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Mirce-mechanics

The philosophy of Mirce-mechanics is based on psemihat the purpose of existence of
machines is to do a work by delivering intendedcfion(s) thought time, like transporting,
communicating, cooling, informing, computing andhet with measurable performance,
like speed, capacity, frequency, power and sinplarsical quantities. However, experience
teaches us that in-service life of machines is daiteid by complex interactions between
their consisting parts on one hand and their istevas with natural environment and human
actions, on the other. As result a variety of medts, electrical, chemical, thermal, radiant
and other types of energy are generated, some whwiausing failures of machines to
deliver intended function(s). Actions like servigjnrepairing, testing, replacing, changing
the mode of operation and similar that are requitedegain functionabiliyof machine.
Hence, in Mirce-mechanics a machine with associgtegrvice tasks, resources, constraints
and environmental conditions constitute a maintamaystem, which is ultimately and
uniquely responsible for delivering functionabilfigrformance of a machine.

As all physical phenomena associated with the fanatity of machines are characterised by
certainty, reversibility and independence of tileeation and human influences, their
functionality performance can be accurately predidiy making use of well understood laws
of natural sciences, such as: Newton’s laws of omptMaxwell’s law of electrodynamics,
Coulomb’s law of solid friction, Boltzmann’s law tiermodynamics, Hook’s law of stress
and strength, to name a few. However, the inforomategarding functionability performance
of a machine within a given Mirce-system is almush-existent at the beginning of in-
service life. The reason being, all associatedtfanability phenomena are characterised by
uncertainty, discontinuity, irreversibility, insapaility, and are dependent on time, location
and human influences, Hence, the laws of naturahses cannot be used to predict
functionability performance of a maintainable systan Mirce-mechanics.

To address rationally essential questions of theurate predictions of functionability
performance of machines in 1999 Dr Jezdimir Knezeesigned from Exeter University,
UK, and established the MIRCE Akademy at WoodbuaykPExeter, UK. Staff, Fellows,
Members and students of the Akademy have endeavoargubject in-service behaviour of
a maintainable systems to the proven methods ehseiand mathematics to:

1. Experimentally observe and measure their functiditaperformance of
maintainable systems that are quantified throughatbrk done by a system and the
work done on a system throughout in-service libggether with the resources
consumed in these processemd prevailing environmental conditions, to deiiee
their patterns in respect to time.

2. Scientifically understand physical phenomena tloaegn occurrences of
functionability eventSthrough life of a given maintainable system tolthee! of the
dimensional fidelity ranging from the atom (fimetres) to the Solar System 10
metres).

2 Functionability, n. ability to deliver intendedrfction, Knezevic, J., Reliability, Maintainabilignd
Supportability — A probabilistic Approach, Text afdftware package, pp. 291, McGraw Hill, London 3.99
ISBN 0-07-707691-5

® Boeing 747, registration number N747PA, been aint80,000 flying hours, transported 4,000,000
passengers, burned 271,000,000 gallons of fuekwhdeiving 806,000 maintenance man-hours and
consuming: 2,100 tyres, 350 brake systems, 12mesgamong other parts, during the 22 years séinice
life, at Pan Am airlines.

4 Any event, natural or induced, that impacts thefiomability performance of maintainable systems.
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3. Mathematically define a scheme for calculating e€xge functionability performance
for a given maintainable system (uniquely determhibg the physical properties of
consisting parts and their configurations) withigieen operational scenario,
environmental conditions, maintenance policiespsufstrategy and in-service
constraints.

Decades of research has generated new, scienag-basly knowledge, named Mirce-
mechanics. It comprises of axioms, laws, mathermla¢iguations and calculation methods
that enable accurate descriptions of functiongiyiftenomena that are characterised by
uncertainty, discontinuity, irreversibility, insapaility, and dependence on time, location
and humans. Thus, Mirce-mechanics enables acqumedéctions of the expected
functionability performance of a given maintainéiibystem, at the time when it is possible
to achieve the best compromise between all feasdilgions and stake holders.
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Volcanic Ash as a Mechanism of a Motion in Mirce-mehanics

Dr Jezdimir Knezevic,
MIRCE Akademy, Woodbury Park, Exeter, EX5 1 JJ, UK

Abstract

Mirce-mechanics is a scientific theory of the motiof in-service systems
through Mirce Spacetime that enables predictiothefwork done by them to be
made by using Mirce Equations. Practical applicasmf Mirce-mechanics are
possible only, when the physical mechanisms thaergée the motion of
systems through positive and negative states afdMBpacetime are understood.
The mechanism of motion addressed in this pap#resmpact that volcanic
ashes made on the trajectory of maintainable systenough Mirce Spacetime.
Volcanic ash fall is physically, socially and ecamoally disruptive. It can
affect both proximal areas and areas many hundrefdkilometres from the
source, and causes disruptions and losses in a walgety of different
infrastructure sectors. Impacts are dependent osh dall thickness; the
duration of the ash fall; the grain size and chdmgisf the ash; whether the ash
is wet or dry; and any preparedness, management @adention measures
employed to reduce effects from the ash fall. 8peminphasis is this paper is
given to the analysis how different sectors ofasfiructure and society are
affected in different ways and are vulnerable toramge of impacts or
consequences.

1. Introduction

Infrastructure is critical to supporting modernisties, particularly in urban areas, where
high population densities create high demand forises. These infrastructure networks and
systems support urban living, and provide lifelsaevices upon which human race depends
for health, education, transport, communicatioouséy and defence.

Among many natural phenomena that impact humas,liw@canic ash fall events can
disrupt and or damage the infrastructure upon whathety depends. Several recent
eruptions have illustrated the vulnerability of ambareas that received only a few
millimetres or centimetres of volcanic ash. This baen sufficient to cause disruption of
transportation, electricity, water, sewage andnstaater systems. Costs have been incurred
from business disruption, replacement of damaged pad insured losses. Ash fall impacts
on critical infrastructure can also cause multipteck-on effects, which may disrupt many
different sectors and services.

Volcanic ash fall is physically, socially and ecamoally disruptive. Volcanic ash can affect
both proximal areas and areas many hundreds ahkii@s from the source, and causes
disruptions and losses in a wide variety of differ@frastructure sectors. Impacts are
dependent on: ash fall thickness; the duratiomefash fall; the grain size and chemistry of
the ash; whether the ash is wet or dry; and anygpeglness, management and prevention
measures employed to reduce effects from the disiDifierent sectors of infrastructure and
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society are affected in different ways and are erdble to a range of impacts or
consequences.

The impacts on lifelines may also be inter-depetdéme vulnerability of each lifeline may

depend on: the type of hazard, the spatial densitg critical linkages, the dependency on

critical linkages, susceptibility to damage andespef service restoration, state of repair or
age, and institutional characteristics or ownership

Recent, the most obvious example of the impacbtdanic ash on the human life was the
2010 eruption of Eyjafjallajokull in Iceland. Itezrly highlighted the impacts of volcanic ash
fall in modern society and our dependence on thetionality of infrastructure services.
During this event the airline industry sufferedibess interruption losses of €1.5-2.5 billion
from the closure of European airspace for six diaysoril 2010 and subsequent closures
into May 2016. It is necessary to stress that ash fall fromekiant is also known to have
caused local crop losses in agricultural industtiesses in the tourism industry, destruction
of roads and bridges in Iceland, in combinatiorhwgitacial melt water. At the same time,
across Europe there were further losses assoadttedravel disruption, the insurance
industry, the postal service, and imports and espaeross Europe and worldwide.

Consequently, the main objective of this papeo iaddress the volcanic ashes as a
mechanism that generates physical actions whickectlne motion of maintainable systems
from the positive to negative functionability staféne impact of volcanic ash on diverse
systems are presented here together with the coesees on the operational processes
affected by it.

2. Mirce-mechanics Overview

Human needs for transportation, education, vermiatommunication, refrigeration,
information, computation and many other functiores@ntinuously satisfied through human
created and managed products or constructions, coigroalled systems. Their
functionality performance, measured by speed, ¢gpdequency, power and similar
physical quantities, can be accurately predictathduhe design process and tested at the
delivery, as they are functioning in accordanckntear chains of cause and effect, well
understood by laws of natural sciences, such astdtes laws of motion, Maxwell’s law of
electrodynamics, Coulomb’s law of solid frictionpbk’s law of stress and strain,
Boltzmann’s law of thermodynamics, to name a feWofthem are characterised by
certainty, reversibility and independence of tihoeation and humans.

Experience teaches us that due to complex intentedactions within the system, external
impacts from environment and human actions, varidétynechanical, electrical, chemical,
thermal, radiant and other types of energy are rg¢e@, some of which cause the failure of
systems to deliver a function. To maintaimétionability ® actions like servicing, repairs,
inspections, replacements and similar, are undemtaBy humans, which make them
maintainable systems. Thus, the life of a systemldcbe considered as a motion through
positive and negative functionability states thiodigne, which is physically, manifested by
occurrences of corresponding functionability eventdnlike accurate quantitative
information regarding the design-in performanceysdtems that is available on the delivery

® 1."Volcanic ash crisis cost airlines £2.2 billiohe Daily Telegraph. UK, 27 April 2010.
® Functionability, n. ability to function, Knezevid,, Reliability, Maintainability and Supportabjylit A
probabilistic Approach, Text and Software packame,291, McGraw Hill, London 1993. ISBN 0-07-7076®1
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day, the in-service performance is not. Insteadarselater the statistics fovarious
functionability measures become available. The aea®r this is the fact that they are
characterised by uncertainty, discontinuity, irmsvality, inseparability, and dependence of
time, location and humans, and as such non préuxdichy existing laws of science.

To rationally address questions of the accuratdigtiens of functionability performance of
maintainable systems, prior to entry into servicekDezevic has established the MIRCE
Akademy at Woodbury Park, Exeter, UK, in 1999. fiSteellows, Members and students of
the Akademy have endeavoured to subject in-sebebaviour of systems to the laws of
science and mathematics to:

Determine the trajectory of the motion of a systbrough functionability states
through time, which is uniquely defined by the smte of occurrences of positive
and negative events, together with the statistitseowork done by the systems and
on the systern

Understanding mechanisms that lead to the occwerehfunctionability events like
fatigue, operator errors, corrosion, creep, for@ject damage, a faulty weld,
carburettor icing, shelf life, perished rubberntome just a few, which are manifested
within physical scale from the atom to the Solast8gn (from 13° to 13° metre).
Define a mathematical scheme for predicting exjgkfttactionability performance of
systems for a given operational scenario, mainemanlicies and support strategy,
which is vital for the calculation of the work dohg the systems and on the system.

While in classical mechanics a force is said tavdok if, when acting on a body, there is a
displacement of the point of application in theedtron of the force, in Mirce-mechanics a
given system is said to do work, if there is a Bimn of measurable functions in the
direction of time.

In summary, the body of knowledge comprising obaxs, mathematical equations and
methods that enable engineering, predicting andagiag the functionability performance of
maintainable systems through time, based on tleatsic understanding of the mechanisms
that cause occurrences of observable positive agdtive functionability events through the
life of maintainable systems constitutes Mirce-neubs.[3]

3. Impact of Volcanic Ashes on Functionability
3.1 Infrastructure sectors

During ash fall events large demands are commdalyed on water resources for cleanup
and shortages can result. Shortages compromissekeiges such as fire fighting and can
lead to a lack of water for hygiene, sanitation dridking. Municipal authorities need to
monitor and manage this water demand carefully,raag need to advise the public to utilise
cleanup methods that do not use water (e.g., eclgamith brooms rather than hoses).

Wastewater networks may sustain damage similaatenvsupply networks. It is very
difficult to exclude ash from the sewerage syst8gstems with combined storm

" Boeing 747, registration number N747PA, been aint80,000 flying hours, transported 4,000,000
passengers, burned 271,000,000 gallons of fuekwhdeiving 806,000 maintenance man-hours and
consuming: 2,100 tyres, 350 brake systems, 12mesgamong other parts, during the 22 years séinice
life, at Pan Am airlines.
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water/sewer lines are most at risk. Ash will esewer lines where there is
inflow/infiltration by storm water through illegabnnections like from roof downpipes,
cross connections, around manhole covers or thrbalggs and cracks in sewer pipes.

Ash-laden sewage entering a treatment plant i$yltkecause failure of mechanical pre-
screening equipment such as step screens or g&aieens. Ash that penetrates further into
the system will settle and reduce the capacityi@bbical reactors as well as increasing the
volume of sludge and changing its composition.

3.1.1 Drinking water supplies

Following an eruption, one of biggest fear for hms& a chemical contamination of water
supplies. Generally speaking, the physical impaten ash fall tend to overwhelm
problems caused by the release of chemical contartsrirom fresh volcanic ash. However,
impacts vary according to the type of treatmentesys

Groundwater-fed systems are resilient to impacis fash fall, although airborne ash can
interferes with the operation of well-head pumpscEicity outages caused by ash fall can
also disrupt electrically powered pumps if theraasbackup generation.

For surface water sources such as lakes and résgme volume available for dilution of
ionic species leached from ash is generally lafge. most abundant components of ash
leachates are Ca, Na, Mg, K, ClI, F and, 8@ich occur naturally at significant
concentrations in most surface waters and thergi@@ot affected greatly by inputs from
volcanic ash fall, and are also of low concernrinking water, with the possible exception
of fluorine. The elements F, Mg and Al are commaartyiched over background levels by
volcanic ash fall. These elements may impart a liietaste to water, and may produce red,
brown or black staining of white ware, but are cmtsidered a health risk. Volcanic ash falls
are not known to have caused problems in waterlggojor toxic trace elements such as H
and Pb, which occur at very low levels in ash |eae$

The physical impacts of ash fall can affect therapen of water treatment plants. Ash can
block intake structures, cause severe abrasiongamgoump impellers and overload pump
motors. Many water treatment plants have an intt@gulation or flocculation step that is
automatically adjusted to turbidity, the level abpended solids, measured in nephelometric
turbidity units, in the incoming water. In most easchanges in turbidity caused by
suspended ash particles will be within the nornperating range of the plant and can be
managed satisfactorily by adjusting the additiocadgulant. Ash falls will be more likely to
cause problems for plants that are not designelidbrlevels of turbidity and which may
omit coagulation or flocculation treatment. Ash eser filtration systems such as open sand
filters both by direct fallout and via intake watel most cases, increased maintenance will
be required to manage the effects of an ash failtHere will not be interruptions of
functionability flow.

The final step of drinking water treatment is disotion to ensure that final drinking water is
free from infectious microorganisms. As suspendatigles can provide a growth substrate
for microorganisms and can protect them from desitibn treatment, it is extremely
important that the water treatment process achiawgsd level of removal of suspended
particles.

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2016 9
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Many small communities obtain their drinking wafterm diverse sources, like lakes,
streams, springs and groundwater wells. Levelseatinent vary widely, from rudimentary
systems with coarse screening or settling follolediisinfection, usually achieved by
chlorination, to more sophisticated systems usifiljration step. It is necessary to stress that
unless a high quality source is used, such asesgraundwater, disinfection alone is

unlikely to guarantee that drinking water is saf@f protozoa such as Giardia and
Cryptosporidium, which are relatively resistanstandard disinfectants and which require
additional removal steps such as filtration.

Volcanic ash fall is likely to have major effects these systems. Ash will clog intake
structures, cause abrasion damage to pumps arklfjmes, settling ponds and open filters.
High levels of turbidity are very likely to interiewith disinfection treatment and doses may
have to be adjusted to compensate. It is esséntmbnitor chlorine residuals in the
distribution system.

3.1.2 Rainwater-fed supplies

Many households, and some small communities, mrelsamwater for their drinking water
supplies. Roof-fed systems are highly vulnerableotatamination by ash fall, as they have a
large surface area relative to the storage tankmwel In these cases, leaching of chemical
contaminants from the ash fall can become a heaktand drinking of water is not
recommended. To deal with this situation priorncaah fall, downpipes should be
disconnected so that water in the tank is protected

A further problem is that the surface coating esfr volcanic ash can be acidic. Unlike most
surface waters, rainwater generally has a verydlkalinity, acid-neutralising capacity, and
thus ash fall may acidify tank waters. This maylleaproblems with plumbo-solvency,
whereby the water is more aggressive towards nadgdhat it comes into contact with. This
can be a particular problem if there are lead-heald or lead flashing used on the roof, and
for copper pipes and other metallic plumbing figgn

3.2 Aviation Industry

The principal damage sustained by aircraft flyintpia volcanic ash cloud is abrasion to
forward-facing surfaces, such as the windshieldlaading edges of the wings, and
accumulation of ash into surface openings, inclgaingines. Abrasion of windshields and
landing lights will reduce visibility forcing pilstto rely on their instruments. However, some
instruments, like pitot tubes, may provide incotmeadings as sensors can become blocked
with ash. Ingestion of ash into engines causessabralamage to compressor fan blades. The
ash erodes sharp blades in the compressor, reditgi@ifjciency. The ash melts in the
combustion chamber to form molten glass. The ash #lolidifies on turbine blades,

blocking air flow and causing the engine to stall.

The composition of most ash is such that its mgltemperature is within the operating

temperature above 1000°C of modern large jet esgiftée degree of impact depends upon
the concentration of ash in the plume, the len@itinte the aircraft spends within the plume
and the actions taken by the pilots. CriticallyJtmg of ash, particularly volcanic glass, can

4 Sammonds, P.; McGuire, B.; Edwards, S. Volcaazand from Iceland: analysis and implications ef th
Eyjafjallajokull eruption. UCL Institute for Riskna Disaster Reduction Report, UK, 2010.
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result in accumulation of re-solidified ash on tagbnozzle guide vanes, resulting in
compressor stall and complete loss of engine thiue standard procedure of the engine
control system when it detects a possible stadl increase power which would exacerbate
the problem. It is recommended that pilots reduggree power and quickly exit the cloud by
performing a descending 180° téiriolcanic gases, which are present within ashdspaan
also cause damage to engines and acrylic windshielithough this damage may not surface
for many years.

3.2.1 Recent Occurrence

There are many instances of damage to jet airasadt result of an ash encounter, some of
which are presented below:

e On 24 June 1982 a British Airways Boeing 747-23bBgft 9) flew through the ash
cloud from the eruption of Mount Galunggung, Indeiagesulting in the failure of all
four engines. The plane descended 24,000 feetq7y30n 16 minutes before the
engines restarted, allowing the aircraft to makemergency landing.

e On 15 December 1989 a KLM Boeing 747-400 (Flight)a@so lost power to all
four engines after flying into an ash cloud fromuvib Redoubt, Alaska. After
dropping 14,700 feet (4,500 m) in four minutes, éhgines were started just 1-2
minutes before impact. Total damage was US$80anilind it took 3 months' work
to return the plane into functionable state.

* Inthe 1991 a further US$100 million of damage wastained by commercial aircraft,
some in the air, others on the ground, as a comeseg of the eruption of Mount
Pinatubo in the Philippines.

* In April 2010 airspace all over Europe was affecteith many flights cancelled-
which was unprecedented-due to the presence oimalash in the upper
atmosphere from the eruption of the Icelandic vodckyjafjallajokull.

e On 15 April 2010 the Finnish Air Force halted tiagflights when damage was
found from volcanic dust ingestion by the enginesre of its Boeing F-18 Hornet
fighters.

e On 22 April 2010 UK RAF Typhoon training flights weealso temporarily suspended
after deposits of volcanic ash were found in & jetigines. In June 2011 there were
similar closures of airspace in Chile, ArgentinaaBl, Australia and New Zealand,
following the eruption of Puyehue-Cordon Caullejl€h

3.2.2 Detection

Volcanic ash clouds are very difficult to detedrnfr aircraft as no onboard cockpit
instruments exist to detect them. However, a nestesy called Airborne Volcanic Object
Infrared Detector, AVOID, has recently been devetbpy Nicarnica Aviation, a daughter
company of the Norwegian Institute for Air Reseamhich will allow pilots to detect ash
plumes up to 100 km ahead and fly safely arounchtheThe system uses two fast-sampling
infrared cameras, mounted on a forward-facing setfthat are tuned to detect volcanic ash.
This system can detect ash concentrations ofess1 mg/m up to 50 mg/m giving pilots
approximately 10 minutes warning.

° Miller, T.P.; Casadevall, T.J., . "Volcanic astzhals to aviation". In H., Sigurdsson; B.F., HoughtS.R.,
McNutt; H., Rymer; J., Stix. Encyclopedia of Volges. San Diego, USA: Elsevier Inc. p. 1417, 2000.
19*No more volcanic ash plane chaos?". Norwegiatitiris for Air Research. 4 December 2011
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In addition, ground and satellite based imageryaraand lidar can be used to detect ash
clouds. This information is passed between metegrchl agencies, volcanic observatories
and airline companies through Volcanic Ash Advis@Genters, VAAC. There is one VAAC
for each of the nine regions of the world and ezhissue advisories describing the current
and future extent of the ash cloud.

3.2.3 Airport systems

Volcanic ash not only affects in-flight operatidmst can affect ground-based airport
operations as well. Small accumulations of ashreduce visibility, create slippery runways
and taxiways, infiltrate communication and ele@lrigystems, interrupt ground services,
damage buildings and parked aircratft.

Ash accumulation of more than a few millimetresuiegs removal before airports can
resume full operations. Unlike snowfalls that dizegr, ash fall must be disposed of in a
manner that prevents it from being remobilised loydrand aircratft.

3.3 Other Transport

Ash may disrupt transportation systems over largasafor hours to days, including roads
and vehicles, railways and ports and shipping.

Falling ash will reduce the visibility which can keadriving difficult and dangerous. In
addition, fast travelling cars will stir up asheating billowing clouds which perpetuate
ongoing visibility hazards. Ash accumulations widicrease traction, especially when wet,
and cover road markings. Fine-grained ash carirgife openings in cars and abrade most
surfaces, especially between moving parts. Air@hfilters will become blocked requiring
frequent replacement.

Rail transport is less vulnerable, with disruptiomsinly caused by reduction in visibility.

Marine transport can also be impacted by volcasic Ash fall will block air and oil filters
and abrade any moving parts if ingested into ersgiNavigation will be impacted by a
reduction in visibility during ash fall. Vesiculatash, pumice and scoria, will float on the
water surface in ‘pumice rafts’ which can clog watgakes quickly, leading to over heating
of machinery.

3.4 Communication Systems

Telecommunication and broadcast networks can leeteff by volcanic ash in the following
ways: attenuation and reduction of signal streng@mage to equipment and overloading of
network through user demand.

Signal attenuation due to volcanic ash is not vlelumented. However, there have been
reports of disrupted communications following tf62 Surtsey eruption and 1991 Mount
Pinatubo eruption. Research by the New Zealanddbasekland Engineering Lifelines
Group determined theoretically that impacts onciemunications signals from ash would
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be limited to low frequency services such as segelbmmunicatiott. Signal interference
may also be caused by lightning, as this is frequ@enerated within volcanic eruption
plumes?.

Telecommunication equipment may become damagetbdiieect ash fall. Most modern
equipment requires constant cooling from air caadihg units. These are susceptible to
blockage by ash which reduces their cooling efficie Heavy ash falls may cause
telecommunication lines, masts, cables, aeriatenmae dishes and towers to collapse due to
ash loading. Moist ash may also cause acceleratedsion of metal components

Reports from recent eruptions suggest that thestrdjsruption to communication networks
is overloading due to high user demand, which mroon phenomenon in many natural
disasters.

3.5 Electricity Supply Systems

Volcanic ash can cause disruption to electric paugply systems at all levels of power
generation, transformation, transmission and tistion.

There are four main impacts arising from ash-comation of apparatus used in the power
delivery process:

« Wet deposits of ash on high voltage insulatorsicriate a leakage of a small
amount of current flow across the insulator surfihe, if sufficient current is
achieved, can cause the unintended electrical @igeharound or over the surface of
an insulating material.

» If the resulting short-circuits current is high egb to trip the circuit breaker then
disruption of service will occur. Ash-induced flaster across transformer insulation
can burn, etch or crack the insulation irreparaiigt will likely result in the
disruption of power supply

* Volcanic ash can erode, pit and scour metallic eggpa, particularly moving parts
such as water and wind turbines and cooling fansamsformers or thermal power
plants.

* The high bulk density of some ash deposits canechus breakage and damage to
steel towers and wooden poles due to ash loadimg.i§ most hazardous when the
ash and/or the lines and structures are wet amd Has been over 10 mm of ash fall.
Fine-grained ash (less than 0.5 mm in diameter@@dhto lines and structures most
readily. Volcanic ash may also load overhangingetatipon, causing it to fall onto
lines. Snow and ice accumulation on lines and auayng vegetation further
increases the risk of breakage and or collaps@es$ nd other hardware.

3.6 Computers

1 Wwilson, T.M., Vulnerability of Pastoral Farming 8gms to Volcanic Ash fall Hazard, 2009.
12 McNutt, S.R.; Williams, E.R. (2010). "Volcanic higning: global observations and constraints onc@ur
mechanisms". Bulletin of Volcanology. Bibcode:20108...72.1153M. doi:10.1007/s00445-010-0393-4.
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Computers may be impacted by volcanic ash, withr tbactionality and usability

decreasing during ash fall, but it is unlikely theyl completely fail. The most vulnerable
components are the mechanical components, suaobsgfans, CD drives, keyboard, mice
and touch pads. These components can become jamithefthe grained ash causing them
to cease working; however, most can be restoregbtking order by cleaning with
compressed air.

Moist ash may cause electrical short circuits witthesktop computers; however, will not
affect laptop computet’

3.7 Buildings and Structures

Damage to buildings and structures can range frmmptete or partial roof collapse to less
catastrophic damage of exterior and internal malteri

Impacts depend on the thickness of ash, wheth&miet or dry, the roof and building design
and how much ash gets inside a building. The sipegdight of ash can vary significantly
and rain can increase this by 50-100%. Problenecaged with ash loading are similar to
that of snow. However, ash is more severe as:

1) the load from ash is generally much greater
2) ash does not melt
3) ash can clog and damage gutters, especially aftefall.

Impacts for ash loading depend on building desigh@nstruction, including roof slope,
construction materials, roof span and support syséend age and maintenance of the
building.

Generally flat roofs are more susceptible to dansagkcollapse than steeply pitched roofs.
Roofs made of smooth materials, like sheet metglams are more likely to shed ash than
roofs made with rough materials like thatch, aspbawood shingles.

Roof collapse can lead to widespread injuries aatits and property damage. For example,
the collapse of roofs from ash during the 15 JW@&lIMount Pinatubo eruption killed about
300 people.

3.8 Environment and agriculture

Volcanic ash can have a detrimental impact on tivr@ment which can be difficult to
predict due to the large variety of environmentalditions that exist within the ash fall zone.
Natural waterways can be impacted in the same waylesmn water supply networks. Ash
will increase water turbidity which can reduce #msount of light reaching lower depths,
which can inhibit growth of submerged aquatic pdeaanid consequently affect species which
are dependent on them such as fish and shellfigi tdrbidity can also affect the ability of
fish gills to absorb dissolved oxygen. Acidificatiwill also occur, which will reduce the pH
of the water and impact the fauna and flora livimghe environment. Fluoride contamination
will occur if the ash contains high concentratiof$luoride.

13 Wilson, G.; Wilson, T.M.; Cole, J.W.; Oze, C. (Z)1"Vulnerability of laptop computers to volcamish and
gas". Natural Hazards. doi:10.1007/s11069-012-0L76-
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Ash accumulation will also affect pasture, plantd &rees which are part of the horticulture
and agriculture industries. Thin ash falls (<20 nma)y put livestock off eating, and can
inhibit transpiration and photosynthesis and atemth. There may be an increase in pasture
production due to a mulching effect and slightifierihg effect, such as occurred following
the 1980 Mount St. Helens and 1995/96 Mt Ruapetuptiens. Heavier falls will completely
bury pastures and soil leading to death of pastndesterilization of the soil due to oxygen
deprivation. Plant survival is dependent on astktiess, ash chemistry, compaction of ash,
amount of rainfall, duration of burial and the lémgf plant stalks at the time of ash fall. The
acidic nature of ash will lead to elevated soifiaulevels and lowered soil pH, which can
reduce the availability of essential minerals alber @ahe soil’s characteristics so that crops
and plants will not survive. Ash will also impagian arable crops, such as fruit, vegetables
and grain. Ash can burn plant and crop tissue lieduguality, contaminate crops during
harvest and damage plants from ash loading.

Young forests, trees less than 2 years old, aré¢ atosk from ash falls and are likely to be
destroyed by ash deposits beyond 100 mm. Ashsfalhlikely to kill mature trees, but ash
loading may break large branches during heavy @) With deposits above 500 mm.
Defoliation of trees may also occur, especiallthére is a coarse ash component within the
ash fall.

Land rehabilitation after ash fall may be possd#pending on the ash deposit thickness.
Rehabilitation treatment may include: direct segdihdeposit; mixing of deposit with

buried soil; scraping of ash deposit from land acef and application of new topsoil over the
ash deposit.

4 Conclusions

Mirce-mechanics is a scientific theory of the motaf in-service systems through Mirce
Spacetime that enables prediction of the work donéhem to be made by using Mirce
Equations. Practical applications of Mirce-mechanere possible only, when the
physical mechanisms that generate the motion daésysthrough positive and negative
states of Mirce Spacetime are understood. The mesrhaof motion addressed in this
paper is the impact that volcanic ashes made onraiectory of maintainable systems
through Mirce Spacetime.

Volcanic ash fall is physically, socially and ecamoally disruptive. It can affect both
proximal areas and areas many hundreds of kilomdt@nm the source, and causes
disruptions and losses in a wide variety of diffé¢rafrastructure sectors. Impacts are
dependent on: ash fall thickness; the duratiomefash fall; the grain size and chemistry
of the ash; whether the ash is wet or dry; and prgparedness, management and
prevention measures employed to reduce effects tihenash fall.

It is important to stress volcanic ashes causartbgon of many systems into negative
functionability state as well as it requires actido cause the move of a system into
positive functionability state.

Specific emphasis is this paper is given to thelysisa how different sectors of

infrastructure and society are affected in différeays and are vulnerable to a range of
impacts or consequences.
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Maintainability Design Principles for Aircraft
Maintenance Error Avoidance

Clive Nicholas
Mirce Engineering, Woodbury Park, Woodbury, Ex&Xi5 1JJ, UK

Abstract

There has long been a philosophy in aircraft desltat errors by maintainers are not
the concern of the designer — maintainers shouldréeed not to make errors. That
philosophy is rapidly changing. There is an inciegsawareness by regulators,
designer/manufacturers, operators and other orgatmss in the aircraft industry of
the impact that the design characteristics of aftrcan have on safe and effective
maintenance performance and, in particular, on #widance of maintenance error
and the mitigation of its consequences.

Designers of aircraft, systems and components danflaence all of the many factors
that might influence maintenance performance andnteaance error. However,

designers have an important role to play becaussigde characteristics have a
significant impact on the form, frequency and disratof the maintenance task and
have important implications for the possible ocemte of maintenance error.

From a design perspective, there are a number ehpiementary and integrated

strategies that can be adopted to effectively askitbe relationship between design
characteristics and maintenance error including) o specify design requirements for
aircraft, system and component design that directjdress the possibility of

maintenance error, ii) to integrate into design geal principles that can be applied by
the aircraft, system or component designer to &ssishem in designing to prevent
maintenance error or, if this is not practicable,reduce its negative effects, and iii) to
analyse design solutions for maintenance error tigio formal evaluation processes
such as human hazard or human error analyses.

This paper examines the second of these stratdgidentifies and discusses the
rationale of general design principles that candalpted by designers as part of an
overall design effort for maintenance performance.
It is based on the author’s experience in develgpiesign principles for maintenance
performance and in developing and delivering preadtiraining for designers of
commercial aircraft.

Key Words:

Maintainability, Maintenance Performance, Maintenance Error, Human Error, Design

Principles

1. Maintenance Error
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The aircraft maintenance process consists of a dibiasks designed to maintain the safe and
effective operation of the aircraft in service. Mainance tasks typically include removal,
installation, servicing, rigging, inspection, cl@anand other maintenance activities.

The execution of any maintenance task involvegptssibility of error. Error in aircraft
maintenance is the consequence of a complex ini@naaf many factors including system
and maintenance task design, maintenance persandelther resources, maintenance
organisation, and the physical environment in whiedhmaintenance occurs.

Maintenance error can be formally defined as thatantional act of performing a
maintenance task incorrectly that can potentiadlgrdde the performance of the aircraft. For
example, if a maintainer working in limited condits of visual access fails to connect a
component correctly the resulting maintenance emaid be an incorrect installation

leading to potential failure of the component.

Human behaviour is variable and is determined bgresiderable range of factors that can
vary significantly in different conditions and eriments. Common factors can produce
different responses and effects. Individual behargalo not display uniformity and the
designer would find it difficult to generate a agsisolution that would be applicable to the
individual behaviours of maintainers. However, whiesigning an aircraft system or
component the designer can address common pattelefiaviour manifest in reasonably
foreseeable maintenance errors.

Empirical evidence indicates that there are commamtenance errors that tend to reoccur.
Frequently occurring maintenance errors include —

Wrong part installed
Fault not found by inspection
Incomplete installation
Cross connection

Fault not detected
Wrong orientation
Access not closed
Wrong fluid

Servicing not performed
Fault not found by test
System not deactivated
Material left in aircraft

Most errors in aircraft maintenance are the regulinintentional or inappropriate actions
that lead to maintenance error in a particulangetrcumstances. There are also intentional
actions on the part of the maintainer when, forseoeason, it is either considered to be the
correct action or a better way of performing a rtenance task. It should be recognised that
maintenance error does not necessarily resultgnadation of the aircraft.

An error can be recovered or corrected, beforesitilts in consequential degradation. The
consequence of maintenance error may be relatingignificant or largely economic and
recoverable. However, maintenance error can paignkead to catastrophic consequences
with loss of both aircraft and of life.
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2. Design Impact

The correct completion of an aircraft maintenarask depends upon the interaction and
interrelationships of the design characteristicthefaircraft and its operation in a particular
environment. Design characteristics of the airdraftude technical systems and components.
They also include the consequent design of maintantasks, procedures, manuals, tools,
equipment and initial training of maintainers. Qgiam will include the characteristics of
maintenance personnel, the maintenance organisatidithe physical environment within
which they work.

The potential for maintenance error arises whegarihintainer and the aircraft interact
through the maintenance task. The purpose of theaétiis to provide a set of functions that
enable its operation to deliver a safe flight tteparts and arrives on schedule. The aircraft's
ability to deliver safe and effective flights isstained through maintenance to ensure that it
functions as and when required.

The operation, maintenance and support of an #irmr@ made up of related processes,
which consist of tasks carried out by humans uplmgsical resources.

A maintenance task can be described in the follgu&nms —

= A maintenance task is any specified set of maimeaactions that is performed to
maintain the required function of an aircraft comgmot or system.

s The set of maintenance actions is related by thek requirement and their sequential
occurrence in time.

m The execution of maintenance tasks involves hunaiares that comprise of some
combination of cognitive (“thinking”) and physicattion (“doing”).

m Each task requires an expected level of maintenpedermance to be complete each
action and the task as a whole.

The successful completion of a maintenance taspeasified therefore involves —

s The human — performance and limitations (e.g. misiearing, physique, perception,
memory, fatigue, etc.).

s System and process design — the demands placashwamiperformance that are the
result of design (e.g. operation, maintenance apgat task and resource demands).

s System and process operation — the demands pladedgnean performance that are a
result of operation (e.g. organisation, procedwsts).

s Physical environment — the demands placed on hysaedarmance that are a result of

the physical environment in which the task is perfed (e.g. climate, temperature, noise,
illumination, etc.).
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Aircraft designers are not in a position to controtirectly influence all these factors.
Nevertheless, the design of aircraft systems antpooents can have a significant impact on
maintenance performance. System and componentndesagacteristics can promote correct
performance of the maintenance task. Importantgjgh characteristics can potentially
reduce the likelihood and consequences of maintenamors and hazards to the maintainer
safeguarding both the aircraft and the maintainer.

As previously stated, the maintainer and the diranéeract through the maintenance task. It

is through the maintenance task that the aircfédte the performance of the maintainer and
the maintainer affects the performance of the aftcihe design of the system or component
will influence the type, frequency and duratiomudintenance tasks carried out in operation.

Key questions for the designer to consider are —

what types maintenance tasks does the design ¢ger@d what actions do they involve?
how often is the maintenance task needed and twogwill it take?
what demands does the design place upon the ciéieslnff the maintainer to complete
maintenance task?

= can the demands of the task exceed the possiktations of the maintainer?

The complexity of design configuration, physicainip weight, location, access, method of
installation, visual information and similar factqulay an important part in determining the
demands placed upon the level of maintenance peaioce required to successfully
complete a maintenance task. Different designshale different effects on maintenance
performance. For example, the use of fewer partsinilience how easy it is to do the task
— improving maintenance performance and reduciadiklelihood of maintenance error.

Aircraft maintenance often involves complex proesshat place considerable demands
upon the maintainer to perform at the level requlvg the maintenance task. Maintenance
often occurs in environments that also often ptamesiderable demands upon the maintainer.

It is important to recognise the human capabilitied limitations of the maintainer and the
capabilities and limitations that are inherentmy aircraft design. It involves the design of
aircraft so that the relationship between the aftaesign and the maintainer effected
through the maintenance task will result in optimaintenance performance that minimises
demands on maintainers that could lead to maint=narror.

The design of aircraft systems and componentsladgerational environment in which
that design functions will influence the behaviofithe maintainer — for example, how easy
it is to complete the task. Design characteristars generate tasks that are within the
capabilities and limitations of the maintainer thave a potentially positive effect on
maintenance performance. Equally, design charatiteyican challenge the capabilities and
limitations of the maintainer and have a potentiakgative effect on maintenance
performance. Amongst other consequences, suchcesaged maintenance efficiency, this
could lead to error or personal injury during mairgnce.

Design can therefore affect the vulnerability ofaantraft to maintenance error and the
consequences of that error. By actively integratjageral principles that address
maintenance error into the design process, it$sipée to create design characteristics that
can possibly prevent or reduce maintenance errgr gealed units or colour coding), or,
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eliminate or mitigate the consequences of maintemanror (e.g. isolation or partial
operation).

3. General Design Principles

In developing design strategies and principles ¢nable the practical realization of these
strategies through physical design characteristicsjmportant to recognize that error is an
integral and important part of fundamental humamaveur — it is part of the normal
cognitive and learning processes of the human eaderror in itself is not inherently
problematic. It is only problematic when its consexgces bring about unwanted or negative
consequences. Design strategies should theretera@tto avoid errors or to contain the
consequences before they become negative. Ermaiimtenance is a normal part of
maintenance operations that can be addressed dberdgsign process.

Design strategies may revolve around two basicagmbres. The first is avoidance of error.
Here the error may be completely avoided by pragenExamples of this type of strategy
include designing out operation significant maimstece tasks, the design of components that
are physically impossible to assemble or instaibmectly and the use of staggered part
positions that require a specific configuratiorsealed units that do not require intervention.

It is also possible to reduce the frequency of aerce of error. Examples of error
frequency reduction include the use of different pambers, colour coding, shaped switch
tops, locking switches, standard display formatmdard direction of operation, convenient
access panels, reduction of servicing frequenoteption against accidental damage, or
lubrication points that do not require disassembly.

The second is tolerance of error. Here mechanierdstect error, to reduce the impact of
error, and to recover error may be employed. Meishasto detect error may include built-in
tests, functional tests, illuminated test pointsctionally grouped tests or warning lights.
Detection error can also include initial trainingtlee maintainer for system state recognition.
Reduction of the impact of error can be achievedugh strategies such as isolation of the
consequences of error, the ability for partial atien or the use of redundancy in systems or
components. Recovery of error may be achieved gtrself-correction, the development of
recovery procedures or specific training for eraarovery.

Specific design objectives can be summarised &sifsl-

m Design that absolutely eliminates any possibilityo identified maintenance error
or eliminates its consequences.

s Design that reduces the size of an identified nea@nce error or reduces the extent
of its consequences.

m Design that reduces how often an identified maitee error, or how often its
consequences, are likely to occur.

s Design that ensures that the maintenance errés oonsequences is evident under
all maintenance conditions, easy and rapid to tleded is detected before flight.
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m Design that ensures that following a maintenanoe éne means to return a system
to its correct state are evident, easy, and timely.

In practice, the strategies of avoidance and totsrare complementary and it may be felt
necessary to design using a combination. An eoterant design may be combined with
error avoidance mechanisms to produce a robugjrilebotal avoidance of error may be
considered to be an ideal given the nature anaidity of human performance — error
tolerance will capture and contain errors thatdaibidance mechanisms.

The general design principles discussed below geopractical means by which these
strategies can be realised.

3.1 Appreciate the maintainer’s perspective of thaircraft

Designers design systems or components to dehearrequired functionality. Maintainers
are responsible for maintaining that functionatitser the life of the aircraft whilst ensuring
safety standards and operational requirements are m

As a consequence, maintainers have a very speeifgpective of an aircraft that will focus
on the efficiency and safety of maintenance. Mamatis look for maintainer friendly

aircraft’ whose design characteristics enable them to gelgeod maintenance performance
that deliver the aircraft back into service whequieed by the operator and that will
complete the flight in safety.

From the maintainer’s perspective therefore quastguch as those below are of critical
importance in achieving the necessary standardsagitenance performance to achieve
these objectives. Hence,

How long will the task take?ls the task complic&edw often is the task required?
Do | need special training?

Do | need special tools or equipment?Could | makeraor?

How will I know if things go wrong?Where is thentdocated on the aircraft?

Is there enough space to work in?Can | see the?item

Can | reach the item?Where will | carry out the mbemnance?

It is particularly important that the design ofystem or component does not infringe normal
maintenance practices and the reasonable expedatiaghe maintainer based on training
and experience. Maintainers might reasonably eéxf@cexample, that on a dial values will
increase clockwise.

3.2 Understand and design for the aircraft maintenace environment

To fully appreciate the impact of design on maiatere performance it is important to
understand the environment in which aircraft maiaes work. Aircraft maintenance
generally takes place under conditions that arepbtexrand very demanding.

Line maintenance, for example, is generally perfrautside the hanger working on the
airport ramp or apron area in all types of weatrat climate, often at night with limited
visibility. The environment is extremely busy walrcraft loading and servicing vehicles
moving around. There is considerable noise anether fumes from aircraft engines and
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APUs (auxiliary power units) running. Above all thes constant pressure to complete
maintenance activities as quickly as possible o tie aircraft around on time for departure.
Operators are in the business of transporting pgsss. Aircraft on the ground cost money
and loose revenue for the operator.

Similarly, base maintenance that is generally edrdut in the hanger involves an
environment where there is a considerable amouattfity and pressure to get the job done.
Having to meet exacting work schedules while stiéerving standard procedures and safety
standards can be stressful. The hangar is genealy from the use of power tools and
there are many fluids and substances (hydraulidd]icleaning compounds, fuel, paints,

etc.) that are potentially dangerous. Maintenaaadten carried out at night when the

aircraft are not in use. This means the work reguiegular shift working. Requirements for
overtime working and call-outs are common. Maintex@atasks can be physically

demanding involving lifting, working in uncomfortigpositions or working at height on
scaffolds or cherry pickers (lifts).

The aircraft maintenance environment places coradie demands upon the maintainer and
upon maintenance performance. The physical envieonimas an impact on maintenance
performance through —

= lighting

s climate (dry or humid climates)

m temperature (hot or cold temperatures)
= weather (rain, wind, ice, snow, etc.)

m fumes and toxic substances

= noise

= motion

= Vibration

Clearly designers cannot directly influence the yni@ctors present in the working
environment that will affect maintenance performardowever, they can have an impact on
maintenance performance by taking them into conaiaben during the design process and
reflecting this in design solutions. For examplbéevwe maintenance tasks are carried out in
extremely low temperatures it is important to cdesiwhether a maintenance task generated
by a particular design could be carried out whilstring gloves or other protective clothing.
On aircraft lighting can be used where there aytat limitations for critical tasks such as
inspection.

Design solutions that consider the physical envirent in which maintenance is conducted
can reduce the potentially negative impact the&iit have on maintenance performance.

3.3 Protect the aircraft and protect the maintainer

Design solutions can actively influence both theaat that the maintainer has on the aircraft
(e.g. through maintenance error or routine violatd procedures) and the impact that the

aircraft has on the maintainer (e.g. through thetheand safety effects of aircraft design).

Examples of design features that are tolerantdatinsequences of maintenance error or
resistant to the effects of maintenance activity eraintenance environment include —
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Designing out safety critical maintenance tasks

Items physically impossible to assemble or ingtedbrrectly

Staggered part positions

Partial operation or redundancyShaped switch tigplay formats, direction of
operation, etc.

s Warning lights and illuminated test points

Examples of design considerations to protect maartee personnel from risks, hazards,
incidents, injuries or ilinesses include —

electrical isolation and protection from high volés
adequate circuit breakers and fuses

rounded corners and edges

warning labels

hot areas shielded and labelled

hazardous substances and radiation not emitted

Protecting the maintainer is important not onlynfira health and safety perspective —
demands placed on the maintainer that can be paitgmbjurious can also lead to the
occurrence of maintenance error. Design can pladaeaiphysical stresses on the maintainer.
The maintainer may be required to wear cumbersawtegiive equipment to work in
particular areas of the aircraft such as fuel tamke fatigue that can result could generate
error. Other stressing design characteristicstarset that, for example, involve inadequate
lighting, vibration or noise, undue strength regments for maintenance activities, unusual
positions in which to carry out maintenance, oxproty of hot surfaces. A maintainer who
must work close to heat generating componentshimnaid environment may rapidly loose
body fluid, through perspiration as a result ofr@asing body temperature, which will
seriously affect the ability to function correctlif. working close to a hot component, the
maintainer must continuously avoid being burnedsthindertaking the maintenance task.
The presence of such psychological and physicadstrs can potentially lead to error.

Example — The Boeing 777 Refuelling Panel

Boeing didn’t think of the fact that existing feéhnds only reached a certain height to fuel
under the wings of the airplane. The 747 was alsutigh as the fuel stands could go to
reach that fuelling panel, and the panel designedhe 777 was thirty-one inches higher

than the 747.

Refuellers got very upset. “Have you ever fuelladiirplane in a high wind at O’'Hare?”
they said — “it’s really uncomfortable.”

To go any higher without additional stability woudd a safety issue. Unless the operators
hired personnel who are eight feet tall it wouldwidrk. Boeing agreed to move the panel
down the wing, closer to the fuselage, and, bectheswing is slanted up, by moving it
inboard it also came closer to the ground - witkir inches of reaching the panel. Safety
specialists allowed a stool to be put on the tofheffuelling platform to reach the panel.
Adapted from Sabbagh K. (1996) 21st Century Jdte-Making of the Boeing 777, Pan
Books, pp. 73-74.
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3.4 Avoid complexity of maintenance tasks

The design of a system or component will impactrupeth the cognitive (thinking) and
physical (doing) demands of the maintenance taskaflexity in design can generate
complex maintenance tasks that are difficult toarsthnd and difficult to do.

However, the avoidance of complexity in design neeticompromise or constrain the
technical design solution. The design principledaacerned with the effect that the design on
the maintenance task — an advanced design sollmes not necessarily generate complexity
in maintenance.

Example — Airbus A320 Flap Rotary Actuator

There are four rotary actuators on each wing of 4820. The function of these actuators is
to translate the rotary motion of the flap driveafiinto movement of the flaps. Following
flap lock events, it was reported in several cdbasthe flap rotary actuators had recently
been removed for re-greasing.

Investigation revealed that during accomplishmédmnemoval or installation slight mis-
rigging in the flap transmission had been inducHais was found as a contributing actor
factor in the reported flap locks.

Existing flap rotary actuators filled with greaseeded removal for re-greasing
approximately every 5 years. A new type of actuiatinoduced is filled with semi fluid and
is serviceable on the wing.

The design solution simplified the maintenance kgs&liminating the need for
removal/installation of the actuators and therebynoving the opportunity for miss-rigging.

Adapted from Airbus FAST Technical Magazine A32iapMay 2005.

3.5 Enable adequate maintenance access

Accessibility means having adequate visual andiplalaccess to perform maintenance
safely and effectively. Adequate physical and Viswaess is needed not only for repair,
replacement, servicing, and lubrication but alsaroubleshooting, checking and inspection.

Examples of physical access considerations include
adequate access to frequent maintenance areas
openings of adequate size
avoidance of the need to remove or large numbersroponents, fittings, etc. to reach a
component
replacement of components with the least amouhanodlling
workspace for manipulative tasks, body and toolstipms and movements
Examples of visual access considerations include —
m avoidance of unnecessary obstructions to the maerta line of sight
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= lighting level and direction

Some components by their function or requiremeat®Hho be located in poorly accessible
areas — a design solution in such cases mightebedh of integrated access platforms or
other aids to access.

Example — B-1B Engine Visual Access

Each engine on the B-1B bomber has an accessorg daarbox (ADG). A hinged access
door with four thumb latches is provided on eacimpartment panel for servicing. The
access door permits checking of the ADG oil with@wting to remove the compartment
panel. However, the oil level sight gauge requlnes-of-sight reading. The way it is
installed, the gauge cannot be read through theess@oor, even with an inspection mirror.
The entire compartment panel, secured with 63 m&ste must be removed just to see if oil
servicing is needed.Adapted from Worm CM. (199¢)Réal World — A Maintainer’s View,
Proceedings IEEE Reliability and Maintainabilityr8gosium, IEEE.

3.6 Positively standardise and positively differeriate

Aircraft maintenance tasks are largely repetitind atandardised. Maintainers rely on
pattern recognitions that are determined by thaining and experience to identify system
and component type properties and the form of tamtanance tasks that are required.

Commonality in design enables such pattern recmgnénd enhances maintenance
performance. If, for example, a part has commopnalifunction and properties (and, of
course, fully meets all requirements of the desjgecification) then it makes sense from the
maintenance perspective to use common parts.

Similar systems or components with variations infiguration can reduce the effectiveness
of maintenance and can be a cause of maintenarure Re-enforcement of pattern
recognition can also be applied to commonality aintenance activities.

If a part does not have commonality with the fumatand properties of other parts then it
makes sense from the maintenance perspective te thaldifferences obvious. This will
provide a clear and unambiguous signal to the ramet that there are differences in
maintenance actions.

Example — Boeing 777 Door Hinges

Early in the design process it was realized thatéhwere three separate hinges that are
complex parts. In addition, if the hinge came itite door at a different place on each door
all the mating, parts would be different. It wasagnized early on that the key to make all
the parts common was to make the hinge commonithstanding the fact that the shape of
the body was different.

As a result, not only is the hinge common but alsthe mechanism is common. Indeed, 98

per cent of all the mechanism of the door is commAatapted from Sabbagh K. (1996) 21st
Century Jet — The Making of the Boeing 777, ParkBpp. 89.
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3.7 Build error detection into the maintenance proess

Design solutions can assist in the detection ohteaance error before aircraft dispatch.
Design can determine how maintenance error is thetend by whom. Ideally, maintenance
error should be detected before the aircraft isiadrback to service after maintenance has
been completed. In practice, however, the fligbtrxcoften detects error either before take
off or, worse, in flight.

Mechanisms to detect error may include built-ingefinctional tests, illuminated test points,
functionally grouped tests or warning lights butiaidy they can be very simple such as the
use of physical indicators.

Ambiguous, difficult, complex or lengthy means &te&tt a maintenance error can affect the
likelihood of detection being successful. Detectio@ans should ensure that the maintenance
error is evident under all maintenance conditi@asy and quick to detect, and detected
before flight.

Example — JSF Landing Gear Sensors
The Joint Strike Fighter team has broken new grdmnthe use of landing gear
sensors purely on the basis of improving mainteagesformance.

Landing gear present many maintenance problemse-particular problem is the
measurement the amount of hydraulic fluid by olzgteya. This maintenance task has
lead to damaged landing gear due to overfilling.

The JSF programme, on the recommendation of itgrnmstics team, has agreed to
embed sensors in the landing gear in order to refiee exact level of hydraulic fluid,
and in doing so has avoided maintenance error awd cost.

Adapted from A Prognosis Sensor Victory on thetJinke Fighter (JSF), DSI
International, November 2004

4. Conclusion

There is a growing awareness of the vital role tiestign has to play in influencing
maintenance performance and, more specificallyattoédance or mitigation of maintenance
error and its negative effects on safe and effeatiaintenance activity.

The maintainer interacts with aircraft systems emahponents through maintenance tasks
that are generated by design characteristics. Degijdetermine the characteristics of the
maintenance task and influence the possibilityaafuorence of error — it will also determine
the possibility for error avoidance and tolerandee purpose of this paper has been to put
forward general design principles that can be prakty adopted and implemented by
designers to develop practicable solutions thatesddreasonably foreseeable maintenance
errors.

The design principles have been developed frormsite investigation of maintenance error,
its causes and consequences to specifically engetina designer to consider the impact of
physical design on the behaviour of the maintaifbe approach is not intended to prescribe
design practice, to teach designers how to desigio, advocate further constraints to the
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design process but rather to add a vitally impdrtimension to existing knowledge and
skills that will enhance maintenance performanatanation safety.
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Durability Driven Logistics Demand Analysis

J. Knezevic
Centre for MIRCE, University of Exeter, U.K.

Abstract

Accurate selection of the quantity of logistic soppesources has a
strong influence on mission success, system avigtjadind the cost of
ownership. At the same time the accurate prediatifithese resources
depends on the accurate prediction of the durabitieasures of the items
involved. This paper presents the method for theaced and accurate
calculation of the durability measures of complpace systems which are
the basis for the determination of the demandsofgistics resources
needed during the operational life or mission di@osystems. The
applicability of the method presented is demonettdhrough several
illustrative examples.

1. Introduction

Practice shows that, in a majority of cases, tlogtage of logistic support resources causes a
much higher delay in performing a maintenance thsh the delays caused by any other
reason [2]. Consequently, the users select, coatimanage resources, the quantity of
which has a strong influence on system availabdlitg the cost of ownership. An over-
estimated quantity of results in a higher suppost avith a great deal of capital tied up,
whereas an under-estimated quantity results idacten of availability/profit. Therefore,

the accurate prediction of the quantity and convéidgistic support resources required is
imperative for cost effective support of the operaand maintenance process. At the same
time the accurate prediction of these resourcesraipon the accurate prediction of the
durability measures of the items involved.

One of the most frequently used durability measarengineering practice, is the hazard
function, z(t), defined as:

2(t) = P(TTE= t+a f| TTF> ):% (1)

where: f(t) is a probability density function oftihandom variable which represents time to
failure, TTF, and D(t) is a corresponding durabifitnction which quantitatively expresses
the probability that the failure will not occur tptime t, P(TTF>t). Generally speaking, the
hazard function could be an increasing, decreasirgnstant function of time, which
depends on the real process of the change in trsqgalh condition of the item analysed. In
the case that the time to failure is modelled leyagkponential distribution, the above
function becomes:

Z(t):——?—/‘ (2)
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The above expression has a constant value, asi@tiibwn as a failure rate. It is necessary to
stress that EqQ. 2 is applicable only in the cadesrgvthe time to failure can be modelled by
the exponential probability distribution, whichapplicable to a time independent processes.

Analyses of models which deal with the determoratf the quantity of the logistic support
resources needed [1],[4],[7],[8], shows that althedm are based on the failure rate.
However, this assumption is not always correctabee there are many items whose failures
are influenced by the time dependent processescbkrosion, thermal deformation, fatigue,
bedding-in, and similar. In these cases the faillate, which reflects a time independent
process has to be replaced with a hazard funatibith represents a time dependent process.
Therefore, the application of models based on timstant failure rate to the determination of
number of spares needed and other resources riws idnose hazard function is decreasing

or increasing during operational life, could geterasults far from optimal [5].

Thus, the main aim of this paper is to demonsttaepproach to the durability modelling
of the complex systems, which would provide corresults relative to the prediction of the
demands for the logistic support resources.

2. Present Practice

In order to set up the scenario for this papentrg simple example related to the evaluation
of the mean time to failure of the complex syst&fii,TFs, will be used.

Thus, let as look at a system, which consists réfetitems, say A, B, and C, connected in
series from the point of view of durability. Theskas to calculate the MTTFs of the system,
if the MTTFA=MTTFg=MTTFc=1000 hours.

This very simple problem could be easily solvedapplying the following technique which
is commonly used by many durability practitionefus, the failure rate of each module is
Aa=Ag =Ac =1/1000=0.001, and as the items are connecteglimssthe sum of their failure
rates will give the failure rate of the system. $htle failure rate of the systemig=0.003 ,
which means that the mean time to failure of tretesy will be MTTFs=333.3 hours.

Many durability engineers would finish the analyaighis point and use the obtained value
for the MTTFs of the system in all further calcudat related to the provision of the logistic
support resources.

Regarding this paper the above example is onlgtdwing point. First of all, it is necessary

to stress that the result obtained is valid onlgarrthe assumption of the constant failure rate.
In cases where the items considered demonstraasing or decreasing failure rates during
operational life this approach would provide aromect solution.

In order to illustrate the point made above, letiss the same example, but this time we shall
fully defined the problem, which practically meahat the process of the change in the
condition of the items considered will be definetstead of assuming the constant failure
rate we shall specify the probability distributiarfshe time to failures of the corresponding
items, as shown in the table below:
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Table 1. Durability data for the items considered.

Item | Distribution | Parameters of TTF MTTF z(t)
A Exponential | A=0.001 / 1000 Constant
B Normal u=1000 | 0=375 | 1000 Increasing
C Weibull n=790 | B=0.7 | 1000 | Decreasing

Now, we have fully specified the problem, but wendd have the fully defined algorithm for
its solution, because the "“classical" durabihigory and available national and international
standards do not address this problem in spiteeofdct that it exists in every day
engineering practice.

Hence, this paper will present the algorithm fdwsm this and any other problem of
forecasting and calculating the durability measwfesomplex engineering systems using the
““bottom up" approach.

3. Durability measures of a Single Engineering lte

In every day practice the occurrence of an unaedeaent is described by the probability
distribution of the chosen random variable throogk of the well-known theoretical
probability distributions. The most frequently ds#stributions for continuing random
variables, in the area of durability, maintaindipiand supportability engineering, are:
exponential, normal, lognormal and Weibull [5]. cBaf them represents a family of
distributions where every member of the family éfided by some parameters, like: scale,
shape and minimum value. Hence, if those paramaterspecified the characteristics of
probability distribution of the random variabledikexpected value, E(X); variance, V(X);
cumulative distribution function, F(x); probabililensity function, f(x) and others, are fully
known.

It is necessary to say that the expected value),Egfined by mathematicians means exactly
the same as the mean time to failure used by thabditly practitioners. Thus, X=TTF, and
E(X)=E(TTF)=MTTF.

As the expected value is the subject of discusgemerated by this paper, let us remember its
general expression for the continuous random viajiaay X:

E(X) :T xx f()dt (3)

where f(X) is the probability density function ofandom variable X. Applied to the time to
failure, as a random variable, the above equatiatdcbe rewritten as [5]:

E(TTF) = MTTFI]2 Oyd (4)

From the point of view of mathematics, MTTF defireedabove is fully known characteristic,
but what does it mean to logistics engineers? Not, &ecause it only defines a single point
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of the probability distribution. In order to illuste this statement, several examples are given
and in Table 2, each of which exhibits identicabm&me to failure of 1000 hours.

Table 2 lllustrative example, input and output dathours

Distribution | Scale | Shape| MTTF| TTho | TTFso | TTFg | Curve
Exponential | 1000 | N/a 1000 105 693 2303 1
Normal 1000 | 150 1000 810 1000 1195 2
1000 | 300 1000 620 1000; 1385 3
1000 | 450 1000 455 1000 1615 4
Weibull 1000 | 1 1000 105 695 2303 5
1115 | 1.59 1000 270 885 1884 6
1126 | 2.67 1000 484 981 1539 7
1100 | 4.22 1000 645 1008, 1340 8

where; TTF represents the length of operation up to whictbDGand 90 percent of
population will fail. The understanding of the betwair of the random variable cannot be
based on the information related to the expectégevanly. The last three columns in the
above table clearly illustrate this statement.

The impact of the type of the distribution and eslwf scale and shape parameters on the
durability measures is illustrated by Fig. 1. Chgathe differences are significant. For
example, the values of the durability function @0 Hhours for all of them are scattered within
a wide range of values (0.63 to 0.995). Certaithigre are an infinite number of durability
functions mean value (MTTF) of which is equal t@®Q@Mours, and each of them will have
different values of durability at different instascof operating time.
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Figure 1. Durability functions for several itemahwMTTF=1000 hours

The main objective of the example used was to ghawvit is absolutely crucial to
understand the process of change in the condifitimedatem in order to get a full picture
about its durability measures.
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4. Durability of Complex Engineering Systems

In the cases where the random variable analysedseqts the complex event, its probability
distribution depends on the probability of occuoenf consisting events. From the point of
view of mathematics, the complex event is any ewghich consists of two or more related
events. The probability of occurrence of the caxm@vent depends on the relationship
between consisting events. For example, if the dexngvent is defined as the intersection of
two or more events then the probability of its acence is equal to the product of
probabilities of occurrence of consisting ever&aking use of equation 2, the expression
for the mean time to failure of the complex systerich is defined by the complex random
variable, TTFs, will be:

E(TTFY = MTTF;T DE)t ¢ (5)

where Ds(t) is the durability function of the comyplsystem.

Clearly, the main problem facing the analyst isdeermination of the durability function of
the complex system, Ds(t).

In the case that the consisting items (items, pod@smponents) are independent and
connected in series, from the point of view of dirgy, the durability function of the system
is defined as:

nci

Ds(t) = | ] Di(t) (6)

where: nci is the number of consisting items, Ddurability function of each consisting
item representing the probability that the timétsdfailure is greater than t. Thus, the
expression for the MTTFs of the complex systemada obtained by combining equations
5 and 6, thus:

MTTFs= E(TTF3;:T 5 DY) d (7)

0 1=
The above expression can be used for the calcanlafithe mean time to failure of the
system, MTTFs, which consists of any number of gewhich are connected in series from
the point of view of durability, and whose failuage could exhibit any pattern of the failure
rate, i.e. any mixture of increasing, constant éecreasing.

In the cases where the analytical integration efahove expression is complicated, the
required value could be obtained by using the gcapimethod.

5. lllustrative Example

In order to illustrate the approach presenteddetadculate the mean time to failure of the
system whose consisting items are defined in Table
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Making use of equation 7, the mean time to faikfrthe system of 363 hours, was obtained
by applying graphical method. This representsarease of 10 % in comparison with the
corresponding value of 333.3 hours obtained by tenstant failure rate approach". The
differences between these two approaches to tieendietation of the durability measures are
even more significant when they are used as a badilse prediction of the demands for the
logistic support resources.

Based on the practical experience and the illugg@&xample used it is extremely difficult to
justify the use of the constant failure rate appho@ the calculation of the durability
measures for the complex systems which consisteofrtechanical, hydraulic, pneumatic,
and similar items.

To illustrate further advantages of the method pse, the situation where the increase of
the reliability of the system is intended to beiachd by use of parallel configuration of two
items of the same kind will be used, as shown gufs 2.

- A B C
A B C
A B C
A B C

Figure 2. Possible configurations of the system

In the case of the constant failure rate approtishirelevant which item, A, B or C, should
be connected in parallel, because the MTTFs wilkhidentical. However, in all cases where
the constant failure rate cannot be used as a nimdile process of change in the condition
of the consisting items, the above statement wilinzorrect, as the Table 3 shows for the
example used.

Table 3. Durability Analysis of Complex System

Configurationf A |B |C | MTTFs | TTho | TTFs5o | TTFg
1 1 |1 |1 333 35 231 767
2 1 |1 1] 363 25 246 849
3 2 |1 ]| 1] 435 35 346 978
4 1 |2 |1 ]| 375 25 256 949
5 1 |1 |2 | 472 75 407 989
6 2 |2 |2 | 678 165 648 1241

The usefulness of the durability analysis to theigleregarding the selection of the optimal
configuration is obvious, especially in cases witkre to weight, cost and space restrictions

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2016 34



2016 Annals of MIRCE Science

using a parallel configuration is very limited. elgraphical representation of the pattern of
the hazard function for each analysed configurasagiven in Figure 3.
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6. Conclusion

The main objective of the paper was to initiatesgwakssion on the accuracy of the
determination of the estimated values of the measof durability and maintainability. The
accurate way for calculating the expected valuth@fprobability distribution of the random
variable that represents the complex event has demonstrated here. As a result of that,
the accuracy of the mathematical models used bghdity, maintainability, and
supportability engineers will increase and in cousmce the credibility of the profession
should increase among other engineering disciplines

Based on several simple examples and brief theatethalysis it is possible to learn the
following lessons, from this paper:

a) The calculation of the expected value of thegemrandom variable cannot be based on
the information related to the expected valuesookisting events only. The type and
parameters of the probability distributions of domsisting events are of crucial importance
for the accurate results, as demonstrated,;

b) The accuracy of the calculation of the expeo@des for the measures like: Mean Time
To Failure, (MTTF), Mean Time Between Failure, (MF)Band similar, could have crucial
effects to the final results of the durability aysas, especially in the cases of engineering
systems which consist of several thousand compsnent

It is important to underline that the same conduss applicable to the calculation of the
expected values of the random variables, whichrdesother types of configurations of the
system (parallel, mixed, m out on n) as well assuess of maintainability and supportability

2].
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Determination of Operations Down Time
for Group Replacement Maintenance Policy

Dr J. Knezevic,

MIRCE Akademy, Woodbury Park, Exeter, EX2 7YX, U.K.

Prediction of the duration of the down time caubganaintenance,
especially in the cases where system consideresistemf several
repairable items, presents a challenge for mainteeamanagers, because
of possible revenue losses during these intenfaisne. The paper responds
to this challenge through the new methodologyHterfast and accurate
prediction of maintainability measures related he group replacement
maintenance policy. It is applicable to group mairdnce tasks whose
comprising of individual replacement tasks are parfed: simultaneously,
sequentially, and combined. The method presentald b@ successfully
used at the planning stage of operations proceswtiie information
available is based on previous experience onlyyelsas, at the stage when
process is performed. The applicability and usefsdnof methodology
proposed is demonstrated through an illustrativenetical example.

1. Introduction

There are a large number of man-made productduttationability of which has to be
maintained during the operations process by the Uise process during which the ability of
a product to perform a function is maintained,nsWn as the maintenance process, and it is
defined as a set of tasks performed by the usardier to maintain the functionability of the
product during its operational life. Clearly, resms like: spares, material, trained personnel,
tools, equipment, maintenance manuals, facilisefiware, and similar are needed to
facilitate this process, Blanchard (1992). At thens time interruptions of the operations
processes caused by maintenance could reducepketed revenue or initiate unwanted
down times, Jardine (1973).

One of the possibilities to minimise down time peoations processes and reduce the cost of
revenue lost is the application of the group remtaent maintenance policy, Knezevic

(1985). Thus, when any one item from the grousfaile replacement of all the items from
that group takes place. The reason for this igabethat as the number of items in the group
increases, the maintenance cost will increase Isecallithe items will not be used to the full.
The number of group replacements could decreasaibedhere will be fewer interruptions

to the operations initiated by failures which reelsithe revenue losses.

The most useful information for the operations nggma is related to the length of down
time caused by performing each maintenance tasisuriing the ideal logistic support,
Blanchard (1992), the length of down time couldjbantified through maintainability
measures related to maintenance tasks. These megasa expressed through the
probability distribution of the random variable kmo as time to replacement, TTR. Most
frequently used maintainability measures are, Kniezd.992):
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* Maintainability function, M(t)
* Mean Time To Replacement, MTTR
* Percentual Replacement Time, TTRp

Definitions and brief descriptions for each of tharma given in the Appendix.

In daily practice, the numerical values for maingdiility measures, if they exist, are related
to the replacement of one item only. Thus, in thges where the application of the group
replacement maintenance policy is beneficial threesponding maintainability measures
have to be determined by the maintenance managéis.is a very difficult prediction task
due to complex interaction between the sequeneetofities within each task and the
arrangements for the sharing of maintenance ressuitus, the main objective of this
paper is to present a methodology for the prediatiomaintainability characteristics for the
group replacement of several heterogeneous iteasgdoon the corresponding measures
related to individual replacements of each of them.

2. Analysis of Group Replacement Strategies

According to the methodology proposed in this pagaasrh group replacement is considered
as a set of maintenance tasks related to the expkaa of items from the group. Based on
the timing and the sequence in which replacemdnitglividual items are performed, the
following strategies are available:

1) Simultaneous
2) Sequential
3) Combined.

Definitions and brief descriptions of each of th®wae mentioned group replacement
strategies are given below.

2.1 Simultaneous Group Replacement Strategy

Simultaneous replacement strategy represents anagpwhere the mutually independent
tasks related to the individual replacement of sseeterogeneous items are performed
concurrently. This, practically, means that reptaeat tasks of individual items from the
group are starting at the same instance of timeasmgerformed simultaneously but
independently of each other. The group replacenashktis completed when all consisting
replacements have been successfully completed.

A typical example of a group replacement task ésgi stop of a racing car, where tyre
replacement, fuel refilling and windscreen clearang performed simultaneously. Clearly
this situation requires more maintenance resowndsomplex logistics, but it minimises
the consequences caused by the down time. Hercegpitacements are performed
simultaneously and the whole task is finished waléof the consisting tasks are
successfully completed by the corresponding sgstimembers of the team, or teams
involved.

2.2 Sequential group replacement strategy

Sequential replacement strategy represents anagpwahere mutually independent tasks
related to the replacements of several heterogenesus are performed in the
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predetermined order. This clearly states that¢ipdacement of each subsequent item starts
after the successful replacement of the previoes ©hus, none of the subsequent tasks can
be performed before the completion of the previmuss. The group replacement is
completed when the last item has been replaced.

The example of the racing car could be used againn this case tasks are performed in the
following order: tyre replacement followed by reffireg and finished with windscreen
cleaning. Clearly, in this situation, the interiop of the operations process would be
considerably longer but the demand for maintenaeseurces would be much less and
logistics simpler.

2.3 Combined replacement strategy

Combined replacement strategy consists of the awatibn of the sequential and
simultaneous. Thus, the relationship between caimgrireplacement tasks has to be
predetermined according to the permissible dowe tmd availability of the maintenance
resources.

Today, in the majority of cases, maintenance masage selecting this strategy because
systems become more complex and associated reategsks require more maintenance
resources and complex logistic support.

A typical example of the combined replacement tagke overhaul of an engine or gearbox,
where some of the tasks have to be performed peefic sequence whereas others could be
performed simultaneously in order to reduce tataétin repair.

3. Determination of Maintainability measures for goup replacement strategies

The main objective of this part of the paper isl¢oive the expressions for the prediction of
the maintainability measures for a sequential, #sneous and combined group replacement
strategy based on the corresponding measuresdétaiiedividual replacement of

comprising items. The predicted figures serveramdicator for decisions that have to be
made by operations managers in the selection ahthst suitable replacement strategy.

Regardless of the type of replacement task theviatlg symbols will be used here:
TTRI_i, random variable which stands for the TimeReplace, Individually, thiitem;
M;(t), maintainability function for the individual peacement of'f item.

The methodology proposed in this part providesoaftor the prediction of the
maintainability measures related to all three grmgacement strategies based on the
corresponding characteristics of the individualaepment tasks. Thus, as the
maintainability measures for the replacement ohetn are fully defined by the probability
distribution of the random variable TTRI, and cepending measures for the group
replacement strategies are defined by the probadistribution of the random variable
TTRG, which defines the whole task.

3.1 Maintainability Function of Simultaneous repla@ment strategy
Maintainability function for the simultaneous reggaent strategy of the items from the

group can be derived from the maintainability fuoies related to the replacement of the
consisting items. Thus, the maintainability funotrelated to the simultaneous replacement
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strategy, \cal M(t), represents the probabilityt th@ replacement of all items from the group
will be successfully completed by the stated instditime, t. Making use of equation Al,
the maintainability function for the simultaneousyp replacement strategy, according to
the methodology proposed, can be represented as:

M(t)=P(TTRG< )= RTTRI< A TTRic @ TTRE N..N TTRL< )

where: nci is the number of consisting items. Theva expression mathematically describes
the replacement task whose comprising tasks aferpexd simultaneously, as an
intersection of events at a stated instant of twhese cumulative probabilities are defined
as, P(TTR&Lt). It clearly states that the group replacemeaten consideration will be
completed if, and only if, the replacement of alinprising items have been successfully
completed before or at the specified instant oétim

In the case that random variables TTRI_i, i=1,egresents independent events the above
expression becomes:

M(t)=P(TTRGs )= RTTRIS Jx PTTRK )k P TTRk )*..x (P TTRK )
The expression on the right hand side is a maiakglity function related to the replacement

of i"th item. Consequently, the maintainabilitgkavhich comprises the replacements of
any number of consisting items can be calculatedrding to the following equation:

nca nca

M(t) = |‘| P(TTCL< 1) = |‘| M (1)

It is necessary to underline that the above exmes®uld be very complex. The reason for
this is the fact that the maintainability functiosfsthe comprising tasks, Mi(t) where i=1,nci,
can be defined through any of the well-known thecaéprobability distributions, product of
which cannot be expressed by any of them. Consdlgudreir numerical values have to be
calculated by numerical methods. This calculaisotonsiderably easier today with
extensive use of modern computers.

3.2 Maintainability Function of Sequential replacenent strategy

The maintainability function for the sequential lement strategy of items from the group,
according to the proposed methodology, can be septed as:

M(t)=P(TTRGs )= R TTRI+ TTRH TTRk..+ TTRIS 1)

The above expression mathematically describesatpgestial replacement of consisting
items through a sum of independent random variablERl; where i=1,nci. It clearly states
that the task under consideration will be completeen, and only when, the successful
completion of comprising replacement tasks is perém in a specified order. Making use of
the principles of the renewal theory, Cox (1962) éhove expression could be rewritten as:

M(t) =M"™(t)

where M°(t) represents Atconvolution of comprising maintainability functienThe
convolution of maintainability function for'ireplacement activity, \t) could be
determined according to the following expressioox C1962):
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M'(t) = j M'™(t-t)dM. (t) where: i=1,nci and }t)=M1(t).

It is necessary to underline that the above exmes®uld be very complex and difficult for
use. The reason for this is the fact that the ramability functions related to the
replacement of comprising items can be defineduincany of the theoretical probability
distributions and in the majority of cases theinwalution cannot be expressed with any of
the well known distribution functions.

3.3 Maintainability Function of Combined replacemern strategy

As the definition for combined replacement strategggests it is the combination of some
replacement tasks being performed simultaneouslysame being performed in a
predetermined sequence. Thus, the maintainahilitgtion for the combined replacement
strategy depends on the configuration selected.

4. lllustrative Example

In order to illustrate the applicability and praetity of the methodology proposed, a
hypothetical example will be used. Managing therapons of a racing car is a very exciting
business, from a maintenance point of view, bectheseonsequences caused by down times
initiated by the failures could be fatal for thedi success of the whole process. In this
particular case the preventive replacement of afsétyres, cleaning the windsreen, and

fuel refilling during a pit stop will be analysedccording to data available, Manson (1991)
the maintenance tasks analysed and resources nieedieeir completion are as follows:

Table 1. Maintainability data for tasks analysed

Maintenance Task Distribution Parameters oRERS
Tyre replacement Weibull eta = 45, beta =2.7 R34
Windscreen cleaningl Normal mu= 8, \sigma = 2 MR45
Fuel refilling Lognormal \mu= 3.67\sigm@-49 MR2

where: MR30, MR45 and MR2 are sets of resourcedetetor the completion of the
corresponding maintenance tasks, Manson (1991).

Making use of Equation 5 the maintainability fuoctifor the simultaneous group
replacement strategy has been derived. The camdspg function for the sequential group
replacement strategy has also been calculatednandrical values for the mean time to
group replacement, MTTRG, and the perceptual reph@nt times, TTRg; based on
Equation A3, for both replacement strategies arergin the Table 2.

Table 2 Maintainability data for group replacemsinategies

Strategy MTTRG TTRG TTRG TTRGyo
Simultaneous | 58.3 45.5 57.8 73.18
Sequential | 209.1 167.3 207.5 252.6
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where: TTRGp, TTRG;p and TTRGp are the lengths of down times, caused by the group
replacement, up to which 10, 50 and 90 percentahtenance tasks will be successfully
completed.

There are several possible combined replacemextégies. For instance, simultaneous
replacement of the front tyres, sequentially fokmllby simulateneous replacement of the
rear tyres, sequentially followed by simultaneaus fefilling and windscreen cleaning is
one of the possibilities. Clearly, the maintaingypimeasures for all combinations possible
will be between corresponding values of simultarsesmd sequential strategy.

The procedure for the determination of maintaingbiheasures for any configuration of the
combined group replacement strategies are ideritichke above.

It is necessary to notice that the demand for tamt@nance resources is varying
considerably, between different group replacemeategies.

5. Conclusion

The main objective of this paper was to demonsttaenethodology for the prediction of
the operations down time for the group replacemmaintenance policy. The method
proposed is based on the maintainability measetated to the individual replacement of
comprising items from the group.

The method proposed is applicable to replacemsks tahose consisting items are replaced:
simultaneously, sequentially, and combined. THhus,a generic model for the prediction of
maintainability measures, which in turn represeittd information needed by maintenance
managers for the selection of the most appropmeatmtenance policy and strategy for the
successful support of the operation process.

It is necessary to stress that the method presentdd be successfully used at the planning
stage of operations process when the informatianable is based on previous experience
only.

The numerical example used clearly illustratesathiéty of the proposed methodology to
quantify the consequences of the decisions madeeteto the possible group replacement
strategies on the length of the down time and thgmtude of the revenue lost during these
unoperable periods.
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INCREASING PROFITABILITY AND RELIABILITY
THROUGH FAILURE MANAGEMENT

Jezdimir KNEZEVIC, MIRCE Akademy, Exeter, UK

Abstract
Commonly, maintenance is perceived as “fixing broltengs”. As such, it is
associated with failure consequences and unplaerpédnses, both of which
negatively impact business plans or customer satisin. However, as failures
are an inevitability of the life of any technologiicystem, it would be
worthwhile to start looking at maintenance as ogpoity for dealing with them
and making t positive impact on business plansustamer satisfaction, by
generating profitability and reliability. Thus, tlmeain objective of this paper is
to present the Mirce-mechanics approach to maimeadhat is focused on the
way that failures, once scientifically understooduld be managed in the way
that reduces the number of in-service interruptiand operational costs, which
in turn will generate profit for private companiesincreases the reliability for
public services like health, transportation, tomnisip to the national defence.

INTRODUCTION

The main business of business is to stay in busifi@sstay in business the expected
“business function” must be provided through timenanimum investment in resources.
Hence, the generated profit is equal to the revgiemerated by the monetary value of the
“business function”R, minus the cost of the resources used to runukmessC, during a
given interval of timel, P(T)=R(T)-C(T)Hence, the main concerns of the owners and users
of industrial systems are related to how much ef‘thusiness function” will be delivered
during the life time of a system and how much nmemanhce and support efforts are expected
from them to keep the system gofifigror example, the business function of a passenger
aircraft is to transport a passenger and cargglraur over a life time of 25-30 years. To

stay in business an airline is required to mainitaiim airworthy condition. Hence, for each

of the business processes these two main factersbéained at the end of each financial year
or at the end of the industrial system. [1]

This, type of performance, of industrial/businegstems is known as functionabiftty
performance. Regrettably, producers/constructomsdfstrial systems do not provide
answers to this type of performance on the deliday. Instead, years later the statistics for
various functionability measures become available reason for this is the fact that in-
service behaviour of industrial systems is govetngthe complex processes that are
governed by the laws of science, human rules amgagmmental impacts, which are
characterised by indeterminism, irreversibilityseparability, and dependence on time,
location and humans.

4 Boeing 747, registration number N747PA, which bgkd to Pan Am transportation system, have delivere
the work of 80,000 flying hours and received 806,8taintenance man-hours, during the 22 years séiuice
life

!5 Functionability, n, defined as the ability of bgifunctional through life, in the book Reliability,
Maintainability and Supportability — A probabilistApproach, by J. Knezevic, pp. 291, McGraw Hilhridon
1993. ISBN 0-07-707691-5
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Consequently, the main objective of this papeo igresent the Mirce-mechanics approach to
functionability, as scientific foundation of keegisystem in business through failure
management. It is focused on the way that failuwase scientifically understood, could be
managed in the way to maximise the time in opemnadiod minimise the time in maintenance,
which in turn will generate profit for private busisses or increase public satisfaction for
common services like health, transportation, edocatourism all way up to the national
defence.

The paper is aimed at business decision makerssivnald be educated what a rational to
maintenance could do for them, rather then to sth@m how it should be done. Members
of the organisations with the wider horizons aredwal to fully appreciate the opportunities
presented to them by Mirce-mechanics to increasabss competitiveness or public
satisfaction.

2. FUNCTIONABILITY QUESTIONS

One of the major concerns of design engineers arjdght managers are predictions of
operation, maintenance and support resources eebjidgr maintaining systems in “business
as usual” state through their lives. These incllidgnostic equipment, skilled and trained
maintenance personnel, maintenance facilities espaunts, inspection tools, technical data,
storage facilities, means of transportations anfbb. Often the cost of these resources
considerably exceeds the purchase cost of syssefh iEqually, the lack of maintenance
resources causes further delays in keeping systethe “out of business” state. Hence,
some balance between investment in the resourcethartime delays incurred by their
deficiency is required. To make that trade offjiaeers and managers, need to find the
answer to the following functionability related gtiens:

* How many Failures are going to occur?

* What types of Failures are going to occur?

* What frequencies of Failures are going to be?

* How Failures will be detected?

* How long systems are going to be “out of business”?
* What resources are needed to return it to the fiessi'?

Unlike the functionality questions to which exigtitaws of science readily provide the
answers, the above raised functionability questgtaged unanswered. Existing equations of
motion are not able to even the address the ahoegtigns, not because they are incorrect,
but because they are not created to address thesermpena.

In summary, without ability to provide accurateaass to functionability questions design
engineering and project manager are not in thdipnsnake the trade off between the cost
of resources required to maintain systems in “legsras usual” state and the consequential
losses while the system is “out of business” st know as the “failed state”.

3. DEFINITION OF MAINTENANCE

Commonly, maintenance is perceived as “fixing brokkengs”. As such, it is associated with
failures and unplanned expenses, both of whichtnedaimpact business plans or customer
satisfaction. However, as failures are an ineMitgof the life of any industrial system, it
would be worthwhile to start looking at maintenaaseopportunity for dealing with them
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and making t positive impact on business plansistamer satisfaction, by generating profit
through rational maintenance. Most will agree fadtre is a frequent surprise, as it always
occurs at inopportune times. Thus, it makes sagki|ag “is it possible to manage failures”
of systems and components in order to keep “busimelsusiness™?

Consequently, to answer this question, it is nergds address the question “What is
Maintenance?” Sound rather strange to ask thistipmest the Maintenance Conference, as
everybody knows the answer. Although there areyndafinitions of maintenance,

somehow all of them focus on “finding failure amdrig failed stuff.” Consider the
commonly accepted definition which states that”Mexirance is the action necessary to
sustain or restore the integrity and performanadefndustrial system. It includes
inspection, overhaul, repair, preservation andaeghent of parts. Well, finding failure and
fixing stuff is not maintenance is well needed agspected skill, but it is rather a
consequence of maintenance. In author’s view, t@aamce could be considered as the “the
management of failure.” As industrial systemsexposed to continuous process of decay,
the primary consideration of all maintenance deaisiis neither the failure of a given item
nor the frequency of its occurrence, but ratherctinesequences of that failure upon the
“business” state of an industrial system. Henceyagang the business requires management
of failures and who else can do that than mainteman

4. TYPES OF FAILURES

In order to better manage failure, it helps to ustdad that there are two consequences of
failure: those affecting safety and those affecthiyeconomics of business (revenue, profit,
reputation, etc.). Thus:

« Safety relatedailures are those that jeopardises the safetiyeoindustrial system or
places in peril environment or humans must be priexk Safety significant
industrial systems, like aircraft, submarine, traiaclear reactor and similar can not
be of such design that any single failure of theaewill have catastrophic results.
This is safety engineering dogma. Today'’s indulssiyatems of this type are subject
to very few critical failure modes. This safetyated reliability is attributed to the
design requirements of the relevant governmentallagions as well as the
specifications of operating organizations and mactuiers. Current design practice
ensures that vital functions are protected, whietams, that, if there is failure, a given
function will remain available from other sourcedrsure a safe completion of
operation.

» Economicrelated failures are those where the loss or ideation of a particular
function neither endangers the industrial systemitse@nvironment, but it affects the
“business” state of a system. Examples includeegyst components, or features in a
design that are not specifically required to denraes conformity to the basis of
safety certifications. However, a failure of a $engomponents or module can cause
the loss of functionability of the industrial systend causes a loss of business until
repair or replacement is accomplished.

Based on the above, it possible to conclude thatodthe fundamental “business” questions

is how to manage failures that take a “busines®bhbtisiness” at the most cost effective
manner?
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5. MANAGEMNT OF FAILURES

The most effective way of managing failures isddrass them at the early stages of design.
Generally speaking there are two main design swistfor minimising the amount of time
during which the system is in “not in businesstetd hus:

« The components and systems to be designed to aptextal degree of reliability by
selecting “exotic materials”, high kevel of tolecas, extensive testing and similar
solutions. This could be an inordinately costhattgy. Cost-effective design trades
must be made between the loss of functionabilitsireg from a system being in “not
in business” state situations and the cost of eimegly reliable components.

* Minimising the time that a system spends in “ndbursiness” state. The design
approach embraces the incorporation of featurdsatiezextra to those required for
safety certifications. These include:

redundancy,

fault tolerance

fail safe,

fail passive features

group replacement.

It is necessary to stress that all of these effmsbeyond those required to certify the

safe design of industrial system. Of course, thisat without its price, however. It

increases the number of failure possibilities, addse items that can fail, and results
in equipment that is more complex and integratedchaking fault isolation more
difficult. It adds to the cost of the industrialssgm, so it must be done carefully to
keep costs under control.

(@)

O O OO

Regarding this fundamental design options, Jaclsblesf®, the Chief Mechanic of the
Boeing New Airplanes (1990-1999), has sdid$ a designer | have to fill my customer in as
well, | have to decide where I'm going to put ecoimoredundancy into my design, because it
costs money. If you have the full answer to tivatjld you please see me after this meeting!
There's a Nobel Prize in it. We have really notadeped the discipline where we know how
to normalise that, yét

6. THE MIRCE-MECHANICS

Following the philosophy of the French Emperor, dlapn Bonaparte who said that “
soldier without ambitions to become a general md soldiet, the author of the paper
started thinking about the process that will féaié that achievement of his ambitions.
However, it became evidently clear that the probiertine solution is generically imbedded
in the educational structure which is based ordttision of knowledge into separate
subjects, like physics, chemistry, mathematics;tedaics, biology, engineering,
meteorology, physiology and similar disciplinesowgver, it is the complex interactions
between all of them that govern the in-service biha of any industrial system, which
generates the desired functionality performancerenhand and occurrence of
functionability phenomena that cause them to “ndiusiness” state, resulting from the
observable physical processes like fatigue, camgsnaintenance induced failure, foreign
object damage, design error, quality problem, partsdamage, shortage of spare parts and
so forth.

16 Jack Hessburg #7January 1998, M.I.R.C.E. Industrial Lecture, Erétaiversity, UK.
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The author could not have seen how to proceedhistihesearch topic within
departmentalised academic institutions and traipnogesses. Hence, he left the School of
Engineering at Exeter University in UK and startimsependent research, education and
training organisation, named the MIRCE Akademy aodbury Park, Exeter, UK, in 1999,
with only one clear statement of intent “Never gpdrtmentalise any research activities.”
Staff, Fellows, Members and students of the Akadbawe endeavoured to subject in-
service behaviour of industrial systems to the lafvscience and mathematics to:

Determine the trajectory of the motion of industsigstem through functionability
states, which is defined by the sequence of ocooe®of positive and negative
functionability events, resulting from the atomeayvironmental and human actions.
Understand mechanisms that lead to the occurrdrfcactionability events starting
from atomic structure that drives the behavioumatter, up to the solar system that
drives the energy conversions (a physical scalgimgrfrom 10" to 13° metre).
Define a mathematical scheme for predicting exgeteservice functionability
measures of a given industrial system together thizhexpected work done on the
system under a given maintenance policies and pthaapport strategy.

While in classical mechanics a force is said tavdok if, when acting on a body, there is a
displacement of the point of application in theedtron of the force, in Mirce-mechanics a
given system is said to do work, if there is a Bimn of measurable functions in the
direction of time, which is exactly what is expetteom a business. In summary, the body of
knowledge comprising of axioms, mathematical equistiand methods that enable
engineering, predicting and managing the functiditalperformance of industrial systems,
based on the scientific understanding of the mash@nthat drive an industrial system
through states “business as usual” and “out ofrtass” through the life, constitutes Mirce-
mechanics.

7. THE CONCEPT OF MOTION IN MIRCE-MECHANICS

Motion is one of the most complex concepts of steefhe images it creates in our minds
are diverse as the “jiggling” of atoms and molesutethe movement of planets, and beyond.
Since the earliest years of science the only ideaation imagined was that of mechanical
motion, so there is a tendency to view all othadkiof motion in terms of the concept of
trajectory. As the science progressed, this ndyubaicame impossible, for instance when the
attempt was made to conceive the electrical mottarould be possible, of course, to think

in the case of a high-voltage transmission ling wiee is the “trajectory” of the electric
signals. However, such a mental picture would haveractical purpose, as the
electromagnetic waves could not have been viewedigsiid flowing through the wires.

Consequently, the question by which the motiomdtistrial systems through
functionability/business states through time musttain only those quantities that can be
measured physically. Research performed showrathfg of any industrial system could be
viewed as a sequence of occurrences of positivenagdtive functionability events that
“move” systems through functionability/businesdesa

Functionability state variables uniquely determtime functionability states of a system.

The motion of Industrial Systentisrough functionability statestays is result of imposing
physical processes or human decisions, jointhedalinposing actions. To understand the
mechanisms that generate those actions analysea®bf thousands of components,
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modules and assemblies of systems in defence,p@@®snuclear, transportation, motorsport,
communication and other industries, had been duatithe MIRCE Akademy. As it has a
profound impact on all aspects of the in-servitedin any industrial system, several
research studies have been performed by the MastieDoctoral students of the MIRCE
Akademy [2,3,4]. All physical phenomena that catiiemotion of a system from the

positive to negative functionability states are\knas negative functionability events.
Actions that generate negative functionability égdselong to the following categories:

* Inherent actions, generated bynechanical, electrical, thermal, radiation, cheinica
and other types of energy, that have been intratlinte system prior to the
operation process through activates associated wigmufacturing, transportation,
maintenance, storage and similar processes.

» Potential actions,generated by mechanical, electrical, thermal, temiachemical
and other types of energy, that exceed the stresfgtbmponents and systems
subjected, resulting from phenomena like foreigrectdamage (birds, hail, rain,
snow), lightening, abuse by operator (pilots, drimed user errors), single event upset
[3] and similar.

« Continuous actions,generated by mechanical, electrical, thermal, temhia
chemical and other type of energy, that continuoast on a system through in-
service life of systems and generate processesclkeosion, fatigue, creep, wear and
similar, which are result of natural decay of matte

All physical actions that cause the motion of a ponent or a module from the negative to
positive functionability states are known as pgsifunctionability events. Mechanisms that
generate positive events belong to the followinggaries [6]:

» Servicing: replenishment of consumable fluids, ieg, washing and similar.

* Lubrication: installing or replenishing lubricant.

* Inspection: Examination of an item against a defipkysical standard.

o General visual inspection: performed to detect obsiunsatisfactory
conditions. It may require the removal of paneld access doors, work
stands, ladders, and may be required to gain access

o Detailed visual inspection: consists of intensiigual search for evidence of
any irregularity. Inspection aids, like mirrorsesjal lighting, hand lens,
boroscopes, etc. are usually required. Surfaceiciganay be required, as
well as elaborate access procedure.

0 Special visual inspection: an intensive examinatibspecific area using
special inspection equipment such as radiograpieyntography, dye
penetrant, eddies current, high power magnificatioather NDT. Elaborate
access and detailed disassembly may be required.

o Check: a qualitative or quantitative assessmefuragtion.

« Examination: a quantitative assessment of one/fum&ions on an item to
determine whether it performs within acceptablatm

e Operational: a qualitative assessment to determiretgher an item is fulfilling its
intended function. It does not require quantitatmlerances.

* Restoration: perform to return an item to a speafandard. This may involve
cleaning, repair, replacement or overhaul.

» Discard: removal of from service.
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All of the above listed mechanisms of the motiorsygtems through positive and negative
functionability states are observable physical psses or recognisable human actions. [5]

8. MIRCE FUNCTIONABILITY EQUATION

Results of experiments and observations perforrved several decades by the author
unquestionably lead to conclusion that the detest@regularity found in the predictions
based on continuous motion through time, suctpasd; acceleration and similar, studied
by classical mechanics, cannot be found in redpdtie motion of functionability through
time. Thus, trajectories, generated by the madfondividual copies of a given system type,
under similar in-service conditions, demonstrateamlity, to the degree that no two
trajectories are identical. Therefore, the prowamiulas of Newtonian mechanics that
govern the motion of macroscopic bodies througletoannot be used for predicting the
motion of functionability through time, as far & tfunctionability trajectory is concerned
Thus, Mirce-mechanics Formulas, developed at tHe@®H Akademy, by D Knezevic, are
mathematical expressions of the physically obsepredesses of the motion of industrial
systems through functionability states and theyngedind predict physically measurable
properties of system functionability performanceha probabilistic terms.

The laws of probability are just as rigorous asothathematical laws. However, they do
have certain unusual features and clearly delideddenain of application. For example, it
can be readily verify that in the case of a largmher of systems failure phenomena will
occur in a specific number of the cases, and thhadanore accurate the more systems are
observed. However, this accurate knowledge wilbbeo help in predicting the occurrence
of functionability events in each individual case.

The unusual features of the laws of probabilityehawnatural explanation. In fact, most
probabilistic events are results of quite compleysical processes, which in many cases
cannot be studied or understood in all of its @atcy. Such inability takes its toll, as it is only
possible to predict with certainty the average lteasfunumerous identical tests.. Probabilistic
predictions of the functionability trajectory arased on the framework of the sequence of
occurrences of functionability events, positive aedative, which are occurring with a
probabilistic regularity.

Having determined the probability distribution atelgoverning parameters of the times to
subsequent functionability events, it is possibldévelop a mathematical scheme that will
provide opportunity to predict the future sequeofkinctionability events for any given
industrial system. This is the essence of the dmechanics, which is the only theory
available to design engineers and project mandgearsantitatively predict the consequences
of all of their decisions on in-service behaviotitheir future systems and their “business”
performances.

The trajectory of the motion of an industrial/bwesia system through functionability states is
uniquely defined by the sequence of occurrencésnattionability events, from the birth of

the system to its decommissioning. Thus, the fureddai equation of Mirce-mechanics, the
Mirce Functionability Equation [7] and it defindetprobability of an industrial system

being in positive functionability state or “buess as usual” state, at a given instant of time t,
thus::

y(t) = P(PFS@ §=1-¢ ()+ (9
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where: ¢(t) = z P(TNE < § is the expected number of negative functionabditents that
i=1
will take place from the birth of a system andeegiinstant of time t and

M) = z P(TPE < ) is the expected number of positive functionabiityents that will take
i=1
place from the birth of a system and a given instatime t.

Finally, the work done by an industrial system dgrihe stated interval of time T,y \T),
can be calculated by making a use of the follovargression:

W, (=] Ypdt  [Hr]

Hence, the numerical value of the above expregsiesents the amount of time during
which a given industrial system will be in the stat’business as usual” during the stated
calendar time T

For the most generic case, where the businessecanly in the state of “business as usual”
and the “not in business”, the work done to theaesyss determined by the following
expression:

Wo(M=T-W,(T)  [H]

9. MIRCE PROFITABILITY EQUATION

The creation of Mirce Functionability Equation eleabcalculation of the work done by the
system, during a stated period of time T. That &ththe development of the Mirce
Profitability Equation that links the revenue amdicsides of business at one place as a
function of the engineering configurations of ateys, adopted business methods associated
with the relevant project management decisionschiagacteristics.

Thus the expected revenue of a given industridegsysduring the stated interval of time,
R(T),expressed in the monetary units, MU, is equahéoproduct of the Hourly Income
generated by the provision of business functionamti the amount of the work done by the
system, thus:

R(T) = HIxW,(T)  [MU
In general term, the cost of doing business dutegstate period of time, is equal to the sum
of the cost of operatiolGO(T), which is equal to the sum of the fix cost of @iem,

COxx(T) and variable cost of operation that is equal éoptoduct of the Hourly Cost of
OperationHC,, and the work done by the system, hence

CO(T) = CO(MN+ HGxW(T [ MY
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Equivalent cost for maintaining a system in thesibass as usual” state, during the stated
period of time CM(T), which is equal to the sum of the fix cost of mamanceCMsyx(T) and
variable cost of maintenance that is equal to tbdyrct of the Hourly Cost of Maintenance,
HCn: and the work done to the system, hence:

CM(T) = CM;, (M) + HG xW,(T [ MY

Finally, the profit expected to be generated byamindustrial system, during the stated
period of time, could be calculated by making usthe Mirce Profitability Equation, thus:

P(T)= RT) - @ ={ Hix W( T}-[ CO T+ CN J] [ M

In summary the above equation is the only one, kntmathe author, which unifies all
aspects of in-service performance of an indusiisihess system. It enables the accurate
predictions of the expected profit to be made fmheoperational scenario, maintenance
policy and support strategy. The above equationtés” the whole organisation into an
analytical scheme, rather than to be a collectfamlarge number of self standing models
that address a few components of the time, or golsformance parameters of the system.

System effectiveness is an emerging property ofservice life of a system generated by the
complex and time dependent interactions of th@walhg properties:

* Functionality principles of a system (mechanicl¢ct&onic, thermal, electrical,
nuclear, etc.)

Structure/construction of a system (dependencidsedundancies)
Operational concepts and scenarios (continuoaspsal, one off)
Maintenance rules (schedule inspections, replangrtesting and so forth)
Support Strategies (training, spares, facilities|s, equipment, etc.)
Environmental conditions (climate and weather)

10. THE IMPACT OF MAINTENNACE ON PROFITABILITY AND  RELIABILITY
OF INDUSTRIAL SYSTEMS

Although science has to be truthful, rather thesfulsthe body of knowledge of Mirce-
mechanics is essential for scientists, mathemasciangineers, managers, technicians and
analysts in industry, government and academiaddigt the work done by the system and to
the system , for a given configurations, in-servides and conditions, in order to manage
failures in the way that the functionability perfwaince is delivered through the life of system,
at least investment in resources and environméenfact. For that to happened, the science
proven method is needed, very much different froendlassical scientific knowledge,
because functionability performance is definechm following way:

» Every scheduled flight will leave on time with apability of at least 0.97 or in other
words, it is acceptable to have no more than tledays, on average, out of 100
flights;

* The direct maintenance cost during the first 10y&all not exceed 25 % of the
purchase cost with a probability of 0.95;
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* The probability that the production line will bdlfuoperational during the specified
in-service time will be not less than 0.91;

* In system consisting of several systems, at |2t 8f them will be operational at all
times with a probability not less than 0.925;

* The mission reliability will be greater than 0.28 fmissions up to 500 hours;

» Each 10-hour flight will be successfully completeith probability of 0.995, during
the first 20 years of operation

Consequently, the only way to address functiongijlerformance targets formulated in the
way above is to use concept and principles of Minezhanics to evaluate engineering and
management options, at the time when fundamenthiregversible decision are made
regarding the management of failures of future gtidal systems.

11. CONCLUSION

The main objective of this presentation is to pnéslee Mirce-mechanics approach to failure
management process regarding the increase ingiiity and reliability of industrial
systems, as a new approach to maintenance. kuséd on the way that failures, once
scientifically understood, could be managed invilag to maximise the time in operation and
minimise the time in maintenance, which in turnl\wgénerate profit for private businesses or
increase public satisfaction for common servides tiealth, transportation, education,
tourism all way up to the national defence.

Unlike the classical mechanics, where the contisumiform motion is natural state of the
macro world that is fully defined and predictableNewton’s equations, in Mirce-mechanics
continuous change in the functionability states matural state of industrial systems during
their in-service life, which is fully defined andealictable by Mirce Functionability Equation.
Finally, Mirce Profitability Equation is presentad the scientific foundation of the System
Engineering and Management predictions and analyatdrings together the revenue and
cost elements of businesses that are dependehé drebhaviour of industrial systems.
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Wear Check Oil Diagnostics:
Way to Improve Machine Health by Condition Monitoring"’

Dr. Maria Sutyinszki, MOL-LUB Ltd , H-2931 Almasfit#, F6 Gt 21, Hungary
Ton¢a Caleta Prokt, Ming Chem. INA Maziva d.o.o, Radikia cesta 175, Zagreb, Croatia

Abstract:

A well-run condition monitoring program can achiesignificant

benefits in operational reliability of machinery.cdording to a

study by Dr. Rabinowicz of MIT, 70% of componempiaeements
are due to wear and corrosion that are stronglyatet to

lubrication and condition monitoring practice3he paper shows
the WearCheck oil and wears particle analysis sysés the tools
to manage a condition monitoring program for lulated systems.
It can save money by maximizing oil change intepadéntials and
by detecting the ingress of contaminants from thperating

environment as well as the abnormal changes immil component
wear due time. Early warning by recognizing suchngdes leads to
saving the oil and avoiding excessive wear. Primgogls of oll

analysis are to support predictive and proactiveantenance.

1. Introduction

The essence of the WearCheck and CoolCheck corisegecoding, interpreting and
acquisition of diagnostic information in a dropaf or coolant to support maintenance with
the help of targeted testing. The metrics of aitamt’s physical and chemical properties, the
intensity of changes in them, the types and quanfitcontaminants entering the lubricant
and the nature and proportion of wear particlesttogr represent important information from
which we can infer the correct or irregular openatiof machines as well as correct or
incorrect choice of lubricant and its continued hilsg. The analysis of the lubricants
diagnosed condition of measuring equipment anchendarly stages indicates a potential
problem in the operation and maintenance

MOL'’s WearCheck laboratory has been a member ofr@teeck International since 1997.
This professional association unites laboratoripsrating on four continents around the
world. Regular exchange of experience and knowlethigeing among members ensures the
continuous concept development and that laboratamel diagnostic methods are always up
to date [1].

2. Process of Oil Testing Procedure in Wearcheck Labaitory
2.1 Lubricants and test methods

There are different requirements identified for sslmples from different machines. While
for example a motor oil should have excellent clegmpower and able to keep large volume

" paper was presented at the 22 International Ceméer“Maintenance 2016”, in Sibenik, 16-18 May 2016
Croatia, organised by the Croatian Maintenanceebpoivww.hdo.hr
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of solid particles (soot) in flotation, on the atliand a turbine oil should be easily separated
from water, and have long lifetime, etc. As a coussce, we should perform different test
series for different types of oils.

The following table presents the summary of routarel potential supplementary tests
applicable for various product groups without tleed for completeness.

Gas . . |Industrial Heat . Trans-
Motor-{Gear HydraulicTurbine .. |Compressor Slideway

. . |motor | . : transmissiq . transfer [~ former
oils |oils |_. oils oils . oils . oils .

oils n oils oils oils

Viscosity X X X X X X X X X X
Base number
(BN)

Acid number
(AN)

Additive
elements, ICP|
Wear metals
Contaminants
Ferrography
Wear index

Cleanliness —
ISO 4406

Water, ppm, % X

Motor fuel
content

Dispersancy X
Soot content X

Additive
content, FT-IR

Degradation
products

Emulsion
indicators

Flash point
(CoC)

Table 1: Lubricants and test methods [1].

XX x|
XX x|
>
X | x| x|
XX x|

| % Ll sl sel s
><><><><><><
XX x| x| x| x

x| x
x| X

X X X X

2.2 Preparing sample and procedure

Machine operator is usually responsible for talsagiples, and MOL WearCheck laboratory
provides special equipment for this action. It miostensured that the sample represent the
entire oil lubricant, and also that no tramp pahis can get into the samples during the
sampling process. Sampling vessels have extraoydmaity, and the operating principle of
the manual sampling pump can ensure that oil samgd@not be mixed up during the
consecutive sampling processes.

After the samples are delivered, their analysigrisegith performing a so-called routine test
series (water content, kinematic viscosity, indascesity, base number, flash point).
Diagnostic engineers study the results of thesgéneuests. There are cases when results of
these routine tests do not enable forming a cleaexpert opinion. In this case further and
usually more complex tests should be performedpvahg the required consultations.
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Results of these tests can support diagnostic eaggrin developing an expert opinion which
is beyond doubt.

2.3 Example of testing

According to a study by Dr. Rabinowicz of MIT (Mashusetts Institute of Technology),
70% of component replacements are due to wear @mdston which are strongly related to
lubrication and condition monitoring practices [A]hat is why, it is very important to

determine wear metal content and origin. In gené&karcheck laboratory uses tyhe
following three methods for measuring wear metailtent,

P A-Ferr PO
1@_ i
==
-
=]
=
'S B
=
w
= | [ ] .
14 10

Size of particles um

Figure 1. Methods for measuring wear metals [3]

where: ICP: measures additives, wear metals, congants: 2-8 um size (quantity and

quality analysis), PQ: detects and measures the ofdsrrous wear debris. Analytical
ferrorgraphy (A-Ferr): reveals both the wear mogp(esent as well as alloy compositions of
the wear particles present (Figure 1). Gives ghéature of the component(s) which are
wearing in the system. (Figure 3).
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Figure 3: Different type of wear particles [ 3 ]

2.3.1 Wear and type of lubrication

Wear is the gradual loss of material from the stafaf a solid body due to dynamic
contact with another solid body, fluid, and/or paes. [4]
There are four fundamental mechanisms of wear] [5,6

abrasion
adhesion
surface fatigue
tribocorrosion

O O OO
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Abrasion is wear resulting in the removal of matkrcaused by hard particles or hard
protrusions. Adhesion wear is characterized byasfier of material from one sliding surface
onto another in relative movement, due to the m®oé solid-phase welding. We distinguish
three phases: the creation of adhesion pair iatéa of contact of protrusions; severance of
the adhesion pair; detachment of wear particl¢hemparticle remains permanently "glued”,
or welded onto another sliding surface (Fig. 4yf&e fatigue is a type of wear in which the
separation of particles arises due to the cyctibahges of stress.

Tribocorrosion, or tribochemical wear, is a meckanbdf wear in which the chemical
or electrical-chemical reactions between the matand the environment are
predominant.

(1)
m I
> :

2) o
(1) ‘ —

P — 1
@) Fy v
- | — (©)
L LAy I

m"
(2)

Figure 4: Unit event of adhesion [5,6]
To avoid wear in the different system we need kdoris with good rheological properties.

Rheological properties of the lubricant means tlseosity at high and low temperatures,
which during the application must keep within thiegeribed requirements. It is necessary to
maintain elastohydrodynamic lubricating film in tketire range of operating temperatures.

There are three types of lubrication: borderlinexad lubrication and complete layer of
lubricant (Figure 5).

In boundary lubrication lubricants required thickae¢o prevent contact of solid bodies, with
mixed lubrication film of lubricant is partially d&oyed, but there is partial contact solid
surfaces. In hydrodinamic lubrication, lubricatedrfaces are totally separated by the
continuous lubricant film. This kind of lubricationcan be hydrodynamic and

elastohydrodynamic lubrication.
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Boundary Mixed Hydrodynamic
Lubrication Lubrication Lubrication
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Figure 5: STRIBECK CURVE - Conditions and typeduddrication [2].
2.4 Test report
After the laboratory work and preparation of diagisamachine operators receive a report. It
contains sample identification number given byl#oratory, information about lubricant or
coolant and the equipment according to the anatyslser (sampling) form. It contains test

results and expert’'s opinion on the lubricant agdigment, as well as the proposals for the
required interventions or actions.

3. Case Study

3.1 Trucking case study-Engine oll
The modern type of tractors need to lubricate sgpangine and for the hydraulic,
transmission parts and wet brakes need anothecduibr In this case study we used HDDO
engine oil viscosity grade SAE 15W-40 in JOHN DEER#fctor (Figure 6).
This is an engine oil consisting of mineral oilegwced using modern oil refining processes
and containing a high performance balanced addstygeem that improves flow
characteristics.

On this field testing according WearCheck analgs&én interval was extended about 50%.
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Figure 6: JOHN DEER tractor
3.2Industrial case study-Hydraulic fluid

The main causes of Pump failure are dirt and prbdiithe corrosion.

Hydraulic oils used in hydrostatic power transnaassystems operates under normal thermal
and mechanical load. They provide good oxidatiabifity and wear protection, reduce
deposit formation and protect hydraulic systemsragjaust and corrosion.

In Wearcheck laboratory additionally we tested Gliee@ss against ISO 4406 method (Figure
7).

Figure 7: Equipment for testing hydraulic oilahdiness

The hydraulic pump and filters during the normahdition of use contain wear and
contamination debris. Filter analysis involves tkenoval of a small amount of the filter
medium. This is agitated with special solvents émove the debris. The solvent is then
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filtered through a membrane and examined undercaosgope. Basic metal types such as
iron, copper, white metal and aluminium are ideadifand quantified according particle size.

Figure 8: Mechanical filtration [7]

During Optical particle analysis measurement thelfis filtered with 0,8 p pore size filter,
and the residue is checked under microscope (FRjure

4. Summary

The main benefits WearCheck oil diagnostics are:
» Shows the condition of the equipment
* Spot potential problems at an early stage, suggextentive maintenance
* Provides optimum equipment life
* Maximizes oil and coolant performance capabilities
» Allows to safely extend oil and coolant drain inr
» Allows to optimize maintenance intervals
» Allows to plan and schedule maintenance in advance
* Lowers repair and labor costs
* Reduces downtime and lost operation

The main disadvantages WearCheck oil diagnostics ar

Inadequate sampling procedure may cause falseeleoant results and diagnosis. Without
accurate knowledge of equipment operating standhedsvaluation of test results may be
incorrect.
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The shape of things to come: New Way for Predictm
In-service Reliability of New Equipment.

Alex Mulholland BSc CEng MIET HFMA
Finmeccanica, Airborne & Space Systems Division

ABSTRACT:

For many years military programmes have used condtlure rate to

model reliability of the new electronic equipmemsigns. They re-
enforced this constant model by measuring achigy@fiormance by
dividing the number of failures by the unit of agtesn (hour/landing

etc.). In parallel, Companies and Customers ackedged that
"predicted" reliability was unlikely to be achievdtbm day one in
service. So, we included a "fudge factor" or p@haven a reliability
growth profile. These profiles, often based ondnisal performance or
"best engineering judgement”, are applied to thkufa rate prediction

to provide a "more realistic indication” of the feéa-service reliability.

This paper describes the surprising differencesuintl in the financial
or operational risks we accept by trying to "fudge’constant failure
rate model to address the reality of how the déifieridentifiable and
definable failure mechanisms will contribute to teal" failure profile

of new equipment

1. Introduction

For many years military programmes have used cohfdure rate to model reliability of
the new electronic equipment designs. They rereatbthis constant model by measuring
achieved performance by dividing the number olfai$ by the unit of operation
(hour/landing etc.). In parallel, Companies andtGmers acknowledged that "predicted"
reliability was unlikely to be achieved from dayeoin service. So, we included a "fudge
factor" or perhaps even a reliability growth prefilThese profiles, often based on historical
performance or "best engineering judgement”, apfieghto the failure rate prediction to
provide a "more realistic indication” of the relservice reliability. This paper describes
the surprising differences | found in the finan@abperational risks we accept by trying to
"fudge” a constant failure rate model to addresg¢ality of how the different identifiable
and definable failure mechanisms will contributéhte "real” failure profile of new
equipment

For most of my life working life | have been inveld in modelling support solutions. These
have range from simple repairs or spares moddlditsupport services including spares,
repairs, storage and transportation volumes, tpgpment loading, manpower requirements
and so on covering many years of in-service opmnatAll these models, however complex
we wanted to make them, were based on the prelraséécause we were modelling
complex electronic equipment, with many differeattprns of failure and repair, then the
exponential distribution is an appropriate modelge. In fact, in many of our contracts the
use of the Military Handbook 217F Reliability Pretitbn of Electronic Equipment
(Department of Defense, 1991), more commonly reteto as MIL-HDBK-217F, was a
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mandated requirement. This was convenient fomusiany levels. The use of the
exponential distribution to model the time to fadwf parts meant we could convert them to
failure rates and conveniently add them, makingataysis task easier and simplifying the
modelling tools needed to develop the support slat We could also attend 3 day
reliability engineering course to learn the basatimematics and principles of reliability
engineering, to drive software based on this model.

As a way of almost reinforcing the validity of tbenstant failure rate model was the way we
collected and verified our equipment’s reliabilitgm in-service data. We were given the
total number of hours operated by the equipment agven period and divided them by the
total number of failures in the period to get a Md&ame Between Failures (MTBF) or

failure rate A=1/MTBF.

Not unsurprisingly we discovered that the preditsiave made using the MIL-HDBK-217F
were not the same as the reliability we were olisgrin operation. Rather than question the
validity of our modelling assumptions we applied &mgineering Judgement and added in a
Reliability Growth Factor. We could assess thigdabased on historical data and then
simply apply it to the new equipment as it entared service. We justified this to our
engineering colleagues and programme managers/éhakere taking account the effects of
the Reliability Bath Tub (See Figure 1).

Infant : Useful : Wear

- Mortality F Life ———— T  out
Phase 4 Phase : Phase

\\\

Pa

Figure 1.ldealised Reliability Bath Tub Curve.

So our basic prediction was given a reliabilityfpeobased on similar equipment and
historical data. We applied a factor of 4 or Smaybe 10 to year 1, a lower number to year 2
and so on. If the support contract was over a [mrgpd or the equipment we were
supporting was getting older, we could also appigliability degradation factor to address
the expected increase in failures. Problem solsedyhat is the issue? Well we didn’t
really know what it is that is driving the need tbe reliability factor (growth or
degradation); we just use what worked before abitl @ our engineering judgement from
our years of experience to convince our enginedrethren we knew what was going to
happen. But as W. Weibull argued in 1951 “it iidnaed that ....the only practical way of
progressing is to choose a simple function, testipirically, and stick to it as long as none
better has been found” (Barlow & Proshan, 1996).e%n though our estimates were not
that accurate, with the variability of operatiopabfiles, the vagaries of reliability root cause
analysis and a bit of risk management we alwaysageahto explain away any differences
from prediction to measured reliability. And wedkt with it!

My problems began when we began developing systiea$iad graceful degradation as a

designed in characteristic rather than hard failtireis meant at best we had to consider two
parts to our system. One | could model in the usag with all my tried and tested tools,
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the other | had to model separately because malichave a constant failure rate. It was
designed to not have a constant failure rate te smkantage of it ability to cope with
multiple failures and different parts of the equgmh(known in military terms as a Line
replaceable Unit) could tolerate different leveisailure. So we needed to model this
separately. This meant developing models that dviailus model both constant and non-
constant failure rate together. As we could natdbe the resultant composite reliability
distributions mathematically, and approximating dinribution to an exponential would
mean losing some benefit of the graceful degradati@ began to look at Monte Carlo
simulations to get our spares and repair quantivVgbhat we discovered was that the impact
of having different reliability profiles combineditiv changes in operational hours and
contract duration could make a significant diffexemo your repairs quantities and hence
warranty or support costs.

We then began to question was it valid to assuriedir reliability factors are applied at
fixed periods (say each year of operation) wherkmev one of our reliability profiles is
driven by operational hours. | did not have thpegkise in modelling reliability other than
using the exponential distribution, so | spent s¢ime working with Dr Jezdimir Knezevic
of the MIRCE Akademy to develop our ideas, modglliechniques and the need to
understanding the contribution failure mechaniswehan the reliability profile of a system..
As a company we also worked with Professor Johmgl@uifrom the University of
Strathclyde to help us learn how to more effecyivedicit reliability risks from our design
teams, through the tailored application of theilMRE (Reliability Enhancement Methods
and Models) process (Walls, Quigley & Marshall, @00

This left us with a missing piece to our newly ewmod) jigsaw, how do you take a qualitative
reliability risk and turn it into a quantifiableligbility distribution? To help us, we decided
to have a look back at our in-service reliabilindeFailure Reporting and Corrective Action
(FRACA) data, to investigate: what if we used thdufe mechanisms we had observed in
the past that contributed to the infant mortalityeful life and the wear out failures to
determine the type of reliability distribution thadgscribed them best. We looked at a range
of operational field data and root cause analysestablish, as best we could, when in the
operational life of a system they contributed te thilures of the system. We looked
particularly for pattern failures that occurred s@dter first delivery, appeared to happen
throughout the life of the system, soon after nepad beyond the middle of the systems
design life.

| then looked at a number of ways we could linkuheerlying failure mechanism of a
reliability risk with an appropriate distributiomé estimate of when it was likely to occur
and final came up with a set of “guidelines” thatuld map failure mechanisms to an
appropriate Weibull distribution in terms of is e@ged shape value and expected time of
occurrence. But not all of these risks were cetiees, so a view on the probability of the risk
being present was also included in the analysisga®

This now gave us a chance to model the combinafi@guipment design reliability with the
other inherited, induced and propagated reliabilgks we had seen historically. When we
modelled existing systems we could see a betteeledion between our simulated repair
quantities and the actuals, but the real shock caine® we began to play with key contract
parameters: what if the customer needed to fly rtttae modelled; what if the customer
requested a longer or shorter warranty period ppsu period. When we modelled these
scenarios and compared them to our old modelldthigaes, the results were eye opening.
The change in costs and risk as the two paramedeiesd was not highlighted using our old
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modelling techniques. The impact on cost of rdlitgtrisk in short term warranty contracts
was now evident, because there was not enoughfeintiee reliability average out and
stabilise . Also the impact of increased operakiagrs bringing in wear out effects, but
reducing infant mortality risk duration was shownough our new models. For the first time
in my 26 years of modelling reliability | could seée shape of things to come and it was
predictable.

2. How we used to Model In-service Repairs

When | started modelling reliability to establiste tquantity of spares required for
components in our recommended spares lists. Asatliter military companies in 80’s and
90’s, we were using a combination of MIL-HDBK-21i@iability predictions and OPUS to
get a recommended spares quantity. This was greaised it, our competitors and
customer used it, so our answers were al condigtesssed on the same core assumptions.
But with every model came the need for “a bit afieeering judgement”. Wiser and more
experienced reliability engineers would say: “yaum’t believe the raw prediction; you have
to factor them for real life”. And so an enginegriudgement would be applied to the
component failure rates in order to get “more st@li spares quantities.

As | progressed onto modelling circuit cards argkasblies, the same principles would apply.
Carry out the MIL-HDBK-217F prediction and then &pan engineering judgement figure

to convert it from the “modelling world” to the ‘aéworld” because MIL-HDBK-217F does
not account for all the other non-equipment reladkaags that can cause failures.

I had my reliability predictions based on equatloso we add our failure rates and calculate
repair quantities. We had our Poisson based nfodéie number spares and we had a fudge
factor to take account of everything else we ditkmow.

f(t)=4e” (1)

So when the Customer asked us to model a supgdaticsoit was easy, we took the delivery
schedule and the operating profile and did the ma8o let’s take a look at a typical
example. Logistic Parameters:, System Predicte8M¥ 3585 operating hours

Equipment enter Service as per Figure 2

60 W Equipment in Operation
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Figure 2.Equipment entering into operational sevic
Equipment operate for 400 operating hours per gaah
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Equipment Warranty period = 12 months

From this we can calculate the warranty profilegg(ffe 3) and the cumulative warranty
operating hours (Figure 4)
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Figure 3. Total Equipment operating hours per month
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Figure 4.Cumulative Equipment warranty-operatingrso

Doing the simple maths

Repair= Operating Hours: 2000(:) 55
MTBF 3585

=5 to 6 expected warranty repai

We can also plot this as a repairs profile (Figoréhat can be used for test loading or
transportation volumes etc.

At this point | would usually convert the numbemrepairs to the cost, because cost always
gets more attention in the business than just ntsnlgut as costs can get a bit sensitive
outside the business | will stick to repair numbdrwill let you do your own estimate as to
what the cost may be to business.
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But this does not take into account our fudge factdo give it its more grand title reliability
growth factor. So we need to add a bit more ihteorhodel

Basic Calculation of Warranty Repairs
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Figure 5.Repair profile.

3. Adding in Reliability Growth to the Model

This is where even if we believe the underlying MiDBK-217F reliability model, we have
to use a bit of best engineering judgement. Waetbf will we apply to each month or year
of operation to reflect the fact we know our equgnnenter service with lower than
predicted reliability but through our Failure Redioig, Analysis and Corrective Actions
System and other good things we will grow the leliy to closer to the required prediction.
So based on the past we agree the profile in Table

Reliability Growth Profile Failure Rate x Factor
Year 1 10
Year 2 5
Year 3 2.5
Year 4 1.25
Year 5 1.1
Year 6 1.1
Year 7 1.1
Year 8 1.1
Year 9 1.1
Year 10 1.1

Table 1 Failure Rate Multiplication Factors

We assume the profile is flat out to year 10 asdiés@gn life for the equipment on this
platform is 25 years, so we should not expect aegrwut issues. When we run the model

this time we get very different results (See Fighre
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s Basic Calculation of Warranty Repairs
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Figure 6.Repair profile with reliability growth.

These profiled models were used to provide theamsyrrepairs spend profile to build into
our business plan

The concerns | was always left with were: What Wssuncertainty (risk) in the calculations
and why did | need to extrapolate some view ofi®lity growth?

This is where the idea of linking the reliabilitisks we could elicit from our design
and manufacturing engineers with estimating an@ppate reliability distribution and
risk of occurrence became the focus of my attentietis compare the results.

4. Modelling Reliability Risks and using Monte Carb Simulation

The first improvement modelling with reliabilitysks gave us was that we could model
different failure mechanisms independently. Thesamt we could simulate our non-constant
failure rate elements of the equipment indepengearitthe assumed constant failure rate
elements. It also let us add in those inducedloerited failure mechanisms that may be
present, but not necessarily an intrinsic funcobthe design.

As we did with the simple model, let us look figtthe intrinsic or underlying reliability of
the equipment (as we predicted it using MIL-HDBK?E). The two elements of the design
are shown in Table 2 below:

Failure Mode/ Mechanism Profile of Expected time ta Chance of

Failure Life @) | Failure (1A) happening
Constant Failure Mechanisms 1 4642 100%
Non-Constant Failure Mechanisms  6.43 7572 100%
Effective Mean Time to Failure 3585

Table 2 Weibull parameters and probability of pnese
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The Effective mean time to failure had to be calted by calculating the area under the
probability density function, by combining the imdiual Weibull distributions, see equation
2, to create a composite probability distributionl @stimate the area under the curve to give
an indication of the effective mean time to failure

f(t) = Aat™ e )

What is noticeable is the fact that it has a déferprofile characteristic then the exponential
with the same expected time to failureAjlds shown in Figure 7.

Cumulative Distribution Function

| —failure) based on combined failure mechanisms
| Exponential with MTBF =3585% hours
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Figure 7.Cumulative Distribution Functions for ongl exponential model and composite
distribution model.

When we run the simulation and compare it with gn@vious model we begin to see the
differences in these profiles taking effect (seguFe 8).

Cumulative Expected Warranty Repairs
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Figure 8. Simulated repair profile compared to pes exponential model profile.

With the simulation we can see the reduction ineexgd repairs due to the slightly slower
ramp up rate in the Cumulative Distribution Funet{€DF). We can also look at adding
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confidence intervals from the simulation valuesvging us the potential estimating risk
associated with the composite model.

So we can see the simple model and simulationiairgggsimilar results and taking into
account sample error the simple model would falhimi the 95% confidence limits.

The next step was to ask the design and manufagtteam to identify those areas of
concern they had with the design and manufactyingesses in order to establish a set of
reliability risks for this specific equipment. Theks shown in Table 3 were identified.

We then asked them to estimate how many hourdifatavould they expect the failure to
occur, would it be an early life type fault (Prefbf life < 1) an random type failure (Profile
of Life = 1) or a wear out type failure (Profilef&i> 3). Finally we asked over what
percentage of the manufactured population thewiskid be likely to apply to. The results
are shown in Table 4.

Failure Mode/Mechanism
CTE Mismatch causing fatigue failure
Surface Mount Connector is Un-proven causing fatilife
Surface Mount Connector manufacturing robustness
RF connector matting issues (due to tolerancing)
Difficulties in accurately positioning components €mall lands
Repair Induced Failures
Table 3 Reliability Risks

Failure Mode/ Mechanism Profile of | Expected timg Chance of
Failure Life | to Failure happening

CTE Mismatch causing fatigue 10 3500 90%

failure

Surface Mount Connector is 5 5000 3%

Un-proven causing fatigue life

Surface Mount Connector 0.5 100 10%

manufacturing robustness

RF connector matting issues 0.5 50 20%

(due to tolerancing)

Difficulties in accurately 0.25 50 15%

positioning components on

small lands

Repair Induced Failures 1 15 10%

Table 4 Characterisation and Quantification of &ality Risks

These reliability risks were added to the two peesti failure mechanism profiles (from
Table 2) with some provisos on their probabilityooturrence. These were attributable to
the last two risks. The component placement probilas as a result of the mechanical
assembly process, so could only happen once afted manufacture, after that re-work
would be manual and so the risk would not be comtirs. Also the repair induced faults
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could only occur after the first repair action (g from any failure had occurred). So

these requirements were also built into the simaranodel.

We can see the impact of these reliability riskshenCDF (see Figure 9)

Cumulative Distribution Function
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Figure 9. Cumulative Distribution Functions forginal exponential model and reliability

risk composite model.

From Figure 9 we can see why we needed to appbikty growth factors to our old

models: we were dealing with a number of compléxifa mechanisms influencing the early
part of the life of a product and not all are insit to the design. Also there is an increase in

repairs significantly earlier than the mid-life pbthat we had not considered before.

We can now look at the expected impact on warrgpdirs and how these compared with
our previous estimations using reliability grow8eg Figure 10).

Cumulative Expected Warranty Repairs

40

25 —
) /
25 =

20 / e
) // e
L

5 .
/ -
i e
,""

i}

'\-”:":’\@'\- S DO > P A D A A s
”@””””\«“’\«*’W&&&&&

w“c RO ‘3‘0 ‘3\° T‘\O° v‘\o“ v'.\o“ o ‘_‘\o“ 3 o o o o é‘on v“\ok o

Average
(Simulation)

Expected
Repairs {based
on Reliability
Profiled MTBF}

- 95% Upper

Prediction
Interval

95% Lower
Prediction
Interval

Figure 10. Simulated repair profile compared tovjnes exponential model profile modified

by reliability growth.
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We can see that the simulation and reliability gflomodified exponential model give us
similar profiles, and the original model remainghin the 95% confidence limits over the
warranty period, but we would be predicting a higta¢e of spend in general after the first 9
months and so we may be being slightly risk avargkdriving in unnecessary costs to our
proposals.

The next question was what happens as the durattithve support/warranty period changes
and what if a customer needs a different operdtmgs? Let's compare the results.

Compare and Contrast Approaches

We then began to explore what happens when we ehtaegduration of the support
contracts and the operating hours per year needee supported by the Customer. The
changes to the Logistics parameters we will expiotlis paper are:

Support Contracts of 1 Year, 2 years; 5 years &wkars and Operating hours of: 200 hours
per equipment year; 400 hours per equipment yehB&6a hours per equipment year.

As Figure 10 shows the results for 1 year suppot08 operating hours, we shall complete
this series of analysis by looking at the 2 Yeargar and 10 years support.

It should be noted in Figures 11 to 21 the cumudagixpected in-service repairs are only
calculated to the end of the support period fonttoelelled scenario but for convenience are
plotted against a fixed duration x-axis. This tssin the appearance of the graph flattening
out.

In Figure 11 we can see that changing the supgoibgto encompass the first two years in-
service results in the reliability growth profilendng the repair costs towards the upper
repair quantity confidence limit compared to thawiation of risks. This could be a
potential cost driver and making it more diffictdtsecure longer term support contracts
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Figure 11. Support period increased to 2 years @op@rating hours per year
In Figure 12 when we look at the 5 year in-sergigpport, we can see the reliability profile

is still tending towards the upper confidence liofithe simulation and so drives up higher
cost when offering support services.
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Figure 12. Support period increased to 5 years @of@rating hours per year

Figure 13 shows that extending to 10 years in-sersupport the wear out failure risks start
to take effect and we get an increase in repartatard the end of the support contract.
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Figure 13. Support period increased to 10 year@operating hours per year

In Figure 14 we reset the operating hour to 200eperpment per year and the support
period to 1 year. With this combination of key adenal parameters, we see that our old
method results in a much lower cost than the siimna | expect this is due to the reliability
profile being based on data from products operdigtgveen 350-450 hours per year.
Reducing the operating hours reduces the scalingetvéfom the reliability growth profile,

but the higher ramp rate of the risk profile is mpronounced at lower operating hours (e.g
early life failures).
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Figure 14. Support period of 1 year @ 200 operdtimgrs per year

In Figure 15 the increase in duration to two ydes allowed for a bit of averaging out and
the costs are much closer again.
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Figure 15. Support period increased to 2 years @op@rating hours per year

As we increase out to 5 years in Figure 16, thésaoantinue to converge due to the
averaging effects of the reliability profile.
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Figure 16. Support period increased to 5 years @op@rating hours per year

In Figure 17 covering 10 years at 200 operating$iper equipment the results a very close,
but throughout all these models, the simulationdesen predicting higher than we would

previously have modelled and certainly our loading cost profiles for business planning
and cash flow would be different.
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Figure 17. Support period increased to 10 year@operating hours per year

In Figure 18 we reset again to 1 year support btiteahigher flying rate of 800 hours per
equipment per year. Again we see the large implaaaving a fixed multiplier over a fixed
period for reliability growth and not looking atetlvay the failure manifests its self in terms
of the propagation profile or failure distributidmased on actual operating hours experienced
by the equipment. As the flying hours increasefoxad multiplier create proportionally

more early life repairs than the risks would suggdsis would almost double our estimate
of support costs in this short period (warrantyjtcact.
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Figure 18. Support period of 1 year @ 800 operdiimgs per year

In Figure 19, covering 2 years support at 800 dpegdnours, we are still significantly above
the upper confidence limit of the simulation. Tigentified a potential problem with the old
process, in extrapolating away from the key operatl parameters of the historical data.

This was a modelling based risk we had not consdibefore.
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Figure 19. Support period increased to 2 years @op@rating hours per year

Figure 20 shows the same characteristic step isen@aepairs we saw in the 10 year
support at 400 operating hours per year, but iime toming in much earlier (double the

operating, half the time to witness the effecthisThelps difference between the two models
as the averaging effect of the reliability growdlctor takes effect again, but the profile of

spend is significantly different.
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Figure 20. Support period increased to 5 years @op@rating hours per year

Finally Figure 21 shows the 10 years support arfiddgi®rating hours per year. This time we
see a second increase in the repair rate fromridation that we had not seen previously.
This is because we have a predicted failure meshaniith an expected time to failure of
7572 hours and a life profile of 6.3. Althoughstimay look like a wear out mechanism, it is
actually the effect of the graceful degradatiopait of the equipment. This start to impact
equipment that begin to approach 7500 hours arfd Mityears at 800 hours per year some
of the equipment will begin to fail due to this rhaaism in this support period. If we had
remembered we could have added another set of$aato the reliability growth profile.
But there is the key point in using the reliabilityks and profiles we did not need to
consider these fudge factors as the profile pr@/itie input directly to the model.
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Figure 21. Support period increased

to 10 yearD@oPerating hours per year

Another very useful and intriguing product of usthg simulation model is the ability to
look at how the failure mechanisms influence onrdpairs quantities changes as their life
profiles wax and wane (See Figure 22). This cdp e understand how pattern faults and
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repair content may vary with time and also providdmseline that can be assessed against

our future FRACA data, to hopefully refine our knedge of these contributory failure
mechanisms and their parameters.
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Figure 22. Impact of failure mechanisms on repaargities

Conclusion

This exploration into two different approachesebability modelling has shown me that it
could be very costly to our businesses trying toagolate from models that are too
simplistic for the reliability characteristics thaye trying to replicate. For years in trying to
correct for this model shortfall we hid the trutthind the fudge or reliability growth factors
we used to try and make them more “realistic’. ©hthe problems is, these factors are also

based on a fixed set of key operational paramet&isso can introduce their own errors and
aberrations.

In looking at the results of repairs models | heeen developing over recent years, | have
started to see and understand why previous suppmtél seemed to come in and out of
“focus”. Sometime they seemed to meet the requereswell with repair quantities and
spares demands in line with what we had expectddran other time there seemed to be an
unexpected change in demands, even correctingoBmatonal variation. Hopefully you will
be able to see some of your own reliability modellinconsistencies in what has been shown
by the examples herein and will look to enhance ymderstanding of why.

The initial estimates we use to drive our firstgediability risk model, much like a prior
Bayesian belief, provide only a first crude estienatt what may happen. It is now up to us
as Reliability or Supportability Engineers to le&ow to estimate these risk profiles better in
order to refine our estimates, improve our desigase our manufacturing processes and
therefore reduce the cost to the customer or oiglut business.

| am sure the experience | gained looking into nlodgewith estimates of the expected
underlying failure mechanisms and trying to estartaeir shape and life profile better, has
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provided me and my team with a much better to@xplorethe shape (or should | say
cost) of things to come.
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Mirce Profitability Equation
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ABSTRACT

Commonly, maintenance is perceived as “fixing bro#tengs”. As such, it is
associated with failure consequences and unplamxeeénses, both of which
negatively impact business plans or customer satisih. However, as
failures are an inevitability of the life of anyctenological system, it would be
worthwhile to start looking at maintenance as oppoity for dealing with
them and making t positive impact on business pharcsistomer satisfaction,
while generating profit. Thus, the main objectiveéhis paper is to present the
Mirce-mechanics approach to maintenance that isiged on the way that
failures, once scientifically understood, could tm@naged in the way that
reduces the number of in-service interruptions apdrational costs, which in
turn will generate profit for private companies ioicreases the effectiveness
of public services like health, transportationutiem up to the national
defence. Finally, the development of the Mirce iRability Equation has been
presented in the paper, which is the bed rockisfapproach.

INTRODUCTION

The main business of business is to stay in busifi@sstay in business the expected
“business function” must be provided through timenanimum investment in resources.
Hence, the generated profit is equal to the revgiemerated by the monetary value of the
“business function”R, minus the cost of the resources used to runukmessC, during a
given interval of timel, P(T)=R(T)-C(T)Hence, the main concerns of the owners and users
of industrial systems are related to how much ef‘thusiness function” will be delivered
during the life time of a system and how much nmemanhce and support efforts are expected
from them to keep the system goifigror example, the business function of a passenger
aircraft is to transport a passenger and cargghlraur over a life time of 25-30 years. To

stay in business an airline is required to mainitaiim airworthy condition. Hence, for each

of the business processes these two main factersbéained at the end of each financial year
or at the end of the industrial system. [1]

This, type of performance, of industrial/businegstems is known as functionabiftty
performance. Regrettably, producers/constructomsdefstrial systems do not provide
answers to this type of performance on the deliday. Instead, years later the statistics for
various functionability measures become available reason for this is the fact that in-

'8 Boeing 747, registration number N747PA, which bgkd to Pan Am transportation system, have detivere
the work of 80,000 flying hours and received 806,8taintenance man-hours, during the 22 years séiuice
life

19 Functionability, n, defined as the ability of bgifunctional through life, in the book Reliability,
Maintainability and Supportability — A probabilistApproach, by J. Knezevic, pp. 291, McGraw Hilbridon
1993. ISBN 0-07-707691-5
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service behaviour of industrial systems is govelmgthe complex processes that are
governed by the laws of science, human rules amgcgmmental impacts, which are
characterised by indeterminism, irreversibilityseparability, and dependence on time,
location and humans.

Consequently, the main objective of this papeo igresent the Mirce-mechanics approach to
functionability, as scientific foundation of keegisystem in business through failure
management. It is focused on the way that failuwase scientifically understood, could be
managed in the way to maximise the time in opemnadiod minimise the time in maintenance,
which in turn will generate profit for private buasisses or increase public satisfaction for
common services like health, transportation, edocatourism all way up to the national
defence.

The paper is also showing the development prodetse Mirce Profitability Equation, as a
scientific foundation of a rational to maintenatesed on Mirce-mechanics which should
increase business competitiveness or public satisfaf any organisation that is willing to
apply it to the process of managing business psasedrom reliability, cost and profitability
point of view.

2. FUNCTIONABILITY QUESTIONS

One of the major concerns of design engineers avjdgqt managers are predictions of
operation, maintenance and support resources egtjiar maintaining systems in “business
as usual” state through their lives. These incldidgnostic equipment, skilled and trained
maintenance personnel, maintenance facilities egpauts, inspection tools, technical data,
storage facilities, means of transportations anfbgb. Often the cost of these resources
considerably exceeds the purchase cost of sysseth Equally, the lack of maintenance
resources causes further delays in keeping systethse “out of business” state. Hence,
some balance between investment in the resourcethartime delays incurred by their
deficiency is required. To make that trade offjiarers and managers, need to find the
answer to the following functionability related gtiens:

« How many Failures are going to occur?

« What types of Failures are going to occur?

« What frequencies of Failures are going to be?

e How Failures will be detected?

 How long systems are going to be “out of business”?
« What resources are needed to return it to the fiegsi’?

Unlike the functionality questions to which exigtilaws of science readily provide the
answers, the above raised functionability queststaged unanswered. Existing equations of
motion are not able to even the address the ahaosgtiqns, not because they are incorrect,
but because they are not created to address theseipena.

In summary, without ability to provide accurateaass to functionability questions design
engineering and project manager are not in thdipnsnake the trade off between the cost
of resources required to maintain systems in “lessras usual” state and the consequential
losses while the system is “out of business” s&t® know as the “failed state”.
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3. TYPES OF FAILURES

In order to better manage failure, it helps to ustdad that there are two consequences of
failure: those affecting safety and those affecthiyeconomics of business (revenue, profit,
reputation, etc.). Thus:

Safety related failures are those that jeopardisesafety of the industrial system or
places in peril environment or humans must be priexk Safety significant
industrial systems, like aircraft, submarine, traaclear reactor and similar can not
be of such design that any single failure of theaewill have catastrophic results.
This is safety engineering dogma. Today’s indulssiyatems of this type are subject
to very few critical failure modes. This safetyateld reliability is attributed to the
design requirements of the relevant governmentalla¢gions as well as the
specifications of operating organizations and mactuiers. Current design practice
ensures that vital functions are protected, whielams, that, if there is failure, a given
function will remain available from other sourcedrisure a safe completion of
operation.

Economicrelated failures are those where the loss or aetdion of a particular
function neither endangers the industrial systemitsenvironment, but it affects the
“business” state of a system. Examples includeegsyst components, or features in a
design that are not specifically required to denaes conformity to the basis of
safety certifications. However, a failure of a $engomponents or module can cause
the loss of functionability of the industrial systend causes a loss of business until
repair or replacement is accomplished.

Based on the above, it possible to conclude thatodthe fundamental “business” questions
is how to manage failures that take a “busines®bhbtisiness” at the most cost effective
manner?

4. MANAGEMNT OF FAILURES

The most effective way of managing failures isddrass them at the early stages of design.
Generally speaking there are two main design swistfor minimising the amount of time
during which the system is in “not in businesstestd hus:

The components and systems to be designed to aptextal degree of reliability by
selecting “exotic materials”, high kevel of tolecas, extensive testing and similar
solutions. This could be an inordinately costlhattgy. Cost-effective design trades
must be made between the loss of functionabilisirag from a system being in “not
in business” state situations and the cost of eimegly reliable components.
Minimising the time that a system spends in “nobursiness” state. The design
approach embraces the incorporation of featurdsatieeextra to those required for
safety certifications. These include:

redundancy,

fault tolerance

fail safe,

fail passive features

group replacement.

It is necessary to stress that all of these effmsbeyond those required to certify the
safe design of industrial system. Of course, thisat without its price, however. It
increases the number of failure possibilities, addse items that can fail, and results

(@)

O O 0O
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in equipment that is more complex and integratedchaking fault isolation more
difficult. It adds to the cost of the industrialssgm, so it must be done carefully to
keep costs under control.

Regarding this fundamental design options, Jaclsblesf’, the Chief Mechanic of the
Boeing New Airplanes (1990-1999), has sdid$ a designer | have to fill my customer in as
well, | have to decide where I'm going to put ecoimoredundancy into my design, because it
costs money. If you have the full answer to tivatjld you please see me after this meeting!
There's a Nobel Prize in it. We have really notadeped the discipline where we know how
to normalise that, yét

5. THE MIRCE-MECHANICS

The author of the paper could not have seen hgwaceed with his research, challenge
initiated by Jack Hessburg, within departmentaligegidemic institutions and training
processes. Hence, he left the School of Engingatificxeter University in UK and
established an independent research, educatiotraanohg organisation, named the MIRCE
Akademy at Woodbury Park, Exeter, UK, in 1999, vatily one clear statement of intent
“Never to departmentalise any research activiti8saff, Fellows, Members and students of
the Akademy have endeavoured to subject in-sebgbaviour of industrial systems to the
laws of science and mathematics to:

Determine the trajectory of the motion of indudtsigstem through functionability
states, which is defined by the sequence of ocooe®of positive and negative
functionability events, resulting from the atomeayvironmental and human actions.
Understand mechanisms that lead to the occurrerfcactionability events starting
from atomic structure that drives the behavioumatter, up to the solar system that
drives the energy conversions (a physical scalgimgrfrom 10'° to 13° metre).
Define a mathematical scheme for predicting expeicteservice functionability
measures of a given industrial system together thghexpected work done on the
system under a given maintenance policies and pthaapport strategy.

While in classical mechanics a force is said tavaok if, when acting on a body, there is a
displacement of the point of application in theedtron of the force, in Mirce-mechanics a
given system is said to do work, if there is a Bimn of measurable functions in the
direction of time, which is exactly what is expetfeom a business. In summary, the body of
knowledge comprising of axioms, mathematical equistiand methods that enable
engineering, predicting and managing the functiditaiperformance of industrial systems,
based on the scientific understanding of the mashanthat drive an industrial system
through states “business as usual” and “out ofrtass” through the life, constitutes Mirce-
mechanics.

6. THE CONCEPT OF MOTION IN MIRCE-MECHANICS

Motion is one of the most complex concepts of smehe images it creates in our minds
are diverse as the “jiggling” of atoms and molesutethe movement of planets, and beyond.
Since the earliest years of science the only ideaadion imagined was that of mechanical
motion, so there is a tendency to view all othadkiof motion in terms of the concept of
trajectory. As the science progressed, this ndyubbaicame impossible, for instance when the

20 Jack Hessburg #7January 1998, M.I.R.C.E. Industrial Lecture, Exétaiversity, UK.
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attempt was made to conceive the electrical mottarould be possible, of course, to think
in the case of a high-voltage transmission ling wiee is the “trajectory” of the electric
signals. However, such a mental picture would haveractical purpose, as the
electromagnetic waves could not have been viewedigsiid flowing through the wires.

Consequently, the question by which the motiomdtistrial systems through
functionability/business states through time musttain only those quantities that can be
measured physically. Research performed showrathfs of any industrial system could be
viewed as a sequence of occurrences of positivenagdtive functionability events that
“move” systems through functionability/businesdesa

Functionability state variables uniquely determtime functionability states of a system.

The motion of Industrial Systentisrough functionability statestays is result of imposing
physical processes or human decisions, jointhedalinposing actions. To understand the
mechanisms that generate those actions analysea®bf thousands of components,
modules and assemblies of systems in defence,p@@®snuclear, transportation, motorsport,
communication and other industries, had been siuatithe MIRCE Akademy. As it has a
profound impact on all aspects of the in-servitedin any industrial system, several
research studies have been performed by the MastieDoctoral students of the MIRCE
Akademy [2,3,4]. All physical phenomena that catlemotion of a system from the

positive to negative functionability states are\wnas negative functionability events.
Actions that generate negative functionability égdselong to the following categories:

* Inherent actions, generated bynechanical, electrical, thermal, radiation, cheinica
and other types of energy, that have been intratlinte system prior to the
operation process through activates associated wiimufacturing, transportation,
maintenance, storage and similar processes.

« Potential actions,generated by mechanical, electrical, thermal, temtiachemical
and other types of energy, that exceed the stresfgtbmponents and systems
subjected, resulting from phenomena like foreigeatdamage (birds, hail, rain,
snow), lightening, abuse by operator (pilots, drived user errors), single event upset
[3] and similar.

» Continuous actions,generated by mechanical, electrical, thermal, temhia
chemical and other type of energy, that continupast on a system through in-
service life of systems and generate processesclikeosion, fatigue, creep, wear and
similar, which are result of natural decay of matte

All physical actions that cause the motion of a ponent or a module from the negative to
positive functionability states are known as pwgsifiunctionability events. Mechanisms that
generate positive events belong to the followinggaries [6]:

* Servicing: replenishment of consumable fluids, ieg, washing and similar.

» Lubrication: installing or replenishing lubricant.

* Inspection: Examination of an item against a defipkysical standard.

o General visual inspection: performed to detect obsiunsatisfactory
conditions. It may require the removal of paneld aocess doors, work
stands, ladders, and may be required to gain access

o Detailed visual inspection: consists of intensiisual search for evidence of
any irregularity. Inspection aids, like mirrorsesgal lighting, hand lens,
boroscopes, etc. are usually required. Surfacaiclganay be required, as
well as elaborate access procedure.
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0 Special visual inspection: an intensive examinatibspecific area using
special inspection equipment such as radiograpieyntography, dye
penetrant, eddies current, high power magnificatioather NDT. Elaborate
access and detailed disassembly may be required.

o Check: a qualitative or quantitative assessmefuragtion.

« Examination: a quantitative assessment of one/fum&ions on an item to
determine whether it performs within acceptablatm

e Operational: a qualitative assessment to determirether an item is fulfilling its
intended function. It does not require quantitatierances.

* Restoration: perform to return an item to a speafandard. This may involve
cleaning, repair, replacement or overhaul.

» Discard: removal of from service.

All of the above listed mechanisms of the motiorsygtems through positive and negative
functionability states are observable physical psses or recognisable human actions. [5]

7. MIRCE FUNCTIONABILITY EQUATION

Results of experiments and observations perforrved several decades by the author
unquestionably lead to conclusion that the detest@regularity found in the predictions
based on continuous motion through time, suctpasd; acceleration and similar, studied
by classical mechanics, cannot be found in regpdtie motion of functionability through
time. Thus, trajectories, generated by the madiondividual copies of a given system type,
under similar in-service conditions, demonstrateaimlity, to the degree that no two
trajectories are identical. Therefore, the provamiulas of Newtonian mechanics that
govern the motion of macroscopic bodies througte toannot be used for predicting the
motion of functionability through time, as far & tfunctionability trajectory is concerned
Thus, Mirce-mechanics Formulas, developed at thR@H Akademy, by D Knezevic, are
mathematical expressions of the physically obsepredesses of the motion of industrial
systems through functionability states and theyngedind predict physically measurable
properties of system functionability performanceha probabilistic terms.

The laws of probability are just as rigorous aseothathematical laws. However, they do
have certain unusual features and clearly delideddenain of application. For example, it
can be readily verify that in the case of a largmhber of systems failure phenomena will
occur in a specific number of the cases, and thheédanore accurate the more systems are
observed. However, this accurate knowledge wilbbeo help in predicting the occurrence
of functionability events in each individual case.

The unusual features of the laws of probabilityehawnatural explanation. In fact, most
probabilistic events are results of quite compleysical processes, which in many cases
cannot be studied or understood in all of its @atcy. Such inability takes its toll, as it is only
possible to predict with certainty the average lteasfunumerous identical tests.. Probabilistic
predictions of the functionability trajectory arased on the framework of the sequence of
occurrences of functionability events, positive aedative, which are occurring with a
probabilistic regularity.

Having determined the probability distribution atelgoverning parameters of the times to
subsequent functionability events, it is possibldévelop a mathematical scheme that will
provide opportunity to predict the future sequeofkinctionability events for any given
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industrial system. This is the essence of the dmechanics, which is the only theory
available to design engineers and project mandgearsantitatively predict the consequences
of all of their decisions on in-service behaviotitheir future systems and their “business”
performances.

The trajectory of the motion of an industrial/bwesia system through functionability states is
uniquely defined by the sequence of occurrencésnattionability events, from the birth of

the system to its decommissioning. Thus, the fureddail equation of Mirce-mechanics, the
Mirce Functionability Equation [7] and it defindgetprobability of an industrial system

being in positive functionability state or “buess as usual” state, at a given instant of time t,
thus::

y(t) = P(PFS@ 9=1-¢ (9+ (9
where: g(t) = Z P(TNE < 1 is the expected number of negative functionabditents that

i=1
will take place from the birth of a system andeegiinstant of time t and

H(t) = Z P(TPE < 1 is the expected number of positive functionabiityents that will take
i=1
place from the birth of a system and a given instdtime t.

Finally, the work done by an industrial system dgrihe stated interval of time T,y \T),
can be calculated by making a use of the follovargression:

W, (T = yhdt  [Hr]

Hence, the numerical value of the above expregsiesents the amount of time during
which a given industrial system will be in the staf "business as usual” during the stated
calendar time T

For the most generic case, where the businessecanlp in the state of “business as usual”
and the “not in business”, the work done to theaesyss determined by the following
expression:

Wo(M=T-W,(T)  [HT]
8. MIRCE PROFITABILITY EQUATION

The creation of Mirce Functionability Equation eleabcalculation of the work done by the
system, during a stated period of time T. That &ththe development of the Mirce
Profitability Equation that links the revenue amdicsides of business at one place as a
function of the engineering configurations of ateys, adopted business methods associated
with the relevant project management decisionschiagacteristics.

Thus the expected revenue of a given industridegsysduring the stated interval of time,
R(T),expressed in the monetary units, MU, is equahéoproduct of the Hourly Income
generated by the provision of business functionamti the amount of the work done by the
system, thus:
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R(T) = HIXW,(T)  [MU

In general term, the cost of doing business duttiegstate period of time, is equal to the sum
of the cost of operatiolGO(T), which is equal to the sum of the fix cost of @tien,

CGix(T) and variable cost of operation that is equal éogioduct of the Hourly Cost of
OperationHC,, and the work done by the system, hence

CO(M=Cq,(N+ HGxW(T [ MY

Equivalent cost for maintaining a system in thesipess as usual” state, during the stated
period of time CM(T), which is equal to the sum of the fix cost of maimanceCMsx(T) and
variable cost of maintenance that is equal to thdyrct of the Hourly Cost of Maintenance,
HCn: and the work done to the system, hence:

CM(T) = CM,, (T)+ HG xW( T [ MU

Finally, the profit expected to be generated byamindustrial system, during the stated
period of time, could be calculated by making usthe Mirce Profitability Equation, thus:

PM=RTM-am [ My
:{HI xWby(T)}_[CqT)-l- CM -D]
= HI W, (1) ~{[ COp(M + HG,x Wi T]+[ OM,( T+ HGx W( T}

In summary the above equation is the only one, knmathe author, which unifies all
aspects of in-service performance of an indusiiisihess system. It enables the accurate
predictions of the expected profit to be made fmheoperational scenario, maintenance
policy and support strategy. The above equatioités” the whole organisation into an
analytical scheme, rather than to be a collectiamlarge number of self standing models
that address a few components of the time, or gosformance parameters of the system.

System effectiveness is an emerging property onfservice life of a system generated by the
complex and time dependent interactions of th@walg properties:

* Functionality principles of a system (mechanicl¢c&onic, thermal, electrical,
nuclear, etc.)

Structure/construction of a system (dependencidsedundancies)
Operational concepts and scenarios (continuoaspsal, one off)
Maintenance rules (schedule inspections, replangrtesting and so forth)
Support Strategies (training, spares, facilities|s, equipment, etc.)
Environmental conditions (climate and weather)

10. THE IMPACT OF MAINTENNACE ON PROFITABILITY

Although science has to be truthful, rather thesfulsthe body of knowledge of Mirce-
mechanics is essential for scientists, mathemasciangineers, managers, technicians and
analysts in industry, government and academiaddigtr the work done by the system and to
the system , for a given configurations, in-servides and conditions, in order to manage
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failures in the way that the functionability perfwaince is delivered through the life of system,
at least investment in resources and environmenfact. For that to happened, the science
proven method is needed, very much different froendlassical scientific knowledge,
because functionability performance is definechm following way:

» Every scheduled flight will leave on time with apability of at least 0.97 or in other
words, it is acceptable to have no more than tledays, on average, out of 100
flights;

* The direct maintenance cost during the first 10yeall not exceed 25 % of the
purchase cost with a probability of 0.95;

* The probability that the production line will bdlfuoperational during the specified
in-service time will be not less than 0.91;

* In system consisting of several systems, at |2t 8f them will be operational at all
times with a probability not less than 0.925;

* The mission reliability will be greater than 0.28 fmissions up to 500 hours;

» Each 10-hour flight will be successfully completeith probability of 0.995, during
the first 20 years of operation

Consequently, the only way to address functiongijlerformance targets formulated in the
way above is to use concept and principles of Minezhanics to evaluate engineering and
management options, at the time when fundamenthiregversible decision are made
regarding the management of failures of future gtidal systems.

10. CONCLUSION

The main objective of this presentation is to pnéslee Mirce-mechanics approach to failure
management process regarding the increase ingiiitiy of industrial systems, as a new
approach to maintenance. It is focused on the Watyfailures, once scientifically
understood, could be managed in the way to maxitheséime in operation and minimise the
time in maintenance, which in turn will generateffirfor private businesses or increase
public satisfaction for common services like healthnsportation, education, tourism all
way up to the national defence.

Unlike the classical mechanics, where the contisumiform motion is natural state of the
macro world that is fully defined and predictableNewton’s equations, in Mirce-mechanics
continuous change in the functionability states ratural state of industrial systems during
their in-service life, which is fully defined andeglictable by Mirce Functionability Equation.
Finally, Mirce Profitability Equation is presentad the scientific foundation of the System
Engineering and Management predictions and analyaisrings together the revenue and
cost elements of businesses that are dependehé drebaviour of industrial systems.
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Prognostic Engineering Science
- the attributes of decay that affect functionability -

Chris Burden BSc, MINDT, Science Fellow MIRCE, Diter AePS.
Abstract

Condition monitoring of engineered operational pucts/systems has been a
life time career for me. Having commenced employineBeptember 1971,
starting as a 16 year old engineering apprenticdRmyis-Royce (1971) Defence
Engine Division at Bristol through 43 years in tt@me company seriously
involved in product measurement engineering, | moildrmous knowledge of
the ‘science’ discipline.

| have completed an engineering apprenticeship withigher National
Certificate in Engineering followed by a personakhnology/Science
education through the Open University. These educaiand operations
started the association of how many engineeredymrizdwith a different
operational analysis can map to an understandinga¥ functional decay can
be detected and understood.

My vision for condition monitoring, as the humareadvances in science and
requirements for the future, is that it will be ahgely essential that a discrete
condition/health monitoring system integrated itite product/system as a
prime consideration of the product/system designot treated as an ‘add on’,
as currently considered.

The decay in the operation of an engineered prddystem will gradually
affect the functionability of the product/systend aonsequently start to define
the probability routes to an ultimate failure mag@nifestation. However the
definitions for the probability routes that leadttee failure modes are far more
complicated than expected, envisaged and perhagearstood and these issues
| hope to express in this document for prosperity.

For example, one of the key witnesses to a farlwwde probability route
maturing is theihcrease’in ascertainable ‘change’ ‘seen’ and reported e t
monitoring of the operational device, by for exaenlvibration transducer.

In vibration monitoring the most common understagds that an ‘increase’ in
monitored vibration levels point at the ‘operatariunctionability change’

and define the precursory view of decay onset, ceamaimg the countdown to
system ultimate failure. This is not necessariig ¢ase as ‘elastic stress’ wave
sensors can/do experiencedetreasein the signature levels as the
functionability changes, let’s explore, within tlealms of the title Condition
Monitoring.

Virtually all operational products / systems denicate a phenomenon of operational

witness. For example, a living human operating radiyrwill demonstrate a heartbeat and a
breathing action detectable via the ‘feature’ wéses of a pulse, the expansion of the chest
and usually structural movements. These three ifum@bperations portray large variance in
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‘feature’ perception; typical describing nomenctattrom the ‘professions’ and the normal
public includes ‘heart rate’, ‘fluctuations of beatleep breathing’, ‘shallow breathing’,
‘panting’, ‘shortness of breath’, ‘wheezing’, ‘chgmin’, ‘angina’ , ‘twitches’, etc.

Words that describe the ‘state’ of the humans tprare ‘functionality’ to which
understanding of ‘condition’ can be applied, baacly these statements lack key
information as to the functionability, most of whits taken for granted.

This metric of detail to support functionability mmodern science, engineering and condition
monitoring (all types) demands and requires tcalkert more seriously than at present and it
is essential that the functionability features phdnomena are better evaluated and built on.

These ‘conditions’ supported by the ‘witness’ ddtjheartbeat, breathing and motion offer
understanding of the human condition. However,dlenditions are just the ‘tip of the
iceberg’ in world of condition monitoring as thexee so many more ‘features’ that an
operational product/system is affected by.

These ‘conditions’ and the ‘features’ are the keyriess’ to the functionality and the
functionability of the product/system and will ha@dcertain series of signatures of operation
throughout the products/systems functional lifdyateviating from the ‘normal’ signature
when ‘features’ manifest to invoke product/systgmrational ‘change’.

The problem with the current condition monitoringlpsophy is that the observed onset of
final operational functionability is very weak, hijpsophy usually driven by the monitoring
systems inability to detect ‘change’ with whichatitribute a ‘feature’ witness and no
perceived ‘business’ requirement needed to incréeddidelity of detection.

The evolution of the engineering monitoring capsphas provided many operational
questions in my experience. The questions posedul@ed investigation and as the
transition from a measurement engineering occupati@n engineering health monitoring
occupation resulted in deep investigations to bettplain, with evidence, the nature of
ascertainable operational monitored events withr #esociated ‘features’.

This drove the idea of how to best comparator ‘geam operational ‘features’ with all
associated phenomena surrounding the product/sygtemational environment.

The first issue (in my personal history) in thisngamign was the improvement in the
‘change’ detection and occurred in the middle te [EB80’s when engineering research was
still a prime function of forward looking manufaotus and before engineering measurement
degraded to ‘not core business’. In my quest fételbeapability at the time, frequency
bandwidth was and still is the main issue of recwdanedia. In those days broad band tape
speeds on tape decks (up to 20 kHz) enable cen@asurement technologies to progress,
like vibration, pressure transducers, pulse prétespeeds, strain gauges, pulse modulation
like FM grids and thermocouples for temperaturdwayp In today’s engineering
measurement recording requirements the same isBuxists, for example when
instrumentation stimulus bandwidth requirementsexcc0 kHz, because the digitisers (just
like magnetic tape) cannot capture spectra witmteessary fidelity, event recording is
compromised, missed altogether and the event matgdegraded in severity.

So the hunt was on for a dedicated system witHitydend data capture that focused on a
new idea. The rational | arrived at was the neaddwe up the frequency spectra away from
the low frequency range to find evidence of ‘higfrequencies’ that manifest during
product/system operation, usually portraying ayeevidence of ‘normal’ that when
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‘change’ occurred could be distinguished and bailthowledge data base of ‘Cause and
Effect’. | discovered the world of Acoustic Emissibase on personal studies of Raleigh
Waves, Elastic Stress waves, and Lamb waves aydjuakly realised that these were the
prime drives to the engineering measurement wankekelded to be able to express to peers
my experiences and findings,.

However due to many facets of the business woddted interests, complexities and other
strange cultures and following a presentation anchaer up commendation at the 2003
National Measurement Awards for my Acoustic Emisssoience studies, pushing the ideas
forward is harder than running the many marathdres/e completed.

However | did not acquiesce to the negative presshiecause my ideas are key to the future
of product/system health and condition monitoriagrtunately the Acoustic monitoring
measurement system moved to a productionised/dawelot system. | saw the need to
investigate the capability as | had many persoxairgles of ‘intuitive change’ events while
conducting engineering test experiments that Ie¢ook explain but more importantly

capture in a format that | could portray to othersreate discussion.

The program of investigations were a personal cagnp& demonstrate capability from
discrete components through to complex high powgimes, all of which grew in
confidence that the capability does map detectfdohange’ during operation and gradually
started to relate detection to ‘features’ and pbdlig routes to failure modes.

One major problem was the name of the technologgpuatic emission technology
insinuates an ‘air borne’ transfer of energy t@as®r. This is not the case and my renaming
of the technology was to better define the locatioscience where the technology sits.

The technology operates in the medium frequencyadoimetween 60 kHz and 700 kHz, it
captures the energy in the product/system as ratggeand transfers it to the sensor (piezo
crystal) from which the computer and software areat instance presentation of the spectra,
thus the Medium Frequency Energy TrangiFET acronym was created. In the creation of
the MFET acronym a period of ‘seismic emission’ \adspted but as seismology applies to
geology the name was always contestable. Thisv&yabrief back ground into my condition
monitoring engineering history (1971 to 2003). Ehare many more aspects to this history
which are very important dimensions to add to tedure clarity, but they are deeper and
very complex for this abstract, now back to thesce.

Energies exist in all products /systems, all ar@ngum related in the atom and sub atom
forms moving to multi atomic, molecular, Newtonstructures of all types. These energies
that exist in the product/system invariably operater regions of the frequency spectra from
dc to gamma rays and this formed my common dendoifimm which to mount my sensor
suit against and to allocate ‘features’ of funcélity for the product/system operation.

Clearly frequencies of operation that are monitoneithe low frequency spectra like

vibration are easy to capture both with vibratiooferation transducers, the ‘pulse’ of sense
by the human body, a glass of water, a movinglartio a shaking structure, etc., usually
the repetitive sound pulse can be audibly heard@rahge’ detection easily discernible.
However the eye captures the motion of the wapgleiand the eye operates in the visual
light spectra and always has; the frequency (rarsge)the sub atomic particle region where
photons and phonons are created so our eyes wthlk muantum field
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The main issue with these very low frequencieglaaedeterminable ‘change’ usually
associates with serious degradation of the prosigstém functionality, potentially moving
towards a failure mode rapidly.

Visible light T
Low energy T S High energy
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|
Frequency (s7") I
3 x10™ 3 = 10 3 % 10 | 3 = 10" 3 x 10"
I I | | ] | I | ] | |
Radio ; : Gamma
waves | Microwaves Infrared Ultraviolet | X-rays rays

I I I 1 1 I I I 1 1 I
(st ¢ T |l | e T e | NN ¢ gt | s | e e R [

Wavalength (m)

Imagine a boat riding the waves, the frequencygh the wave lengths are short; therefore
the waves under the boat are tight together makiadpoat surf on a flat surface so things are
“good”. Now stretch the wave lengths out so theylang the frequency is low and the boat
IS now experiencing a very rough sea and thingska@”. This is exactly the way that
vibration works, but the real problem is the sipatiod of time in the transition from the
higher frequency short wave length to the lowequiency long wave length.
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In this very short time duration because the chamge small, decay modes occur rapidly
giving very little chance to “capture” the operai#b product/system operation, shut it down
and save a major failure.

Also the change in amplitude occurs usually becafiige decay in frequency and it is this
enlarged stimulus that excites the vibration traieed to incite the ‘increase’ in vibration
levels, trigger alarms and raise concerns.

If however the system detection monitored in a éighequency domain and captured
changes in the high frequency moving to a sliglayer frequency the boat would still be
“good” but a “change” has been detected and wemiaert.

3 Bh
.ﬁ‘w&w:’f e L Gl
Feature 1“normal” Feature 2 “First change” Feature 3 “Second Change”

This is a very ‘simple’ demonstration of wave captbecause the actual wave forms are also
generated at various angles to the ‘main’ waveardhe cause of ‘side bands’.
Unfortunately these witness bands usually fall idetshnormal’ operational vibration
monitoring for event/witness capture and key wishegidence is lost/ignored for
product/system decay/safety monitoring.

The MFET (Elastic Stress Wave) sensor capabilityesdhe frequency domain up into
frequencies that are above the low Hz values amalyiexperience into the medium wave
frequency region where ‘change’ effects clearlyehbpnger periods of time to mature before
a failure mode is created, hours , months, yedres@ medium wave frequencies exist with
full spectra frequencies and offer a total insighthe ‘status’ of the product/system if we
bother to understand it!

So let's examine key elements of the science weliaoeissing here.

The expressions of the frequency range then explaiodde obvious, my eyes operate in the
Quantum field! This acceptance, discovery, fadticathat you will is so obvious that
immediately | had taken the frequency spectrum fi@to visual light and to take it to
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gamma was a formality when discussed with felloiihe X-Ray world. So | now had the
denominator to assimilate the witness phenomena of prognastilerstanding against,
frequency and therefore wave length.

This denominator also has a ‘cross over’ point whlewtonian Physics’ integrates with
‘Quantum Physics’ for the frequencies defined. Tdnss over point in the Newtonian field
of molecule displacement to electromagnetic fieddtement and displacement is very
important, but essentially just to understand.

So getting back to presentations of the denomindéa, the magnitude of the denominator
is massive when the range of frequencies are apeto represent this on an A3 sheet of
paper was impossible when clarity around the 700&&tmwidth over the full frequency
spectra resulted in the time period the width ofpencil!

Clearly the ‘Newtonian’ frequency features needetd frequency ‘banded’, as would the
‘Quantum’ features to enable clarity of all presdiains. The problem is that for
decay/prognostics/functionality/functionability/wéss etc. the dissections of the
product/system to component parts, to best defeguency phenomena, can interfere with
the ‘total’ product/system understanding.

This is where and why the current ideology of pagjits does not deliver, resulting in the
culture of ‘normalisation of deviance’, basicalf\{sibeen ok before therefore it will be ok
(Professor D.Vaughan Columbia University on theltéhger Shuttle Disaster). This disaster
was ‘O’ ring seal related, a physical component, paat even condition monitored signatures
from sensors. So how can subjective sensor data dafety, by being accepted as creditable,
believed, understood and engaged in our cultuseiehce.

This stance is unacceptable to me and the prinsnsdor the need to look across the
frequency spectrum as a whole and link all prodystem operational phenomena together
to ‘lock down’ ‘change events’ and define all théness occurrences that could have caused
that or the ‘change event instance’.

The need for this pedantic attitude to prognostitd decay/change/witness management is
to be ahead of the failure mode game and be piofedsn the detection of the
functionability change.

When we (the human race) move to more complex mtethystems that are essentially
monitored to prevent loss of life, the product/systintegrity must match the expectation of
product/system operational success to as near H3Q36ssible.

| think this is a good point to close the rationiadggnind my prognostic theorems and the first
of many papers/abstracts for the Science.
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