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HELICOPTER HEALTH MONITORING

SUMMARY

The Health Monitoring Working Group was convened by the CAA and first met on 27
March 1984, membership was drawn from Industry, the Ministry of Defence and the
CAA. Terms of Reference to satisfy the Helicopter Airworthiness Review Panel's
recommendation No 1] were established. Specifically, this suggested that
experts in the Airworthiness Division, Ministry of Defence and selected
specialists should draw up proposals for parameters to be measured, and for new
or improved condition monitoring devices or systems.

The Working Group reviewed the current ‘state of the art' and considered the
proposed Airworthiness Requirements for future helicopters, seeking to define the
health monitoring improvements which would be needed to realise the intended
safety objectives.

The Group recognised that major benefits could be expected from exploiting Health
Monitor.og, not only on future helicopters, but also by retrospective application
to those currently in service, and this aspect has been included in the report.

The main conclusions drawn from the study were:-

(1) - Health Monitoring is particularly relevant to the transmission,
rotor systems, flight control system and engines

(ii) - current technology can provide airworthiness and reliability benefits

(iii) - Research or application development is required in respect of:
- vibration analysis, wear debris monitoring, pressure temperature

and flow sensors

- optical fibre strain detectors

- electrical resistance strain gauging and FM telemetry
- optical sensors, data banks and interfaces for fly-by-light

helicopters
- more accurate/intelligent blade tracking facilities
- FM telemetry torquemeters

- on-board detection of oil contamination

- application of Expert Systems technology
- on-board processor/interface/display development

- ground based data management systems

- 'smart' sensors



(iv) Details of the timescale for the research and development activity.
Specific recommendations were made in relation to the Terms of Reference,
but in addition the Group recommended:-

efforts to encourage international agreement on the requirement
for health monitoring

the formation of a Helicopter Health Monitoring Advisory Group

the increased application of health monitoring to existing
helicopters which are likely to remain in service for an extended
period.

the use of demonstrations and in service trials to promote health
monitoring.



INTRODUCTION

The report of the Helicopter Airworthiness Review Panel (HARP) was published,as CAP 491, by the Civil Aviation Authority in June 1984. Recommendation 11of that report states:

"Recommendation 11 The CAA should set up a working party between
experts in the Airworthiness Division, Ministry of Defence and
selected specialists from universities and industry to draw up
proposals or requirements for parameters to be measured and for
new or improved condition monitoring devices or systems, to be
widely publicised.”

The CAA was aware of this recommendation from the earlier draft HARP report
and in January 1984, the Director-General, Airworthiness Division set up such
a Working Group. The Group held its first meeting in March 1984 and its work
programme was covered by eight meetings of the main Group plus numerous
‘informal and sub-group meetings.

The terms of reference for the Group, as finally agreed, are given below.

“Having regard to the airworthiness objectives now being
considered appropriate for future helicopters, the Working Groupwill:-

1 Identify the areas in which Health Monitoring is likely to be
a necessary or preferred means of achieving those airworthiness
objectives.

2 Establish the extent to which existing technology is capable
of providing the required Health Monitoring.

3 Identify the areas where existing technology does not meet
the need and suggest the timescale in which the shortfall
should be made good.

4 Recommend the means by which additional technology should be
researched and developed.

5 Advise on the principles that should apply to Airworthiness
Requirements for Health Monitoring.

6 Report to the Director-General, Airworthiness, CAA within one
year.

Notes: 1 The Working Group should consult other Airworthiness
Authorities, industry, and other experts as felt to be
appropriate.

2 Health Monitoring is concerned with extracting
information from machines to indicate their condition,
and to enable them to be operated and maintained with
safety and economy.

3 Usage Monitoring will be taken into account where it
is considered relevant to achieving the airworthiness
objectives.



It should be noted that in choosing the title “health monitoring” rather than
“condition monitoring” as stated in the HARP recommendation, the Group
recognised that the term “condition monitored” had another specific meaning
in the aircraft maintenance fraternity.
The membership of the Group was chosen to represent as wide a range of
interests as possible, while retaining the size of the Group at a level con-
sistent with efficient working. Industry representation included the main UK
helicopter and engine manufacturers, operators at both aircrew and engineer-
ing level, and equipment manufacturers. This latter group of interested
parties is very large within the UK and it was decided to seek the assistance
of ESASC (Electronic Engineering Association and Society of British Aerospace
Companies Avionics Systems Committee) who nominated a single representative
who liaised with, and co-ordinated the comments of, his colleagues in the
other interested Companies. Liaison with military activities in similar
fields was achieved through the MOD(PE) member of the Group. The strong CAA
interest in this activity is shown by the involvement of eight senior members
of staff, drawn from the various airworthiness departments involved, plus the
Chief Scientist's department, and provision of the Chairman and Secretary for
the Group.

The membership of the Group is given in Appendix 1.



GENERAL

In determining the exact terms of reference of the Group and in subsequent
discussions, it was very apparent that it is difficult to isolate “health
monitoring” as defined in the terms of reference, from the other related
activities particularly “usage monitoring” and “status monitoring”. While
accepting that its main-stream activity was to look at the health monitoring
aspects in relation to the airworthiness objectives for future helicopters,
the Group accepted that it also needed to be aware and take account of these
related areas in so far as they are relevant.

In particular, it was appreciated that the actual implementation of health
monitoring techniques in the rotorcraft will, most probably, be integratedwith other related monitoring activities. This is to be encouraged since
this may well help to provide an additional commercial impetus to the use of
health monitoring techniques in addition to that provided by the new
airworthiness requirements, and will make the total monitoring package more
‘cost effective. The relationship between the Group's activities and the
flight deck environment, particularly relative to crew work load, was
recognised and liaison was established with the Human Factors Special Study
Group and the work on the helicopter flight deck at Royal Aeronautical
Establishment, Bedford.

To enable the Group to take account of work done by other parties, which was
of interest to them, detailed presentations were made by Ministry of Defence
MOD(PE) on their military programme and by Westland Helicopters on their
activities in this and related areas. The time and effort spent by these
organisations in making this information available to the group is much
appreciated.

From enquiries made within the USA and Europe, the Group has not been able to
find any other Airworthiness Authority who is encouraging, in particular, the
use of health monitoring techniques, thus no useful liaison has been
possible. However, it is strongly recommended that liaison with other
Airworthiness Authorities be maintained, in particular to ensure that
international airworthiness requirements on this subject are consistent.

Worldwide information on about 100 helicopter accidents caused by mechanical
failure was obtained both from the CAA Safety Data Unit and from the
appropriate sections within the Royal Navy, Royal Air Force and Army Air
Corps. It was hoped that the information obtained concerning these accidents
might point to the areas of the helicopter where health monitoring would be
most beneficial. It was felt by the Group, that there was insufficient detail
in the accident data to make any valid judgement. It would be necessary to
examine each of the accidents in some considerable detail. This was not
possible in the time available although, given appropriate specialist help,
such a task would be feasible and is recommended by the Group. It must be
stressed that in many cases, accurate information is sparse.

The Group kept itself abreast of related activities by representative
attendance at relevant conferences, such as the Swansea University and RAeS
conferences and by maintaining a list of related and relevant papers and
reports. Most of these papers and reports were supplied by the industry
sub-group and are listed in Appendix 2.



2 GENERAL (cont.)

Initially five sub-groups were set up to look at, in detail, various areas of
the helicopter to determine the critical components and systems where health
monitoring would contribute to airworthiness and to look at the techniquesavailable for such monitoring now and in the future. These sub-groups
covered transmission, flight mechanics and associated systems, propulsion,
airframe and dynamic structure and avionic and other systems.

The results of these sub-group reports are discussed in section 3.2 of this
report.

An additional sub-group took the reports from these sub-groups and used them
as a basis for determining where existing technology is capable of providing
the required health monitoring and advising on where research and development
activity is required. The conclusions of this sub-group are considered in
detail in section 3.3 of this report.

The CAA members of the Group have reviewed the relevant Airworthiness
Requirements and, based upon this work, recommendations on the principles
which should apply to future airworthiness requirements for health monitoring
are also made. These are discussed in more detail in section 3.5 of this
report.

While liaison with the on-going Ministry of Defence programmes on Health
Monitoring and related activities took place during the Group's study period,
the time scale for the issue of this report did not allow full consideration
of the MOD reports being prepared on a wide range of vibration monitoring
applications under Naval, General & Air Staff Target (NGAST) 6638. For
future reference a list of the MOD reports under preparation is attached as
Appendix 6.



3 DISCUSSION

3.1 Requirements proposed for future helicopters seek to achieve improvementsin helicopter safety and are summarised in the following extract from
BCAR Working Draft paper G.780.

- "The design of rotorcraft shall be such that with the exception of
the Rotor and Transmission System the probability of a CatastrophicEffect from all system causes is Extremely Remote.

- The design of rotorcraft to be certificated in Group A shall be such
that, with the exception of the Rotor and Transmission Systems, the
probability of failure from all causes resulting in an emergency
landing within a specified period of time, which shall be not less
than 10 minutes, is not greater than Extremely Remote.”

The rotor and transmission systems are subjected to the same considera-
tions with the exception that the probability term 'Very Remote' is used
in place of ‘Extremely Remote’.

The terms used above are defined in BCAR Section G.

It was noted that compliance with these ‘design objectives' would involve
the use of Safety Assessment techniques.

The helicopter has been recognised as being fundamentally different to
its fixed wing counterpart, evident by the fact that it is implicit in
fixed wing requirements that all critical failures shall be sufficiently
infrequent, by virtue of integrity or duplication, for operational
constraints to be unnecessary.

The helicopter differs in two fundamental ways:-

(i) The mechanical features, particularly in the rotor and trans-
mission systems, eg, gears, bearings, seals, lubrication, are
unlikely to reach an inherent level of freedom from failure
equivalent to that of the structure of current fixed wing
aircraft. There is, for example, less opportunity to duplicatevital transmissions and power plant paths to match the level of
fixed wing safety.

(11) A forced landing can be a less hazardous event than for fixed
wing, and will be reasonably survivable provided that the
rotorcraft is not over hostile surface. The latter effect
permitted the declaration of the 10 minute rule mentioned above.

Current mechanical systems with the complexity found in a typical
helicopter are unlikely to satisfy the reliability criteria for integrity
associated with Group A operations if reliance continues to be placed
only on certification testing, safe lives established at that time based
on assumed opperational flight spectra and the traditional life develop-
ment in service. The latter is of decreasing benefit as the time between
overhauls is increased.

Damage tolerance as an acceptable approach for preventing structural
failures can also be directly relevant to many dynamic components in the
Rotor and Transmissions Systems. Some damage tolerance concepts are
equally relevant to the internals of gearboxes, but depend on the availa-
bility of suitable monitoring techniques to detect the onset of damage.



3 DISCUSSION (cont.)
If higher levels of reliability are to be achieved, recognition has to be
given to the fact that many failure mechanisms are not strictly age
related, therefore effective health monitoring techniques must be applied
throughout the life of the component.

3.2 The Terms of Reference given to the five sub-groups, described in Section
2, were to:-

(1) Identify Critical areas where effective health monitoring would
contribute to airworthiness.

(ii) Determine the techniques which are needed for this monitoring and
indicate (if known) whether available or not.

(iii) Determine whether awareness is necessary on the flight deck, or
during maintenance activity (or both), and recommend suitable
presentation.

(iv) Consider the health monitoring requirements for foreseeable
future helicopter technology.

For this part of the task, the helicopter was considered in the following
discrete sections:

Sub-group 1 - Transmission

Including main and tail rotor gearboxes, intermediate shafts,
bearings, mechanical aspects of rotor heads and rotating controls.

Sub-group 2 - Flight Mechanics and Associated Systems

Including flying control actuators, control runs, hydraulic systems
and rotor brakes.

Sub-group 3 - Propulsion

Including the engine, engine control system, power plant items, fuel
systems.

Sub-group 4 - Airframe and Dynamic Structure

Including structural aspects of the airframe, undercarriage, rotor
systems, blades lift load paths, controls.

Sub-group 5 - Avionic and Other Systems

All systems not covered by Sub-groups 1 4, including the health
monitoring systems.

The results of this work are summarised in Appendix 3. It was apparent that
considerable need exists for additional health monitoring and it was
necessary to research the means by which this should be provided.



3 DISCUSSION (cont.)

3.3 Subsequently an Industry Sub-Group was formed, the membership of which is
given in Appendix 1. This Sub-Group had as its nucleus the industry
representatives and made use of additional expertise from industry and
MOD establishments.

This group was tasked to:

A Consider the summarised conclusions of the five sub-groups,
in relation to items 2 and 3 of the Health Monitoring
Working Group Terms of Reference and report accordingly;
ie:

"2 Establish the extent to which existing technology is
capable of providing the required Health Monitoring.

3 Identify the areas where existing technology does not
meet the need and suggest the timescales in which the
shortfall should be made good.”

NB The study should clearly indicate:

- what can be done today

- which Health Monitoring methods need development

- which Health Monitoring techniques require research

Provide an estimate of the effectiveness, usability,
availability and cost of the various techniques.

The Industry Sub-Group's Report is included in Appendix 4. It will be
noted that the first Sub-Groups identified potential health monitoring
techniques, whereas the Industry Sub-Group developed this, considering
discrete sections of the rotorcraft.

3.3.1 GENERAL

During completion of their task the Industry Sub-Group found that
the current state of development and experience gained to date is
such that further retrospective application of health monitoring
techniques could provide significant benefits to existing designs
of helicopter as well as developing designs.

In summary, the Sub-Group found that:-

(1) Whilst several health monitoring techniques applied to
transmissions and engines have exhibited inadequacies,
techniques introduced more recently have demonstrated
inherent superiority especially when applied in combina-
tion, for example the Quantitative Debris Monitoring System
and Enhanced Vibration Signal Analysis techniques (see
Appendix 4). Several gearbox rig tests to failure have
demonstrated the diagnostic and prognostic capability of
this combination, and service experience to date has
demonstrated freedom from spurious indications.

10



3.3.2

(ii) Retro-fit application may not result in optimum systems in
terms of performance or reliability, but will nevertheless
contribute to improved airworthiness.

(iii) The preferred approach to improved airworthiness is by
means of on-board data processing systems and associated
sensors. These systems provide immediate after-flight
information on airworthiness for the next flight without
the need for ground support equipment, skilled appraisal of
passive diagnostic devices, or removal of oil or data
samples for analysis in a laboratory. They also should be
capable of alerting the pilot to situations to which he
must react. A number of such systems are now in various
stages of maturity, varying from engine performance
monitors to very comprehensive systems addressing the
health and usage monitoring of all mechanical systems
within the helicopter.

(iv) Many of the techniques (current and developing) reviewed
are specific to major components and failure modes.
Techniques of more general application include:

- vibration analysis
- application of Expert Systems technology

- optical sensors particularly for helicopters of the
future using optical data transmission.

(v) In addition to the need to monitor in-service aircraft,
airworthiness benefits accrue from:

- application of the techniques to production quality
assurance tests on components and aircraft

- application of Health Monitoring techniques during
development and certification tests on components and
aircraft

- feedback of Health Monitoring data from service,
production and development sources to design.

Transmissions

This section includes main and tail rotor gearboxes, intermediate
shafts, bearings and rotor brakes.

There is some scope for damage tolerance in gearbox design,
provided by the gear configuration, which can influence the
number of components in the critical load path of a twin engined
helicopter and the secondary damage that can develop from an
isolated primary defect. However, although it will be some time
before damage tolerance could be the primary method of airworthi-
ness control for transmissions and “safe life" continues to be
the certification basis, there is an increasing role for health
monitoring to provide additional assurance against premature
failure.



Experience shows that a single health monitoring technique cannot
satisfy all requirements. The wide variation in gearbox
configurations, casing structures and design practices generally,means that a health monitoring method that works well in one
gearbox may not succeed or be necessary in another.

3.3.2.1

3.3.2.2

Transmission System Health Monitoring Requirements

Health monitoring of gearbox internals should provide:

(i) Advanced warning of failure modes or potentialdefects.

(11) Clear rejection signal for developing failure
modes such as wear or fracture.

(111) NDI techniques to aid and confirm diagnosis and
detect corrosion.

In addition to wear debris monitoring, oil system
monitoring should be concerned with oil system
operation in all its aspects and to an extent, oil
condition, including contamination.

The principal requirements for wear debris monitoring
systems are high debris transport, capture and
indicating efficiencies taking account of any ultrafine
filtration in the systen.

Transmission System Health Monitoring - Current Systems

A wide range of systems in various stages of maturity
are reviewed in Appendix 4 under three headings - (1)
on-line, (ii) aircraft ground inspections, (iii)
laboratory based techniques. Some of the more
effective on-line techniques are referenced here:-
- quantitative debris monitor

- pulsed electric chip detector
- vibration analysis, including enhanced time

averaging
~ shock pulse monitoring for shaft hanger bearings
- strain-gauge FM telemetry torquemeters
- remote oil level measurement.

12



3.3.3

3.3.2.3 Transmission System Health Monitoring Development -
Short Term

Outstanding problem areas requiring system or algorithm
development:-
- Material defects - gears and shafts

- Corrosion - internal components and casings
~ Casing fracture
- Mal-distribution of load in planetary gears
- Contamination - metallic, non-metallic, water

- Influence of environment on health monitoring
signals

- Sensor development - reliability and cost

- Rotor brake overheating.

3.3.2.4 Transmission System Health Monitoring Development
Long Term

There is scope for future technology to provide:-
- Total on-board monitoring/maintenance systems -

computer based flight and maintenance manuals

- Application of Expert Systems to above, including
the generation of maintenance data bases

- ‘'Smart' sensors with dedicated processing and
control interfaces.

Rotor System

This section includes rotor blades, hubs, dampers, rotating anti-
vibration features, and rotating control systems.

The airworthiness of current rotor systems is controlled by safe
life procedures, aided by limited health monitoring, NDI
facilities, ground inspections (visual/manual/torque checks), and
pilot reported exceedances of torque and R.P.M limits, impacts,
etc. New rotor head and blade designs make increasing use of
fibre composite materials which exhibit markedly slower fracture
propagation rates than metal components, and different modes of
degradation (delamination, disbonds, water up-take etc) enabling
a damage tolerance approach to be taken in design. Replacement
of rolling element bearings by elastomeric bearings leads to a
reduced number of moving elements, but variability in degradation
remains a problem.

13



There is however, considerable scope for enhanced health
monitoring systems, NDI techniques, and comprehensive usage
monitoring in view of the potentially damaging effects of
unanticipated loads.

3.3.3.1 Rotor System Health Monitoring Requirements

The requirements are similar to those listed in 3.3.2.1
for transmission system.

Effective, reliable means of signal transmission from
rotating components are required, whether electrical,
optical or by other means.

Fracture propagation rates can be very high, therefore
an on-board detection capability with an ALERT warning
to the pilot would be advantageous. It is unlikely that
remote analysis of recorded data can provide
sufficiently rapid response, there is however scope for
ground-based or portable carry-on equipment for
diagnosis of faults.

3.3.3.2 Rotor System Health Monitoring - Current Systems

A number of systems are available in various stages of
maturity. Some of the more effective on-line
techniques are referenced here:-

- Blade spar fracture - pressure/vacuum leak systems

- Control rods (hollow sections) - pressure/ vacuum
leak systems

- Blade tracking sensors

- Signal transfer systems (rotating component to
structure)

- Ice accretion detectors - important to differentiate
between ice and faults

3.3.3.3 Rotor System Health Monitoring Development - Short Term

In process of development are:-

- Short range FM telemetry signal transmission systems

- Long-life strain-gauges and straingauge torqueseters
with wide frequency band widths

~ On-board vibration data processing facilities

Advanced rotor track and balance facilities
- Optical fibres and microwave coatings, for crack

detection

~ Expert systems technology applied to rotor
diagnostics

- Lubrication system debris monitoring

14



3.3.4

3.3.3.4 Rotor Systems Health Monitoring Developments -
Longer Term

Continued development of:~
- Ground-based equipment, aided by Expert Systems, to

speed resolution of the many possible faults that
can effect vibration at shaft orders and blade
passing orders.

- Blade tracking equipment and associated processing/
display facilities to permit rotor tuning in all
weather conditions with minimum of special flights.

- Certificatable on-board Expert Systems to aid
discrimination between defects, trim requirements,
ice accretion, and minor damage.

- NDI aids for in service helicopters, noting the
increasing use of fibre-composite materials,
elastomeric bearings.

~ Integral fibre strain detection system with respect
to defect propagation in fibre composite components

- Signal transfer means from rotating components to
the structure.

Flight Control Systems

This section includes pilot's controls, non-rotating control
systems, electrical and hydraulic power supplies, stability
augmentation systems, Active Control Systems, and Higher Harmonic
Control Systems.

On fixed wing aircraft airworthiness in flight control systems is
generally provided by redundancy or duplication of complete
systems. However, on rotorcraft single load path, safe-life
systems are still the order of the day although currently CAA
have draft proposals in hand with the object of providing
redundancy on Group A rotorcraft of the next generation. (Paper
G749). Critical single path features tend to be control jack
bodies, attachments and attachment structure, and control
linkages, and these are covered by safe-life procedures.

Experience indicates that duplication of systems does not always
provide adequate protection against failures and hence there is
scope for health monitoring. However each alternative function
should be exercised regularly to reduce the likelihood of failures
remaining undetected, by facilitating health monitoring.

Critical units within hydraulic systems such as servo-valves are
by their action prone to hard-over/control runaway failures due
to mechanical disconnects or false electrical signals, also to
sticking due to particle contamination of the fluid. This, plus
the mechanical aspects of hydraulic and electrical power systems
(including gearbox auxiliary drives) are amenable to existing
health monitoring techniques.

15



Control systems are required to have stiffness characteristics
compatible with control stability. Wear or cracking of
components in the linkage can therefore potentially be manifest
in modification of control responses resulting in changes in
vibration characteristics and loads within the system, or
difficulties in control of the rotorcraft.

Active and Higher Harmonic Control Systems should have in-build
diagnostic capability. Such Systems will have the ability to
alleviate loads imposed on the structure and dynamic components,
and must have the ability to detect system faults which could
otherwise be disguised.

3.3.4.1 Flight Control Systems - Current Health Monitoring
Techniques
- Hydraulic Systems - fluid pressure, temperature

~ contamination
- servo-malfunction indication

Electrical Systems - voltage, current, frequency

- Linkages and bolts - pressure/leak
indicating valve
bleeding bolts

Control thrust bearings - temperature

3.3.4.2 Flight Control Systems - Health Monitoring Developments- Short Term

In process of development are:-

- Hydraulic Systems - contamination - reversing
indicating filter - Optical sensors

- Powered control units and linkages - loads/strain
- Input/output comparison

3.3.4.3 Flight Control Systems - Health Monitoring Developments- Longer Term

There is scope for:-

~ Optical sensors Ref. to para 3.3.1 (iv)
helicopters.

- Vibration analysis for control linkage wear/fracture
and wear in hydraulic pumps.

- Application of Expert Systems technology for fault
diagnosis

- Health Monitoring developments within Active Control
Systems.

16



3.3.5 Structures

This section includes the whole of the aircraft structure
including gearbox casings and attachments and active or passive
undercarriages,

The potential contribution of advanced health monitoring systems
to the airworthiness control of structures and undercarriages is
limited as direct damage tolerant design can be introduced for
many areas.

For existing helicopters, safe life procedures are employed,
although increasing use is being made of the damage tolerance
approach in terms of alternate load paths in some critical areas.

For future helicopters, rules are being formulated to require the
damage tolerance approach unless impractical. Health monitoring
has a role to play in extending the damage detection capability
of current inspection techniques and increasing the practicality
of damage tolerance design e.g. in undercarriages. Both damage
tolerance and safe life approaches can be enhanced by employing
usage monitoring to establish the operational loads in key
locations to correlate with design assumptions.

3.3.5.1 Structures - Current Health Monitoring Techniques
- Vibration analysis - Rotor order check list

procedure, Narrow band frequency spectra.
- Mechanical Strain recorders.

3.3.5.2 Structure Monitoring Developments - Short Term

In process of development:-
- Load Data and Operational Data recording survey

systems

- Optical fibre and microwave coating crack
detectors.

3.3.5.3 Structure Health Monitoring Developments - Longer Term

Research and development:-
~ A means of assessing environmental influences on

composite materials

- Health Monitoring aspects of active isolation
systems for dynamic components, to prevent the
masking of failures.

- Health Monitoring of elastomeric bearings, anti
vibration mounts and other means of vibration
attenuation at gearbox/structure interface.

17



3.3.6 Engines and Fuel Systems

The flight critical aspects of civil helicopter power plants are
rotor and casing integrity, structural attachments, failure ofthe common fuel supply system, and fire suppression. Majorfactors relating to engine integrity are rotor disc burst and
blade loss.

Main bearing integrity is also a factor but damage progressionrates are lower. Integrity of oil sealing and oil pipes is also
important relative to fire hazards. Engine performance
degradation and the correct functioning of power/speed limitingdevices are also important airworthiness issues, particularly in
operations from oil rigs and heli-pads.
3.3.6.1 Engine & Fuel system Health Monitoring Requirements

The principle methods of controlling the integrity of
fuel systems, engine attachments, and fire suppression
equipment is by redundancy and routine checks. Health,
Usage and Performance Monitoring activities relating to
the Engine Change Unit have six main objectives:

(1) To provide close control of usage of components
designed on a safe-life basis.

(11) To maintain up to date evidence that each engineis capable of producing its single engine power
rating reliably, ie, Power Assurance.

(iii) To quantify the use of the engine within the
certified rating structure, including limit
exceedance.

(iv) To permit safe extension of the rating structure
for emergencies.

(v) To provide data to assist the analysis of wear
modes and damage progression within oil wetted
parts of the engine, including bearings.

(vi) To provide shaft imbalance monitoring (eg,
tracking filters).

3.3.6.2 Engine - Current Health Monitoring

Currently approved monitoring techniques are similar to
those listed under Transmissions. These are
supplemented by pilot observations which, post flight,
are converted into power assurance values and low cycle
fatigue (LCF) cycles using a bulletin chart.

18



3.3.6.3 Engine - Health Monitoring Developments

Outstanding areas are:-

- Refinement of algorithms associated with:

(4) Low Cycle Fatigue (LCF) of all critical
engine components

(11) Creep usage of HP/LP turbine blades

(111) High Cycle Fatigue of drive shafts

(iv) Power Performance Index (PPI)

(v) Limit Exceedance Logic
~ Corrosion, internal components and casings
- More detailed understanding of failure modes and

response characteristics to assist interpretation of
vibration signals

- Improved engine performance diagnostic routines
- Continued development of wear debris monitoring
- Monitoring of all aspects of oil system operation
- Logistics of data management off the aircraft

Wear debris and vibration monitoring are discussed in
detail in the Transmission section. Most of the
comments made also apply to engine component monitoring
although differences in temperatures, oil scavenging,
gear tooth loadings, and other factors can be expected
to produce differences in vibration and wear debris
characteristics and rejection criteria.

3.4 COST EFFECTIVENESS

The cost effectiveness of health monitoring systems requires careful
consideration. In the attachment to Appendix 4, an estimate of overall
feasibility is given which takes broad account of performances,
reliability, cost, weight, workload, response time, compatibility and
justification, resulting in an overall estimate of timescale for
implementation.

The cost, weight and reliability implications differ between application
to future helicopters, and retrospective application to helicopters
currently in service.

19



(1)

(11)

Future aircraft. The cost driver for a new design of system is
the requirement for development rig testing or dedicated test
flying to accumulate experience, confidence and verify and modify
software and possibly hardware. However, sensor reliability and
system integrity is likely to be better where equipment is
selected and fitted as an integrated part of the initial design
process. Also, the greatest gains can be made in TBO extension
because the system contributes to, and accelerates the
development and early service TBO growth programme.

Additional cost advantages are:

(a) Application of techniques in production QA tests for new
build components

(b) Early feedback of condition performance data to assist in
the design of early reliability modifications

(c) Inclusion of development data in certification tests

Retro-fit Systems. Many existing helicopter types will remain in
service for the next 10-15 years. For a particular component, in
introducing a health monitoring technique in retrospect, the
component TBO against actual failure rate must be considered. If
the component regularly achieves TBO, then the cost benefit of
retro-fit action will come in the extension of TBO to, ‘on
condition’, as well as the bonus of an additional tool for
improved airworthiness useful for the whole life of the
component. Against this must be set the cost of modification
hardware, and the programme of rig/development testing to achieve
certification.

For systems not currently achieving TBO in the specific operating
environment, type of failure will determine the justification, or
otherwise, for improved airworthiness by this means.
Retro-fitting a health monitoring system will probably prove cost
effective because in addition to reducing the chances of a
catastrophic failure, the data obtained can be used in the design
process to produce timely reliability modifications.

Retro-fit systems also provide improved operating and maintenance
flexibility resulting from failure diagnostic and predictive
information.

The existing airworthiness requirements do not prevent advantage
being taken from the retro-fit of suitable health monitoring
equipment, particularly in respect of maintenance activities.

20



3.5 AIRWORTHINESS REQUIREMENTS

The Working Group reviewed the requirements scene and concluded that
there is a need for a general requirement to allow both credit to be
given for the use of Health Monitoring and to encourage the use of such
techniques where they are necessary to ensure that the desired level of
safety can be achieved. It is recommended that suitable requirement
material be added to BCAR Chapter G4-1 Design and Construction - General,
and C4~2 Design and Construction (Turbine Engines for Rotorcraft), to
which cross-reference can be made from other relevant requirement
chapters, such as structures, where the use of Health Monitoring
Techniques will be encouraged as an extension to existing inspection
techniques.

The requirement proposed in BCAR Paper No. G.811 (2nd draft of issue 1)
dated 31st December 1984 (See Appendix 5) provides suitable material for
discussion with interested parties as a basis for inclusion in ‘BCAR
Sections G and C (G4-1 and C4-2) and other equivalent codes. Among the
changes necessary would be the broadening of the rotor and transmission
systems and cross-reference to Paper G.803 Safety Assessment of Aircraft
Systems.

With the provision of such material in G4-1 and C4-2, then consideration
should be given to including suitable cross-references in G4-9.

The requirements related to maintenance issues were reviewed, taking
account of those which already exist or are being developed. This work
did not reveal the need for further changes except in so far as the MMEL
is concerned. The details are included in Appendix 5.
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4 CONCLUSIONS

4.1 General Conclusions

(41) The Group concludes that significant advances are being made
in Health and Usage Monitoring technology and some have
already been applied to certain existing helicopters. These
advances were introduced before publication of the HARP report.This reflects the on-going commitment of helicopter and engine
manufacturers, operators, MOD, equipment manufacturers,
universities and research establishments to advancing Health
Monitoring technology in parallel with other reliability
improving technology to achieve improved airworthiness.

These techniques include:-

Transmissions

On production:

. quantitative wear debris monitoring
pulsed electric chip detector
advanced vibration analysis

. borescope and guide tube provisions (for in-situ
confirmation of wear.)

Under development:-
- FM telemetry torquemeters
. torque exposure/cumulative damage data processing
. on-board vibration analysis
. portable vibration analysis equipment

Rotor Systems

On production:-

blade spar integrity detection

Under development:-
. strain gauged hubs and FM telemetry
. improved blade tracking facilities

Engines

On production:-

shaft vibration (tracking filters)
. cycle-counting (low cycle fatigue and creep)

Power Assurance monitoring
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4 CONCLUSIONS (Cont'd)

4.1 (Cont'd)

(11)

(ii1)

(iv)

(v)

(vi)

General

On production:-

. portable analysers for vibration

Under development:-
. comprehensive on-board monitoring systems
. high frequency vibration data acquisition and analysis

on-board
debris and oil analysis (several)

. Health Monitoring system comparative evaluations on
development and service aircraft and component rig tests

. optical fibre strain sensors for blades, hubs and
structures

. application of Expert Systems to algorithm development.

There is no panacea as far as health monitoring of helicopter
components and systems is concerned. Particular techniques may be
more suitable to a particular helicopter and its systems and
components, and more than one techniqueis often required in order
to contain possible failure modes.

In future designs of helicopters the areas that, from an
airworthiness point of view, would benefit most from the use of
Health Monitoring Techniques are transmissions and rotor systems.
These are flight critical systems for which the Damage Tolerance
approach has limited scope using current inspection techniques but
would be greatly extended by effective Health Monitoring for damage
detection. Engine usage and power assurance and rotor control
systems are also important areas for effective monitoring systems.
Rotor track and balance systems will also contribute to
airworthiness.

For existing helicopters, which are likely to remain in service for
an extended period, similar conclusions to those stated in (iii)
above also apply. Such retrospective installations are subject to
the constraints which are discussed in more detail within this
report.

Health Monitoring should be an integral part of the total
maintenance strategy and system, whether this be on-board, and/or
ground-based. Usage Monitoring, Performance Monitoring, and Status
Monitoring also contribute to improvement of airworthiness and may
well form part of the same integrated system.

The Health Monitoring system itself must be of high integrity and
reliability if airworthiness credit is to be given for its output.
The system must not adversely affect the airworthiness of the
components monitored. Again, if credit is to be claimed for use of
the system, it may need to be a "NO-GO" item on the Minimum
Equipment List for the aircraft, or a time limit defined for its
repair/replacement.
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4 CONCLUSIONS (Cont'd)

4.1 (Cont'd)

(vii) Flight deck indications from the Health Monitoring systems need to
be integrated with the warning philosophy for the particular
aircraft and should normally be limited to parameters where there
is a "need to know”.

(viii)"A damage tolerant design with a vibration health monitoring
Expert System to alert the necessary conventional inspection, with
usage monitoring to adjust the repeat interval, is an appealing
combination of approaches which is not unrealistic in the next
decade”.

4.2 Conclusions related to Terms of Reference

"1 Identify the areas in which Health Monitoring is likely to be
a necessary or preferred means of achieving those
airworthness objectives.”

The work detailed in Appendices 3 and 4 identifies the following
areas of the helicopter as those in which Health Monitoring is most
likely to be the necessary or preferred means of achieving the
airworthiness objectives:
- Transmissions including Gearboxes- Rotor Systems
Flight Control Systems
Engines

"2 Establish the extent to which existing technology is capable
of providing the required Health Monitoring.”

Paragraph 3.3 of the report identifies, for each section of the
helicopter, current technologies which could be applied more
extensively to provide airworthiness and reliability benefits.

"3 Identify the areas where existing technology does not meet
the need and suggest the timescale in which the shortfall
should be made good.”

The following list identifies items on which research and
development should be encouraged (see also Attachment 1 to
Appendix 4.

(1) Vibration Analysis: extension of existing capabilites for
Transmissions, Rotor Systems, Flight Control Systems,
Structure and Engines, in terms of algorithms,
implementation, and correlation with condition.

(11) Wear Debris Monitoring: extension of existing capabilities
for Transmissions and Engine Oil Systems and Hydraulic
Systems in terms of improving catch efficiency,
implementation, and correlation with condition.
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4

4.2 (Cont'd)

(111)

(iv)

(v)

(vi)

(vii)

CONCLUSIONS (Cont'd)

Pressure temperature and flow sensors for lubrication system.

Optical Fibre Strain Detectors: Metal and Composite Rotor
Blades, Rotor Hubs, Control Linkages, Primary load paths in
Structural and Skeletal Gearbox Casings - fibres, bonding,
connectors, signal processing, correlation with condition.

Electrical resistance strain gauging and FM telemetry
transmission for metal blades and hubs.

Optical sensors, data links and interfaces for 'Fly-by-Light'
applications.

Improved accuracy and “intelligent” blade tracking
facilities.

(viil)FM Telemetry Torquemeters provide a means of measuring mean

(ix)

(x)

(xi)

(xii)

torques with high accuracy and reliability. They also have a
wide frequency bandwidth which could be used for diagnosing
faults in shafts, gearboxes, engines and rotor systems.

‘At aircraft’ detection of oil contamination (hydraulic fluids
and lubricants) by particles of water.

Application of Expert Systems technology to:-

(a) Development of algorithms - individual and combined
Health Monitoring techniques, including trending of oil
system parameters.

(b) Correlation of Health Monitoring system performance
data.

(c) Evaluate logic in Health Monitoring system management
and maintenance manuals.

(d) On-board Health Monitoring systems.

On-board Health Monitoring processor/interface/display
development.

Ground-based Health and Usage Monitoring Data Management
Systems.

(xiii)'Smart' sensors - sensors with dedicated processing and
control interfaces.

The timescales for such research and development activities must be such
that the technology is available in time to match that of future
helicopters which are designed to meet the revised airworthiness
requirements referred to in this report.
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5 RECOMMENDATIONS

§.1 Recommendations related to Terms of Reference

5.2

“4 Recommend the means by which additional technology should be
researched and developed.”

The Working Group found that most of the areas of technology required for
Health Monitoring were already under development. In some areas, as
detailed in para 4.2 of this report, further research and development is
required, particularly relative to the application of these techniques to
individual systems.

On this basis it is recommended that this report be sent to interested
bodies such as the Science and Engineering Research Council, research and
development organisations and universities concerned with this technology.
This will also satisfy Recommendation 12 of the HARP report.

It is also recommended that such development of Health Monitoring
techniques be undertaken on rig based or flight demonstrators such as the
proposed Helicopter Avionics Flight Systems (HAFS) demonstrator and also
by means of in-service trials with suitable helicopter operators.

"5 Advise on the principles that should apply to Airworthiness
Requirements for Health Monitoring."

It is recommended that requirement changes are necessary to take account
of, and encourage the use of, Health Monitoring Techniques. Furthermore,
where credit is claimed for Health Monitoring in the safety assessment,
specific airworthiness requirements should apply. The details of the
recommended changes are covered in Section 3.5 and Appendix 5 of this
report.

Other Recommendations

(i) Although the Terms of Reference of the Working Group refer to
“Future Helicopters” the Group does not feel that this constraint
should be taken as limiting its recommendation to new designs only.
It is therefore most strongly recommended that the Health
Monitoring Techniques are used as an aid to improved airworthiness
on existing Helicopters which are likely to remain in service for
an extended period.

Where relevant, this report covers the implications on both new
designs and existing aircraft.

(ii) It is recommended that centrally promoted and sponsored health
monitoring installations be carried out on in-service helicopters.
This would be an effective means of demonstrating the benefits of
health monitoring and catalysing interest in its application to
existing helicopters.
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(111)

(iv)

Discussion/negotiation with other foreign Airworthiness Authorities
and helicopter manufacturers on the need for, and implementation
of, health monitoring techniques should take place, via the JAR,
FAA and other suitable channels. Unless such liaison produces
internationally agreed requirements, the time may arrive where
foreign helicopters are not acceptable under UK airworthiness
standards without suitable modification.

A Helicopter Health Monitoring Advisory Group should be set up to
provide a stimulus for continued improvements in health and usage
monitoring technology for helicopter applications. The objectives
would be to:-

(a) increase awareness of problems - components and HUM systems.

(b) increase awareness of new solutions.

(c) influence research - funding and technical, if necessary
providing a technical monitoring function or assistance to
DTI, SERC, MOD, etc.

(d) improve operator commitment through manufacturer/operator
dialogue.

(e) provide additional expert comment on draft airworthiness
requirements circulated for comment (on HUM issues)

(£) provide a Helicopter Health Monitoring User Guide, providing
sufficient detail on the systems currently in service and in
development.

The Advisory Group should include representatives of Airframe, Engine,
ESASC, MOD, operators and CAA. The group should liaise with MOD Advisory
Groups.

(v) Manufacturers, Operators and Overhaul Agencies should co-operate in

(vi)

(vii)

producing data banks correlating health monitoring indications
with component condition on strip, in order to:

1) improve health monitoring technology

ii) improve airworthiness through improved feed-back to design.

Helicopter manufacturers, operators and overhaul agencies should
identify responsibility for Health and Usage Monitoring activities
within their airworthiness management structures.

Further work is needed to investigate available accident data to
determine whether the advantages of health monitoring could be more

widespread than established by this study.
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APPENDIX 3

SUMMARY OF CONCLUSIONS FROM SUB GROUP REPORTS

This Summary has been prepared from the five Sub-Groups’ reports and has been
arranged in a tabular form.

The first column lists the various Health Monitoring Techniques identified by
the Sub-Groups. The second column indicates areas in which the techniques
appear to be relevant and the third column lists components or items which might
be amenable to suitable Health Monitoring methods. In some instances the third
column refers only to a component and not a failure mode.
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2

TECHNIQUE

VIBRATION
MEASUREMENT
& ANALYSIS

NOISE
MEASUREMENT
& ANALYSIS

APPLICABLE AREA

Gearboxes

Transmission/
Rotor Shafts

Main Rotor
Heads & Tail
Rotor Heads

Dampers

Rotating Controls

Rotor Brakes

Non Rotating
Flying Controls

Engine

Main Rotor Blades
& Tail Rotor
Blades

Hubs

Gearboxes

Transmission/
Rotor Shafts

Rotating Controls

Rotor Brakes

RELEVANT FAILURES

Gear tooth cracking/ chipping
Gear web cracking
Bearings
Shafts
Couplings
Casings
Clutches
Mounts

Bearings
Couplings
Clutches

Hinges/ Bearings
Elastomeric bearings
Flexural & torsional elements

Damping function

Bearings

Bearings
Shafts
Couplings
Disc

Bearings
Shafts
Couplings

Bearings
Blades
Cracked discs

Spar cracking/delamination/
disbond
Trailing edge

Bolts
Splines
Delamination/disbond/ fracture

Gear tooth cracking/chipping
Gear web cracking
Bearings
Clutches

Bearings
Clutches

Bearings (Swashplate)

Bearings



5

TECHNIQUE

AURAL

DETAILED
VISUAL/
BORESCOPE
INSP

DEBRIS
COLLECTION
& ANALYSIS

APPLICABLE AREA

Gearboxes

Gearboxes

Shafts

Main Rotor Head/
Tail Rotor Head

Rotating Controls

Rotor Brake

Non-Rotating
Flying Controls

Engine

Main Rotor
Blade

Gearboxes

Transmission/
Rotor Shafts

Main Rotor Head
& Tail Rotor Head

Dampers

Rotating Controls

RELEVANT FAILURES

Gear tooth cracking/ chipping
Gear web cracking

Gear tooth cracking/chipping
Gear web cracking
Shafts
Couplings
Casings
Clutches
Seals
Mounts

Seals

Droop Stops
Elastomeric bearings

Bearings

Seals
Disc

Bearings
Shafts
Couplings

As applicable

Spar corrosion
Di sbond
Lightning Strike
Trailing edge
Attachment bolts

Spline/shafts
Bearings
Shafts
Couplings
Seals
O11 Pumps

Bearings
Couplings
Seals
Oil Pumps

Bearings

Wear

Bearings



8

TECHNIQUE

BACKLASH
CHECKS

LOCALISED
TEMPERATURE
MEASUREMENT

VISUAL/NDT
(IN-SITU)

APPLICABLE AREA

Rotor Brakes

Hydraulic Systems

Engine

Gearboxes

Rotor Brake

Non-Rotating
Flying Controls

Gearboxes

Shafts

Main Rotor Head
& Tail Rotor Head

Rotating Controls

Rotor Brakes

Hydraulic Systems

Engine

Gearboxes

Transmission &

Rotor Shafts

Main Rotor Head
& Tail Rotor Head

Dampers

RELEVANT FAILURES

Bearings
Shafts (Splines)
Couplings
Seals

Fluid Sampling
Wear

Bearings
Gears
Seals
Carbon

Spline/shaft

Shafts

Drive mechanisms

Bearings
Casings

Bearings

Bearings

Bearings

Bearings

Pumps
Seals
Couplings

Gas path
Bearings
Casing temp.
Bay temps.
Elastomeric elements

External couplings
Casings
Mounts

Couplings

Structural elements
Elastomeric bearings

Structural elements
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11

12

TECHNIQUE

OIL FLOW
& POINT OF
APPLICATION
DETECTION

FLUID
PRESSURE,
CONTENTS &

TEMPERATURE
MEASUREMENT

EXTERNAL
FLUID
LEAKAGE
DETECTION

DIFFERENTIAL
MOVEMENT
DETECTION

APPLICABLE AREA

Rotating Controls

Rotor Brakes

Non-Rotating
Flying Controls

Engine

Main Rotor
Blade

Primary
Structure

Gearbox

Shafts

Engine

Gearboxes

Shafts

Hydraulic Systems

Engine

Main Rotor Head

Gearboxes

Rotor/Transmission
Shafts

Dampers

Hydraulic systems

Engine

Gearbox

Shafts

RELEVANT FAILURES

Bearings
Structural elements

Couplings

Structural elements

As applicable

Spar cracking/corrosion/
delamination/disbond
Root end & lugs

Flexural/torsional elements
(corrosion & fracture).
Cracks
Wear
Corrosion

Lubrication

Lubrication

Lubrication

Lubrication

Lubrication

System deterioration

Lubrication

Lubrication

Lubrication

Lubrication

Loss of fluid

System deterioration

Lubrication

Clutch Slippage

Clutch Slippage



13

14

15

16

17

18

TECHNIQUE

TRACKING

CONTROL LOAD
MEASUREMENTS

BLADE LEAD
LAG
MEASUREMENT

SHOCK
MEASUREMENT

POWER
ASSURANCE

CRACK
DETECTION/
INDICATION

APPLICABLE AREA

Main & Tail
Rotor Head

Main Rotor Blades

Main & Tail
Rotor Head

Rotating Controls

Non-Rotating
Flying Controls

Dampers

Rotating Controls

Engine

Main Rotor Blade

Blade Root
Ends & Lugs

Attachment Bolts

Rotor Head Hinge
Pins & Bearings

Flexural &
Torsional Elements

Hubs

Primary structure

RELEVANT FAILURES

Hinges
Elastomeric bearings

Spar &

Trailing edge

Elastomeric bearings

Bearings

Bearings

Loss of damping

Swashplate bearing

Deterioration of relevant
components such as gas path,
fuel systen.

Spar cracks
(metal & composite)

Cracks

Cracks

Cracks

Cracks

Bolt cracks

Cracks
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Accel
ACT
AFCS
AGIC*
BAe
BAH
Bath U
BB
Bell
BHL
BIM*
BITE

CGI
CH
cI
CIT
CU
DE
Dev
DI
DJB
DT
Dup
ECD
EEL
Endv
ESA
FADEC
FSpec
FWA
GE
GSE
HF
HFE
HAC

HSDE
IBIS*
Ic
It
Isits*
LE
LEIGH
LEM
LI
LVDT
MCTH
MGB
MOD

MPFL
MVC

ABBREVIATIONS

Accelercmeters
Actived Control Technology
Automatic Flight Control System
Active Gearbox Interface Control
British Aerospace
British Airways Helicopters
Bath University
Bleeding Bolts*
Bell Helicopters
Bristow Helicopters Ltd
Blade Inspection Method
Built-in-test equipment
Checks (eg Visual, Manual, Torque wrench)
Cruise Guide Indicator
Chadwick Helmuth
Cockpit Instruments
Cranfield Institute of Technology
Cambridge University
Dowty Electronics
Development
Data Interpretation Ltd., University of East Anglia
D J Birchall
Damage Tolerance
Duplicated Systems
Electrical Chip Detector
EEL Ltd
Endevco
Enhanced Signal Averaging
Full Authority Digitial Engine Control
Frequency Spectra
Fixed Wing Aircraft
General Electric Company of America
Ground Support Equipment
High Frequency
High Frequency Enveloping
Higher Harmonic Control
Health Monitoring
Hawker Siddeley Dynamics Engineering
In-flight Blade Integrity System
Imperial College, London
Inspection Instruments Ltd
Integral Spar Integrity System
Leading Edge (Blade)
Leigh Instruments
Limit Exceedance Monitoring
Litton Industries
Linear Variable Differential Transformer
Helitune Ltd
Main Rotor Gearbox
Ministry of Defence
Magnetic Plug or Chip Collector
Multi-Parameter Fatigue Lifing
Muirhead Vactric Components
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N/A
NAML
NDI
NGL
NMI

NT
OWAX
Pl

PPI
QDM*
RAN

Rec

Sacr
Self
SHL
SI
ShU
SL
SM
SOA
SPM*
SRFMT
STC
StnU
Taxi
TBO
Tc
TE
TDC
TGB
TOLS
TLA*
ucs

VCcL:
Vibn
V-M
WATOG

Not applicable
Naval Air Materials Laboratory
Non-destructive Inspection
Normalair Garrett Ltd
National Maritime Institute
Main Rotor Blade passing frequency (1R = rotor order)
Tail Rotor Blade passing frequency (1T = rotor order)
Oil Wear Metal Analysis by X-Rays
Plessey
Performance Monitoring
Power Performance Index
Quantitative Debris Monitor
Royal Australian Navy
Royal Aircraft Establishment
Recording
Rolls Royce Ltd
Sacrificial Strip
Self sufficient - ie not dependent on additional checks
Stewart Hughes Ltd
Smiths Industries
Sheffield University
Safe Life
Status Monitoring
Spectrometric Oil Analysis
Shock Pulse Monitoring
Short Range Frequency Modulated Telemetry
Standard Telephone Co
Southampton University
Rotor head moment monitoring/display during ground taxi
Time between Overhaul
Thermal Controls Ltd
Blade trailing edge
Technical Development Company (TEDECO)
Tail rotor gearbox
Take-off and landing cycles
Thin Layer Activation
University College, Swansea
Usage Monitoring
Vibration Check List
Vibration monitoring/analysis
Vibro-Meter SA, Switzerland
World Airlines Technical Operations Glossary
Westland Helicopters Ltd

* Registered Trade Marks or Patented Systems
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CAA HELICOPTER HEALTH MONITORING WORKING GROUP
REPORT OF THE INDUSTRY SUB-GROUP

MARCH 1985

OBJECTIVE

The terms of reference of the industry sub-group are appended in Figure l -
essentially t.o.r 2 and 3 of the main working group. It was clear that,
in the limited time available, an exhaustive survey would not be possible,
but it was determined to:-

i) List some of the health monitoring techniques currently applied to
flight critical components.

ii) List some techniques/topics which clearly justify research effort.

iii) Add general points considered to be important in specifying or
implementing health monitoring systems.

iv) Produce tentative lists of characteristics required of health
monitoring facilities for each component considered.

v) Produce some detailed analysis in a format designed to contain all
the information required in the terms of reference, and in a form
which could be readily extended as time permits.

vi) Attempt an estimate of overall feasibility in terms of possible
implementation date, in the appended detailed analysis sheets.
This to account for all aspects listed in item B of the terms of
reference.

MEMBERSHIP

Industry representatives on the main working group co-opted four
additional members as indicated in Appendix 1 to the main group report.

INVESTIGATION PROCEDURE

The routes followed to arrive at priority ordered lists of in-service
health monitoring methods and research topics is indicated in Figure 2.
Activities above the dotted line are those addressed by the component sub-
groups of the main committee relative to the first of the terms of
reference identifying critical areas for which effective health
monitoring can improve airworthiness (summarised in Appendix 3) to the
main group report. To assess effectiveness it was seen to be necessary to
review HM system requirements for each componenet, and, in addition to
discussing specific methods, to review more general issues such as system
implementation, the influence of engineering improvements to the
components being monitored, certification issues, etc. Detailed
discussion of effectiveness of individual HM methods is therefore beyond
the scope of this limited study, and an indication is given on a Scale
1-3 (good to poor). In an attempt to make best use of discussion time the
analysis proforma was circulated to each member for contributions outside
the meetings, and published review papers used where available.
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This report lists the general comments, summary lists of HM methods known
to be in service, and areas requiring further research, for each major
component. The components were considered in order of predicted safety
criticality/amenability to health monitoring of future helicopters. A
study of accident/failure data may indicate a different order of
priorities for current/past helicopters. The analysis sheets are attached
at Appendix 2.

REVIEW PAPERS

References 1-4* are concerned with health and usage monitoring of the
complete helicopter, reference 1 representing an ‘outsiders view'
resulting from a brief study involving discussions with ‘practitioners’.
References 2-3 reflect the commitment of Westland Helicopters Ltd to
health and usage monitoring, together with their policy and experience in
implementing traditional and advanced techniques. Reference 4 was
prepared at short notice for the recent conference on Helicopter
Airworthiness at the Royal Aeronautical Society and was intended to
summarise the data presented to the main committee at the meeting held in
Yeovil on 5 April 1984. Reference 38 addresses health monitoring of
helicopter transmissions, rotors and rotating components in general
(vibration analysis). Reference 5, whilst primarily concerned with
helicopter structure, contains an up to date review of airworthiness
requirements, fatigue and static strength substantiation, and lists the
contributory causes of 35 significant fatigue or mechnaical failure events
that have occurred since 1981. Reference 6 provides a fairly detailed
review of mechanical health monitoring techniques in general application.
Reference 7 summarises a guide produced by the SAE E-32 Committee and
provides a very useful survey of HM methods applicable to oil systems in
engines and helicopter transmissions. Reference 8 takes this further for
helicopter transmissions with comments on the performance of traditional
and more advanced techniques. Reference 9 discusses the operating
characteristics of rotor systems, describes the development of an optical
blade tracking system which can provide accurate positional data in height
and azimuth, and describes developments in machinery management techniques
at Systems Control Technology and Stewart Hughes Ltd. Reference 15
summarises the results of several HM techniques applied to a gearbox
fatigue test programme. Most of the remaining references concern specific
techniques or products.

TERMINOLOGY

5.1 HM Techniques: Primary categories such as vibration analysis,
wear debris assessment, etc.

5.2 HM Methods: Sub-division of ‘techniques’ such as frequency spectra,
and time signal averaging for vibration analysis.

5.5 Health Monitoring: Whilst the terms of reference specify ‘health’
monitoring techniques, it was not considered profitable to distinguish
between health monitoring, inspection aids, performance, usage, and
status monitoring etc in completing the analysis sheets - useful
contributions to airworthiness should not be neglected in attempting
to satisfy classification issues.

* All references in this sub-group report refer to Appendix 2 to the main
group report.
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5.4

5.5

We have therefore endeavoured to include any activity which permits
advanced warning of unserviceability - this may involve visual or
other inspection methods applied to the component, or analysis of
manifestations of degradation such as wear debris transported by
contacting fluids, or changes in physical characteristics such as
temperature or vibration. The methods employed must be capable of
having component rejection limits clearly defined, and these limits
capable of establishment without prejudicing flight safety.
The term ‘Health Monitoring’ is used in preference to ‘Condition
Monitoring’ to prevent confusion with 'WATOG’ terminology where
"Condition Monitored Maintenance’ relates to analysis of operating
experience information - it is not a preventive maintenance process
(ref 47, 48).

Alert/Diagnostic: The effectiveness of a health monitoring technique
should be judged both for its alert and diagnostic capability. A
major component can be rejected before it prejudices flight safety on
the basis of a general indication of unserviceability, but the ability
to isolate the individual component affected adds to the confidence of
the rejection criterion and aids corroboration by inspection.
Health Monitoring Indications: There are three possible indications:-

i) Justifiable maintenance action (not necessarily immediate)ii) False indication - action not justified.
iii) Failure to indicate a rejectable condition.

All three have airworthiness implications, even (ii) - cases are known
where the health monitoring indicator is always ignored because it
exhibits high incidence of false warnings.

6. CRITICAL AREAS WHERE AIRWORTHINESS CAN BE IMPROVED BY HEALTH MONITORING
t.o.r.l

6.1

6.2

The alternative approaches by which a designer can treat individual
components in order to meet airworthiness targets, and the relevance
of different forms of monitoring (health, usage, performance, status)
are discussed in Reference 4 (Figure 2 of Reference 4). Whether
components are designed on a safe-life basis, fail-safe, or systems
are duplicated, effective health monitoring can contribute to
improvement of airworthiness. There is little evidence to suggest
that random faults and overloads will be completely eliminated by
advancement of component technology. The primary means of
controlling airworthiness of a component is indicated in the analysis
sheets, but the analysis is continued for any health monitoring
technique that can contribute. Guidance on primary means of
airworthiness control was given by some of the sub-groups addressing
t.o.r.l.

It is worth bearing in mind the difference between designing to fail-
safe or damage tolerant principles, and achieving certification on
that basis. Health and usage monitoring may be particularly useful to
components initially cleared on a safe-life basis, but later accepted
as fail-safe. The certification processes for the two approaches are
detailed in Reference 5.
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6.3

6.5

For some components cleared for ‘on-condition' removal, health
monitoring techniques may provide the preferred means of airworthiness
control — the integrity of the monitoring system and rejection
criteria are particularly critical in this case.

Usage, or load exposure monitoring offers significant benefits to
airworthiness in addition to savings in operating costs. One of the
problems identified in the HARP report (Ref. 35) relates to inadequate
prediction of operating loads when simulating service conditions in
certification tests. There is evidence to suggest that unforeseen
elevated stresses are a more serious threat to structural integrity
than increases in frequency of usage, or the occurrence of abnormal
manufacturing defect (Ref. 36).

Load exposure monitoring and limit exceedance monitoring can flag up
incidence of such exceedances and invoke special inspections,
shortened data sampling intervals, or modification of declared safe
lives.

Flight critical components for which effective health monitoring would
contribute to improved airworthiness include:-

- Transmissions
Primary: main torque path gears, bearings and support

(criticality) structure, oil systems; attachment and main
load path structure; freewheels; tail drive
shaft and support bearings, rotor brakes -
disengaged in flight.

-Rotor Systems
Primary: Blade attachments, hubs, rotating controls;

anti-icing systems.
Secondary: Dampers

-Flight Control Systems
Primary: All components in powered controls, AFCS, ACT,

HHC.
Secondary: Electrical and hydraulic power supplies.

-Engines
Primary: Rotor integrity, casing integrity, attachments,

power assurance.
Secondary: All major components, oil systems, accessory

drives, and fuel control systems.

-Fuel Systems
Primary: Fires, total engine failures.

-Cockpit Instruments, Warning systems and integrated navigation
systems.
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7.

6.6

6.7

6.8

6.9

Flight critical components for which health monitoring (other than
inspection aids) appears to have limited potential include:-
. Air Data Sensors
- Airframe Primary Structure
» Undercarriages

Components which are not classified as flight critical but can benefit
from health monitoring include:-
- Health and Usage Monitoring Systems (Built-in-Test) - not despatchcritical.
- Navigation and Communication aids. (Built-in-Test)
- Environmental Control Systems (leakage from combustion heaters
constitutes a serious airworthiness risk).

Health and Usage Monitoring of service aircraft is particularly
important at high times - when approaching declared lives, and in
extended life regimes, especially if coupled with higher severity
operations.

In addition to monitoring components on service aircraft,airworthiness benefits accrue from (Ref. 4, Fig. 18):-
- Application of HM techniques in production quality assurance tests

on components and aircraft.
- Application of HM techniques to development and certification tests
on components and aircraft.

- Feedback of HM data from service, production, and development
sources to design.

HEALTH MONITORING TECHNIQUES — GENERAL ISSUES

7.1

7.2

The summary of conclusions of the five sub-group reports addressingt.o.r.1 is attached as Appendix 3 to the main group report. The
summary is useful in some respects, but as far as t.o.r's 2 and 3 are
concerned the criticality of the component and failure mode are
important; also methods/algorithms appropriate to different components
may differ widely within a given technique (eg vibration analysis).Nevertheless the summary indicates the importance of:-
» Vibration analysis
- Wear debris monitoring
- Visual inspection aids

The Industry Sub-group has reservations about the practicality of
noise measurement. Monitoring trends in system temperatures,
pressures, flows, etc could be useful but requires accurate sensors
and added intelligence either provided locally ('smart sensors') or by
a centralised on-board processor. Adding such tasks to aircrew
workload could jeopardise airworthiness.

For health monitoring provisions to be effective, full commitment by
operators is necessary. This could be influenced by incentives in
terms of significant increase in TBO/on-condition, etc.

A4-5



7.3

7.4

7.5

7.6

7.7

7.8

Health monitoring system technology is developing at a rapid raterelative to helicopter life cycles, and retro-fit capability is ofvalue. Successful examples of this are described in Reference 8.
Retro-fit application may not result in optimum systems in terms of
performance or reliability, but will nevertheless contribute to
improved airworthiness.

In new helicopter projects or major component modifications, provisionfor health monitoring facilities should be made at the initial design
scheming stage. Whenever technology improvements are introduced
consideration should be given to their impact on the health monitoringmethods used (eg the influence of fine filtration on ofl analysis
methods, or the consequence of adoption of higher strength, less
fracture-tough steels for vibration analysis or wear debris monitoring
techniques). HM selection strategy should be based on Failure Modes
and Effects Analyses.

Performance assessment of health monitoring techniques requiresapplication to component tests to failure (seeded faults or
accelerated conditions, provided failure modes and manifestations are
representative); flight tests throughout the normal aircraft
certification programme; and possibly also special flight programmes
following certification.

HM installations should have high reliability and maintainability.The installation should not hazard airworthiness of the component to
which it is fitted. Environmental testing of HM sensors should
reproduce the characteristics of all appropriate factors measured at
each sensor location, rather than relying upon general test
requirements. This is particularly important relative to vibration
and shock characteristics (less so for vibration sensors), and
temperature (especially sensors with integral electronics components).

System response times should be compatible with degradation rate of
subject components.

On-board monitoring/analysis systems provide greater protection
against unforeseen failure modes (eg incident in ref. 10) than groundbased data sampling systems. They permit faster response, data
sampling at higher load conditions where detectability may be
greater, and cockpit indications of 'need-to-know’ arisings, plus the
possibility of 'what-to-do' indications (Ref. 4). Data sampling/
analysis with an on-board system can be continuous or ‘snap-shots'triggered manually or automatically. Processing of recorded data can
impose an unacceptable burden on some operators. The need for anyrecorded data should therefore be justified and an efficient means of
processing that data should be visible. Maintenance data management
systems are beyond the scope of this study but recent developments are
encouraging (eg Refs. 42, 46).
Health monitoring developments should not be totally constrained by on-
board implementation aims - it is conceivable that some problems could
be controlled by techniques/algorithms that are inappropriate for on-
board implementation.
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7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

Serious faults occurring in flight tend to be heard or felt byaircrew. Fast, accurate indication of the component at fault is
required to aid pilot decision. This is only obtainable by an
effective on-board system. Symptoms can be alleviated by adjustmentselsewhere (especially by tuning rotor track or balance), disguising
the real fault which may then progress to failure and loss of the
aircraft. Improved diagnostic information available directly after
flight minimise risks attendant on flights to test corrective action.

In-flight indications should be restricted to 'need-to-know'
information relevant to the current flight. Between flight
maintenance information should be displayed to ground crews. Reliance
upon off-aircraft analysis of health monitoring data should be
minimised. For techniques requiring off-aircraft analysis, the
consistency in analysis, advanced warning capability and samplingintervals should be such that airworthiness is not compromised.

Consideration should be given to the requirements for validation of
algorithms/techniques, mission criticality and software criticality of
on-board and ground based HM systems.

Helicopter manufacturers and operators should be encouraged to set up
HM data banks containing:-

1) component degradation modes and manifestations for given
modification states and operations.

ii) HM system operation and reliability.
iii) Correlation of component condition with HM outputs.

Whilst currently available HM systems and research requirements can be
surveyed, the intermediate category of systems under development may
be somewhat restricted by commercial confidentiality.
Full assessment of health monitoring techniques is naturally limited
by reticence on the manufacturers part to volunteer details of
component failures for public scrutiny and awareness. Airworthiness
authorities may be in a better position therefore to correlate the HM
experience of different manufacturers and to pursue this aspect in
accident investigations.

Health Monitoring software in on-board systems should be 'critical'
category as defined by CAA Airworthiness Notice 45 (Ref. 34). Whether
a specific item of HM hardware should be included in Minimum Equipment
List should be a matter for discussion with the airworthiness
authority.

Consideration needs to be given to the application and certification
of ‘Expert Systems' or learning system technology implemented (a) in
ground support equipment specified in maintenance manuals and (b) in
on-board systems.
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7.17 The health monitoring of duplicated systems whilst in the dormant
condition appears impractical - design/maintenance provisions should
be made to permit regular exercising of such systems to ensure
availability in the event of failure of parallel systems, and
facilitate health monitoring. HM of duplicated systems is considered
to be important, noting the relatively high incidence of instant or
premature failure of alternate systems.

7.18 Cost and weight implications of health monitoring systems also
require careful consideration. In this survey (Attachment 1) an
estimate of overall feasibility is given in terms of possible
implementation date. Factors considered in this were HM performance,
reliability, cost, weight, workload, response time, compatibility, and
justification (need). Techniques likely to be more costly than others
are those requiring special-to-type sensors, sensor systems requiring
removal of aircraft components to the sensor manufacturer for
mounting, or otherwise necessitating incorporation during the
manufacturing stage. In-service calibration can lead to operational
cost penalties. The biggest potential cost driver of all is any
requirement for special rig tests or dedicated aircraft flying for
development and certification of a system. Cost, weight, and
reliability implications tend to be more favourable in new component
applications than in existing components where modification is
necessary. Also cost benefits tend to be greater for new design
components because of the benefits of the health monitoring systems to
development testing, production quality assurance, and accelerated TBO
growth. HM hardware and software modification costs can also be very
significant.

7.19 Research effort is particularly worthwhile in techniques/sensors
capable of diagnosing a wide range of faults (eg vibration analysis).
Flexibility is required in order to provide rapid HM solutions to
problems requiring longer term design modifications. Guide lines
should be framed relative to research requirements, but this is beyond
the scope of this current study.

8. TRANSMISSIONS

8.1 General

8.1.1 There is some scope for damage tolerance in gearbox design,
provided by the gear configuration selected (Reference 4) - this
can influence the number of components in the critical load path
of a twin engined helicopter, and the secondary damage that can
develop from an isolated primary defect. However, it is
considered unlikely that damage tolerance could be the
primary method of airworthiness control for transmissions for
some time to come, hence the need for continued control by
safe-life procedures aided by:-

i) Vital Parts Control Procedures

ii) Torque exposure monitoring as a better basis for fatigue
life assessment than flying hours.
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8.1.2

8.1.3

8.1.4

8.1.5

8.2 Health

iii) Automated torque limit exceedance monitoring as a safer
means of detecting overload on the many load sensitive
components.

iv) Effective Health Monitoring Provisions.

v) Enhanced visual inspection aids and NDI facilities.
vi) Higher standard of build cleanliness - aids wear particledetection systems in addition to improving life of oil-

wetted components.

vil) Wider use of oils better suited to transmissions, rather
than use of engine lubricants for logistics reasons.
Better tolerance to unforeseen excursions in conditions/
environment, and reduced wear debris generation generally.

Experience shows that a single health monitoring techniquecannot satisfy all requirements.

The wide variation in gearbox configurations, casing structures,
design practices generally, means that a health monitoring
method that works well in one gearbox may not succeed or be
necessary in another.

Analysis of wear modes and damage progression in gears,manifestations and appropriate detection methods are discussedin Ref. 11 - See also Ref. 4, Fig. 4.

Performance evaluation of several different health monitoring
techniques have been carried out at Westland with tests to
deliberate failure of W30 gearboxes, and fatigue substantiationtrials of Scout/Wasp gearboxes (Ref. 15).

Monitoring System Requirements

8.2.1 Requirements for health monitoring of gearbox internals are
discussed in Refs. 4 and 8. Summarising:-

1) Advanced warning of failure modes or potential defects.

ii) Clear rejection signal for wear modes.

iii) Clear rejection signal for fracture modes.

iv) In-situ visual inspection aids for confirmation of (ii)
and for corrosion. (NB (iii) should be more sensitive than
(iv) for cracks).

Item (1) may be primarily concerned with economic
considerations, but clearly there are airworthiness benefits toearliest possible detection and trend monitoring of wear modes.
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8.2.2

8.2.3

8.2.4

8.2.5

8.2.6

Health monitoring activities involving removal of oil samples,
filters, or sensors from oil systems, or insertion of inspection
equipment into gearboxes, should be closely controlled for:-

(a) integrity of the oil system and gearbox;

(b) consistency in health monitoring interpretation;

(c) implementation of appropriate action.

Health monitoring activities involving laboratory analysis of
samples or data should be closely controlled for:-

(a) response time;

(b) consistency in all processes;

(c) clarity of recommendation.

Additional general requirements for oil system monitoring
(includes oil-wetted parts) are discussed in Ref. 7. those
relating particularly to airworthiness considerations include:

. debris transport within the oil system.
- fault isolation.
- rejection criteria.
- human factors.
- documentation and training.
- oil consumption and replenishment.

Naval Air Materials Laboratory experience suggests that wear
debris assessment is required in two size ranges: 200 micronst
and 2-20 microns. For early warning of wear modes, magnitudes
of iron wear particles in the size range 5-15 microns, and other
metals in the range 2-10 microns are required. Such particles
can be obtained by oil sampling techniques and are appropriate
for laboratory analysis.

The generalised characteristics of debris size distributions
relating to wear initiation and development in gas turbine
engines, and those of analysis systems are discussed in refs. 12
and 65.

In addition to wear debris monitoring, oil system monitoring
should be concerned with oil system operation and, to an extent,
oil condition, including contamination. (Ref. 7).

Wear debris monitoring techniques should be capable of detecting
wear in:-

. major components such as gears splines, shafts, and bearings
(currently Ferrous materials).
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- important components such as bearing cages (frequently
cuprous), interface platings (Cu and Ag), hubs (sometimes
Titanium), locking washers (Al), casing rubs (Mg or Al), Seals
(cast iron, rubber, carbon), and plain bearings where fitted
(Sn, Pb, Cu).

8.2.7 Additional requirements for on-line debris monitoring systemsinclude:-

» high catch efficiency - sensors in sump,or exposed to full
oil flow.

- debris retention - for examination (ease of removal), and pump
protection.

- effective self-sealing housing.
- minimum particle size threshold(s).
- remote indication - frequent removal of collectors represents
airworthiness hazard.

- quantitative output in maintenance bay.
- cockpit warnings undesirable. (Refs. 4, 66, 67).
- simple built-in test.
- interface capability to on-board processor.
- should not generate or suffer from EMC problems and should be

immune to the vibration, shock, and temperature environment.
» trending capability

8.2.8 Additional requirements for vibration monitoring systems (see
Ref. 11) include:-

+ sensors on casings - accessible.
- sufficient sensors to isolate faults in identical components
(especially upstream of power combining stage).

- analysis results should be expressible in quantitative terms.
- Appropriate setting of torque levels during monitoring.
- Software should be fully documented and controlled by
procedures consistent with design control procedures.

8.2.9 Usage monitoring (torque for gears and bearings, rotor loads in
addition for some casings) has a significant contribution to
make to improved airworthiness. This requires continuous
monitoring and preferably continuous on-board analysis.

8.3 Current Health Monitoring Systems — Summary

Details of systems known to be installed on production helicopters
are listed in Appendix 2. Relevant review papers are Refs. 4, 6, 7,
8. A summary list is extracted:-

8.3.1 On-line Methods (Cockpit Warning Capability)

i) oil temperature and pressure indicators/warnings.

ii) electric chip detector (Ref. 18)

iii) Pulsed electric chip detector (+counters). (Ref. 18)

iv) Quantitative Debris Monitor (TEDECO). (Refs. 18, 28)
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8.3.2

8.3.3

v) Vibration analysis - spectral methods (AH - 64A) (Ref. 33)

vi) Indicating Screens (CH47D)

vii) Pilot perceived noise is a source of gearbox rejections,
sometimes incorrectly identified.

viii) Strain-gauge torquemeters of various types on tail rotor
drive shafts (eg Scout, Wasp, Wessex - EEL).

The QDM (iv) has advantages described in Ref. 4 (Fig. 8). The
ECD (ii) is prone to spurious indications except where good
build cleanliness and/or fine filtration is used.

At Aircraft Inspection Methods (Installed, carry-on, or ground
support equipment)

i) Magnetic chip collectors. (Ref. 18)

ii) Full flow debris monitoring screens. (Ref. 18)

iii) Filter blockages/impending blockage indicators.

iv) Borescope + guide tubes (tooth mesh patterns + wear).
(Ref .8)

v) O11 level sight gauges, prismatics, and other level
measurement techniques (Ref. 18) (cracked casings, oil
lines, or leaking seals).

vi) (i) Can be supplemented with quantifying devices such as
the Debris Tester (Inspection Instruments) where debris
quantities are relatively high. (Ref. 27)

vii) Vibration analysis-frequency spectra (eg Ref. 38), and high
frequency resonance (Refs. 61, 62).

Of f-Aircraft Inspection Methods

i) Vibration analysis - enhanced signal averaging (W30).

ii) Spectrometric oil analysis.

iii) Ferrography - Direct Reading and Analytical

iv) Filter wash inspection.

Successes with (i) are described in Refs. 2, 3, 4 and 8, which
also comment on the limitations of (ii) and (iii) and describes
development activity to perform (i) on-board. Reviews of other
vibration analysis techniques and capabilities are given in
Refs. 6, 9 and 37. Useful papers describing implementation of
oil analysis techniques are referenced at 13 and 14. Methods
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8.3.4

8.4 Health

(ii), (iii) and (iv) are sometimes supplemented with the
Scanning Electron Microscope with energy dispersive X-Ray micro-
probe to identify materials precisely (eg bearing steel rather
than gear or shaft steels).
Additional Methods used in Development Tests

Thermal imaging is used successfully in development work aimed
at reducing oil or metal temperatures (Westland).

A wide range of vibration analysis techniques are used during
gearbox development work (Westland). A '‘Quantimet' computer
image analysing system has been used to supplement analytical
Ferrography on helicopter gearbox development tests (UC
Swansea). (Ref. 22)

A rack mounted QDM signal conditioner and display console is
available for test cell use. (Ref. 18)

Theodolites have been mounted on gear shafts for measuringTransmission Error characteristics. Speckle Pattern Holography
has been used for identification of vibration mode shapes in
curing vibration induced failures.

Monitoring System Development - Summary

8.4.1

8.4.2

The capability of on-line monitoring systems is being greatly
enhanced by the development of on-board processors interfacing
cockpit visual display units and portable data transfer devices.
The system under development for the W30-300 will include
vibration analysis and QDM data processing (Ref. 3) (the latter
is now available on a microchip). (Ref. 28)

Further developments of many of the systems described in 8.3 are
in hand. In addition the following are in development (oravailable for application to helicopter transmissions):-
8.4.2.1 On-Line Methods:

- Vibration on board processor (W30). (Ref. 3)
- Shock Pulse meter.
+ Inductive coil. (Ref. 29)
» On-line Ferrograph.
- Capacitative debris monitor.
- Remote level sensors (reed/float, capacitative,
electro-optic, ultrasonic wave~guide) (Refs. 18, 41).

» Ultrasonic particle detector (IC)
- O11 temperature and pressure
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8.4.2.2 At aircraft inspection Methods:

- Vibration analysis - portable analyser (W30)
- Comparator patch test. (Ref. 26)
. Water in oil detector (IC)

8.4.2.3 Off aircraft Inspection Methods:-

. Rotary Particle Depositor and Quantifier (Ref. 16)
- Debris Tester development
. X-ray fluorescent monitor (Ref. 21)
- Colorimetric oil analysis.
. Water in oil analysis. (Ref. 25)

8.4.2.4 Component Development Aids:-

- Abrasivity monitor (Ref. 20)
- Radioactive tagging (TLA) for wear and corrosion.
(Refs. 39, 40).

8.5 Health Monitoring Research Requirements

8.5.1 Outstanding problem areas requiring algorithm/system
development:-

Material defects - NDI - Forgings.
Corrosion - internal components and casings.
Contamination - particulates and water.
Distribution of load in planetary gears.
Casing fracture.
Continued development of vibration and wear debris monitoring.
Sensor development, cost and reliability.
Influence of environment on HM signals.

8.5.2 Scope of future technology:-

optical sensors for 'fly-by-light' helicopters
optical fibres/strain sensors for skeletal frame designs
‘smart’ sensors - temperature, pressure, torque, vibration,
with dedicated processing and control interfaces.
total on-board monitoring/maintenance systems - computer
based flight and maintenance manuals.
use of Expert Systems to aid development of above.

ROTOR SYSTEMS

This section covers rotor blades, hubs, dampers, rotating anti-vibration
features, and rotating control systems. Review Papers ~ refs 4, 5, 9, 36,
38, 63.

A4-14



9.1 General

9.2

The airworthiness of current rotor systems is controlled by safe life
procedures, aided by health monitoring, NDI facilities, ground
inspection (visual/manual/torque checks), and pilot reported
exceedances of torque and RPM limits, impacts etc. New rotor head
and blade designs make increasing use of fibre composite materials
which exhibit markedly slower fracture propagation rates than metal
components, and different modes of degradation (delamination,
disbonds, water up-take etc.) enabling a damage tolerant approach to
be taken in design. Replacement of rolling element bearings by
elastomeric bearings leads to a reduced number of moving elements,
but variability in degradation remains a problem.

Bearingless rotors offer further enhancement in damage tolerance, but
Higher Harmonic Control whilst reducing vibration levels in the
airframe could place higher demands on the rotating control system
components. Improved vibration control offers airworthiness benefits,
and methods contributing to maintenance of factory clearance levels can
be considered to be health monitoring. 'Multi-Parameter Lifing' (Ref.
4) proposals should reduce problems stemming from incorrect
assumptions about operating spectra in safe-life demonstrations, but
this places much of the airworthiness burden on the operator, whose
task could be eased with on-board usage (simple parameter) monitoring
systems. There remains, however, considerable scope for enhanced
health monitoring systems, NDI techniques, and comprehensive usage
monitoring in view of the potentially damaging effects of
unanticipated loads (Refs. 5, 36).

HM System Requirements

9.2.1 Fracture propagation rates can be very high therefore an
on-board detection capability with an ALERT warning to the
pilot is advantageous. There is scope for ground-based or
portable carry-on equipment for diagnosis of faults. It is
unlikely that remote analysis of recorded data can provide
sufficiently rapid response.

9.2.2 Effective, reliable means of signal transmission from rotating
components to the structure are required, whether electrical,
optical or other means of transmission.

9.2.3 Rotor ‘tuning’ facilities are used (blade track, rotor balance,
vibration absorbers) to minimise rotor induced vibration in the
structure (1R and NR frequencies) arising from manufacturing
tolerances. It is necessary for health monitoring diagnostic
systems to be capable of discriminating between the effect of
manufacturing tolerances and abnormalities which could become
serious defects. Alternatively this can be achieved by alert
systems followed by effective NDI and ground check procedures.
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9.2.4 'Re-blading' of current helicopters with blades in fibre
composite materials, advanced sections and plan-forms is an

activity providing opportunities for introduction of health
monitoring facilities ab-initio. The extended fatigue lives
offered by such blades relative to metal ones should not be

jeopardised by unreliability in monitoring provisions. It is
not clear, for example, whether optical fibre ‘crack detectors’
incorporated in the lay-up of composite blades offer improved
airworthiness overall.

9.3 Summary of Current Health Monitoring Methods for Rotor Systems

Details of systems known to be installed on production helicopters are
listed in Appendix 2.

9.3.1 On-Line Methods (Cockpit Warnings)

4)

ii)

iii)

iv)

A cockpit indicating version of the blade spar pressure-
leak system (eg IBIS) is in operational use.

Perceived vibration is the most common source of rotor
system fault alerts. Unfortunately subsequent ground
checks do not always identify the fault and corrective
action or adjustments can improve the symptoms but allow
the fault to progress to failure.

Signal transfer systems in use include slip-rings
(unreliable), inductive, rolling contact, and radio-active
systems.

Ice accretion detectors - important to differentiate
between ice and faults.

9.3.2 At - Aircraft Inspection Methods (Installed, Carry-on or Ground
Support Equipment)

1) Blade spar pressure - leak indications (eg BIM, ISIS).

ii) Vibration monitoring using portable analysers producing

iii)

iv)

frequency spectra (eg ref 38) - hence amplitudes at blade
passing frequencies, structural natural frequencies, and

gear meshing frequencies. Used in conjunction with
Vibration Check List (NR) and Vibration Order Sheets.

Rotor balancing equipment (eg ref 38) for those rotors for
which balance corrections are appropriate. Used in
conjunction with Vibration Check List (1R).

Rotor blade tracking equipment (eg ref. 38).

In flight blade track and tab adjustment provisions are
available on some helicopters.
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v) Fracture of hollow bolts:- pressure - leak (Schraeder
valve), or dye-penetrant ('Bleeding Bolts').

vi) Oil reservoirs - seal damage/wear.

vii) 'Bonk-meters' specifically designed for checking the
natural frequency of vibration absorbers (eg. W30).

9.3.3 Off Aircraft Analysis Methods

i) Vibration monitoring - analysis of recorded data for
comparison with Vibration Order Sheets, and implementation
of Check List procedures when rotor or blade passing orders
are out of limits; also defects in control linkages.

ii) Mechanical strain recorders (Leigh Instruments).

9.3.4 Additional Methods used in Development Tests

i) Strain gauges.

ii) SFRM Telemetry Torquemeters (Ref. 3).

1ii) Comprehensive digital recording and analysis facilities
(Ref. 51).

iv) Long range telemetry from aircraft to ground stations.

9.4 Rotor System Health Monitoring Developments - Summary

9.4.1 The capability of on-line monitoring systems is being greatly
enhanced by the development of on-board processors interfacing
cockpit visual display units and portable data transfer devices.
The system under development for the W30-300 will include
analysis of strain-gauge, torquemeter, and accelerometer signals
(Ref. 3).

9.4.2 Further development of many of the systems described in 9.3 are
in hand. Of particular interest are:

i) Short range FM telemetry torquemeters for signal
transmission from rotating to stationary plane (eg EEL
torquemeter in W30 - ref. 3).

ii) On-board vibration analysis processing (eg Smiths HUM on
wW30 - ref. 3).

iii) Advanced rotor track and balance assessment facilities (eg
refs. 9, 45).

iv) Application of Expert Systems technology to interpretation
of vibration and track data (Ref. 9, 63).

v) Optical Fibres and Microwave Coatings for crack detection.
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10.

9.5

9.6

Rotor Health Monitoring Research Requirements

i) Continued development of ground-based Expert Systems aided
equipment to speed resolution of the many possible faults that
can effect vibration at shaft orders and blade passing orders.

ii) Continued development of blade tracking equipment and associated
processing/display facilities to permit rotor tuning in all
weather conditions with minimum of special flights.

iii) Development of certificatable on-board learning systems to aid
discrimination between defects, trim requirements, ice accretion,
and minor damage (long term).

iv) Continued development of NDI aids for in service helicopters,
noting the increasing use of fibre-composite materials, thermo-
plastics, and elastomeric bearings (eg ref. 57).

v) Continued study of defect propagation characteristics of fibre-
composite blade and hub constructions to determine potential
value of integral fibre strain monitors.

vi) Continued development of signal transfer means from rotating
components to the structure.

Usage and Limit Exceedance Monitoring of Rotor Systems

Airworthiness can be improved by continuous monitoring of rotor
torques, speed, strains, and head moments (eg W30-30, Ref 3).

FLIGHT CONTROL SYSTEMS

This section includes pilots controls, non-rotating control systems,
electrical and hydraulic power supplies, stability augmentation systems,
Active Control Systems, and Higher Harmonic Control Systems.

10.1 General

Airworthiness in flight control systems is generally controlled by
redundancy or duplication of complete systems. Critical single path
features tend to be control jack bodies, attachments and attachment
structure, and powered control linkages, and these are covered by
safe-life procedures.

Experience indicates that duplication of systems does not always
provide adequate protection against failures and hence there is scope
for health monitoring. However each alternative function should be
exercised regularly to reduce the likelihood of failures remaining
undetected by facilitating HM. Critical units within hydraulic
systems such as servo-valves are by their action prone to hard-over/
control runaway failures due to mechanical disconnects or false
electrical signals, also to sticking due to particulate contamination
of the fluid. This plus the mechanical aspects of hydraulic and
electrical power systems (including gearbox auxiliary drives) are
amendable to existing health monitoring techniques. Control systems
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10.2

10.3

10.4

downstream of powered actuators are required to have stiffness
characteristics compatible with control stability. Wear or cracking
of components in the powered linkage can therefore potentially be
manifest in modification of control stability resulting in changesin vibration characteristics and loads within the system, or dif-
ficulties in control of the helicopter. Higher Harmonic Control
Systems should have in-built diagnostic capability, but loads in the
rest of the actuation system may be higher. Multiplexing arrange-
ments in 'fly-by-wire' systems are protected by logic dependent on
sensor reliability and continuous assessment. '‘Fly-by-light' systems
of the future introduce requirements for optical sensor development
for all parameters currently monitored by electrical transducers.
Active Control systems will have the ability to limit loads imposed
on the structure and dynamic components, and will also have potential
for detecting faults in these as well as self protection.

Current Health Monitoring Techniques for Flight Control Systems

i) Auxiliary drive gears - see section 8.3

ii) Hydraulic Systems - fluid pressure, temperature
~ contamination (ref. 26)- servo-jam indication

1ii) Electrical Systems - voltage, current, frequency vibration.

iv) Linkages and bolts - pressure/leak Indicating Valve, Bleeding
Bolts.

v) Control thrust bearings - temperature.

Health Monitoring Developments

i) Auxiliary drive gears - see section 8.4

411i) Hydraulic Systems - contamination - reversing filter (ref 52)
~ optical sensors (STC)

iii) Powered control units and linkages ~ loads/strain (WHL)

iv) Input/output comparison.

Health Monitoring Research Requirements

i) Optical sensors for all parameters for fly-by-light helicopters.

ii) Vibration analysis for control linkage wear/fracture, and wear
in hydraulic pumps.

iii) Application of Expert Systems technology.

iv) HM developments within Active Control Systems.
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STRUCTURE

This section covers the whole of the aircraft structure including gearbox
casings/struts attachments (active or passive), undercarriages. Review
papers: refs. 4, 5, 36, 38.

11.1 General

The potential contribution of health monitoring systems to the
airworthiness control of structures and undercarriages is limited
since direct damage tolerant design could be introduced for many
areas. For existing helicopters safe-life procedures are employed,
although increasing use is being made of the damage tolerance
approach in terms of alternate load paths in some critical areas
(refs. 4, 49). This approach will be enhanced in future airframe
designs employing greater use of fail-slow fibre composites (ref.
50). For future helicopters, Rules are being formulated to require
the damage tolerance approach unless impractical. Health monitoring
has a role to play in extending the damage detection capability of
current inspection techniques and increasing the practicality of
damage tolerance design e.g. in undercarriages. Both damage
tolerance and safe life approaches can be enhanced by employing usage
monitoring to establish the operational loads in key locations to
correlate with design assumptions, in view of the potentially very
damaging effects of unanticipated loads (ref. 36). Usage monitoring
exercises are progressing on a number of aircraft (MOD/WHL, BAH,
BHL); the principal difficulties relate to measurement of vibratory
loads, tail rotor thrust, and tail plane loads (ref. 4, 58). Whilst
structural analysis techniques have improved considerably in recent
years, accurate predictions of vibratory stresses throughout the
structure remains a problem. The comprehensive vibration monitoring
and analysis facilities developed for development 'shake tests' would
be impractical in an operating environment, but monitoring and
onboard processing of a number of data channels relating to
representative or more critical areas is feasible, and will be
undertaken with Active Gearbox Interface Control (AGIC).

Attachment integrity of secondary structure (doors, tail planes etc),
is a matter of airworthiness concern, but is probably best controlled
by detail design and ground check procedures.

11.2 Current Health Monitoring Techniques for Structures and Undercarriages

i) Vibration analysis - Rotor order check list procedure,
Narrow band frequency spectra.

11) Mechanical Strain recorders.

11.3 Structural Development Aids

i) Vibration - 'Shake Tests’
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1i) Strain-gauges.

iii) Comprehensive on-board digital recording systems
(eg Plessey MODAS).

11.4 Structure Health and Usage Monitoring Developments

1) Load Data and Operational Data recording surveys
(eg Plessey/WHL/RAE).

ii) Optical fibre crack detectors. (eg NMI/WHL/BAe).

11.5 Research Requirements, Structural Health Monitoring

i) Corrosion in metal structures.

ii) Age/Stress/environment influences on the failure of
fibre-composite thermo-plastic and metal matrix composite
materials.

iii) Vibration - Active Gearbox Interface Control (WHL AGIC).

iv) HM of elastomeric bearings (eg Ref. 57), anti-vibration mounts
and other means of vibration attenuation at gearbox/structure
interface.

12. ENGINES AND FUEL SYSTEMS

12.1 General

The flight critical aspects of civil helicopter power plants are
rotor and casing integrity, structural attachments, failure of the
common fuel supply system, and fire suppression. Major factors
relating to engine integrity are rotor disc burst and blade loss.

Main bearing integrity is also a factor but damage progression rates
are lower. Integrity of ofl sealing and oil pipes is also importantrelative to fire hazards. Engine performance degradation and the
correct functioning of power/speed limiting devices are also
important airworthiness issues, particularly in operations from oil
rigs and heli-pads.

The principal methods of controlling the integrity of fuel systems,
engine attachments, and fire suppression equipment is by redundancy
and routine checks. Health, Usage and Performance Monitoring
activities relating to the Engine Change Unit have six main
objectives:

i) To provide close control of usage of components designed on a
safe-life basis.

ii) To maintain up to date evidence that each engine is capable of
producing its single engine power rating, reliably, ie Power
Assurance.
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12.2

iii) To quantify the use of the engine within the certified rating
structure including Limit Exceedance.

iv) To permit safe extension of the rating structure for emergencies
(Ref. 4).

v) To provide data to assist the analysis of wear modes and damage
progression within oil wetted parts of the engine, particularly
bearings.

vi) To provide shaft imbalance monitoring (eg tracking filters).
If all these objectives are fully met it is evident that engines will
achieve enhanced safety as well as improvements in cost of ownership.
Review Papers: 7, 54, 55, 59, 60, 64.

System Requirements

12.2.1

12.2.2

12.2.3

Operational requirements of helicopters dictate that any
system should require only minimal support from Ground
Equipment. It is therefore desirable to configure any
monitoring system to perform all data acquisition and
computation 'on-board'. Data acquisition must be in 'real-
time' but rate and timing of computation can be set to meet
the necessary reaction times.

Ideally information display should be via cockpit for pilot
and maintenance crew although a ground based data retrieval
equipment can be used. Information automatically displayed to
the pilot should be on a “need to know” basis although the
ability to “page” certain data is advantageous.

To meet the objectives of para 12.1 it is necessary to derive
and validate appropriate algorithms and logic to perform the
following computations:-

1) Low Cycle Fatigue (LCF) of all critical engine rotatives
components.

ii) Creep usage of HP/LP turbine blades.

iii) High Cycle Fatigue of drive shafts (speed and torque).

iv) Cyclic fatigue of combustion casings.

v) Power Performance Index (PPI).

vi) Limit Exceedance Logic.

Items ii), 111) or iv) may not be critical in some engine
designs.
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Wear debris and vibration monitoring are an integral part of
the objectives listed above. Both subjects are discussed in
detail in the Transmission section (para 8.2), most of the
comments made apply to engine component monitoring, althoughdifferences in temperatures, oil scavenging, gear tooth
loadings, and other factors can be expected to produce
differences in vibration and wear debris characteristics and
rejection criteria. Shaft imbalance monitoring is also
required at steady running, accelerations and decelerations.

12.2.4 All monitoring systems should be used during the development
of the engine to assist correlation of data and test evidence.
This requirement is imperative during formal Accelerated
Mission Testing (AMT) and other type approval tests.

Evidence from this test work, coupled with laboratory testing,
should be used to support application for an engine
modification allowing the system to be used for Executive
Lifing.

12.3 Current Engine Health Monitoring

Current engine health monitoring techniques are similar to those
listed under Transmissions (para 8.3.1 to 8.3.3). These are
supplemented by pilot observed engine rotor speed excursions which,
post flight, are converted into LCF cycles using a bulletin chart.

Usage monitoring (eg refs. 54, 60, 64), and Shaft imbalance monitor-
ing (eg ref. 55) are now well established on fixed wing aircraft.
The GE CT7/T700 engine which is also fitted to helicopters is
furnished with an electro~mechanical system for LCF and Creep. An
effective total engine monitoring and data management system on
Concorde engines is described in ref. 59, and on USAF aircraft (ref.
60).

12.4 Engine Monitoring Development Aids

1) Gas paths analysis - seal wear and tip rubs

ii) Thermography

1ii) Vibration analysis, including run-down checks.

iv) Thin Layer Activation.

v) Operational data recording surveys (eg Plessey/WHL/RR).

12.5 Engine Monitoring Systems - Development

12.5.1 Current ‘on-board’ monitoring is being developed in four
different system configurations.

i) Integrated with all other functions within a large
helicopter central processing unit (CPU) (eg ref. 3.)
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ii) Integrated with Transmission Torque Monitoring in inter-
seat console unit (ref. 3).

1ii) Integrated within a Full Authority Digital Electronic
Control (FADEC) with separate processors for high
integrity. (eg ref. 56).

iv) A dedicated stand alone EMS (eg refs. 54, 64).

Systems ii) and iii) can be developed as described in para
12.2 but 1) is more problematic.

12.5.2 The above are committed development programmes which could be
enhanced by the further development of engine vibration
monitoring and QDM data processing. Both are a natural
extension of helicopter transmission monitoring since the
engine is an integral part of the dynamic system. Several QDM
trials are in progress on turbine engines on test beds in the
UK and the USA, and on an installation on an off-shore
platform.

Engine vibration data can therefore highlight part of the
total system vibration as well as balance and casing
characteristic changes within the engine (eg ref. 55).

12.6 Engine Monitoring Research Requirements

Outstanding problem areas are:-

- Refinement of algorithms associated with material properties.

Corrosion, internal components and casings.
- More detailed understanding of failure modes and response
characteristics to assist interpretation of vibration signals.

Improved engine performance diagnostic routines.

Continued development of wear debris monitoring.

Logistics of data management off the aircraft.

Many techniques associated with engine monitoring only require
persistent development to achieve their objectives. To be effective
this development work requires the full commitment of both operators
and certifying authorities, fe the potential improved safety and cost
of ownership must be accepted by all parties, not just manufacturers.

13. CONCLUSIONS

13.1 Significant advances have been made in health and usage monitoring
technology recently, including:
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Transmissions

Production Helicopters:-
- pulsed electric chip detectors (many applications)
+ quantitative wear debris monitoring - W30 (WHL/TEDECO)
- full-flow electrified screen - CH47D (BV/TEDECO)
- advanced vibration analysis (WHL, Chadwick-Helmuth)
- borescope and guide tube provisions - W30 (WHL) (for in-situ
confirmation of wear)

Development:-
- FM telemetry torquemeters -W30 (WHL/EEL)
- Torque exposure/cumulative damage data processing W30 (WHL/Dowt y/HSDE )
- On-board vibration analysis - W30 (WHL/SI)
- Portable vibration analysis equipment - W30 (WHL/SI), general (SHL)
- Monitor filter W.30 (WHL)

Rotor Systems

Production:

- Blade spar integrity detection (several)

Development:

- strain-gauged hubs and FM telemetry (WHL/EEL)
+ improved blade tracking facilities (SHL & MCTH)

Engines

Production (fixed wing/helicopters):-
- shaft vibration (tracking filters) - RB 211 (RR/Vibro~Meter)
- cycle-counting (LCF & Creep) - W30 (WHL/RR/Dowty/S1/NGTE/GE/Plesseyet al)
- Power assurance monitoring - W30 (WHL/Dowty/SI/RR/GE et al -
ref .64)

General

Development:

- comprehensive on-board monitoring systems (W30, EH101)
- high frequency vibration data acquisition and analysis on-board

(W30 and EH101)
+ portable analysers for vibration, debris and oil analysis (several)
- health monitoring system comparative evaluations on development
and service aircraft and component rig tests (WHL/NAML).

Research:-

- optical fibre strain sensors for blades, hubs and structures
(NMI/WHL).

- application of Expert Systems to algorithm development (WHL & SHL)
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13.2 All the above advances were introduced before publication of the HARP

report. This reflects the commitment of helicopter and engine manu-

facturers, MOD, equipment manufacturers, universities and research
establishments to advancing health monitoring technology in parallel
with other reliability improving technology to achieve improved
airworthiness.

13.3 There is no panacea as far as health monitoring of helicopter
components is concerned. Particular techniques may be more suitable
to particular helicopters/components, and more than one technique is
often required in order to contain possible failure modes. Vibration
analysis and Expert Systems technology appear to offer wide
application possibilities and flexibility.

13.4 Health monitoring should be an integral part of the total maintenance
strategy and systems, whether these be on-board, or ground-based.
Usage Monitoring, Performance Monitoring, and Status Monitoring can

also contribute to improvement of airworthiness.

13.5 In future designs of helicopters the areas that, from an airworthi-
ness point of view, would benefit most from the use of Health
Monitoring Techniques are transmissions and rotor systems. These are

flight critical systems for which the Damage Tolerance approach has
limited scope using current inspection techniques, but would be

greatly extended by effective health monitoring for damage detection.

Engine usage and power assurance and rotor control systems are also
important areas for effective monitoring systems. Rotor track and

balance systems will also contribute to airworthiness.

13.6 Attention is drawn to the points raised in section 7 concerning
Health Monitoring system requirements.

14. RECOMMENDATIONS

14.1 Research and Development should be particularly encouraged/continued
on:-

i) Improved reliability sensors for all parameters.

ii) Vibration Analysis: extension of existing capabilities for
Transmissions, Rotor Systems, Flight Controls Systems, Structure
and Engines, in terms of algorithms, implementation, and
correlation with condition.

14ii) Wear Debris Monitoring: extension of existing capabilities for
Transmissions and Engine Oil Systems and hydraulic systems in
terms of improving catch efficiency, implementation, and

correlation with condition.

iv) Optical Fibre Strain Detectors: Metal and Composite Rotor
Blades(?), Rotor Hubs, Control Linkages, Primary load paths in
Structure and Skeletal Gearbox Casings - fibres, bonding,
connectors, signal processing, correlation with condition.
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v)

vi)

vii)
viii)

ix)

x)

xi)
xii)

xiii)

Electrical resistance strain gauging/FM telemetry transmission
for metal blades and hubs.

Optical sensors, data links and interfaces for 'Fly-by-Light'
applications.

Improved accuracy/"intelligent” blade tracking facilities.
FM Telemetry Torquemeters provide a means of measuring mean
torques with high accuracy and reliability. They also have a
wide frequency bandwidth which could be used for diagnosingfaults in shafts, gearboxes, engines, and rotor systems.

At-aircraft detection of oil contamination (hydraulic fluids and
lubricants) - by particulates and water.

Application of Expert Systems technology to

(a) development of algorithms - individual and combined HM
techniques, including trending of oil system parameters.

(b) Correlation of HM system performance data.

(c) Evaluate logic in HM system management and maintenance
manuals.

(d) On-board HM systems.

On-board HM processor/interface/display development.

Ground-based Health and Usage Monitoring Data Management
Systems.

"Smart' sensors - sensors with dedicated processing and control
interfaces.

14.2 A Helicopter Health Monitoring Advisory Group should be set up to
provide a stimulus for continued improvements in health and usage
monitoring technology for helicopter applications. The objectives
would be to:-

1)

44)

iii)

iv)

Increase awareness of problems - components and HUM systems.

Increase awareness of new solutions.

Influence research ~ funding and technical, if necessary
providing a technical monitoring function or assistance to DTI,
SERC, MOD, etc.

Improve operator commitment through manufacturer/operator
dialogue.

Provide additional expert comment on draft airworthiness
requirements circulated for comment (on HUM issues).
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14.3

14.4

14.5

The Advisory Group should comprise representatives of airframe,
engine, and equipment manufacturers, operators, and MOD. The group
should liaise with MOD advisory groups on NDI and Structure Integrity.

Helicopter manufacturers should be encouraged to apply the latest
health monitoring technology to development/certification tests on
components to:

i) improve accuracy of life determination.

ii) ensure correlation of degradation modes with those occurring in
Service (especially grossly accelerated tests and 'seeded' fault
tests).

4ii) validate health monitoring system performance.

They should also be encouraged to apply the latest health monitoring
technology to production quality assurance tests on components to
reduce incidence of ‘infant mortality’ in service.

Monitoring systems for such tests may need to be more sensitive than
those required for damage detection in service, but on the other hand
would have fewer implementation constraints.

Manufacturers, Operators and Overhaul Agencies should be encouraged
to co-operate in producing data banks correlating health monitoring
indications with component condition on strip, in order to:

i) improve HM technology

ii) improve airworthiness through improved feed-back to design.

The way forward with health monitoring and Certification Authorities
should include:-

1) Giving incentives to helicopter manufacturers by permitting
significantly greater step increases in Time Between Overhaul
and reduced number of sampled components where demonstrably
effective health monitoring systems are fitted and used
(happening on W30).

ii) Issuing airworthiness requirements in the most general terms
possible, but requiring the commitment of both manufacturer and
operator (eg CAA G.811 - in draft). Failure Modes and Effects
Analyses should contain recommendations for suitable HM methods
where appropriate.

iii) Increasing awareness of available health monitoring systems,
their performance characteristics, and their applicability to
existing helicopters as well as new designs.

iv) Encouraging compliance of foreign helicopter manufacturers
through their airworthiness authorities and through JAC.
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v) Requiring helicopter Manufacturers, Operators, and Overhaul
Agencies to identify responsibility for health and usage
monitoring activities within their airworthiness management
structures.

D G ASTRIDGE
Chairman, Industry Sub-Group
CAA Helicopter Health Monitoring
Working Group
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FIGURE 1 OF APPENDIX 4

HEALTH MONITORING WORKING GROUP

TERMS OF REFERENCE

INDUSTRY SUB-GROUP

Consider the summarised conclusions of the five Sub-Groups, in
relation to items 2 and 3 of the Health Monitoring Working Group Terms
of Reference and report accordingly; te:

"2. Establish the extent to which existing technology is capable of
providing the required Health Monitoring.

3. Identify the areas where existing technology does not meet the
need and suggest the timescales in which the shortfall should be
made good.”

NB The study should clearly indicate:

what can be done today

which Health Monitoring methods need development

which Health Monitoring techniques require research

Provide an estimate of the effectiveness, useability, availability and
cost of the various techniques.
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FIGURE 2 OF APPENDIX 4

CAA HMWG INDUSTRY SUB-GROUP

Major Components (eg Transmission)

Sub-Components (safety-critical - eg gears)

Possible Failure Modes - damage propagation rate

Control
/ \

Health Monitoring Other (eg NDI)
(or aid)

HM Techniques (eg Vibration Analysis) completed

IM Methods (eg Enhanced Signal Averaging) required

Effectiveness - alert/diagnostic

Implementation
/

| \
Algorithms Sensors Processor - lab/office

\ at aircraft
\ on-board:- why necessary?

/ \
cockpit c1alne quick

Development Status indication condition response
/ \ ~

/ \ ~“
/ \ ~

in-service development research
/\ (inc.flight / \
/ \ trials) / \

/ \ / \ / \
aircraft other on-going required on-going required
(specify) \

\ /
\ /

problems/weaknesses

timescale & effort required
\
\

Order In-Service List Ordered Research Topics List
(inc. general requirements)
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ATTACHMENT 1 TO APPENDIX 4

DETAILED ANALYSIS CHARTS

KEY

Item: T-Transmission, R-Rotor Systems, S-Structure and Undercarriage,
F-Flight Control Systems, E-Engines.

(a) Damage propagation rate from detectability: l-within 1 flight,
3-greater than 100 hours.

(b) Primary means of airworthiness control (see ‘Abbreviations’ - at front
of report).

HM Aid: Whether health monitoring can aid airworthiness control.

(c) Effectiveness of HM method as an Alert and as a Diagnostic aid - 1 =

good 3 = poor.

(d) Urgency of development or research requirements in relation to known
problems/new helicopter designs 1 - before 1987 3 - after 1990. Also
estimate of effort required in funds/resources A-small, C-large.

Under the heading PROCESSOR is indicated whether the health monitoring
method requires laboratory/office facilities, whether analysis can be
carried out at the aircraft, or by an on-board processor. If the latter,
an indication of justification is required - whether cockpit indications
are necessary, whether the defect is more easily detected at flight
conditions, or whether fast response is necessary (immediately at end of
flight).
Overall Feasibility (e) : Predicted timescale in which HM technique could
be implemented on new helicopters.

1. Already in use on production helicopters or known to be on
development/certification aircraft.

2. Technique sufficiently well developed to be applied to development
aircraft.

3. Technique requiring more development or experience on aircraft and

unlikely to be certificated before 1990.

Factors considered were effectiveness, reliability, cost, useability,
availability, implementation requirements.
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APPENDIX 5

CIVIL AVIATION AUTHORITY BRITISH CIVIL AIRWORTHINESS REQUIREMENTS
PAPER NO. G811

SECTION G 2ND DRAFT OF ISSUE 1
ROTORCRAFT 3lst December 1984

HEALTH MONITORING

INTRODUCTION

This proposal stems from an overall review of the Rotor Transmission require-
ments, and the conclusions of the AWD Committee which reviewed helicopter
safety.
It is recognised that the desired level of safety proposed by Paper G778 is
unlikely to be provided by the Rotor/Transmission system using current methods,
and that to do so will require the exploitation of damage tolerance character-
istics using health monitoring to detect deterioration before failure occurs.

Health Monitoring is currently available in some forms for the Rotor/
Transmission system, for example, oil analysis, chip detectors, vibration and
noise analysis and use of pressurised components. However, it is apparent that
less than full use is being made of such methods and requirements appear
necessary so that manufacturers design for and develop monitoring methods, and
provide the necessary facilities, including tappings and instrumentation.

Arising from this, there is a need to clarify the criteria of acceptability for
health monitoring in order that operators may develop the necessary skills and
make a management commitment to the principles involved when operating
equipment of this kind.

The proposals in this Paper are intended

(a) to explain how the safety of a rotor and transmission system should be
substantiated by the constructor when health monitoring techniques are
to be employed in service.

(b) to state the additional requirements to be satisfied by operators/
maintenance organisations responsible for helicopters which depend on
health monitoring techniques for their continuing airworthiness.

DISCUSSION

The completion of a Safety Assessment as proposed in Paper G778 may identify a
number of critical failure modes in the Rotor/Transmission system.

Current mechanical systems with the complexity of a typical helicopter trans-
mission are unlikely to satisfy the reliability criteria for integrity
associated with Group A operations proposed in Paper G778, if reliance
continues to be placed only on certification testing, and the safe lives
established at that time, and the traditional life development in service.
The latter is of decreasing benefit as the time between overhauls is increased.
If higher levels of reliability are to be achieved, recognition has to be given
to the fact that many failure mechanisms are not strictly age related, there-
fore effective health monitoring techniques must be applied throughout the life
of the component.
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Damage tolerance as an acceptable approach for preventing structural failures
can also be directly relevant to many dynamic components in the Rotor system.
Some damage tolerance concepts are equally relevant to the internals of gear-
boxes, but will depend on the availability of suitable inspection techniques.

Although it is envisaged that acceptance of the Safety Assessment will give
some impetus to health monitoring, the proposed requirements are judged to be
necessary because neither the need for such monitoring, nor the benefits
which can be claimed can be quantified as would be necessary under the Safety
Assessment.

These proposals call for the application of health monitoring to gearboxes, and
other Rotor system components.

In order to implement Health Monitoring procedures, changes are needed to BCAR
Section 'A' and suggestions are made in this Paper as to how this could be done

by adding a supplement to Chapter A6-4. If the principle is agreed then
proposals will be made for amendment to Section A by the usual procedures.

RELATIONSHIP TO FAR's

There are no equivalent FAR's, but there is an NPRM in the pipeline requiring
chip detectors in transmission gearboxes.

PROPOSALS

Material differences between the proposals of this Paper and the current
requirements of Section G are indicated with marginal lines.

CHAPTER G4-9*

Add the following new paragraph as 2.5, and renumber subsequent paragraphs
accordingly:-

"2.5 The design of the Rotor and Transmission System shall be such that where
health monitoring techniques are applied to critical components,
including internal parts of gearboxes, they shall be practicable and
effective.

2.5.1 An effective health monitoring technique shall be established and
shall form part of the Safety Assessment conducted in accordance with
paragraph 4, particularly in cases where failure cannot be reliably
controlled by normal lifing techniques because of the random nature
of the failure, such as in bearings.

NOTE: It is accepted that in assessing the benefit of health
monitoring, absolute proof is not possible, and reliance must be
placed on engineering judgement and previous experience combined
with sound design and test philosophies.

* As contained in Paper G778



2.5.2 In cases where a safe life is submitted, means shall be provided to
monitor deterioration relevant to the achievement of the stipulatedlife.

2.5.3 In cases where the damage tolerance characteristics are claimed, the
effectiveness of the health monitoring technique for detecting damagein time to enable the Safety Assessment criteria to be met shall be
established. This must take into account the reliability of the
health monitoring equipment.”

The following new Supplement will be proposed for addition to Chapter A6-4

“SUPPLEMENT NO. 4 TO CHAPTER A6-4

HEALTH MONITORING - HELICOPTER ROTOR AND TRANSMISSION SYSTEMS

1 APPLICABILITY

The requirements of this A6-4 Supplement No. 4 are applicable to
Helicopters where credit has been claimed for the detection of incipientfailures by the use of health monitoring techniques.

Credit may be claimed in respect of:-

(a) establishing compliance with the Safety Assessment criteria in
G4-9, 2.5.

(b) providing the means of preventing the failure of a critical
component.

(c) establishing justification for extending overhaul periods.
NOTE: Rotor/Transmission overhaul periods, and sampling intervals will
be restrictive unless effective health monitoring methods are practised
to control critical failures which are not directly age related.

RESPONSIBILITIES

The responsibilities of the helicopter constructor (the Constructor) and
the Operator in complying with 1 shall be as prescribed in 2.1 and 2.2
respectively.
2.1 The Constructor

The Constructor shall:-

(a) identify critical components dependent on health monitoring
for integrity,

{b) establish a programme for monitoring the condition of critical
components at prescribed intervals, and

(c) take account of the evidence from 2.2(b) in the strength
substantiation of critical components.



2.2 The Operator

The Operator shall:-

(a)

(b)

(c)

ensure that the components identified in 2.1(a) are subjected
to an effective health monitoring programme in accordance with
a programme agreed by the Authority and based on the manu-
facturers' recommendations for the detection of deterioration
before failure occurs,

inform the manufacturers of any damage or wear found on critical
parts during any inspections,

publish in the Maintenance Programme (A6-4.2) details of the
health monitoring programmes, including the techniques and
methods of data collection, interpretation and implementation
and individuals' responsibilities.”

The following new Appendix to Supplement No. 4 is proposed for Chapter A6-4.

"APPENDIX TO SUPPLEMENT 4 TO CHAPTER A6-4

1 RESPONSIBILITY OF THE OPERATOR (See A6~-4 Supplement No. 4, 2.2(a))

1.1 An effective health monitoring programme requires that:-

(a)

(b)

(c)

(d)

(e)

the manufacturers’ recommendations are satisfied,

there is a management commitment to the practice,

the associated skills and techniques are systematically
developed, and adequate facilities made available,

individual responsibilities are defined and sufficient to
ensure timely analysis and implementation of corrective
actions, and

all relevant service experience is reported to the Constructor.”



HEALTH MONITORING WORKING GROUP

MAINTENANCE REQUIREMENTS

These notes summarise the existing requirements, those in draft and those under
consideration which have been reviewed in terms of being adequate to cater for
future Health Monitoring equipment and installations.

Additionally, the possible implications in respect of the MMEL have been
considered.

1 Current BCAR A3-3, Airframe Parts and Equipment

Part of the procedures whereby installations designed by CAA Approved
Organisations, are approved/accepted by the CAA, require that Maintenance,
Overhaul, Repair and Installation Manuals are produced/provided where
appropriate.

Current BCAR A6-2/A6-4, Maintenance, Overhaul and Repair Manuals

The constructor/manufacturer is required to produce acceptable manuals
containing information for the maintenance, overhaul and repair of aircraft,
including engines/APUs, propellers, components, accessories, equipment,
instruments, etc, and their associated systems, for aircraft to be granted
any category of UK C of A.

For Transport Category aircraft the applicant/operator shall submit his
maintenance schedule/programme to the CAA for approval. Such schedules/
programmes shall contain at least the following:-

a) Periods at which the item shall be inspected, together with the type
and degree of inspection.

b) Periods at which the item shall, as appropriate, be checked, cleaned,
lubricated, adjusted and tested.

c) Periods at which the item shall be overhauled or replaced by a new or
overhauled item, expressed in terms of:-
- a criterion related to usage, eg a period of time, number of

cycles, number of landings;
- a criterion related to condition, eg limits of wear, limiting

dimension.

NOTE: Where actual criteria are not included in the Schedule, they
should be defined by cross-reference to acceptable documents,
eg Approved Maintenance Manuals.

d) The Mandatory Life Limitations to which certain parts of aircraft,
engines, propellers, auxiliary power units and systems, the failure
of which could have a hazardous effect on the aircraft, are subject.
For foreign products these limitations, unless otherwise agreed by
CAA, shall be identical with those specified in the mandatory life
limitations section of the manufacturer's recommended Maintenance
Schedule (see A6-2, 4).
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e) Such other processes as are agreed by the CAA, eg condition
monitoring.

Final Draft Paper A46 - BCAR A2-1 and A6-4, New Supplement No 2

A revised A2-1 will require a Maintenance Review Board (MRB) to be
established for all new Transport Category aircraft above 5700 kg and
others as deemed necessary by the CAA. The new Supplement No 2 to A6-4
gives the detail of the MRB process which requires analysis of systems etc
to assign maintenance/operational tasks and intervals. Additionally, it
is required to identify those tasks which analysis has shown to be safety
related.

Loss of Essential Airworthiness Function Prevention Programmes

Provisional work is well advanced which, if accepted as policy, will
require that, for all aircraft certificated under FAR/JAR 25.1309 con-
ditions, an in-service monitoring programme be established.

Namely, all operators will report to the constructor all events, defects,
maintenance findings, etc that have been identified by the Safety
Assessment as those that could lead to a loss of essential function if
their rate of occurrence is not contained within acceptable limits.

MMEL

Current consultative proposals for the ‘formalised’ introduction:of MMEL's
will require the constructor to provide an MMEL only for aircraft above
8000 kg. The CAA will now be required to approve MMEL's.

Consideration should be given to the need to establish requirements such
that Health Monitoring equipment is reflected in Flight Manuals/MMEL's for
rotorcraft below this proposed 8000 kg weight limit.



APPENDIX 6

HEALTH MONITORING RESEARCH AND DEVELOPMENT MINISTRY OF DEFENCE

Related Ministry of Defence Reports in preparation under Naval, General and Air
Staff Target 6638 - Vibration Monitoring:

1 Stewart Hughes Ltd, Southampton

a) Helicopter Transmission System Diagnostics

b) Intershaft Bearing Damage Detection

c) Helicopter Rotor Fault Diagnosis Study

2 Westland Helicopters Ltd, Yeovil

a) NGAST 6638 support contract (includes vibration signature vs
gearbox build variations).

Additional Report:

Stewart Hughes Ltd : Report No SHL 162 February 1985

"Monitoring of Rotorcraft Dynamic Systems'.

A6-1




