dielectric permittivity; F , E , N are the

boundaries of the pipe wall, sensor shield cover, and

sensor electrode, respectively; and the constant C

denotes that the electrode is an equipotential body.

Due to the complexity of solving the Dirichlet

boundary problem, the finite element method has

commonly been used to establish the model for

electrostatic sensors with different structures and

shapes [58, 60, 62-66], to acquire the numerical

solutions. Based on the numerical analysis of the

finite element model, the same authors also

researched the influence on the sensitivity, the

sensitivity distribution and the dynamic performance

of a sensor of different factors, including the probe

size, the permittivity, length and the thickness of the

isolation media, and the size of the cover, etc.

[41] analyzed the factors which influence the

characteristics of a cylindrical probe sensor. Figures 2

to 4, repeated from [41], illustrate some of these

factors.

Figure 2 shows how the spatial sensitivity

changes with the distance to the sensor surface d and

the radius of the probe. From the figure it can be

observed that the greater the distance of the point

charge from the surface of the electrode, the less

induced electric charge at the same axial position.

The sensitive space can also be observed to increase

with an increase in electrode radius.

Figure 3 shows how the spatial sensitivity

distributions vary with the permittivity of the

isolation medium. From Figure 3, we can see an

increase in the permittivity of the isolation medium

results in an increase in the sensitivity at the same

distance d.

Figure 4 shows the influence of the isolation

medium thickness on the sensitivity distribution.

Increasing the thickness of the isolation medium

causes a decrease in sensitivity.

The analysis from Figures 2 to 4 can provide a

reference for sensor optimization design, but can also

aid in determining the appropriate location for an

electrostatic sensor. The results indicate a zone where

the sensitivity is high and the variability of the

sensitivity is low; this zone can be used to determine

the good choices for the installation location, in order

to detect more of the abnormal particles[71].

4 Signal detection, processing and feature

extraction

The original signal from the sensor needs

significant amplification, filtering and processing

before it can be used. Various technologies and

research approaches for analysing the data are

reviewed in this section.

4.1 Signal detection technology

Signal detection is the process of measuring and

storing information from the sensor output for the

purpose of providing warning and diagnostic

information.
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The measurement system, to which the probe

sends the signal, is responsible for detecting,

measuring and storing the measurements in the

condition monitoring system.

An electrostatic monitoring system usually

consists of a preamplifier, filter, ADC

(Analog-to-digital Converter), DAQ (Data

Acquisition) card and data processor. The

preamplifier is used to amplify the electrostatic

inducing signal to a measurable voltage, since the

inducing signal will usually be extremely weak. The

resulting voltage signal is then fed into the ADC and

the output is passed to the acquisition system and

stored in the computer for further analysis and

processing.

Since both the velocity of the charged particles

and the flow characteristics have effects on the

frequency characteristic of the electrostatic signal, an

analysis of frequency domain features forms the basis

for the design of a charge amplifier and the related

signal processing circuit.

Both the theoretical analysis and the

experimental results in the literature [58, 72] show

that an increase in the moving velocity of the charged

particles results in an increase in the high-frequency

content in the signal, and the larger the continuous

particle flow, the broader the frequency spectrum

range.

In exhaust gas, fine particles, such as soot,

smoke, and smaller debris, usually move faster than

larger debris derived from faults. Thus, higher

frequency signals indicate that finer or faster moving

particles are present in the gas path. In contrast,

low-frequency content is informative for judging the

quantity of abnormal particles or large-sized debris

present in the sensing zone. Therefore, maintaining

the low-frequency response is crucial to the design of

the measurement system, especially the preamplifier.

Addabbo et al [73, 74] presented a charge

amplifier whose frequency response can be

specifically tailored to the current application and

proposed a detection post-processing algorithm to

estimate the shape of the input charge pulse. This

amplifier can be used to detect ultra-slow moving

charged particles. Although there are significant

differences between the velocities of particles in the

experimental situation and the real aero-engine gas

path, the analysis method and amplifier design still

provide useful references for the measuring system.

4.2 Signal processing

Noise reduction is the process of removing noise

from the original signal. This paper will not cover the

details of how signal processing techniques work, but

the authors would like to note that de-noising is

essential for extracting the effective features after

detecting the induced electrostatic signal. The

purpose of de-noising is to improve the

signal-to-noise ratio (SNR), ensuring that the

extracted features are appropriate for diagnostic and

prognostic purposes and improving the accuracy of

the early warning information and fault classification.

Various signal processing techniques have been

developed to remove the noise from the vibration or

other acoustic emissions signals, which have various

differing noise characteristics. These methods include

cut-off frequency methods based on the Fourier

transform, wavelet de-noising methods, etc. Because

of the specific characteristics of electrostatic signals,

such as being non-stationary, having a continuous

frequency spectrum distribution, or having a varied

distribution of frequency spectrum under different

working conditions [58], the simple cut-off frequency

method is not suitable for processing this kind of

signal. However, the studies on time–frequency and

time-scale analysis methods show promise for

processing it. Wavelet transform techniques [75-77]

have been successfully applied to process

non-stationary signals in the past, such as the

vibration signal of gear boxes[78], bearings [79] and

other rotary mechanical systems [80]. Moreover,

from the shape of the output signal (see Figure 1), the

electrostatic monitoring signal can be observed to be

similar to the electrocardiography (ECG) signal [81].

So, the de-noising methods based on time–frequency

and time-scale analysis which have been used for

ECGs are also promising for the electrostatic

monitoring signal processing.

Nevertheless, the type of the source noise which
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is mixed into the electrostatic monitoring signal, in

terms of both strength and distribution, needs to be

considered when selecting de-noising methods to be

employed. For instance, the noise in the electrostatic

signal acquired from the experiment platform is a

mixture of random noise and impulse noise, which

can be difficult to remove from the original signal.

Addressing this problem, [82]proposed a hybrid

de-noising method which combines the wavelet

transform and median filter method to remove the

noise in the electrostatic monitoring signal. As

reported in [82], the median filter method was used as

a smoothing method to preprocess the signal, using

the following principle:

(1) First define a step size, s

(2) Next define a sliding window of specified length

in multiples of the step size (length=x.s).

(3) The first x-1 windows will not have enough data,

so the algorithm has to determine what to use for

these missing values. Common approaches

include repeating the first element or using a zero

value.

(4) Calculate the median of the data in the window.

(5) Move the window by the step size and repeat step

(3) until the end of the sample is reached.

(6) The median of each window is used as the output,

being the original signal preprocessed by the

median filter method.

In[82], the preprocessed signal was then further

de-noised by the wavelet transform method based on

the Birge-Massart strategy. In this way, the noise

which was mixed in with the electrostatic signal was

effectively removed.

[83] applied independent component analysis

(ICA) to remove the noise from the electrostatic

signal. ICA is a computational method for

decomposing a multivariate signal into independent

non-Gaussian signals. It has been commonly used in

the field of blind source separation. It is based on two

assumptions: the source signals are independent of

each other and the values in each source signal have

non-Gaussian distributions. The ICA-based

de-noising method requires that the number of source

signals should be more than the number of

independent output signals. For practical applications

of the electrostatic monitoring signal, however, the

source signal is usually one-dimensional, so the

authors of [83] employed the Empirical Mode

Decomposition (EMD) technique to decompose the

original signal into multiple empirical modes, then,

on the basis of frequency and wave shape, selected

some mode functions from the decomposed

components to construct the reference noise signal,

before finally using the FASTICA algorithm to

separate the noise from the electrostatic signal.

Measuring the performance in terms of the

improvement in the SNR of the signals, the methods

mentioned above were shown to perform well and

have a good ability to remove noise[82, 83].

4.3 Feature extraction

In the condition monitoring system, pre-warning

information should be triggered when features exceed

threshold values. Tracking the key features of

electrostatic monitoring signals can also provide a

base reference for the condition evaluation of

components, or the entire system, in the gas path of

the aero-engine. For feature extraction for the

electrostatic signals, the features are usually divided

into two classes: the time domain features and the

frequency domain features:

(1) Time domain analysis:

The most common time domain features include

the amplitude, range, RMS, MAX, and MIN values.

Two further important time domain features are also

commonly included: Activity Level (AL) and Event

Rate (ER), which are both explained below.

Assume that N samples are available for time t.

AL(t), the activity level at time t, is a measure of the

amplitude of the samples and can be described by

Equation (12) where Qn is the charge of the nth

sample.
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ER(t), the event rate for time t, is a measure of the

percentage of samples which exceed some multiple,
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K, of the activity level. i.e. ER(t) assesses the number

of samples for which the charge is unusually high,

indicating the presence of abnormal particles. ER(t) is

described by Equation (13) [21] where M is the

number of the N total samples available for time t for

which ALKQn  , where the constant K is usually

obtained from an evaluation of experimental and

statistical data and will differ depending upon the

threshold required for the current working conditions.

Generally speaking, the Activity Level can be

used to give an indication of the amount of fine

carbon particles or debris in the exhaust gas. Because

these small charged particles are the main content of

the exhaust gas, they contribute the majority of the

overall charge level, and the charge level caused by

the fine carbon particles is usually used to calculate

the baseline charge.

The Event Rate relates to the proportion of large

particles which are present in the gas path per unit

time. The events can also be separated according to

their polarity into positive and negative events. Hence,

combining this information, AL and ER can be used

to identify large particles and small particles, and the

polarity can be used to discriminate between carbon

particles and metal debris[14, 84]

(2) Frequency domain analysis:

The frequency content of the signal is related to

the velocity of the charged particles, the size and the

flow characteristics, etc., so the frequency features

can also give an indication of the current working

condition of the components in the gas path. This is

especially useful for identifying whether abnormal

particles are caused by static or rotary part faults.

The frequency spectrum distribution of the

electrostatic signal particles is continuous, as shown

in Figure 5, although it can also be observed that

there can be differences in the shape of the signals

based upon factors such as the velocities of the

charged particles.

It is also shown in[58] that differences in

frequency spectrum are detectable for charged

particles with different flow characteristics, such as

their velocities, the continuous distribution or the

discrete distribution of charge particles. This will be

discussed further in Section 5.

The maxima in the frequency spectrum will

depend upon the characteristics of the sensor and

measuring system. Therefore, in the process of

extracting the frequency domain features, peak

detecting technology is applied to find the maxima in

the frequency spectrum and record the corresponding

frequency value fmax, which is often called the

characteristic frequency. The frequency of the peak

will increase with the velocity of the charged

particles, however. The existence of a similar

maximum frequency fmax was also found in [85],

where it was named VI/VII by the authors.

From the frequency spectrum analysis of the

electrostatic signal in [58] there are obvious

differences in the distribution structure of the

frequency spectrum for the signals caused by

different sizes or velocities of particles. Hence, the

signal can be decomposed using the wavelet analysis

method into different frequency bands and then the

energy distribution of the signal in different

frequency bands can be calculated[72].In the process

of wavelet decomposition, re-sampling is needed.

The re-sampling frequency fs can be set such

that maxfAf s  , where A is a positive integer

constant, in order to remove the influence of the

velocity of the charged particles, and the

characteristic frequency fmax. The energy distribution

characteristics can then be employed to identify

whether the additional charged particles are caused

by static or rotary component faults within the

engine[72].

In addition, Shaft Order Analysis (SOA) was

used in [16, 25, 30] to judge whether gas path debris

generation correlates with any of the spool speeds, by

analyzing the frequency spectrum of the electrostatic

signal, e.g. to identify whether the fault is with

rotating parts, such as a rub fault.

5. Experimental Verification Research
The current verification experiments for

electrostatic monitoring technology can be divided

into three classes.

The first class of experiments consists of
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simulation experiments for the initial basic research

into electrostatic monitoring technology. For example,

the verification experiment for the charging

mechanism of particles, the qualitative flexibility

analysis of the electrostatic sensor and electrostatic

monitoring technology, and for verification of the

effectiveness of the sensor and the features of the

signals. For example, [44, 45] built an experimental

platform to simulate the combustion environment,

and fed in abnormal metal particles to test the

electrostatic sensor. The results showed the obvious

change of the output signal from the electrostatic

sensor, testing the effectiveness of the electrostatic

sensor and the electrostatic monitoring technology.

Fig 6 shows the amplitude of the electrostatic signals

over time for this experiment. The experiments

involved adjusting the gas-oil ratio and later

discontinuously seeding with metal particles of size

75um. The resulting carbon particles from the ratio

change were detected as a change in amplitude

around time 20s to 40s, and the metal particles were

detected as the amplitude change around 90s to 110s.

In [85], the authors stated that there were two

different particle sources. The first set of particles

were continuously produced by the combustion, and

are usually continuously present in the jet pipe. The

second set of particles consists of abnormal particles

which discontinuously appear as a result of damage.

These latter charged particles move as separate

clusters, rather than a continuous stream. For this

reason, the authors of [85] developed experimental

facilities (a subsonic turbulent vapor-air jet, a corona

and a Taylor cone) for the simultaneous simulation of

both the continuous and discontinuous regimes of

charged particle motion.

The experiment showed that two power

frequency maxima were detected, related to a

continuous distribution of small charged particles and

a discrete distribution of large charged particles,

respectively.

The second class of experiments explored these

relationships between the electrostatic signal and the

health status of the engines. The experiments were

usually conducted in test rigs on the ground, which

were used to explore the change rules for the

electrostatic monitoring signals with the performance

or fault occurrence in the gas path.

In fact, electrostatic monitoring technology

originated from an experiment by the Air Force

Institute of Technology (AFIT). They discovered that

some jet engine gas-path failures are preceded by an

increase in electrical activity in the jet exhaust gases

[23]. [24] also found that the electrical activity in the

exhaust gas increases before engine gas path failure.

At that time, there was only statistical evidence that

pockets of charge preceded some engine failures.

Dunn and Mitchell found, in the experimental process

of rubbing and burning, that large amounts of metal

particles (size: 5-100μm) fall off from the surface of

the gas path components when rub and burn erosion

occurs, which leads to an increase in charged

particles in the gas path. In further research, the

quantity of charged particles and the amplitude were

observed to have a similar trend to the degradation

trend [17, 24]. Couch et al [86] developed an

apparatus for the application of electrostatic

monitoring technology to the exhaust gas of the jet

engine. In this setup, an electrostatic probe is used to

detect the ion current and a trigger circuit is applied

to provide the warning information. Couch[87] also

performed research which verified that the

performance degradation of a turbine engine can be

detected from the electrostatic pulse signals.

Approximately two out of three turbine engine

problems could be predicted four or more hours

ahead of failure using the electrostatic monitoring

technology, and the false alarm rate was only about

5%.

[14] tracked the relationship between the

working condition and the electrostatic signal using

accelerated life experiments for a turbine gas engine.

The experimental results showed that the activity

level and the event rate both changed under different

conditions and verified the feasibility of providing

early fault warning information for issues such as a

rub fault in the compressor or a fault in the

combustion chamber. The technology was proposed

to be employed to enable overall prognosis and health
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management for aero-engines.

[25, 30] processed the EDMS Data and

calculated the signal components such as the activity

level, event parameters and the shaft order energy,

which can be used as indicators for High Pressure

Turbine (HPT) erosion, Low Pressure Turbine (LPT)

rub, blocked Nozzles and augmenter faults.

[88] found that water washing, oil leakage and

combustor linear cracking of an aero-engine can all

be detected using the electrostatic monitoring method.

[84]tracked the relationship between the output

power and the electrostatic signal using an

accelerated life test experiment on a turbo-shaft

engine.

In one test cycle, the engine experiences 14

working conditions in a specified order, each of

which lasts for a specified time, while the DAQ

system simultaneously records the electrostatic

monitoring signal[84]. Figure 7 shows the output

power of the engine for an example test cycle, while

Figure 8 shows how the amplitude of the electrostatic

signal changes with the output power of the

turbo-shaft engine. From Figure 8, we can see that

the electrostatic monitoring technology can

effectively reflect the change of the output power of

the engine.

The third class of experiments is on-board

experimentation for verification of the technology. In

these, the practical application is investigated and

high altitude experimentation is performed to collect

the data to verify the algorithms, sensor installation,

various features of the signals, validity of the

electrostatic monitoring system, and so on. As

mentioned in Section 1, SHL developed the IDMS

and EDMS systems based on electrostatic monitoring

of the charged debris in the gas path. IDMS is used to

detect a foreign object entering the engine via the

intake, while EDMS is used to real-time monitor gas

path component degradation. The hardware

configuration, technology maturity and the

applications for IDMS/EDMS were presented and

discussed in [4, 26]. The integration of IDMS and

EDMS has allowed the impact of foreign objects

ingested into the engine to be analyzed and identified

[16].

6. Other applications of electrostatic

monitoring technology
Due to its non-destructive nature and the

pre-warning capability, electrostatic monitoring has

been popular for applications in monitoring and

measurement in other fields as well. There are many

links between the fields as well as distinct differences

in many cases, and it is possible that breakthroughs in

one field could lead to benefits in others. For this

reason, the following section presents some of the

other related applications of electrostatic monitoring

technology which it is useful to be aware of.

6.1 Wear debris detection in Lubrication Oil

Wear is the most common type of mechanical

problem, and the detection and analysis of particles

within lubrication oil is a general approach for

detecting this, measuring the shape or content of

particles in the lubrication oil.

There are four commonly used oil analysis

methods: Ferro graphic analysis based on the size and

shape of the debris; spectral analysis for measuring

the contamination of metal elements in the

lubrication oil; physicochemical analysis for

detecting the physical properties and chemical

properties such as the acidity test; and

contamination analysis, counting the big particles per

unit volume of oil. All four of the methods have been

commonly used in the aeronautical industry for wear

fault diagnosis and prognosis, but these oil analysis

methods are usually performed offline, with the

analysis being done somewhere else, usually in an oil

analysis laboratory. The results then turn up later so

do not really reflect the real-time status, leaving the

existing methods with a shortfall in temporality.

Moreover, these methods usually have a more limited

range of detectable object sizes.

An oil debris monitor (ODM) for these problems

was jointly developed by BFGoodrich Aerospace and

GasTOPS, which overcomes the limitations of

conventional chip detection systems. The ODM

system uses an advanced, full-flow, inductive sensing

technology which is capable of continuously

monitoring metal particles from wear, both
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ferromagnetic and non-ferromagnetic. The ODM

sensor is designed to be installed into the existing

chip detector part. However, due to the ODM

detector chip limitations, there is only a low capture

efficiency; ODM is not sensitive to smaller particles

or debris sizes: less than 100 um for ferrous particles

and 250 um for non-ferrous particles [89-92]. The

lack of prediction of the trend in the amount of debris

over time, and the insensitivity to smaller non-ferrous

debris are some of the other possible drawbacks.

Due to the poor timeliness of off-line analysis

and the limitations in the detectable range of the

current monitoring techniques, wear faults are often

not detected in a timely manner, thus wear faults still

account for a large proportion of mechanical faults in

aero-engine operation. Therefore, researchers have

investigated the application of electrostatic

monitoring to lubrication oil debris detection,

measuring the charged wear debris, detecting the

direct product of the fault [34, 68, 93-96]. Potential

sources of charged debris include surface charging,

triboemission when the component surface is

damaged, and the breaking of multiple atomic bonds

when the debris is produced[67, 94].

A ring-shaped electrostatic sensor is used in the

lubrication oil monitoring system and is mounted on

the oil pipe, monitoring the debris in that whole

section of the oil pipe. It is also called an OLS

(oil-line sensor) and, being ring-shaped, it has similar

characteristics to the electrostatic sensor in the intake

of an aero-engine. Powrie et al[96] used the OLS to

perform real-time monitoring of the oil-borne debris

and found that the electrostatic charge signals can be

taken as an early indication of component

degradation and increased generation of wear debris.

[34, 67, 94, 96] showed the sensing capabilities

of the electrostatic monitoring technology for both

oil-line and wear-site debris in one monitoring suite

by utilizing an accelerated bearing failure test under

both overloaded and seeded fault conditions.

6.2 Wear site detection for rolling bearing

The main monitoring method for wear debris

detection in lubrication oil is to detect the product of

the wear fault debris, as mentioned above. However,

an electrostatic sensor could also be used to monitor

the wear site directly. In the process of contact wear,

tribo-charging, tribo-chemistry, contact charging,

tribo-emission and contact potential difference are all

sources of electrostatic charge, so the electrostatic

sensor can be applied directly to monitor the charge

on the wear site[34, 36-39, 67].

Harvey [34] employed an electrostatic

monitoring system to detect the onset of wear in

lubricated tribo-contacts, in order to detect the early

stages of the components’ surface breakdown and

wear. They mounted the electrostatic sensor close to

the bearings in their experiment. [37] used an

Acoustic Emission (AE) sensor and electrostatic

sensor (ES) to monitor the various phases of

delamination wear for a bearing steel contact under

dry sliding conditions. Both the AE and ES

monitoring results were found to correlate with

friction levels and wear rates.

6.3 Mass flow rate and rotary speed measurement

In addition to its application for condition

monitoring, another similar application of

electrostatic monitoring is mass flow rate

measurement in the gas-solid two-phase flow. This is

required in many industries, such as within power

plants or steel production [40, 97, 98].

Here we use the power plant as an example to

illustrate the application. In general, the pulverized

coal concentration is one of the most important

parameters in the monitoring system for the power

plant. This can be acquired by measuring the velocity

of the pulverized coal. Due to the electrification by

friction between the pulverized coal and the pipe, a

pair of electrostatic sensors can be used to detect the

resulting electrostatic charge and calculate the time

delay between the two signals based on a cross

correlation algorithm. From this, an estimation can be

made for the velocity and concentration [99-104].

Similarly, the rotational speed can be one of the

more important parameters for a condition

monitoring system to determine when controlling a

rotary machine, and an electrostatic sensor can aid

here as well, sensing the movement of the surface

using electrostatic induction. Similarly to the velocity
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measure for mass flow, the sensing principle makes

use of the phenomenon that a rotating device

generates an electrostatic charge on its surface due to

air friction.

The main difference between the mass flow and

rotary speed techniques is that the two sensors are

mounted with a fixed linear distance for mass flow

measurement, but fixed angles for rotational speed

measurement.

[41] employed electrostatic sensors to measure

the movement of a rotating surface and compute the

speed based on the cross-correlation algorithm. In

their facility, an array of electrodes which was placed

adjacent to the rotating surface was employed to

sense the movement of the surface through

electrostatic induction. The rotational speed could

then be determined through the cross-correlation of

the signals from the electrodes. The experimental

results showed that the maximum error was no

greater than ±2% under all test conditions, over the

speed range of 0–3000 r/min.

Using an electrostatic sensor for measurement

provides a noncontact measurement, with low cost,

which is suitable for condition monitoring application

even in hostile environments.

7. Conclusions and future work

In this work we have attempted to summarize

the recent research and development in electrostatic

monitoring technology, emphasizing aero-engine

health management, but also discussing some of the

related applications within other industries since

ongoing research may have benefits beyond those

industries. This review has covered the underlying

principles of electrostatic monitoring technology, the

detection technologies, the measurement models and

signal processing, and the main feature extraction

algorithms.

Although alternative advanced online condition

monitoring technologies have been available for a

while, such as vibration or temperature monitoring,

and have been applied with good results in many

situations, there are situations where they may not be

appropriate, such as when there is limited structural

space, a hazardous environment and/or the warning

information is urgently needed in real time to ensure

safety. In these cases, the classical sensors may not

work as efficiently, and an electrostatic monitoring

technique can be a much better choice.

A novel condition monitoring technology with

prognostic ability will focus on providing appropriate

warning information before failure occurs, for the

purpose of system health management. Despite the

past and ongoing work in electrostatic monitoring

techniques, we believe that there are still open

questions and that the following research directions

need to be addressed if electrostatic monitoring

techniques are to be fully utilized for PHM:

1. Considering sensor technology, research is

needed to minimize the size of the sensor and to

optimize the sensor design in order to better adapt to

the hostile working environment, as well as to

improve the resolution of the sensor and the sensing

scope. The obvious conflict between a limited

detection scope for the electrostatic sensor and a

larger diameter engine exhaust or oil pipe needs to be

solved, although multiple electrostatic sensors have

been tentatively applied in some cases to address the

problem.

2. EMT is a relatively new technology compared

with many of the technologies in use. It is clear from

the state of the art at the moment that further work is

needed on the integration of the technology within

current health monitoring systems, including work on

hardware integration and information fusion. In this

context, hardware integration mainly involves

integrating the electrostatic monitoring technology

into the Full Authority Digital Engine Control

(FADEC) system. Information fusion needs to

consider the integration of different information, such

as from multiple electrostatic sensors as well as

between the electrostatic monitoring signals and

condition monitoring information from other sensors,

such as those monitoring the rotation speed of each

spool, measuring vibrations, fuel flow etc. The

introduction of electrostatic monitoring technology

broadens the range of the component condition

information and could increase the confidence in
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fault prognosis and diagnosis given a novel

information fusion mechanism to make full use of the

condition monitoring information.

3. The lack of baseline and threshold values for

aero-engines under various working conditions,

including different working environments, engine

conditions and fuel details, will need resolving and

more work is needed in order to produce this

information. Seeded fault experiments, simulated

fault experiments, accelerated life experiments and

performance tracking experiments will all need to be

performed to verify the appropriate baseline and

threshold values for each feature of the electrostatic

monitoring signal. A dynamic baseline and threshold

could be advisable depending upon the situation and

maintenance history. Work should be put into

designing the experimental program, the data

processing and the data mining methods to determine

these.

4. Prediction models are needed which can

predict the remaining life based on the electrostatic

monitoring information. There are open questions,

such as how far in advance the warning information

can or should be provided, how to adjust or preset the

warning time based on the maintenance strategy, and

what is the actual shortest response time? It should be

noted that electrostatic monitoring system has not

been fully optimised and future developments to

increase the sensitivity to system performance

deterioration are expected in the future. These may

further affect the models.

5. Evaluation work will be needed to assess the

effect of introducing the electrostatic monitoring

technology, including any change in the reliability of

the monitoring system, and the implementation costs

compared with the return on investment from any

increase in prediction accuracy from the new sensors.

In summary, we believe that electrostatic

monitoring technology is a promising technology,

which is worthy of more research to advance both the

hardware and prediction techniques. Although there

was some research around the turn of the century,

there was been only limited research, in very few

locations, in the last few years. We believe that this

may be unnecessarily restricting the growth and

breadth of application areas for this technology. This

paper has aimed to promote this research by

providing an accessible overview of the technology,

how it works, the currently employed techniques, and

the current state of the art of the research in this area.
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