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1. SCOPE:

Turbine engine malfunctions account for a substantial portion of the maintenance actions required to
keep both fixed and rotary wing aircraft operational. Undetected incipient component failures can
result in secondary engine damage and expensive unscheduled maintenance actions. Recent
developments of electrostatic methods now provide the potential for the detection of foreign object
ingestion and early detection of distress in gas path components. This SAE Aerospace Information
Report (AIR) seeks to outline the history of the electrostatic technique and provides examples of state-
of-the-art systems for both inlet and exhaust gas debris monitoring systems along with examples of
most recent testing.

2. REFERENCES:

2.1 Applicable Documents:

A list of papers and reports which support the information provided in this document is included in

Section 7.

2.2 Glossary of Terms and Acronyms:

A/D(C)
AFB
AVIDS
BIT
DA
DRA
DTEO
EDMS
EEMS
EGT
EMS
FO
FOD
HM(S)
HP
HUMS
IDMS
IGV
JAST
JSF
LP
Mk
MOD
NAWC
Ng
NOVA
Np

Analogue to Digital (Convertor)

Air Force Base

Air Vehicle Integrated Diagnostics System
Built In Test

Design Authority

Defence Research Agency
Development Test & Evaluation Organisation
Engine Distress Monitoring System
Electrostatic Engine Monitoring System
Exhaust Gas Temperature

Engine Monitoring System

Foreign Object

Foreign Object Damage

Her Majesty’s Service

High Pressure

Health & Usage Monitoring Systems
Ingested Debris Monitoring System
Inlet Guide Vane

Joint Advanced Strike Technology
Joint Strike Fighter

Low Pressure

Mark (refers to engine)

Ministry of Defence (UK)

Naval Air Warfare Center

Gas generator speed

NOVA Gas Transmissions Ltd

Power Turbine speed
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2.2 (Continued):

P&W Pratt & Whitney

PSE&G Public Service, Electric & Gas
RAF Royal Air Force

RMS Root mean squared

SHL Stewart Hughes Limited

Sl Smiths Industries

Tachos Tachometer

UK United Kingdom

us United States

USAF United States Air Force
UusMC United States Marine Corps
USN United States Navy

uTcC United Technologies Corporation

3. GAS PATH DEBRIS MONITORING TECHNOLOGY OVERVIEW:
3.1 Background:

One of the objectives of engine health monitoring techniques is to indicate and identify incipient
faults occurring in the engine before they cause failure, which may be catastrophic. Several
techniques are currently used which infer damage rather than detect it; for example, vibration
monitoring may be used to detect blade rubs, however, this relies on the blade rub causing an out of
balance or similar effect. Electrostatic monitoring has the capability to detect the debris produced by
damaged components, thereby providing an indication of the actual fault condition, and of the
integrity of the gas path components.

The principle of electrostatic monitoring of aero engine gas paths has been known since around
1970 when researchers at the United States Air Force Institute of Technology (AFIT) noted large
voltage spikes in the exhaust stream of a J-57 jet engine. Research into the phenomenon continued
and in 1977, Dr. R. Couch at AFIT, stated that the electrostatic method was a reliable means of
predicting a large class of gas path failures previously thought to be unpredictable, as well as those
which are predictable, by more standard gas path trending methods. After he retired, he continued
his investigations with United Technologies Corporation (UTC).

Field tests were conducted on over 500 engines in conjunction with Tactical Air Command (TAC),
Strategic Air Command (SAC) and Military Airlift Command (MAC). Observation and evaluation of
damage during engine disassembly confirmed a relationship between the electrostatic signature and
the failure mechanisms. An absence of false alarms was also demonstrated. This work led to the
acquisition of 23 patents on various aspects of electrostatic monitoring.
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3.1 (Continued):

In 1991, United Technologies granted Smiths Industries (SI) an exclusive world-wide licensing
agreement for all rights to data, patents, technology and development, manufacturing and marketing.

In the United Kingdom, Stewart Hughes Ltd. became interested in electrostatic monitoring of engines
in 1984. They undertook a two year program of research, which achieved the objectives of
demonstrating the feasibility of the technique on an engine and also provided a good basic
understanding of the physical mechanisms involved. This early work concentrated on monitoring
within the core engine and in the tailpipe.

3.2 Outline Principle:

3.2.1  The principle of the electrostatic technique is to monitor electrostatically charged debris present in
the engine.

3.2.2 Gas turbine engines produce electrostatic charges during normal operation and certain gas path
component failures produce additional charges resulting in increased electrostatic activity in the
exhaust path.

3.2.3 During normal healthy engine operation the electrostatic charge is produced mainly due to the
combustion process. A “normal” (baseline) level of electrostatic activity can be established which
varies with engine operating power, as the amount of air and combustion product varies.

3.2.4 When a component damage or debris ingestion occurs additional electrostatic charges are present
in the exhaust gas which causes a variation to the baseline. The charged particulate produce an
induced charge effect on a suitable sensor resulting in a time varying voltage signal.

3.2.5 Engine degradation or the ingestion of material result in an increase in the rate of production of the
charged debris in the engine gas path. Improper/incomplete combustion, compressor or turbine
blade rubs, erosion of the hot section components, combustor faults, seal wear and the passage of
foreign objects through the engine are all examples of phenomena which generate electrostatic
signals.

3.3 System Equipment:

3.3.1 Typical electrostatic monitoring systems comprise similar system components: sensor(s), signal
conditioner(s), signal processor and groundstation computer. They can be configured as stand
alone systems, with a dedicated signal processor and groundstation, or can be integrated into
existing compatible engine health monitoring systems, with card level integration for the signal
processing and the groundstation functionality embedded in the engine monitoring system
computer. The system components have been designed to include built-in-test (BIT) capability.
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3.3.2 The sensors have been developed to meet the different environmental and detection requirements
of the two ends of the gas turbine or jet engine. They are mounted integral to the engine being
monitored. Two basic sensor designs have been developed: ring or hoop sensors which form a
complete ring around the intake or exhaust air; discrete “button” type sensors which have adequate
visibility across the jet pipe to enable monitoring of debris across the duct. Different sensor
implementations have been developed and tested. Further details are included in 4.1.2, 4.1.3, and
4.2.3.

3.3.3 The function of the signal conditioner is to receive the low level charge signals induced onto the
sensors and convert them to higher level voltage signals for input to the processor.

3.3.4 The acquisition, analysis, and data storage are carried out and controlled by the processor using
dedicated cards and processing software. In general terms the analysis algorithms are generic
although implementation requires some tailoring for a given application.

3.3.5 The processing uses the sensor signals, engine signals, such as tachos and torque and also
aircraft signals to identify when during the flight the ingestion or incipient fault started to occur.
Real time data acquisition and processing is carried out with results stored for post mission
analysis and long term data storage on the ground station.

3.3.6 Real time data analysis is carried out on the processor and the results stored in a suitable memory
storage device. The data is downloaded by removing a memory cartridge which is then read by
the ground station computer for deeper analysis and long term trending. An indication could be
provided on the aircraft for the ground maintenance crews so that the status of the engine is known
on aircraft turnaround.

3.4 Summary Status of Electrostatic Monitoring:

3.4.1 Two companies are currently involved in the development and application of this technology. The
capabilities of the electrostatic gas path debris monitoring technology have been tested and
demonstrated. The technology is implemented on a wide range of gas turbines and jet engines.
These applications are generally in the form of demonstrations on specific installations (e.g., test
bed or for a particular engine test) or for particular customers. The electrostatic monitoring
technology and systems require tailoring to meet application specific requirements. This generally
has to be carried out for each engine implementation in the same way as other monitoring systems
require adaption for particular applications.

3.4.2 It has been shown that the technology can detect a range of gas path faults, including: blade rubs,
seal erosion, nozzle guide vane erosion and combustor faults. The capability of the technology to
detect and discriminate ingested foreign objects is discussed in this document under the
Shoeburyness tests.
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3.4.3 If the potential of this technology and the available systems are to be realized they need to be
taken up by engine manufacturers and/or operators in order to achieve wider experience over
greater accumulated engine running hours. In this respect the electrostatic gas path debris
monitoring systems are no different to other engine health monitoring techniques for detecting the
rare occurrences of faults within reliable engine systems.

3.4.4 Structured and controlled trials have recently been carried out using Spey Mk101 engines at
Shoeburyness. These trials include seeding debris, both damaging and non-damaging, into the
intake of the engine. Both company’s systems were installed on the engine. Some of the engine
testing was carried out blind (i.e., the number and types of debris ingested were not known at the
time of the analysis). The outcome and results from this test are summarized in this document.

3.4.5 This document describes the current individual system implementations and the engine testing
carried out to demonstrate the capability of this technology.

4. SYSTEM IMPLEMENTATIONS:
4.1 Stewart Hughes Limited:

Stewart Hughes Limited have developed two implementations of the electrostatic gas path debris
monitoring technology. These are: Ingested Debris Monitoring System (IDMS), with sensors
installed in the intake for detecting and discriminating ingested material; Engine Distress Monitoring
System (EDMS), with a sensor installed in the exhaust duct or tail pipe of the engine, for detecting
engine gas path faults.

4.1.1 Sensors have been developed for the exhaust duct/tail pipe and for the engine intake.

4.1.2 The IDMS sensors are mounted on the inside of the intake forming a complete ring around the
intake air. They are of a laminated tape construction with each of the tapes in the laminate being
individually flight approved, full flight approval for the composite sensor has not yet been granted.
Design Authority (DA) approval for trial flights was gained on the basis of previous evidence. In the
event that a retrofit application was identified, all available evidence would need to be submitted to
the equipment DA during modification approval. For new applications the systems would need to
be approved as part of the main development program. The initial work was based on using three
IDMS sensors to provide information to enable the monitoring and discrimination of ingested
foreign objects (into categories of potentially damaging and non-damaging) to be carried out.
Recent work has focused on reducing the IDMS sensor fit requirements to two instead of three.
This has been demonstrated to be feasible without comprising the information required from IDMS.
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4.1.3 EDMS sensors have been developed for the airborne application. These are discrete button type
sensors which are mounted to be flush with the tail pipe or exhaust duct. These can be tailored for
mounting in existing instrumentation ports or via borescope ports if these are in a suitable location.
The size and weight of these sensors have been minimized while ensuring that adequate “visibility”
of the exhaust gas is maintained. The use of the button sensor was evolved following extensive
development and testing of a wide range of sensor types and configurations on several engine
types. EDMS sensors for installed ground based gas turbines are tailored to be suitable for the
application and to require minimum modifications to the engine.

4.1.4 The acquisition, analysis, and data storage for IDMS and/or EDMS are carried out and controlled
by the processor using dedicated cards and processing software. In general terms the analysis
algorithms are generic although implementation requires some tailoring for a given application.

4.1.5 For IDMS the processing uses the IDMS sensor signals, EDMS sensor signals, engine signals,
such as tachos and torque and also aircraft signals to identify when during the flight the ingestion
occurred. Real time data acquisition and processing of IDMS and EDMS is carried out with
compressed results stored for tertiary or post mission analysis (where relevant) and long term data
storage on the ground station. The majority of the IDMS analysis is carried out in the airborne
processor.

4.1.6 For EDMS the processing uses the EDMS sensor signal and other engine signals, such as tachos
and torque. Real time data acquisition and processing is carried out with compressed results
stored for tertiary and post mission analysis and long term data storage on the ground station. The
tertiary analysis may be carried out in the airborne unit if necessary.

4.1.7 Data analysis is carried out on the processor and the results stored in a suitable memory storage
device. The data is downloaded by removing the memory cartridge.

4.1.8 Ground based functions, which may include reports of IDMS events, tertiary or post mission
analysis and diagnostics from EDMS data, display of data and results and long term trending are
carried out in the ground station. These functions can be provided in a separate ground station
which includes additional facilities for input of engine and maintenance information and
configuration of the airborne processor. The other option is for the dedicated IDMS and/or EDMS
functions to be provided in a software module for inclusion in an existing ground station which has
the additional facilities required.
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4.1.9 |IDMS Analysis and Signal Processing:

4.1.9.1 An aeroengine intake is open to ingestion of a wide variety of materials, many of which may be
non-damaging. Signal processing techniques have been developed which provide continuous
monitoring of the intake air for the detection of any “unusual” occurrences. These are then
processed further to enable verification of the occurrence as potentially damaging debris. The
signal processing enables discrimination between harmless objects and potentially catastrophic
ingestion. In addition, the presence of undesirable levels of sand, salt, or dust in the intake air
can be monitored. This information may be used to identify the need for compressor washes or
to compile data relating to the atmosphere in which the aircraft is operating with respect to blade
erosion or corrosion.

4.1.9.2 The analysis and discrimination algorithms have been reviewed and enhanced as a result of the
data and experience gained during the Shoeburyness trial. The main objectives of the
enhancements were: to improve the classification and discrimination capability with a reduced
false alarm rate; to achieve this using a reduced IDMS sensor fit; to reduce the complexity of the
analysis; to improve the correlation and corroboration between IDMS, EDMS, and other engine
data.

4.1.9.3 The initial analysis is focused on identifying whether single objects or fine particulate, such as
sand, salt, or dust are being ingested. If the material is fine particulate further processing is
carried out to monitor whether increased amounts of debris are being ingested. Correlation with
EDMS data is also carried out.

4.1.9.4 |If a single object is monitored as being ingested further analysis, including correlation with
EDMS, is carried out to identify whether: the object is potentially damaging or non-damaging;
whether the ingested object actually caused damage during its passage through the engine; and,
where appropriate, whether the object travelled through the engine core or by-pass duct.

4.1.9.5 During the development and implementation phase an additional category has been introduced
for single objects, “possibly damaging”. This category has been used where the current
database and classification does not provide unequivocal evidence that the object can be
classified as potentially damaging or non-damaging. The number of ingestions classified in this
category will reduce with increased database and experience.

4.1.10 EDMS Analysis and Fault Detection:

4.1.10.1 EDMS has been developed with the objectives of providing an early warning of incipient fault
conditions, and identifying the type of fault (for example, whether a blade rub, combustor fault,
etc.).

4.1.10.2 Various signal processing techniques have been developed to identify different components of
the EDMS signal in both the time and frequency domains. The baseline footprint of each of
these parameters is established when the engine is in a known healthy condition. This is used
as a datum to identify incipient fault conditions.
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