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MIRCE Science
According to Knezevic [1] the purpose of existentany functionable systehis
to do functionability work, which is consideredide done when the expected
measurable function is performed through time, tikkes travelled, units produced,
energy supplied and similar. However, experienaeltes us that in-service life of
functionable systems is frequently beset by undbkrnegative functionability
events, resulting from a variety of negative fumcébility actions (overstress, wear
out, natural events, and human interventions). tik®mork to be continued,
positive functionability actions, (servicing, repag, testing, replacing, changing
the mode of operation and similar) must be perfaroethe system. Thus, the
complex interactions between positive and negdtiaetionability actions govern
the functionability performance of functionable tgyss, primarily measured
through work done and resources consumed expréssegih monetary values
(functionability cost).

Regrettably the functionability performance becokm@sswn only at the end of the
life of functionable systefmwhen nothing could be done to influence it. Herhe
ability to accurately and quantitatively predichétionability performance of the
future functionable systems at the design stagkesnwall possible changes could be
done, would be invaluable for all project: engirsg@anners, managers and
strategist. The mixture of technical systems andagament methods chosen to
govern the behaviour of functionability systemtigh time uniquely determine
the expected: functionability work, cost and thpexted return on the investment
(profit, public benefit, reputation and so firth).

Five decades of research conducted by Knezevicd\l¢ generated a theoretical
body of knowledge, named MIRCE Science, which cosagrof axioms, system of
formulas and methods that enable predictions aftfanability performance of the
future functionable systems to be done, by the ithiadecomplex interactions
between: physical properties of consisting comptsaperational rules,
maintenance policies, support strategies and exgextvironmental conditions.

MIRCE Science is based on the scientific understanof the mechanisms that
generates the occurrences of functionability everuissidered within a physical
scale between 19 m (atomic scalednd 168° m (solar system scale). [1] These
mechanisms, together with the applied human rslespe the expected pattern of
the motion of a functionable system through MIRGER&S. The “normalised” life-
long pattern expected to be generated by eactbfedgpe of functionable system
is predictable, from the early stages of the dedigmmaking use of the MIRCE
Functionability Equation, which is the bedrock fbe calculation of the expected
functionability performance.

Reference: [1] Knezevic, J., The Origin of MIRCE Science, 82, MIRCE
Science, Exeter, UK, 2017, ISBN 978-1-904848-06-6

! Functionable system is a well defined collectibatomic, natural and human elements put
together to do functionable work.[]1]

2 Pan Am’s Boeing 747, registration number N747&ijng the 22 years of in-service life, has
delivered 80,000 hours of positive work (transptdred00,000 passengers, burned 271,000,000
gallons of fuel) while receiving 806,000 man-hoafsnaintenance work (consuming: 2,100 tyres,
350 brake systems, 125 engines, among other. parts

¥ MIRCE Spacea conceptual 3-dimentional space containing MIRRDECtionability Field, which
is an infinite but countable set of all possibladtionability states that a functionable systemladou
be found in, and the probability of being in thi@ts at each instance of calendar time. [1]
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Minimum Equipment List as a Mechanism of
Motion in MIRCE Mechanics

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

Abstract

To avoid the loss of consumer trust, revenue orabdipy any
disruption to a system’s functionality is unaccdyi¢ato the providers,
on one hand and also to their receivers, on theet@onsequently,
every effort must be made to ensure the contimdithe provision of
the system’s functionality through calendar timeef the methods
used to minimise disruption to operational capapilespecially in the
aviation industry, was the creation of the Minim@quipment List
(MEL). This list identifies the equipment/compdeepresent into
system that are not necessary to be operationalhfersafe provision
of the functionality of the system, in accordancth the prescribed
operational and maintenance restrictions, and app by the
regulatory authorities. Consequently, the main oty of this paper
is to present the concept of the MEL as one opttential mechanism
to be used outside aviation community to furth@ueance the motion
of a functionable system type through MIRCE Spawk @otentially
enhance its functionability performance as peragivey MIRCE
Science.

1. Introduction

“Motion does not mean travel of the ball-type elentalong some orbit around
the nucleus. Motion is the change in the statb@fsystem “atom” in time.”
Werner Heisenberg

To facilitate the flow of functionality through @aldar time provided by the
functionable system types MIRCE Science is focusethe scientific
understanding and description of the physical phesa and human rules that
govern their in-service behaviour. According toeavic [1], functionable system
type is “a set of mutually related components uelgyput together to perform at
least one measurable function and a set of furaiidity rules that govern its
functionability performance.”

In MIRCE Science, at any instant of calendar tinggvan functionable system type
could be in one of the following two states:

» Positive Functionability State (PFS), a generic @don a state in which a
functionable system type is able to deliver theeexd measurable
function(s),
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* Negative Functionability State (NFS), a generic adar a state in which a
functionable system type is unable to deliver tkgeeted measurable
function(s), resulting from any reason whatsoever.

The motion of a functionable system type throughftinctionability states, in
the direction of calendar time, is generated byfimmability actions, which are
classified as:

» Positive Functionability Action (PFA), a generionma for any natural
process or human activity that compels a systemadwee to a PFS.

* Negative Functionability Action (NFA), a genericne for any natural
process or human activity that compels a systemaee to a NFS.

The motion of a functionable system type throughftinctionability states is
manifested through the occurrences of functiongievents, which are
classified as:

* Positive Functionability Event (PFE), a generic edor any physically
observable occurrence in time that signifies thadition of a functionable
system type from a NFS to a PFS.

* Negative Functionability Event (NFE), a generic rdior any physically
observable occurrence in time that signifies thadition of a functionable
system type from a PFS to a NFS.

Transition of a functionable system type from P&-8IES and loss of functionality
is undesirable in private sector due to loss okrawe and to public sector due to
loss of benefits. For example, in airline businiess of service is unacceptable due
to negative consequences of the following types:[2]

* Loss of income generated by transporting passsragel cargo

» Poor customer relationships

* Increased demand for support resources (spaxs, equipment, etc.)
* Increased numbers of maintenance facilitiesuiiclg skills and training
of personnel required to deal with the consequeateancellations.

* Costs arising from re-routes, aircraft substimtipassenger handling
(hotels, buses, meal vouchers)

Cancelled flights generate the cost to the custdowrdue to disrupted plans,
missed business appointments, lost time and patiecmnsequences to the cargo
due to late shipments.

Generally speaking, all affords must be made tdlen@assengers and cargo to go
to their destinations on time, in safe manner. belgey Chief Mechanic on Boeing
777, Jack Hessburg, has immortalised this sentitmgsaying, “All | want to do is
to go to Cleveland on time and never crash.” [1]

Consequently, the main objective of this papeo ipresent the concept of the MEL
as one of the potential mechanism to be used @ugsithtion community to further
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influence the motion of a functionable system typwugh MIRCE Spadeand
potentially enhance its functionability performanes perceived by MIRCE
Science.[1]

2. Minimum Equipment List in Commercial Aviation

According to Hessburg, [2] the structure and apakro¥ the early Minimum
Equipment Lists (MEL) lists were principally in thends of the individual CAA
Air Carrier Inspectors. Technical evaluation ofmtefor inclusion into a list was
based upon the individual inspector's knowledgepetence, and subjective
analysis of a specific aircraft type. The resulswlzat the MEL for operator "A"
and that operator "B" (both using the same modetait) were frequently
different; one airline's inspector being very camagve and disallowing all but the
simplest of equipment to be inoperative, the obie@ng far more liberal. Individual
operators would claim favoritism when one discouddfet their competitor had a
less restrictive MEL.

This lack of objective analysis and standardisatibNIEL resulted in the
institutionalisation of the process by the mid-1860he FAA adopted centralised
control and publication of separate Master Minimiaquipment Lists (MMEL) for
each large aircraft type.

Present regulations continue to recognise ther@idgflEL concept. FARs 125, and
135 operators were included in the concept byale1970s. In 1991, single engine
operations under FAR 135 were added to the contaptly, FAR Part 91
operations are also now covered [3].

It is necessary to stress that nothing in this ephdisallows the authority of the
pilot-in-command. The pilot may, at his or her deton, require that any item
covered by the MEL be repaired before flight.

Operations with certain items of equipment inopeeaére not considered an
abrogation of the aircraft Type Certificate. Whereating under Parts 121, 125 or
135, an approved Minimum Equipment List is recogdias an approved change to
the type design. Therefore, the altered statuseohircraft under the MEL remains
an acceptable certified configuration. Consequeatipption of an MEL item does
not require re-certification of the type design.[3]

Operating with an approved MEL and a letter of atifation under FAR Part 91
constitutes a Supplemental Type Certificate fordineraft. As such, an MEL
approved under Part 91 is issued against a spatifiaft(s) i.e. aircraft serials
number(s). The aircraft(s) will be listed on theyeosheet of the approved MEL.

Is necessary to stress a mechanic or inspectaot is wiolation of the FAR for
releasing an aircraft as airworthy when certaimgere inoperative under an

4% \n MIRCE Science, there are a countable infinitenbar of discrete functionability states that a fiowable system type
could be observed in, each representing a fundiibityestate. This set of possible outcomes isRbactionability Sample
Space (FS$. As each functionable system type has its owmasfmal life, its functionability state within tHeSSwill
change with time. Combining the calendar time disihen with the FSSforms the MIRCE Functionability Field (MEF
The probability that a functionable system typd @ observed in a particular functionability stateng calendar time
constitutes the MIRCE Space, in MIRCE Science [1]
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approved MEL. Because an air carrier airworthimegsase requires certification
that the work performed is in accordance with tbeificate holder's manual.
Because an approved MEL is a part of the certdgitatider's manual, a mechanic is
relieved of responsibility for the inoperative s&bf MEL items. The actions taken
under the requirements of an approved MEL wouldac!the discrepancy from the
aircraft maintenance record and would consequeetiglidate the maintenance
release.

A mechanic is not responsible for any contingeninteaance required by the MEL
for any previously deferred items unless additi@mraiepetitive maintenance is
required. An aircraft maintained under FAR Pari®deturned to service under the
provisions of FAR 43.5 and is unaffected by thiemima as an approved MEL
under Part 91 is considered a supplemental typ#icate.

3. Creation of the Master Minimum Equipment List

During the initial design of an aircraft the devyaieent of Master Minium
Equipment List, MMEL, begins. For new designs, itienufacturer submits a
preliminary list of items to be considered by tekevant aviation authorities.
Aircraft operators, interested public (safety oligations, foreign regulatory
agencies, union representatives, and the like)thisdist to develop the master.
The final MMEL is released, after approval by desigd authority.

Once adopted, an MMEL is periodically revised. Ehesvisions arise from
individual operators petitioning the relevant auities for additions, deletions, or
clarification of items. These changes continueubhmut the useful life of the
aircraft type. There is no set schedule for thésiens; they take place on an as
needed basis. Early in an aircraft model’s lifegtirtgs might be held yearly,
whereas later in its life, the meetings can bersgyears apart.

4. MMEL is for Aircraft not Airline

The MMEL is a generic list for a given aircraft &prhus, items are included in the
master that may not be installed in a given aitdirileet. There is no system for
tracking recording, crew notification and clearwfga deferred item contained in
the list. The list also contains time limits on htmmg a given item may be deferred.
It identifies requirements for placarding the catkip requires which items must
have maintenance and flight operations procedurésiits.

Each airline must prepare its own MEL using theteraas the source. Operators
are responsible for exercising the necessary daotinosure that an acceptable
level of safety is maintained. This includes a nepeogram embracing the parts,
personnel, facilities, procedures, and schedul@sstae timely clearance of
deferred items.

An individual airline’s MEL may be more restricti\aait not less than the Master
Minimum Equipment List. They may include, with appriate conditions and
limitations, items not contained in the mastergisth as equipment not required for
a given flight operation; that which is more thaquired by the FAR; and
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equipment that, for internal administrative contedsons to the operator, is best
placed within the context of his MEL

5. Deferring Process under MEL

The specific process for deferring at any givetirawill differ. However, once it
has been determined that an item is deferrablecsidn is made to defer or fix.
This normally involves, at the minimum, station ntanance personnel and the
pilot-in-command. However, in many instances, fliglspatch, maintenance
engineering and a quality control organisation télparty to the decision. Some
airlines designate in the body of their MEL, speamdividuals or organisations
with deferral authority for each item listed.

Station maintenance personnel have several redpliies that include properly
securing the deferred item, logging item correntlyequired documents, notifying
specific individuals and organisations to ensuet the necessary bookkeeping will
take place, thus insuring that the item is propedgked and scheduled for later
repair within allowable time limits.

Dispatch and/or the pilot-in command shall, as appate observe any special
limitations or modified operating procedures attamdo the deferred item and
notify other operations organisations and down $itations that are affected by the
deferral.

Maintenance control or other appropriate orgaresatharged with tracking
deferred items and scheduling will take appropréet#on to clear the item from the
deferred log within the allowed time for deferral.

6. An Example of Minimum Equipment List

To illustrate the concept and a practical applarabf MEL the vacuum pump of
Piper Seminole PA-44-180 is addressed, for noqdaii reason. It is a four seat
light twin aircraft, which has been in-service &r978. it is at twin engine
development of PA-28 Archer aircraft with new Tl-tand semi-tapered wings.
Production ceased in 1981, restarted in 1988 aaskeceonce more in 1990.

Main technical and functionality characteristicgtuf aircraft are as following:

* Powerplants: Two 135kW (180hp) Lycoming O-360-E1#d four piston
engines driving two or optionally three blade cansispeed Hartzell
propellers.

* Performance: Max speed 311km/h (168kt), max crgispeed 309km/h
(167kt), long range cruising speed 280km/h (151kt)ial rate of climb
1200ft/min. Service ceiling 17,100ft. Range witsaps/es 1630km (880nm).
Weights: Empty 1070kg (2360Ib), max takeoff 17288800Ib).

* Dimensions: Wing span 11.77m (38ft 8in), lengthl®4(27ft 7in), height
2.59m (8ft 6in). Wing area 17.1m2 (183.8sq ft).
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* Production: Total Seminole production through td 2004 amounted to
672, including 86 Turbo Seminoles.

The Piper PA-44 Master Minimum Equipment List (MMEDr Part 91 operations
lists all items of installed equipment that arenpi¢ted to be inoperative. The
MMEL states, in part, that “it is incumbent on thygerator to endeavour to
determine if Operations and/or Maintenance] prooesltor that equipment must be
developed.

The MMEL is intended to permit operations with ieogtive items of equipment
for the minimum period of time necessary until iepaan be accomplished. It is
important that repairs be accomplished at theesdrpportunity in order to return
the aircraft to its design level of safety andatkillity. Operators are responsible for
exercising the necessary operational control tarenthat an acceptable level of
safety is maintained.” [4]

According to Section 37 “Vacuum/Pressure,” sequéities’l. Vacuum Pump”
states “two vacuum pumps are installed and oneqgsired for dispatch. It further
provided, under the “Remarks or Exceptions,” tlahé may be inoperative for day
VFR® flights.”

ThePA-44 Scheduled Maintenance Maniralludes a checklist to be utilised for
inspections every 50 and/or 100 hr. Subsection Bt&&s “Inspect and
operationally test vacuum pumps and lines.” ItHartrequires that the vacuum
pump installed on each engine is inspected evedyhiONote 7 further states
“Replace or overhaul, as required, or at enginehaud.”

ThePilot’'s Operating Handbooktates in Section 7.19, “The vacuum system
operates the air-driven gyro instruments. The vacaystem consists of a vacuum
pump on each engine, plus plumbing and regulatingpenent. . . A shear drive
protects the engine from damage. If the drive s)¢he gyros will become
inoperative. The vacuum gauge mounted on the mgttument panel to the right
of the radios provides valuable information to piilet about the operation of the
vacuum system (a low vacuum indicator light is pded in the annunciator panel)..
In the event of any gauge variation from the nahm,pilot should have a mechanic
check the system to prevent possible damage tey§tem components or eventual
failure of the system .A vacuum regulator is predadn the system to protect the
gyros. The valve is set so the normal vacuum réa&it 5.2 in. of mercury. . .” [4]

Should suction drop below 4.5 in. Hg, pilots arat@mmed to increase rpm to 2,700,
descend to maintain 4.5 in. and use the electricitdicator to monitor directional
indicator and attitude indicator performance.

®Visual flightrules (VFR) are a set of regulations under whigliat operates an aircraft in weather
conditions generally clear enough to allow thetitosee where the aircraft is going. Specifically,
the weather must be better than basic VFR weath@nma, i.e. in visual meteorological conditions
(VMC), as specified in the rules of the relevant aviatiathority. The pilot must be able to operate
the aircraft with visual reference to the grountj &y visually avoiding obstructions and other
aircraft
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7. Impact of Minimum Equipment List on Functionability Performance

“We did not buy the airplane to make a roost foepitgs
on the vertical fin, fouling the logo. So equipien
availability is a fundamental tenant which we fdrge
about.” Bob Six, CEO Continentatlihes’

According to the philosophy of MIRCE Science themabjective of existence of
any functional system is to do a work during thkeiedar time. [1] To differentiate
the concept of work in physics and in MIRCE Scierthe author has named the
latter as a functionability work. Hence, functioiéyp work is considered done
when a system delivers a measurable function avartarval of time, in a similar
way that classical physics considers work done vdreexternal force displaces an
object over a distance.

Consequently, in MIRCE Science functionability waskclassified as [1]:

» Positive Functionability Work (PFW): a generic nafoethe physically
measurable performance of a functionable system pypportional to
the duration of the calendar time during whichelkpected function(s)
are performed, measured in hours [Hr],

* Negative Functionability Work (NFW): a generic nafoethe
physically measurable performance of a functionapgstem type
proportional to the duration of the calendar tinn@my which required
positive functionability actions are performed, m@&d in hours [Hr].

Although the concept of functionability work is thein measure of functionability
performance, it is necessary to take into accdwnphysical resources related to
the execution of functionability works, like matdripersonnel, spares, tools,
equipment, facilities, energy and similar mustddesh into account. As all of them
have individual monetary values, in MIRCE Sciertbey are brought together
under the single umbrella of functionability caamtd it is classified into following
two types [1]:

» Cost of Positive Work (CPW): a generic name forghgsically measurable
performance of a functionable system type deterchinethe monetary
value of all the resources related to the delivdrgositive functionability
work, like operational personnel, consumable malkegigquipment, facilities,
energy and similar. Generally speaking, it encors@ssll the costs related
to delivery of the positive functionability work lilge functionable system
type during a given interval of calendar timiedenoted a€PW(T). It is
equal to the sum of the following cost elementg: [1

CPW (T) = CPW,+ CPW( J+ CPW( )T[ M

where: CPWgis the Set Up Cost, CPM(T) is the Fixed Cost and CRW
is the Variable Cost of delivering positive work.

® Robert Six (1907-1986), Founder and CEO of ContizeAirlines (1936-1986), Quote from Jack
Hessburg's Lecture at M.I.R.C.E. Centre on 27thudayn1998, at Exeter University.

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2018 11



2018 Annals of MIRCE Science

» Cost of Negative Work (CNW): a generic name fa piysically
measurable performance of a functionable system dgbermined by the
monetary value of all the resources used by a iomable system type to
perform the negative functionability work, like spaarts, qualified
personnel, material, equipment, facilities, eneagg similar. Thus, it
encompassed all the costs related to performingegative functionability
work, performed on the functionable system typerdua given interval of
calendar timdl, denoted a€NW(T) is equal to the following sum [1]:

CNV (T)= CNW,+ CNWY( J+ CNW( )T[ M

where: CPW.is the Set Up Cost, CPY(T) is the Fixed Cost and CRW
is the Variable Cost of delivering positive work.

The delivery of positive and negative functiondiilvork through time uniquely
determines the positive and negative functiongbddsts that correspond to the
motion of a functionable system type through thecfionability states. As this
motion is in the direction of calendar time, it medhat the magnitudes of the
positive and negative functionability costs are-decreasing measurable
characteristics of the functionable system typed,as such they are “legitimate”
measures of their overall functionability performaril]

8. Cost of Lost Revenue

The main business of any business is staying imbss. For that to happen it is
essential to generate a profit, which is commougbegated as the difference
between the revenue generated and the costs iddorgenerate the revenue.
Generally speaking, the revenue generated by eactidnable system type during
a given interval of calendar time, denotedr&3/(T) could be calculated as the
product of the hourly income, denotedHls expressed in [MU/Hr] and the amount
of the positive functionability work done by thesggm during the stated interval of
calendar timePFW(T)expressed in [Hr], thus [1]:

REV(T)= HIx PFW(T [ My 3

Financially minded analysts totally ignore the rgamerated cost while the
functionable system type is in the NFS during a&giinterval of calendar time.
However, MIRCE Science this cost category has beatysed and named the Cost
of Lost RevenueCLR(T)[1]. This cost category could be even higher ttha of
revenue generated due to the potential consequeht®s occurrences of NFEs to
the business and environmént

" One of the examples that immediately come to risrile Deep Water Horizon accident, when
British Petroleum was found by the court to haverb&rossly negligent” in the offshore rig
explosion that killed 11 workers and caused a 1Bdomgallon crude oil spillage. As a
consequence, British Petroleum was forced to pay 89 billion dollars in settlement to cover the
environmental damage and other claims by the fiuf SGtates and local governments. Of course, it
was on the top of the cost of resources used by tbeecover from the disaster.
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In MIRCE Science a profiPRF(T) is equal to the difference between the revenue,
REV(T)and the Total Functionability Cost, during theetiaperiod of calendar time,
TFC(T),thus [1]:

PRFE() = REM(T - TFG( Y
=[HIgxPFW(T)]-[CPW( T+ CNW T+ CLR)f [ M}

The MIRCE Profitability Equation is the only oneydwn to the author, which
unifies all aspects of the functionability performea of a functionable system type
including the cost of lost revenue, which, in rgalis an in-separable element of
the expected profit. This equation enables morerate predictions of the expected
profit to be made for each operational scenarionteaance policy and support
strategy, including the “length of MEL". Also, thegjuation “integrates” the
decision makers of functional systems types andiéoesion makers of
corresponding functionable system types into alsifrgprmalised” analytical

entity, rather than, as currently considered, tamgeting parties searching self set
targets in isolation.

9. Conclusions

To avoid the loss of consumer trust, revenue oalsdipy any disruption to a
system’s functionality is unacceptable to the pdevs, on one hand and also to
their receivers, on the other. Consequently, eeéfort must be made to ensure the
continuity of the provision of the system’s functadity through calendar time. One
of the methods used to minimise disruption to cjpanal capability, especially in
the aviation industry, was the creation of the Minm Equipment List (MEL).

A minimum equipment list (MEL) is a list that pro\as for the operation of aircratft,
subject to specified conditions, with particulaugument inoperative (which is)
prepared by an operator in conformity with, or mastrictive than, the Master
Minimum Equipment List, established for the airtitgthe. (ICAO Annex 6:
Operation of Aircraft)

The MMEL is a list established for a particular étionable system type by the
organisation responsible for the type design withdpproval of the State of Design
which identifies items which individually may besewviceable at the
commencement of a flight. The MMEL may be assodiati¢h special operating
conditions and rules.

The impact of introducing the MEL for any aircrafpe could be quantified
through the functionability performance measuresnely functionability work and
functionability cost, positive and negative, whate fully defined by the
functionability equations of MIRCE Science.

In summary, this paper has shown that the MEL &sadrihe potential mechanisms
to influence the motion of a functionable systemetyhrough MIRCE Space and as
such it can enhance its functionability performarase understood through the
application of MIRCE Science [1].
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Post-Maintenance Flight Test as a
Mechanism of Motion in MIRCE Mechanics
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Abstract

MIRCE Mechanics is a part of MIRCE Science thau$es on the
scientific understanding and description of the b1 phenomena and
human rules that govern the motion of functionaylstem types though
MIRCE Space[1]. A full understanding of the meckars that influence
this motion through MIRCE Space is essential fauaately predicting
the functionability performance of functionable teys types using
MIRCE ScienceAccording to the 8 axiom of MIRCE Science, the
probability that a completed maintenance task idtrces faults or
errors is greater than zero. To reduce the prolgbibf introducing
undetected maintenance errors and their consecaleimipact on the
system operational process, the concept of the-asgitenance Flight
Tests (PMFT) is used in aviation industry. Consetlye the main
objective of this paper is to critically assesssin¢ypes of maintenance
verification tests and their impact efficacy on tifenctionability
performance, as understood through the applicatbMIRCE Science.
The physical reality of inducing errors during mi@nance and their
consequences on post-maintenance flight is illtstiausing an incident
that regrettably took the lives of two pilots, whiteir Piper PA 46-
350P, N962DA, crashed into the Spokane River on May015,
following an attempted landing at Felts Field Airpan Spokane,
Washington, USA

1. Introduction

“Motion does not mean travel of the ball-type
electron along some orbit around the nucleus.
Motion is the change in the state of the system
“atom” in time.” Werner Heisenberg

MIRCE Mechanics is a part of MIRCE Science thaufxes on the scientific
understanding and description of the physical phesa and human rules that
govern the motion of functionable system types ¢fioMIRCE Space [1]. A full
understanding of the mechanisms that influencentioiBon through MIRCE Space
is essential for accurately predicting the functioitity performance of functionable
system types using MIRCE Science.
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According to MIRCE Science, at any instant of cdkartime, a given functionable
system typ&could be in one of the following two states:

Positive Functionability State (PFS), a generic edaon a state in which a
functionable system type is able to deliver theeex@d measurable
function(s),

Negative Functionability State (NFS), a generic adar a state in which a
functionable system type is unable to deliver tkgeeted measurable
function(s), resulting from any reason whatsoever.

The motion of a functionable system type throughftinctionability states, in
the direction of calendar time, is generated byfi@mability actions, which are
classified as:

Positive Functionability Action (PFA), a generionma for any natural
process or human activity that compels a systemadwee to a PFS.
Negative Functionability Action (NFA), a genericne for any natural
process or human activity that compels a systemaee to a NFS.

The motion of a functionable system type throughftinctionability states is
manifested through the occurrences of functiongevents, which are
classified as:

Positive Functionability Event (PFE), a generic edor any physically
observable occurrence in time that signifies thadition of a functionable
system type from a NFS to a PFS.

Negative Functionability Event (NFE), a generic edior any physically
observable occurrence in time that signifies thadition of a functionable
system type from a PFS to a NFS.

At the MIRCE Akademy a large number of positivedtionability actions have
been analysed, including maintenance tasks likerhauls, tests, inspections,
visual checks, scheduled maintenance tasks, repgplacements, examinations
and many others, in order to understand the mestmasnilriving the motion of
functionable system types out of their negativecfiomability states. Based on the
information available, Knezevic [2] concluded thifabm the point of view of the
guality of execution, each physically observablentemance task could be
categorised as:

Successful Maintenance Task (SMT), where all maantee activities have
been completed successfully in the first attempt.

Faulty Maintenance Task (FMT), where all maintemaactivities have not
been completed successfully in the first attempt.

8According to Knezevic [1], functionable system typéa set of mutually related components
uniquely put together to perform at least one medde function and a set of functionability rules
that govern its functionability performance.”
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By studying numerous maintenance processes regdtugnexecution of
maintenance tasks, in respect to the possibiligedécting maintenance faults and
errors, made during the maintenance process, theragrouped them into
following two categories: [2]

» Detectable Faulty Maintenance Tasks (W1 Tare those where the faulty
activities could be detected during the executibconmsisting activities or at
the end of the task and corrective action taken.

* Non-Detectable Faulty Maintenance Tasks (RiM)Twhere faults and errors
induced during the maintenance process are nottedtduring the
execution of the constituent activities or at thd ef the task and are left for
the operational process to detect the maintenandts fand suffer their
consequences.

In accordance to thé"&xiom of MIRCE Science [1] each maintenance task
completed has a certain probability of belongingh® FMT\p category. To reduce
the probability of existence of undetected mainteeaerrors and their
consequences on the system operational processrthept of the Post-
Maintenance Flight Test§PMFT) is used in aviation industry. Consequeritig,
main objective of this paper is to analyse thistgp maintenance tasks and their
impact on the motion of functionable system typesugh MIRCE Space and their
consequential impact on the functionability perfanoe, as perceived by MIRCE
Science. The physical reality of inducing errorslezperforming maintenance tasks
and their consequences on post-maintenance feghtistrated using an incident
that took the lives of two pilots, when the Pipér 46-350P, N962DA, crashed into
the Spokane River on May 7, 2015, following anratieed landing at Felts Field
Airport in Spokane, Washington, USA.

2. Post-Maintenance Flight Test

The objective of this task is to fly the aircrafing normal operating procedures to
validate the functionality of the aircraft undestteafter completion of the
maintenance tasks or manufacturing process. Thestpsrformed in accordance
with a defined test plan, with pilots ready to tgée contingency occurs, so that
they can get the airplane back on the ground adckeasd the cause of the
contingency.

The functional check flight should be carefullymted with an emphasis on risk
management before the aircraft leaves the grouimid.niust include consultations
with maintenance staff and, in some cases, repaseass of the aircraft's
manufacturer, as well as piloting currency, insaeacoverage, crew coordination
and other Federal Aviation Authority (FAA) regutats, to name a few. For
example, FAR 91.305 regulation states flight-tegtimust be conducted over open
water, or sparsely populated areas having lightraific.

® Post-maintenance flight in the aviation industran accepted nomenclature for an assessment of
the functionality of a functionable system at tihe ef the maintenance tasks. It is also known as a
“functional check flight,” or FCF. These types bfhts also apply to production testing of new
aircraft as they “roll off” the assembly line.
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Post-maintenance test flying can be risky. Eveatirgdly simple owner-performed
maintenance chores, like oil changes or brake-pplhcement, have been known to
create airborne drama. Whenever an aircraft comesfanaintenance, some sort
of test flight should be conducted with the intentof verifying the work

performed. In fact and perhaps unsurprisingly,RA& has a regulation covering
post-maintenance test flights, FAR 91.407. Its imppility to a specific situation
hinges on the extent to which, if any, work on dimeraft "appreciably changed its
flight characteristics or substantially affectesloperation.” That's a fairly broad
definition, and one an owner or operator shouldktabout whenever some
maintenance is planned.

3. Is Post Maintenance Flight Testing Necessary?

Numerous accidents in all types of functionabldesys have been maintenance
related. It means that as result of an inhererit tawan error that took place during
the execution of the maintenance task, functionsypséems have experienced
transition to a NFS, while in-service. Types, saald frequencies of the
maintenance induced failures and their consequane@snmercial aviation can be
found in literature. The collection of maintenameeor related events, briefly
described below, are taken from the report pubtisiie12 August 2002 by the
National Transportation Safety Board of the USAJ @ivil Aviation Authorities of
the UK, thus:

* May 25, 2002China Airlines B747-200. Structural failure at the top of a
climb to cruise altitude resulted in a crash intowlan Strait; due to the
repair of previous tail strike, when steel doultkext are prohibited by
structural repair manual., were used. Toll: 22teHil

* April 26, 2001.Emery Worldwide Airlines DC-8-71F. Left main landing
gear would not extend for landing. Cause was faibfrmaintenance to
install the correct hydraulic landing gear extengitomponent and the
failure of inspection to comply with post-maintenarest procedures. No
injuries.

e March 20, 2001Lufthansa A320. Cross-connected pins reversed the
polarity of captain’s side stick. Post-maintenafhuoectional checks failed to
detect the crossed connection. Aircraft ended Wi fleft bank, almost
hitting the ground. Co-pilot switched his side-tio priority and recovered
the aircraft. No injuries.

* Feb. 16, 200CEmery Worldwide Airlines DC-8-71F. Crashed attempting
to return to Rancho Cordova, California. Cause wgsoperly installed
right elevator control. Toll: 3 crew killed.

e Jan. 31, 200QAlaska Airlines MD-83. Crashed in Pacific Ocean near Port
Hueneme due to loss of horizontal stabiliser calbrgetthe maintainer failure
to lubricate jackscrew assembly that controls pitoh. Toll: all 88 aboard
killed.
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« Jan 21, 1998Continental ExpressATR-42. Fire in right engine during
landing, due to improper overhaul of lugholes ia thel/oil heat exchanger.
No serious injuries.

* March 18, 1997Continental Airlines DC-9-32. Failure of maintenance
personnel to perform a proper inspection of thelmastion chamber outer
case, allowing a detectable crack to grow to atleagwhich the case
ruptured, causing uncontained failure of right eegiNo injuries.

* Nov. 1996. A320 (operator unknown). Both fan coabrs detached from
No.1 engine during rotation. Doors had been cldsedot latched during
maintenance. According to AAIB, “Similar incidertitave occurred on at
least seven other occasions.”

e July 17, 1996TWA Flight 800, B747. Fuel/air explosion due to inaate
maintenance on an aging fleet and noncomplians padil: all 230
passengers and crew killed.

« July 6, 1996Delta Air Lines MD-88. Uncontained engine failure on
takeoff due to inadequate parts cleaning, dryingec@ssing and handling.
Toll: 2 passengers killed, 2 passengers serionglyad.

* June 8, 1995valuJet Airlines DC-9-32. Maintenance technicians failed to
perform a proper inspection of th8 gtage high compression disk, allowing
a detectable crack to grow to a length at whichptured. Toll: 1 crew
seriously injured.

* Feb. 1995British Midland B737-400. Oil pressure lost on both engines.
Covers had not been replaced from borescope inepébe previous night,
resulting in loss of almost all oil from both eng#during flight. Diverted
and landed safely. No injuries.

e March 1, 1994Northwest Airlines B747. Narita, lower forward engine
cowling dragged along runway. During maintenanice,No. 1 pylon
diagonal brace primary retainer had been removéddiueinstalled. No
injuries.

e Aug. 1993 Excalibur Airways A320. Un-commanded roll in first flight
after flap change. Returned to land safely at Gatwiack of adequate
briefing on status of spoilers (in maintenance Malleing shift change.
Locked spoiler not detected during standard puattional checks. No
injuries

e Sept. 11, 1991Continental Express Airlines EMB-120. Horizontal
stabilizer separated from fuselage during flightéaese maintenance
personnel failed to install 47 screw fastenersl: ®dll 14 passengers and
crew killed.
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* Aug. 21, 1990United Airlines B737. Flashlight left by maintenance,
sandwiched between cargo floor and landing geeaaééxtend linkage,
causing the crew to make a gear up landing. Naiegu

o July 22, 1990USAir B737. Fuel pump control failure due to improper
machining. No injuries.

e June 1990British Airways BAC1-11. Captain sucked halfway out of
windscreen, which blew out under effects of cabiespure, as 84 of 90
securing bolts were smaller than the specified diem Toll: 1 serious
injury.

e Aug. 12, 1985Japan Air Lines B-747SR. Improper repair of aft pressure
bulkhead led to sudden decompression in flight daaaged hydraulic
systems and vertical fin. Aircraft struck Mt. OguTall: 520 passengers and
crew killed; 4 surviving passengers injured.

* May 25, 1979American Airlines, DC-10. Separation of No.1 engine and
pylon assembly on takeoff at Chicago’s O’Hare. Talll 298 passengers
and crew plus 2 killed and 2 seriously injured lo& ground.

Based on the examples presented above, which satgtthing the surface” of the
problems related to the faulty execution of maiatere tasks, it seems that the post
maintenance flight test could be a good mechanisrddtecting the faults prior
returning the aircraft to scheduled service. Imse@xtreme cases, the post
maintenance flight tests might end in accidents el consequences of these
occurrences on the environment and flying publmusth be significantly smaller.

The contra argument could be that each post mantenflight test prevents the
return of the aircraft to its revenue generatingopse, which could have a
significant impact on the “bottom line” of the am. Hence, a rational trade-off has
to be made between the benefits of doing the tebtlze lost revenue sustained
while conducting it.

4. Preparation for the Post Maintenance Flight Test

The process begins with a thorough understandirigeofvork that was done on the
aircraft. According to many operators, the firsegtion to ask is whether a
functional check flight is really necessary for thaintenance that was performed.
Generally speaking, most maintenance proceduresaaiern aircraft do not require
flight checks. Maintenance departments rely onAineraft Maintenance Manual
(AMM) for guidelines on post-maintenance flighttteg, as it gives a specific
direction on checking the components that haveetbight-tested. The task cards
for the event will cover the specific things thiglfit testing shall include. For
example, once a hot-section inspection has beepleted, and assuming no
deterioration was discovered, runs can be conduntdtie ground. After major
overhauls, rigorous operating cycles will be coriddan test cells by the engine
manufacturer or repair station that did the wortobereturning powerplants to
customers, necessitating only routine check fliglftsr the engine was reinstalled
and signed off.
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After a major engine maintenance action is comglatstatic takeoff engine power
check will be performed in accordance to the Aingl&light Manual (AFM) to
verify that power and temperature limits were withroper parameters. However,
there are some scheduled maintenance actionsetipaite extensive, carefully
planned evaluation flights. For example the Gudfsin has an electrical load-
shedding system that drops off non-essential eqempro reduce the electrical load
on the airplane in an emergency. Testing thisufedbas to be done in the air
because there are designated trip-level altitudes@vcertain functions will be
performed by the systems, so it is impossible tthése tests on the ground. The
electrical system does this only in the case afrdgingency, and there are certain
steps that the flight crew has to perform to makeppen.

Another test, requiring in-flight evaluation, is Anxiliary Power Unit (APU) start
at altitude. In the case of: flap maintenances gssential to do a flight test to
electrically load the APU and check they are wagkpmoperly. Although all
possible checks are done on the ground, thereoare things that have to be
checked out in the air, For example “flap rigging'one of them.

In addition to the AMM and AFM, other references ptanning a PMFT include
the Aircraft Owner’'s Manual (AOM) and various cusier support services offered
by the original equipment manufacturer (OEM) in@hgdadvice, publications and
training from the OEM flight operations departmenigpically, the factory
checklist is used for this purpose. In additiof)ight Risk Assessment Tool
(FRAT) sheet is used in Safety Management SystévigjSor normal as well as
maintenance test flights that will be completeapto flying.

The most generic rules for the preparation of PNMFg as follow:

Rule 1: Think how to prepare for and fly a safe PMFT. they words, do the
“homework” by; studying every source of informatiavailable in communication
with the aircraft's OEM. If there’s a choice amdifight crews, obviously the best
and most experienced pilots should be selecteeces|y those with the greatest
time in the aircraft type, as they should be intehafamiliar with the aircraft’s
performance envelope and proclivities. Dependingherextent of the maintenance
task, the test pilot will sit down with the mainggte department personnel to
determine what was done on the airplane and whegtekpect from flying staff. A
lot of times, maintenance technicians are taketherilight, typically, one of those
who performed the maintenance task. Typicallyraator of maintenance (DOM)
oversees all maintenance on company-operated fiiiicia their responsibility to
prepare a thorough briefing on what was done arat w§ystems were affected. The
DOM also prepares a check flight item summary &ittst of what is necessary to
look for and what checks that additionally havé¢odone together with normal
flight operational checks.

Rule 2, Rely on the maintenance personnel to brief tigatficrew and explain
everything that was done to the aircraft and howilitbe verified on the PMFT. If
necessary maintainers should work with the DOMIam phe flight, keeping
everyone involved with the maintenance action altdop. Conducting post-
maintenance flight checks safely requires pilogsegienced in the aircraft,
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intensive preparation and cross-communication tighmaintenance provider, and
adherence to risk management principles

Rule 3 Plan the PMFT around the maintenance that wdenpeed on the aircraft
with an emphasis on risk management and an unddmstathat the flight should
be collaboration between the cockpit crew and neaiuice staff. Prior to the flight
it is necessary to thoroughly brief all personmebived and prepare for possible
emergencies. The flight should be carried out uAdief raffic Control (ATC)
control with radio contact maintained at all timé&ke flight crew and maintenance
personnel should hold a preflight briefing and eceemergency situations that may
occur during the intended flight that are relamdnay not be related, to the
maintenance performed. If an incident or probleisearon the flight, the crew and
maintenance technicians will assess and deterrhihe flight can be continued or
a return to base is required.

Rule 4: Make sure the aircraft documentation is up to,daten before going into
the airplane. It is important to spend some tinvéesging the folder containing all
the aircraft documents and all the paperwork tsure that:
e there are no open write-ups,
» that everything has been signed off,
< that all the dates (maintenance, inspection andhawd) have been
complied with
« that all the squawks have been addressed and sifined
» that the weight and balance is correct and othegsithat make the airplane
legal to fly.

It is necessary to stress the PMFT cannot stailtthetairplane has been signed
back into service, that it is truly airworthy. Thig is necessary to perform the
exterior preflight inspection. This is rather aagiht forward task, but takes time to
look at everythind’. To do the job properly it is necessary to tougbrgthing
physically, use the flashlight as a pointing devas much as it is used as an
illumination device, as it keeps pilots attentiosdsed on what they are looking at,
that something is what it is, and not what theyeaqigecting it to be. This process
will typically take 2 hrs or so pilots are advisaat to try to “rush through it”.

Finally, when the flight crew turn the airplane dmat is, strike the battery switches,
to make sure that all the lights come on as thestigposed to. It is necessary to be
sure that: the APU start and stop lights come o genunciators function; all the
lights come on, including the one showing thate¢hanciators are armed! Then and
only then pilots are advised to go through allfthection checks, to make sure
everything has its proper form and function, betbeeaircraft is moved on. It is
considered best practice to take maintenance remas/e on the ensuing check
flight since maintainers “take as much pride in wihay do as the pilots do” and in
case things go wroly

2 There is anecdotal evidence that “A crew doingatkvaround noted that the nose wheel tires had
been put on backward so the rain-deflectors, areshiwere on the inside. They were doing their job
correctly and caught this. It's the same walk-atbpitot do under normal circumstances but more
intense, ensuring that the mechanics put the aiegie@ck together correctly.

1 «Once on a check flight, we got a bunch of warnightk,” he recalled, “and the maintenance
technician recognised immediately that it was dfmm with the breaker, which didn’t pop but was
going bad. We returned and they fixed it.”
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Rule 5: Before launching on a PMFT, work out a plan fondilang contingencies
that could happen as a result of the performed texa@mce tasks. If something
unplanned occurs on the functional check flight, tisponse should be clear: Itis
necessary to make an assessment, take corrediioe d@ossible, decide whether
to continue the flight, and if not, especiallyhitaircraft is at risk land as quickly as
possible, in accordance with the preemptively preghaisk-management plan and
the duties assigned to each crew member, inclutimgnaintenance personnel
“riding along”. Whether there is a glitch to be mmted or all goes well on the
PMFT and the aircraft is deemed safe and readsefatry to service, the last task
IS to conduct a post-flight review of the operatidhe object here is to learn from
the experience, exchange information and pointses¥, to help avoid problems in
the future.

Rule 6: Debrief after the PMFT and review the entire posintenance verification
process. Encourage feedback from all involved,tiieany faults and errors that
were made, and update/correct operations manugbii&laccordingly.

In summary any functional check flight is an extdaoary event, which cannot be
treated as a normal flight! Nothing should be assiliiVhen accelerating down the
runway, as soon as the flight controls become #¥ecthe pilots need to make sure
that they get the proper response to their inpartalf three axes. Whenever
someone performers a task, he or she must alwal@peone operation at a time
(e.g. move one switch), wait, and observes theoougc If all is OK, then they can
perform the next task. It is also vitally importaas always, to work as a team.

5. An Example of Maintenance Induced Catastrophic Eor

Arguably, among the most challenging and potentiadizardous flights a pilot
undertakes are post-maintenance test flights. Tdteohal Transport Safety Board
(NTSB) database contains dozens of incidents ithvhost-maintenance flights
ended up tragically, often because the pre-flifares were rushed or carelessly
executed. This paper looks at an incident that theHlives of two pilots, when
Piper PA 46-350P, N962DA, crashed into the SpolRimer on May 7, 2015,
following an attempted landing at Felts Field Airfpm Spokane, Washington, USA.
[4, 5, 6].

Rocket engineering company personnel had just cetegblseveral maintenance
tasks including an annual inspection. The acciflgyftt was to be a post-
maintenance test flight, and was expected to thketad0 minutes. Weather
conditions were good. Eleven minutes after makimgginitial call to ATC, the
airplane began the takeoff roll. AImost immediatefter takeoff, the aircraft began
a climbing turn, 10 deg. to the right, as recorbgdadar. After flying on that
heading for about 1.5 miles, the airplane begameeraggressive turn to the right,
reaching 1,000 feet. The airplane’s turn radius tightened to about 700 feet, and
within 45 seconds it completed almost two spirglliarns, while descending about
700 feet. Control tower personnel later told inigzdbrs that during this period the
airplane was banking about 90 degrees to the aigtitdescending, and they
assumed that it was about to crash. However, manater the bank angle began
to reduce, and the airplane appeared to recoverairplane then began a
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meandering climb to the east, and about 2.5 miratesthe pilot reported, “We
are trying to get under control here, be back wiih.”

The Piper eventually over flew the town of Newmaké, about 11 miles east of
the airport, having climbed to about 5,600 feet m&=a level (MSL) and the pilot
reported, “Things seem to be stabilizing.” Wheneaskis intentions by the tower
controller he replied, “We are going to stay outehi®r a little while and play with
things a little bit, and see if we can get backi&m the airplane began a gradual left
turn, and the pilot requested and was approved #traight in landing for Runway
22R. The airplane became aligned with the runwayaB miles east of the airport,
and a short time later the controller asked thet piile nature of the emergency, to
which he responded, “We have a control emergeneetta hard right aileron.”
The flight progressed, and a few minutes latepila reported that the airplane
was on a 3-mile final. The Piper remained closébynad with the runway
centreline throughout the remaining descent, amtkcbtower personnel observed
that it appeared to be flying in a 20 deg, rightigvlow attitude as it neared the
runway threshold. A tower controller later reportkdt as the still airborne airplane
passed Taxiway D, the engine sound changed, s filot was attempting to
perform a go-around. Suddenly, the airplane begarago roll to the right and
crashed into the river just north of the airport.

Rescue operations, which started immediately, dyickned into recovery
operations. The river was about 25 feet deep ac¢hilent site, and all major
airframe components sank within a few minutes qfaot. Divers recovered the
airplane over a two-day period during the weekofwlhg the accident. The
fuselage sustained crush damage and fragmentabionthe firewall through to the
right-side emergency exit door. The engine remaatexthed to the firewall, and
the propeller hub with all four blades remaineadtied to the engine gearbox. All
blades were bent about 90 deg aft, 8-12 in fronr thets. Both wings had
separated from the airframe at their roots, withright wing separating into two
sections outboard of the main landing gear. Thebotal stabilizer had detached
from the tail cone.

The 64-year-old pilot-in-command, held a commercatificate with ratings for
airplane single-engine land, multiengine land, rat@ft-helicopter, and instrument
airplane and helicopter, along with a flight instar certificate for airplane single-
engine land. He also held a repairman, experiméui&der certificate, and was
rated in the Bell 212 helicopter and Lockheed L-882L30 Hercules) airplane.
Rocket Engineering told investigators the pilot Badappointment for his FAA
medical examination at 0800 on the morning follayvihe accident, and therefore
chose to do the flight test that evening insteatheffollowing day (Friday). The
pilot’'s wife also stated that he typically did medrk on Fridays but would do so if
the work schedule required it.

The pilot-rated passenger held a private pilotiftexte with an airplane single-
engine land rating, issued in 2010. He had accueuila total of about 122 hours of
pilot-in-command flight experience. He was emplogtdRocket Engineering as a
customer service and sales representative.
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The accident aircraft was manufactured by Pipdi9i96 as a PA-46-350P equipped
with a Lycoming TIO-540-AE2A 350-hp turbochargedtpn engine. It was
modified by Rocket Engineering in 2007 under a g LC STC, which included
the installation of a 560-hp Pratt & Whitney Can&¥&6A-35 turboprop engine.

The airplane was brought to the facilities of Radkegineering on April 17 for an
annual inspection. During the period leading ughaccident, routine
maintenance was performed, along with the replanewfehe four aileron cables
in the wings and an aft elevator cable. The mechahp performed the work
stated that the aileron and elevator cables welaaed during the three-day period
leading up to the accident.

The owner reported that he had decided to pickhamirplane on May 5; however
as the work progressed, he was informed that tidaae would not be ready in
time, and the date was pushed back to May 7 (accakey) and then May 8. He
had made plans to travel from Los Angeles the radkem of May 7, and was en
route via a commercial airline when the accideppeaed.

The airplane’s primary flight controls are convenal, and operated by dual
control wheels and rudder pedals through a clogeditcable system. The
ailerons and rudder are interconnected throughiagpystem located under the
main cabin.

An aileron is mounted on the outboard trailing-edgetion of each wing via a
series of hinges. Movement of each aileron is otlett through a yoke and pin
assembly that interfaces with a sector wheel malimteach wing forward of each
aileron. Each sector wheel is connected to, anekdriby, one aileron drive cable
and one balance cable. In each wing, both the baland drive cables are
terminated with identical ball swage fittings, agath swage fitting inserts into one
of two identically sized receptacles in the sewtheel. Both cables are
approximately the same length outboard of the presgessel seals, which are
located about 1 in apart vertically at the wingtroo

In each wing, both cables are routed to the fuseddong the wing trailing edge,
and pass through their respective pressure vesalglis the wing root. Inboard of
the pressure vessel seals, the left and right baleables connect to one another
after passing through a centre pulley, while theedcables are routed forward via
pulleys to the control wheel assembly in the cocKigie balance and drive cables
are aligned vertically at the pressure vessel sealdiverge about 3 inches
laterally at their respective pulley positions. Beetor wheel design is unique
within the Piper fleet to the PA-46.

The NTSB said that four aileron cables were replal&ing the maintenance
operation. “Post-accident examination of the aipleevealed that the aileron
balance and drive cables in the right wing had benouted and interchanged at
the wing root. Under this condition, both the kfid right ailerons would have
deflected in the same direction rather than difieedly. Therefore, once airborne,
the pilot was effectively operating with minimaldamost likely unpredictable
lateral control, which would have been exacerbaiedind gusts and propeller
torgue and airflow effects.”
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The sections of the two interchanged cables witihenwing were about equal
lengths, used the same style and size of termimati@ages, and were installed into
two same-shape and -size receptacles in the aid&tor wheel. “In combination,
this design most likely permitted the inadvertenéichange of the cables, without
any obvious visual cues to maintenance personrgiggest a misrouting. The
maintenance manual contained specific and boldinwgsrconcerning the potential
for cable reversal,” said the Safety Board [6].

“Although the misrouting error should have beeniobs during the required post-
maintenance aileron rigging or function checksjt she Safety Board, “the error
was not detected by the installing mechanic. Te&lling mechanic reported that
he had another mechanic to verify the aileron flonetiity, that other mechanic
denied that he was asked or that he conductedssakbck. The mechanic who
performed the work also signed off on the inspexctas the federal regulations do
not require an independent inspection by someoreedihnot perform the
maintenance.” [6]

The pilot did perform a pre-flight check; the pligiit checklist included
confirmation of “proper operation” of the primanyght controls from within the
cockpit. “Although the low-wing airplane did notsglg allow for a differential
check of the ailerons during the walk-around,” gael Safety Board, “both ailerons
could be seen from the pilot’s seat; therefore pila should have been able to
recognize that the ailerons were not operatingerbfitially.”

In analysing the circumstances of the accidentStifety Board observed that the
accident occurred at the end of the business dalythee airplane had been
undergoing maintenance for a longer-than-anticgppexiod. The airplane’s owner
was flying in from another part of the country si@ommercial airline to pick up
the airplane the following morning. The accidendfpiwho was an engineer at the
company and typically flew post-maintenance teghtk, was assisting with
returning the airplane to service. As he had goapment with an FAA medical
examiner the next morning (Friday), “It is likelyat the mechanic and pilot felt
some pressure to be finished that day so the oeméd depart in the morning and
the pilot could attend his appointment.”

In summary, the Safety Board determined the pr@bedlise(s) of this accident to
be: “The mechanic’s incorrect installation of twiteeon cables and the subsequent
inadequate functional checks of the aileron sydiefare flight by both the
mechanic and the pilot, which prevented properawofitrol from the cockpit,
resulting in the pilot’'s subsequent loss of contlating flight. Contributing to the
accident was the mechanic’s and the pilot’s salfioed pressure to complete the
work that day.” [6]

Unfortunately, the significant causal factors insedl in this accident are repeated
several times each year. Pressure to get the job; daspection/installation-
unfriendly designs; and rushed pre-flight inspettiare all potential killers. The
record shows that post-maintenance flights shoele&nbe considered “routine.”
They are fraught with hazards that can kill the anmcrew.
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6. Conclusions

According to the Baxiom of MIRCE Science, the probability that a ni@mance
task completed contains a fault or an error istgre¢han zero. Hence, MIRCE
Mechanics, as a part of MIRCE Science, focusefestientific understanding
and description of the physical phenomena and hunias that govern the motion
of functionable system types though MIRCE SpaceAlfull understanding of the
mechanisms of the motion is essential for accyyegdictions of functionability
performance of functionable system types facilddig MIRCE Science.

To reduce the probability of existence of undetchaintenance errors and their
consequences on the system operational procesoribept of the PMFT is used
in aviation industry. Thus, the main objective luktpaper was to analyse this type
of maintenance tests and their impact on the fanability performance in aviation,
on one hand, and to inform functionability engirsegnd managers in other
industries to consider similar tests, on the other.

The physical reality of inducing errors during nteimance and their consequences
on a post-maintenance flight is illustrated throaghncident that took the lives of
two pilots, when their Piper PA 46-350P, N962DAggtred into the Spokane River
on May 7, 2015, following an attempted landing elt$-Field Airport in Spokane,
Washington, USA

Arguably, among the most challenging and potentiadizardous flights a pilot can
undertakes are post-maintenance flights tests Ti&B\Hatabase contains dozens
of incidents in which post-maintenance flights eshde tragically, often because
the pre-flight chores were rushed or carelesslg@tesl. Hence, the closing
guestion is:

“Could the probability of the detection of mainteca induced errors be increased
by appropriate design solutions, rather than leatiem to be detected during the
potentially risky PMFT?”
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Abstract

MIRCE Science is a theory for predicting expectedctionability
performance for a functionable system type. Foueate predictions
to be made it is essential for the generic rand@amables contained
in MIRCE Functionability Equations to be “physicsdid”, for each
functionable action that impacts in-service behaviof functionable
system type considered. It requires a science baaddrstanding of
the mechanisms that govern the occurrences of ivegat
functionability events before engineering, techgalal, business and
economical decisions are made. Lightning strikes mot uncommon
physical mechanisms that cause the motion of fmahle systems
type through MIRCE Space. For example, airlinergha worldwide
fleet average at least one strike per year. Hetlee main objective of
this paper is to understand physical mechanisms temerate the
occurrences of lightening events and assesses imgacts on the
functionability performance of functionable systemses, as well as
to assess the available methods for dealing wigmtim respect to the
provision of safety by detection, protection andigie.

1. Introduction

During several decades of observing and researt¢henmn-service behaviour of
functionable system types, it became clearer agatet to the author that in order
to accurately predict their behaviour, it is neaeg$o understand the physical
mechanisms that govern the occurrences of fundiibtyeevents, rather than their
failure mode¥ that have been the main concern of reliability samity for over
50 years. Without a quantum mechanical understgnafi these mechanisms it
would be impossible to determine the most apprégpeobability distribution
functions to accurately describe the motion of fiomable system types through
MIRCE Space in order to quantitatively determine filmctionability work
expected to be done, together with the correspgrfdimctionability costs. For that
to happen, it is essential for the generic randanmables in MIRCE Functionability
Equations to be “physicalised”, for each applicdblectionability action [1]. In
author’s view it required a science based undedstgrof the physical processes
and human rules that govern them before any engmgedéechnological, business
and economical decisions are made.

Lightning strikes are not uncommon physical mecéagithat could potentially
affect the motion of functionable systems type tigto MIRCE Space. For example,

12 EMECA: Failure Mode And Criticality Analysis
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airliners in the worldwide fleet average at leas ightning strike per year. Hence,
the main objective of this paper is to addresddigimg as an environmental
physical phenomenon and assesses its impact darttgonability performance of
functionable systems types, as well as to outlkistiag lightening protection
methods and approaches.

2. Mechanics of Lightening

Lightning is an atmospheric discharge of electyiddespite being the most visible
form of electricity and a widely recognised natygaEnomenon, lightning remains
relatively poorly understood. Even the most basiestions of how lightning is
initiated inside thunderclouds and how it then jggtes for many tens of
kilometres have only begun to be addressed. Ipaisg progress was hampered by
the unpredictable and transient nature of lightraing the difficulties in making
direct measurements inside thunderstorms. Howéwedvances in technology
enable creation of instrumentation, remote sensiathods, and rocket-triggered
lightning experiments that are now providing nesights into the mechanics of
lightning.

Proper understanding of lightning phenomena invothe synthesis of many
branches of physics, from atmospheric physicsdsmhb physics to quantum
electrodynamics, and provides a plethora of chgifepunsolved problems. In this
paper only an elementary review is provided ofgtientific understanding of
lightning phenomenon.

Generally speaking lightning is the dissipatiorstattic energy stored in cloud
clusters. Scientists believe that the static enstgsed in clouds comes from the
relative motion of precipitation within the clouttsat generate free electrons
resulting in stored charges collected within theudl Positive charge in the cloud
will seek negative charges on the Earths’ surfédele in the same manner,
negative charges in the cloud will seek positivarghes on the ground. Lightning
begins to move away from the cloud filled with Et@nergy through what is
known as leaders. Leaders are electrical energyngmwut to seek ground or an
object of opposite charge. Leaders stem from wshadlled a lightning channel.
Lightning energy moves from the lightning chanmeldader streams. If the leaders
do not find anywhere of an opposite charge or “gajuo transfer the energy in an
opposite charge or “ground” the leader, the le@lpull back into the channel and
the channel stores the leader charge which incsghsesnergy in the leader
channel. This process continues as leader streay fa@m the lightning channel
seeking an opposite charge, constantly growingggnerthe lightning channel
until a leader finds an oppositely charged objetich could be cloud or groufti
creating an electrical circuit and quickly dischesghe energy built up in the
channel. This transfer of channel energy can benditia since the stored plasma
often reaches levels of electrical power beyondilliom volts and reach
temperatures of over 25,000 degrees Celsius! Wphktehing flashes, it finds the
faster path down to Earth and then it follows thme route back up to the cloud
again. A downward flash of lightening leader traval up to 1.600 kilometres per

31n a given geographic area, there can be as n=mh@ imes more cloud-to-cloud as cloud-to-
ground strikes. Furthermore, discharges can alsorogithin individual clouds.
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second. The return or upward speed is even fasstgr @ 140,000 kilometres per
second. [3]

Lightening, which is the discharge of electricagérgy accumulated, makes the air
inside a cloud almost 6 times hotter than the serts the Sun! The hot air inside a
thundercloud expands and vibrates and this maleelotid rumbling crash that is
commonly called a thunder. Thunder and lighteniagden at the same time but
there is always a gap between the flash of lightthe crash of a thunderclap. That
is because light travels many times faster thamd8uRough rule of thumb says if
the number of seconds between the flash of lighteand the bang of thunder are
counted and divided by 3, the results obtain woepdesent the approximate
distance of the storm in kilometres. [3]

Thunderstorms are most common near the equatas.ig because it's hotter, so
there is more hot air (energy) to rise and creaieerthunderclouds and lighting.

Hence, geographical areas like South America, @eAfrica and Indonesia have
on average 100-200 thunderstorms a year. [3]

There are five types of lightening, these are:

» Forked lightening that looks like the letter Y wpesidown

* Zig-zag lightening that is a giant spark that zagz its way to the ground

* Sheet lightening that makes a white light thas flwide area of the sky

« Ball lengthening that is manifested as a slow mg\aall of the fire that can
sometimes appear inside structdres

» St EImo’s fire that is a faint flickering glow anod trees, buildings or ships
masts.

Lightning doesn't strike the ocean as much as lanwhen it does; it spreads out
over the water, which acts as a conductor. In iegditerature, various different
estimates have been given for the distance oveshwhivould dissipate, to the
point where it would no longer be a harmful to aspe. Fish, which usually move
around at greater depths, are safer than humanrsensn Protruding heads or even
entire bodies, such as those presented by surf@adolle boarders, could put
people in greater danger. Boats can be fitted kgtiining conductors, which direct
the charge into the sea, while avoiding their nvodierable parts, such as
passenger areas or equipment rooms.

Lightening also hits deserts and sandy beachesitbdtigh in silica or quartz. As
the temperature in the affected areas reaches tmamel 800 degrees Celsius, the
lighting can fuse the sand into silica glass. Thastof a billion Joules of energy
radiates through the ground making fulgurites

1 The speed of light is 299,792,458 ghereas the speed of sound in air is between 331am
0°C and 360 misat 50 °C

'%1n 1984, Russian airline passengers were surptissee a blob of ball lightening floating over
their heads inside the plane. No one was hurt hente plane’s radar was damaged.

'8 Fulgurites, from the Latin fulgur, meaning "lightaih are natural tubes, clumps, or masses of
sintered, vitrified, and/or fused soil, sand, rogiganic debris and other sediments that can form
when lightning discharges into ground.
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3. General Impact of a Lightning Strike

Lightning is not only spectacular; it is a rathanderous natural phenomenon. Each
year around 2,000 people are killed worldwide ightining [2]. Although hundreds
more survive strikes, they suffer from a varietyasting symptoms, including
memory loss, dizziness, weakness, numbness, aadldéialtering ailments.

Strikes can cause cardiac arrest and severe uh8,of every 10 people survive.
The average USA citizen has about a 1 in 5,000ashahbeing struck by lightning
during a lifetime. [3]

Electrical energy discharged by lightning on treagses water inside them to
vaporise, creating steam that may blow them apart.

Many houses are grounded by rods and other protetttat conduct a lightning
bolt's electricity harmlessly to the ground. Homesy also be inadvertently
grounded by plumbing, gutters, or other materi@®unded buildings offer
protection, but occupants who touch running waterse a landline phone may
receive a shock by conducted electricity.

In Kruger national Park in South Africa, seven &lemts were killed by the same
lighting strike! [3]

Lightning may also occur in Volcanic Ash cloudsrfed in the immediate vicinity
of eruptions because the vertical movement andsamil between solid particles
within the cloud generates static charges.

In June 2006 a total of 17,000 lightening strikesAtaska, starting hundreds of
fires. By the end of June an area twice of the sfzeondon was destroyed. [3]

Flashes of lightening have been seen on Venusugitkd Lightening on Jupiter is
thought to be more powerful than on earth, but bappess frequently.

4. The Impact of Lightening on Aircraft

Through history of aviation there have been casesaraft being brought down by
lightning strikes that started electrical firesanced into unprotected fuel tanks,
significant damage to aircraft today is a rare fiomability event. However, in the
early years of jet transport, the in-flight bregkaf a Pan American World Airways
Boeing 707-121 over Elkton, Maryland, in 1963 whaleapproach to Philadelphia,
killed 81 people on board. The incident was attedo lightning and became a
watershed event in advancing aircraft protectiowas later determined that the
break-up resulted from an explosion in a fuel tdak to a lightning strike.
Subsequently, the nascent Federal Aviation Adnratisin (FAA) required that
lightning safety devices be installed on all comeredraircraft, including the now
familiar static “wicks” or dissipaters on the trag edges of wings and control
surfaces.

A few examples of accidents and incidents that leen reported with lightning
being attributed as a principal contributing factor
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e On February 8, 1988 a flight from Hanover to Didsd| Germany, a
Fairchild Metro Ill commuter turboprop crashed @p@ach to Dusseldorf
after a lightning strike resulting in “disconnectiof all batteries and
generators from the aircraft's electrical systemeluding the termination of
the cockpit voice recorder record”. After a complelectrical failure the
right wing broke off during an uncontrollable destcéhe crash was
blamed on "a combination of poor pilot judgmenskitl and the lightning-
caused electrical failure." Twenty-one people diE2lpassengers ands 2
crew)..

e On 15 December 2014, Loganair Saab 2000 on behg&lfbe, registration
G-LGNO performing flight BE-6780 from Aberdeen, (86 Shetland
Islands, (SC) with 30 passengers and 3 crew, wasedding towards
Shetland Islands' Sumburgh Airport when the aitoedeived a lightning
strike disabling elevator control. The Captain losttrol of his serviceable
aircraft when he attempted to control the aircnadinually without first
disconnecting the autopilot and despite the anmtioci of a series of
related alerts. The aircraft descended from 4,e@0tb 1,100 feet at up to
9,500 fpm and 80 knots above VA fortuitous transient data
transmission fault caused autopilot disconnectioaking it possible to
respond to EGPWS&warnings: 'SINK RATE' and 'PULL UP'. The
Investigation concluded that limitations on autopdisconnection by pilot
override were contrary to the type certificatiomadst other transport
aircratt.

* An Airbus A330-200 was struck by lightning justeafarriving to Perth WA
Australia, on 26 November 2014. It was allocatetibad following a one
hour post-landing delay after suspension of ramgratpns due to an
overhead thunderstorm. Adjacent ground servicegatiges were subject to
electrical discharge from the strike and one whe w@nected to the
aircraft flight deck intercom was rendered uncomssi The investigation
found that the equipment and procedures for mitgadf risk from
lightning strikes were not wholly effective andatvat perceived
operational pressure had contributed to a resumptiground operations
which hindsight indicated had been premature.

e On 4 December 200, while approaching Boda (Nontlag)crew of a
Dornier 228-200 (LN-HTA) lost control of their araft resulting from a
powerful lightning strike, which temporarily blinddoth pilots and
damaged the aircraft such that they lost elevaintrol. After regaining
partial pitch control using pitch trim, a seconteatpt at a landing resulted
in a semi-controlled crash that seriously injurethipilots and damaged the
aircraft beyond repair. The Investigation conclutieat the energy in the
lightning had probably exceeded certification iesite requirements and

"V/mo is the Maximum Operating Velocity (Velocity Manum Operating)
8 GPWS: A Ground Proximity Warning System is a egstesigned to alert pilots if their aircraft
is in immediate danger of flying into the groundaor obstacle.
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that up to 30% of the bonding wiring in the tailyrteave been defective
before lightning struck®

e On 25 September 2001, an Embraer 145 in descémanchester (UK)
sustained a low power lightning strike which wakofwed, within a few
seconds, by the left engine stopping without intiingpa failure. A
successful single engine landing followed. The $tigation concluded that
the cause of failure of the FADEC-controlled AE3@3igine (which has no
surge recovery logic) was the aero-thermal effetthe strike to which all
aircraft with relatively small diameter fuselagesla&lose mounted engines
are vulnerable. It was considered that there waskaf simultaneous
double engine flameout in such circumstances wiva$ impossible to

quantify.

* In 1969 the US Apollo 12 spacecraft was hit bytigiing as it took off for
the Moon. It survived. However, in 1987, a rocketriched from Florida
crashed after lightening damaged its on-board coenpuS shuttle
launches were postponed when lightening was around.

5. Mechanics of the Motion of Lighting Through theAircraft Structure

An aircraft flying in an electrically charged aneay also complete the circuit and
receive a strike that will continue from the aifftta the ground or another cloud.
These strikes on aircraft commonly occur within0B,@. of the freezing levél.

A lightning strike is accompanied by a brilliardi$h of light and often by the smell
of burning, as well as noise, which can be veryrelssing to passengers and crew.
However, significant physical damage to an airasafare nowadays and the safety
of an aircraft in flight is not usually affectedamage is usually confined to aerials,
compasses, avionics, and the burning of small holdse fuselage. Of greater
concern is the potential for the transient airfldisturbance associated with
lightning to cause engine shutdown on both: a F&BEontrol and non-FADEC
engines with close-spaced engine pairs.

A strike at the aircraft’'s radome will travel alotige outer skin and exit at an
extremity like a wingtip, the tail or a control sace. The entry point will vary from
pitting to a small hole; at the exit point howewde charge may burn a larger hole.
Meanwhile, the path of the charge along the airér@an produce scorching, often
at rivets as the charge arcs across the miniseyds lgetween rivet heads and
adjacent skin.

If the charge exits from a control surface, hingstbngs and bearings may be
spelled and require replacement. Strikes can #&lsotavionics, antennae and,
especially, compasses. In any case, after a ligitstrike, the airframe will require

19 https://www.skybrary.aero/index.php/D228, viciniBod%C3%B8_Norway, 2003

2 The freezing level, or 0 °C (zero-degree) isotheepresents the altitude in which the temperature
is at 0 °C (the freezing point of water) in a fegeosphere.

2L FADEC: full authority digital engine (or electrasi control a system consisting of a digital
computer, called an "electronic engine control{&EC) or "engine control unit" (ECU), and its
related accessories that control all aspects ofadtrengine performance.
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a thorough inspection and any serious damage sgpaireaning that the most
tangible negative result of the lightning encountél probably be downtime and
repair, as necessary. Reportedly, airlines spefitbns of dollars annually
returning struck aircraft to service.

6. Lightning-Induced Flameouts

FADECs programmed with surge-protection logic aspond to flow disruption
temperature spikes by automatically shutting ddwengngines. This aircraft
configuration has proven to be vulnerable to enflameeouts as a lightning strike
charge travels longitudinally down the sides offiselage seeking an exit point. In
the case of closely spaced fuselage-mounted engireestrike’s “aero-thermal
effects” can disrupt intake flows of both powernita FADECs programmed with
surge-protection logic can respond to such disompiemperature spikes by
automatically shutting down the engines. On theobiand, hydro-mechanically
controlled engines, as an indirect result of ligigrstrikes, will tend to experience
transient over-temperature conditions while contiguo operate, as shutdown
protocols are manually controlled by the flightwre

In 2001, an Embraer ERJ 145 regional airliner neaxbia lightning strike while
descending for an approach to Manchester Intemmatidirport in England,
followed by the left Rolls-Royce AE3007 turbofaarfling out without any fault
indication or audible warning in the cockpit. Thew was on top of the situation
and immediately transitioned to a successful skegigine landing. A post-incident
investigation concluded that the failure of the FAD equipped engine was due to
the aero-thermal effects of the strike characierddtaircraft with small-diameter
fuselages and aft-mounted engines. It further ciemed that a risk existed for loss
of both engines, but investigators were unableutngjfy that.

As a precautionary measure when entering aredsdifieal activity in aircraft
with FADEC-equipped engines, experts recommend thatthin operating limits,
flight crews fire up the APU$ so that, in the event of a double engine failure,
electrical power and hydraulics will be maintairveltile emergency relights of the
engines can be attempted. It is worth saying thatgossible that APUs can be
affected by lightning strikes, too. It's also reqoended that flight crews review
memory items for a dual engine relight before vanguinto areas of known
lightning activity.

7. Designing for Lightning Protected Aircraft Structures

To survive multiple lightning strikes an aircratisto be designed as “Faraday
cage.” Back in the 18th century electricity pionbBchael Faraday created a metal-
lattice contraption that conducted high-voltage#leity harmlessly around a
hapless volunteer encaged within it. The deviedten still used in magic acts and
static electricity demonstrations. In the aircréfe aluminium skin subs for the
lattice, carrying the charge along the outsidéhefadirframe to an exit point.

22 APU: Auxiliary Power Unit s a device on a vehitthat provides energy for functions other than
propulsion. They are commonly found on large aft@aad naval ships as well as some large land
vehicles.
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However, ensuring the aircraft’s occupants, systavienics and fuel are protected,
means there must be no gaps in the conductive thath keeping the electrical
charge on the outside of the aircraft. So, pawlwdt is known as the “hardening”
process against lightning damage involves, amoherdhings, metal strapping
across any gaps in the skin to maintain that ummpéed conductive path.

While aluminium is an excellent conductor, comp®sitedia, (graphite-epoxy or
“carbon fibre”), are less so. That's why a mesleajper wire or other conductive
material is included in the lay-ups of compositeraift to provide conductivity.
Because a radar antenna cannot be contained miacove enclosure, radomes are
fabricated of composite media, so to protect tHeghtning diverter strips

consisting of solid metal bars or closely spacettaative disks are bonded on the
outer surface of the dome to carry the chargethairframe.

Lightning strike hazards include the potential tieet the myriad computers on-
board modern aircraft, such as the flight managesysiem (FMS), navigation
systems; electronic engine controls and even fiwlbng systems, due to power
surges.

Newton [4] cites an airline incident where a lightnstrike “caused the autothrottle
to go to idle, the autopilot and yaw damper to wigsegye, over half the fault lights to
illuminate, the captain’s flight director and naaiipn display to fail, and an
erroneous indication of an engine failure to o¢clinese anomalies can happen
because, as the lightning charge passes over theae)of the airframe, induction
from the electricity can cause “transients” in wgiinside the aircraft termed
“lightning indirect effects.” To address this thteairframe and avionics designers
apply a number of hardening techniques and dewctseir equipment including
simple grounding, various types of shielding angystsuppression devices to meet
aircraft certification requirements imposed by H#A and other international civil
aviation authorities. As everything essential faghit safety must be protected to
the maximum extent possible, the risk of lightnbegng the direct cause of a crash
has been greatly reduced during last 50 years.

In designing aircraft today, particular attentisrdevoted to protection of the fuel
system and tanks to ensure that lightning chargesat produce sparks that could
ignite fuel or vapours. Accordingly, the aircrafings, carry-through structures and
other elements involving the fuel system must becsently thick to prevent burn-
through, and all brackets, fasteners, structuratgofiller ports, vents, electrical
pumps and fuel lines must be designed and insutatprevent ignition.

The same design philosophy also applies to thenesgind their mechanical or
electronic controllers. Even further, over thergeaetro-chemical refiners have
formulated jet fuels with less-explosive vapours.

8. Lightening Detection and Avoidance

Knowing the whereabouts of lightning activity isyke avoiding it, and flight
crews now have more resources available than evaw 0. These include a
network of ground-based detection tools, as wellid®rne systems to
complement weather radar, to assist in flight plag@and, once airborne, chart
paths safely around or through active areas.
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During the last four decades, considerable reseaaronghout the world has been
devoted to understanding the nature of lightnimgdjzting and detecting it over
large areas, and delivering these data to pilot&Afacilities and airport operators
in near real time. Today, in the United States, imafcthis research has been
conducted under the auspices of the National Oceard Atmospheric
Administration’s (NOAA) National Severe Storms Labtmry (NSSL).

Ground-based lightning detection networks (LDNsjehbeen established in many
countries to monitor thunderstorm development nsity and movement over wide
areas. Some are owned and operated by governmdnilis others function in the
private sector, often under contract to users. Bata these arrays are monitored
by a variety of agencies for issuing warnings, dasting and, in severe cases,
deployment of rescue/response teams. Lightninkesttata from these networks are
also archived for research purposes, post-accideastigations and even insurance
risk calculations.

The U.S. component in this array is the Nationghithing Detection Network
(NLDN) developed by the New Mexico Institute of Mg and Technology and
operated by Vaisala Irfé, out of Tucson, Arizona. It has been in existeincene
form or another for 30 years. Its origins derivenfrresearch conducted under
contract for the Electric Power Research Instibyteéhe State University of New
York at Albany, principally to determine how to digihtning detection to users in
near real time. Eventually, this research was coriaesed by Global
Atmospherics.

With more than 100 lightning strike sensors insthtihroughout North America,

the NDLN is considered a precision detection nekvadrie to see and record both
cloud-to-cloud and cloud-to-ground lightning. Themsors are all ground-based,
with more being added every year. They detect gbattdischarges in the
atmosphere, and their raw data are then transmiided satellite communications
link to Vaisala’s Network Control Center at Tucdonprocessing. Literally within
seconds, Vaisala’'s software calculates locatiome tipolarity and amplitude of each
strike, which subsequently appears on a digital orap sent to customers as text
data. [4]

In addition to the NLDN, Vaisala operates a gldigitning detection network
based on a proprietary set of long-range sensstallied in other countries and sells
a lightning data package, the GLD360, for it, 3).The company also markets its
own display software called Thunderstorm Managat émables users to set up
rings around an airport, or any other entity séresiio lightning, like a powerplant,
on a video display at various distances and obseheze strikes are occurring.
Among Vaisala’s U.S. customers for near-real-tilghthing data are the FAA and

23 ATC: Air traffic Control

% |t is a Finish company with headquartered in kiis established more than 80 years ago. It
markets meteorological data packages and a braaigrline of weather gauging and
instrumentation equipment such as wind directiafichors, barometric and temperature measuring
devices, and automated weather advisory stationA8Y\equipment. It got into the lightning
detection business when it acquired the former @ldltmospherics Inc., in 2002.
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National Weather Service (NWS). All data collectadrove currently representing
more than 160 million “flashes,” have been archisgute 1989 for research
purposes. [4]

Among users of archived data are the NSSL, whichipugates the information to
loft 3-D lightning maps to study lightning developnt and propagation. While it is
possible today for meteorologists to forecast itkedihood of lightning activity,
being able to predict individual strikes is stidymnd reach. So, one of the goals of
this work is to construct experimental forecastimgdels that can accurately
forecast the maximum lightning threat every hows.aelated development, the
next generation of U.S. weather satellites willteamthe Geostationary Lightning
Mapper, an instrument that will continuously maphbio-cloud and cloud-to-cloud
lightning activity over the Americas and adjacec¢anic regions to provide early
indication of storm intensification and severe weatevents. [4]

9. Weather Surveillance Radar

Nexrad (Next Generation Radar or, technically, We&®, which stands for
Weather Surveillance Radar 1988 Doppler), is tloenga-based network of 159
high-resolution S-band Doppler weather radars dpdriay the NWS, FAA and
U.S. Air Force that covers the contiguous U.Swaels as large portions of Alaska,
Hawaii, Puerto Rico, Guam, Okinawa, the Azores @adth Korea. Nexrad radar
station in Puerto Rico was destroyed by Hurricarsidin September of 2017. It
was the first-ever loss of weather radar by the NB&Sentially this loss left the
island without climatological imaging. It was eséited the radar station would be
returned to service within six months!

10. Lightening Experience Based Lessons Learned féwiation

Newton and other lightning experts have produceddalowing lesson learned,
that are related to aviation industry [4]:

* Know the lightning protection features of your &ft and make sure they
are being maintained. This is especially criticalfliel system components
as well as electrical system elements.

« If possible, remain at least 20 nm from any cuminius cloud®. Note
also that the dangers from turbulence, wind shedri@ng are far greater
than the threat of a lightning strike.

* Flying at very high altitudes, give thunderstormside berth, particularly
when temperatures are below -40°C. At lower alégjdn areas where there
are or have recently been thunderstorms, avoitethperature range of +/-
5°C as much as possible.

e In the vicinity of cumulonimbus or visible lightranreview your aircraft
manufacturer’s guidelines for action items to destain the event of a strike.
If the aircraft is equipped with gyro-magnetic camgpes, select one to gyro
and cage it while in the vicinity of lightning.

%5 NWS: national Weather Service in USA

26 Cumulonimbus clouds are menacing looking multelestouds, extending high into the sky in
towers or plumes. More commonly known as thundeitsp cumulonimbus is the only cloud type
that produces hail, thunder and lighting. The hagbe cloud is often flat topped with a very dark
wall like feature hanging underneath.
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» If the airplane is “charging up,” causing crewmenmstte feel skin-tingling
or a corona is forming around the aircraft whikngiting an area of
electrical activity that is not part of a thunderst as evidenced by P-static
or St. EImo’s Fire, an altitude change may helpwoid a lightning strike.
According to Newton, “There is some evidence thgets of clouds
containing electric fields high enough to allowarcraft to trigger a strike
[which may not be thunderstorm clouds themselvesriiay have blown off
of thunderstorms] are often fairly shallow, perhapshallow as 1,000 ft.”
[3] The preferred direction of an altitude chang@p. Further, a strike
under these conditions will more than likely bemeloud flash, carrying
far less current (as little as one-tenth) thamadtito-ground strike.

» If operating in the weather, always have Jet-Aanntanks. If you're
carrying Jet-B (JP-4) and, particularly, if yourcaaft is an older design
type that may not reflect modern lightning protesticonsider simply
staying away from any areas where there are thataters. Same if you're
doubtful about the aircraft's maintenance history.

e If other aircraft in the area are reporting ligiiistrikes — or there is
evidence your aircraft is charging up — especidlbyuising near the
freezing level, activate continuous ignition anahrup the air start
checklist.

11. Conclusions

The objective of this paper was introducing a lighg strike, which are not
uncommon physical phenomena, as a mechanism ofiamud functionable
systems type through MIRCE Space. For examplenard in the worldwide fleet
average at least one lightning strike per year.

The paper provides an overview of the current sifieminderstandings of physical
mechanism that generate the occurrences of ligigesvents and assesses their
impacts on the functionability performance of fuaotble systems types, with a
several examples related to the aviation industry.

Finally, the paper provides a brief overview of hogts available for dealing with
lightening strikes in respect to the provision afety by detection, protection and
design.
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Vibration Monitoring as a Mechanism of Motion
of a Gearbox through MIRCE Space

Sylvester James, The Seasoned Analyst, Bristol, UK

Abstract

MIRCE Science is a theory for predicting expectadctionability
performance for a functionable system type. Acguraaf the
predictions is governed by the degree of the sientnderstanding
of the physical mechanisms, and human rules, the¢m the motion
of functionable system types though MIRCE Spacenidin objective
of this paper is to address vibration monitoringase of the possible
mechanisms that governs motion of a gearbox thrdugbtionability
states, which are contained in MIRCE Space. In ggnend to
illustrate this process through a case study relat® heavy gearbox
used in Plastics Manufacturingdustry, conducted by the author with
vibration data collected on site by lan Graham (TBeasoned
Analyst).

1. Introduction

The main objective of this paper is to addressvibhgeation monitoring actions as a
mechanism of the motion of functionable system ¥feough MIRCE Spaé& In
general, and to illustrate this process throughse study related to heavy gearbox
used in Plastics Manufacturing industry, condudtgthe author.

2. MIRCE Science Fundamentals

According to the ¥ Axiom of MIRCE Science the motion of functionalsigstem
type through MIRCE Space is a result of imposedinahtphenomena or human
activities, which are jointly called functionabylitactions [1]. At any instant of
calendar time, a given functionable system typddctwe in one of the following
two functionability states:

* Positive Functionability State (PFS), a generic edor a state in which a
functionable system type is able to deliver the eexpd measurable
function(s).

* Negative Functionability State (NFS), a generic ador a state in which a
functionable system type is unable to deliver tkxpeeted measurable
function(s), resulting from any reason whatsoever.

" According to Knezevic [1], functionable systemeyis “a generic name for a functional system
type and the set of functionability rules that govéunctionability performance through calendar
time.”

% MIRCE Space is an analytical concept used in MIRS&ence to describe the motion of
functionable system through functionability staitesespect to calendar time. Mathematically, it is
three-dimensional space whose coordinates arendadime, functionability states of a functional
system type and a probability of system being yn@frthese functionable states.
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The motion of a functionable system type through fimctionability states, in the
direction of calendar time, is generated by funwiality actions, which are
classified as:
» Positive Functionability Action (PFA), a genericnma for any natural
process or human activity that compels a systemadwee to a PFS.
* Negative Functionability Action (NFA), a genericmea for any natural
process or human activity that compels a systemaee to a NFS.

To scientifically understand the mechanisms thakegee negative functionability
events, analysis of the in-service behaviour ofessvthousands of components,
modules and assemblies of functionable systemsefande, aerospace, nuclear,
transportation, motorsport, communication and othedustries have been
conducted at MIRCE Akademy.

In MIRCE Science all negative functionability acteoare categorised as following
[1]:

e Component-internal actions that consist of:

0 Inherent actions that are introduced into compa@nior to their
introduction into service through the activities@agsated with the
design, manufacturing, handling, transportation, inteaance,
storage and similar processes.

o Cumulative continuous actions that are an inewtgbart of the
components in-service life resulting from naturaicaly processes
such as: corrosion, fatigue, creep, wear and simila

« Component-external actions, which are originated by

o Environmental phenomena that cause discrete ovkrlik@ foreign
object damage; birds strike (domestic and wild abén weather
(hall, rain, snow, lightening, solar radiation,.gtand so forth.

0 Human activities:

= Errors that are related to phenomena that causdoade for
example use and abuse by operators, (pilots, dandrother
users), maintainers (maintenance induced errors)l an
logistics support personnel (bogus parts, shelf étc.)

» Rules that are related to organisational policiesal
requirements, national and international, besttmes or any
other human imposed functionability related actions
(scheduled and condition based maintenance tasks).

» System-internal actions: resulting from procesdest tare taking place
within a system, like a change from passive tovacstate for certain
components and modules, a change in functionalstayes of some of its
constituent components that impact the functiontsiof the system.

* System-external actions: which are generated by:

o Discrete environmental phenomena related to weathait, rain,
snow, lightening, volcanic eruptions, strong wirstblar radiation,
etc.,) and other causes that impact on the furalidity of a
functionable system type.

0 Human activities:

= Errors, which are related to the phenomena of nseabuse
by: operators, maintainers or supply chain persionne

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2018 41



2018 Annals of MIRCE Science

= Rules, which are related to organisational policikegal
requirements, national and international, besttfmes or any
other human imposed functionability actions thatseathe
occurrence of NFEs for the functionable systems.

3. Condition Monitoring Techniques

The objective of Condition Monitoring is to providgormation with respect to the
actual condition of the component/system and argngé in that condition. This
information is required to schedule conditional m@nance task, on a needed basis
instead of relying on predetermined instances efaimonal or calendar times.

Generally speaking, Condition Monitoring techniqusg instrumentation to gather
regular or continuous measurements of conditioarpaters, in order to determine
the physical state of an item or system. Most feadly used Condition Monitoring

techniques are: Vibration monitoring, Lubricant lgess, Infrared Thermography,

Ultrasonic and Acoustic Emission. [2]

Condition Monitoring basically is a measurementhtedogy, where various
methods are used to determine the condition oftéme under consideration, while
measuring physical phenomena like: vibration, temmijpee, crack length, resistance,
pressure, wall thickness, conductivity etc. which ased to determine the physical
condition of the item.

4. Vibration Monitoring

Equipment, which contains moving parts, in genendrates at a variety of
frequencies, which are governed by the nature @fvibration sources. If any of
these parts is to change its physical state, ibsation frequencies change, and
vibration analysis can be used to detect and amallgese changes. Vibration
monitoring is based on the fact that rotating maesisuch as pumps, compressors,
motors, gearboxes, turbines and so forth produbeatiton change as machines
deteriorate.

Changes in vibration levels can be used as anatatidor an impending incipient

negative event (failure) and can sometimes be wsdefining the possible cause of
the malfunction. Therefore measuring and analysheg vibration level gives a

good indication of the machine’s condition and ¢enused with confidence in

condition-based maintenance program either as raomisly monitored parameter
or in a periodic program. Vibration is charactedsn terms of three parameters,
namely displacement, velocity and acceleration wa$pective transducers, which
are used to collect data on rotating machinery.

Vibration monitoring, especially, while dealing tvitrotating machinery, is
becoming increasingly important and is one of testideveloped techniques in
condition-based maintenance. The recent develogmientartificial intelligence

techniques have enormously helped these development automating the
interpretation of vibration data. [2]

5. Vibration Monitoring as Negative Functionability Event

According to the 1st Axiom of MIRCE Science, functable system type begins in-
service life in Positive Functionability Sate [Hence, a system will stay in PFS
until is compelled to changed it due to imposingegative functionability action
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(NFA). Vibration monitoring is one of numerous pibés negative functionability
actions that could generate a negative FunctioitaBivent [1].

This paper addresses vibration monitoring as a Ni#& causes the motion of
functionable system type from PFS to NFS, as welihe positive functionability
actions taken to return a system to PFS.

Unlike scheduled maintenance tasks, which takeeplat predetermined instances
of usage or calendar time, Condition Monitoringhaties are initiated by changes
in the condition of a system. This is so that nsagspositive functionability action
can take place, when it's needed - not before amdao late. Hence, the results of
vibration monitoring analysis will trigger, the ham approved, transition of a
system considered from PFS to NFS in order to redwnsequences of allowing
system to run until the NFE is generated by themahtcauses. By doing this, the
consequences of the occurrences of NFE are almosha&ted and the duration of
the time a system spent in NFS is shorter, in nigjaf cases, as the logistics
support resources; qualified personnel, spare paots and equipment could be
provided in advance.

In the remaining part of the paper, the above #temal propositions of MIRCE
Science are supported with a real life case stuolyducted by the author.

6. Gearbox Based Case Study

The Condition Monitoring expert of the reliabilitgervices department was
requested to inspect a gearbox at a productiohitjaas the operator had reported
an abnormal sound from it. The gearbox was stilPFS producing the product. It
was a very large old extruder high torque gearbdtk & single input and dual
output shafts. The repair history of this gearb@swnknown but it is around 15
years old.

6.1 On Site Initial Assessment

The gearbox vibrational levels as measured undé#rldad conditions were
>20mm/s RMS. This is considered “Vibration Cauddamage” as per ISO 10816-
3. The Acceleration Peak to Peak impactions at i@esin #1 was excessive at
162G’s. There were also indications of misalignmamtthe 1st intermediate shaft
and considerable looseness present. In additiohghmtermediate shaft ‘binds’ for
Y/, to Y5 of a revolution when rotated by hand.
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Problem gear indicated b
vibrationanalysi:

1% Intermediate shahl

1% gear mesh se

Image 1: Gearbox internals with the input shaftte bottom of the image the two
output shafts at the top left. The problem shaficated by the vibration analysis is
highlighted by the red frame.

Input to the
gearbox
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Image 2: A close view up of the problem shaft ioceafter removal for repair.
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6.2 Vibration Analysis Data

The input shaft high frequency Acceleration speutrishown in the Figure 1,
clearly indicates a high 2x gearmesh frequencyHterfirst gearmesh set. This also
indicates that there was misalignment within thargg setup. The sidebanding at
19.20Hz indicated that it was relative to the hstimediate shaft.

B4 o e i S i

o GME =

Bidebands at 19
Intesrradiate
shalt speed

Figure 1: The input shaft hi.gh' frequency Acceleration speutru

The peak-to-peak measurements on the Acceleratma waveform, shown in

Figure 2, indicated that the Acceleration forceg generated from the 1st
Intermediate shafting. The total reading of 162@'shighly destructive and is

impacting at frequency of 19.2Hz, the 1st intermezlshaft speed. This displayed
that the gear is loose and impacting very heavy @ar revolution of the shaft.

Impacis at 1¥ intermed:ate shaft speed

Figure 2: The peak-to-peak measurements on thelé&xet®n time waveform.
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Figure 3 below is the Velocity spectrum taken fritra non-drive end (NDE) of the
1st intermediate shaft, and shows a considerabluatof run speed harmonics
attributed to the shaft speed. This is an indicatiblooseness.

g sl Running speed harmonics at 1= intermediate
i / shaft speed

Figure 3: Velocity spectrum taken from the non-edr@nd (NDE) of the 1st
intermediate shaft.

6.3 Vibration Analysis Summary Initiated Negative Rinctionability Event

The vibration analysis data collected clearly iatlkcd a high impact once per
revolution from the first gear set, highest on st intermediate shaft (2nd shatft).
Also, there were indications of component looseriess the same location. This
all pointed to the gear and bearings on the 1strnmédiate shaft. This knowledge
enabled the bearings for the shaft to be pre-oddscethey arrived at the repair
shop the same time as the gearbox.

Based on the evidential data gathered during thmatton measurement and
analysis performed on the data obtained, the manageof the company decided
to stop the production process and performed napessaintenance actions. By
doing that, they would prevent further deterionatmf the gearbox and avoid the
consequences of gearbox failure and the transdioproduction system into an
unplanned NFS.

6.4 Positive Functionability Actions

The negative functionability event has initiatedsipige functionability actions,

which started with dismantling the gearbox. Thepewtion performed shown that
the tab washer on the first intermediate shaft rob&aring had failed (Image 3).
The most probable mechanism of this failure isgtagi of a washer resulting from
the high shock acceleration levels (162Gs). Thetfan of a tab washer is to lock
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the bearing sleeve to set the correct bearing aiheas and to prevent the bearing
inner raceway spinning on the shaft.

- | -

Image 3 of the failed tab washer found in the baadap from the *lintermediate
shaft.

Further inspection has shown that the suspectedagethe 1st intermediate shaft
was extremely loose. It was found that this shatt heen previously repaired with
metal spray coastifgand this had failed. On closer inspection thesstmaiser
appears to be around the keyway, as there wer&remgthening welds around the
keyway to support the metal spray. The metal spray to the edge of the key way
at a 90 degrees angle to the keyway, this was trekwoint and the stress raise.
Therefore over time fatigue set in and startedr&elc the meatal spray around the
keyway that then rapidly progressed to a catasicdjpiiure of the metal spray [4],
as shown in Image 4.

Image 4: Metals spray coating that was under théntermediate shaft gear. This
failed initially at the metal spray coating at theyway.

29 Metal spray coating (Thermal spraying) are coagiracesses in which finely divided metallic
powder are deposited in a molten or semi-moltete staform a coating melted onto a surface. This
is often used as a cost effective process to regain shaft journals.
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7. Conclusions

This paper set out to prove that vibration monitgriis one, of numerous,
mechanisms that cause the motion of functionabs&esy type through MIRCE
Space, and as such it has impact on the final ifumadbility performance.

Theoretical considerations of MIRCE Science weesented in the first part of the
paper, with evidential proof through the data aiedi during in-service events
conducted by the author.

MIRCE Science perceives in-service life of functible system type as a motion
through positive and negative functionability ssategoverned by natural
phenomena of human activities, jointly named, fiomzbility actions. Vibration
monitoring is one of these functionability actidhst is initiated and performed by
humans in order to determine the change in the stfiad system in the direction of
calendar time and based on the analysis of thealdi#éned, the decisions are made
regarding the timing and the content of the futiumrgctionability actions in a such
way that the probability of delivery the expectesiness plan is maximised.

The case study used in the paper, conducted bautm®r, supports the hypothesis
that a vibration monitoring is a mechanism of thation of a heavy gearbox, used
in Plastics Manufacturing industry, through MIRCEpa8e. Through onsite

vibration analysis it was possible to pinpoint tkiaé first intermediate shaft was
generating the abnormal noises and the proballedanode(s). This knowledge

enabled the bearings for the shaft to be pre-oddscethey arrived at the repair
shop the same time as the gearbox.

The vibration levels recorded enabled an assessafemhole risk of failure and
this was deemed to be high due to the unavailghilitthe gearbox gears/shafts
(due to the age of the gearbox) and the very mgbacting levels. Consequently,
the gearbox was removed from service, introducingraan made NFA, which was
performed before imminent functional failure of gystem due to natural causes. In
return, this NFA initiated PFA, which in this casas a quick turnaround, removed
the risk of secondary damage and was completedmaithmal production loss.

Even though this did cause an interruption to tbacfion of the asset and
production levels it was agreed, by all concerrtledt inconvenience caused during
a four day stay in NFS of a system was the betfion over the risk of a

catastrophic failure and the possibility of prodomctceasing operations for two
months.
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Abstract

MIRCE Science is a theory for predicting expectadctionability
performance for a functionable system type. Acguraaf the
predictions is governed by the degree of the sientnderstanding
of the physical mechanisms, and human rules, the¢m the motion
of functionable system types though MIRCE Spacenidin objective
of this paper is to address precision alignmenbas of the possible
mechanisms that governs motion of rotating machitesigh
functionability states, which are contained in MIRCSpace, In
general, and to illustrate this process throughase study related to
Laser alignment of a pump used in Power Generaimtustry,
conducted by the author with vibration data coletbn site by James
Pearce (The Seasoned Analyst).

1. Introduction

The main objective of this paper is to addresspiteeision alignment actions as a
mechanism of the motion of rotating machines throWJIRCE Spacé’. To
strengthen the claim a case study related to a éisgment of a pump set used in
Power Generation industry, conducted by the auti®mesented in the paper.

2. MIRCE Science Fundamentals

According to the %' Axiom of MIRCE Science the motion of functionalsigstem
type® through MIRCE Space is a result of imposed natpr&nomena or human
activities, which are jointly called functionabylitactions [1]. At any instant of
calendar time, a given functionable system typddctwe in one of the following
two functionability states:

* Positive Functionability State (PFS), a generic edor a state in which a
functionable system type is able to deliver the eexpd measurable
function(s).

* Negative Functionability State (NFS), a generic ador a state in which a
functionable system type is unable to deliver tixpeeted measurable
function(s), resulting from any reason whatsoever.

% MIRCE Space is an analytical concept used in MIRS&ence to describe the motion of

functionable system through functionability stait@sespect to calendar time. Mathematically, it is
three-dimensional space with the following coortisaare; calendar time, functionability states of a
functional system type and a probability of systeeing in any of these functionable states.

31 According to Knezevic, a functionable system tigota generic name for a functional system type
and the set of functionability rules that govermdtionability performance through calendar

time."[1]
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The motion of a functionable system type through fimctionability states, in the
direction of calendar time, is generated by funwiality actions, which are
classified as:
» Positive Functionability Action (PFA), a genericnma for any natural
process or human activity that compels a systemadwee to a PFS.
* Negative Functionability Action (NFA), a genericmea for any natural
process or human activity that compels a systemaee to a NFS.

MIRCE Science comprises of mathematical axiomsatguos and methods that
enable predictions of functionability performandesach feasible option of the
future functionability system type to be done, lobge the complex and time-
dependent interactions between: physical propesfiesnsisting components,
operational rules, maintenance policies, suppoatesgies and expected
environmental conditions

3. Positive Functionability Actions

To scientifically understand the mechanisms thategete positive functionability
events, analysis of the motion of several thousaridsomponents, modules and
assemblies of functionable systems in defence,spaoe, nuclear, transportation,
motorsport, communication and other industries ugho NFS state have been
conducted at MIRCE Akademy. Consequently, in MIRGEence all positive
functionability actions are categorised as follogvjt]:

» System-Internal actions commonly known as maintenance tasks, are further
categorised as followirig
o Servicing: replenishment of consumable fluids, wleg, washing and
similar.
0 Lubrication: installing or replenishing lubricant.
o Inspection of a component against a defined phlystaadard.
= General visual inspection: performed to detect obwi
unsatisfactory conditions.
» Detailed visual inspection: consists of intensiv&usl search for
evidence of any irregularity, usually assistedrspection aids.
= Special visual inspection: an intensive examinatbma specific
area using special inspection equipment such asgragphy,
thermography, dye penetrant, eddy current, high goow
magnification or other Non-Destructive Testing (NDT
0 Examination: a quantitative assessment of one/nfionetions on a
component to determine whether it performs witldoegtable limits.
0 Restoration: perform to return a component to aifipestandard. This
may involve cleaning, repair, replacement or ovekha
o Discard: removal of from in-service life.

» System-External actions related to activities that are affecting the wvehol
functionable system and they are grouped in tHevimhg manner:

%2 Ben-Daya, Duffuaa., Raouf, Knezevic and Ait-Kdgli,(2009),Handbook of Maintenance
Management and Engineeringpringer, Dordrecht, Heidelberg, London and Newky NY, USA.
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o Environmental positive actions: fog lifting, deng, decontamination,
washing and so forth.

0 Legal positive actions: related to all activitidsatt are required to be
performed due to health and safety regulations atiomal and
international level of jurisdictions and restrictsd

o Organisational positive actions those are spetifia user or group of
users of functionable systems, which could relate marketing,
operational, political, economical and other fuocs.

4. Misalignment Driven Negative Functionability Events

It is universally recognised that misalignmenthis teading cause of the occurrence
of NFE throughout the life of rotating machifiedt exists when the centrelines of

two adjacent machines deviate from each other.nfatgroblems that it causes

include soft foot, pipe strain, inadequate baselssanforth.

The governing mechanisms of misalignment are dovist
* Poor Tolerances and Poor Methods
* Inadequate practices regarding implementation otigoethods
» Lack of understanding of precision alignment prgces
* Dynamic movement (thermal growth, pipe strain,)etc.
* Misdiagnosis with unbalance or looseness mechanisms
« Lack of appropriate standards, specifications amding

5. Alignment Techniques as a Positive Functionabili Action

Precision alignment is obtained by using opticallaser technologies. Optical
alignment is used for new installations as weltefts and general repair work in
conjunction with laser alignment. Precision aligmmis a process to make rotating
shafts co-linear (in the same straight line), bahically and horizontally.

Precision alignment extends the life of machinemg amproves productivity of

machinery by increasing efficiency and preventingenpature NFEs. Laser
alignment can alleviate many issues, such as: engwerloading, decreased fuel
efficiency, excessive wear on bearings and relabtedhinery while offering a

smoother, quieter running machine. With a reducbbithe time spend in NFS a
machine will deliver more of Positive FunctionatyilMork (PFW), which is the

main purpose of their existence, according to MIR&2kence [1]

Laser alignment achieves the following benefitthefollowing rotating machines:

- Pumps: correctly couples shafts of a pump making its dtiaé to rotate on
a common axis, which minimises vibration and kegpire forces across the
coupling within tolerance. Accurate alignment igical with sealed pumps,
particularly when rotating seal designs where trengs or bellows rotates
with the shaft are being used. Misaligned pumps drides result in
vibrations and premature wear of bearings, seatsipllgs and the
surrounding environment.

% For the same level of vibration it is much moreimes than unbalance for its effect in reducing
bearing life, largely because of the parasitic latkiaust.
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« Motors: increases friction on a misaligned shaft makesardér to turn
resulting in the drive motor drawing more power mning speed
increasing.

« Fans: accurately and efficiently align cooling tower famaaking plant
maintenance easy and affordable.

« Turbines: provides easier measurements of tower flanges amitoning of
machinery positional change

+ Generators: aligns generators with main shafts and reduce titoira

6. Laser Based Precision Alignment Case Study

This case study shows the importance of precislgmraent including soft foot
check and the importance of training and mentoohthe users of laser alignment
equipment, as both are the drivers of the motiomtzfry machines through MIRCE
Space. This survey was conducted by James Pé&mm the Seasoned Analyst.

The ‘Seasoned Analyst’ was called to investigatapparent increase in vibration
levels after a high-pressure hot water pump wakced with a new pump end and
a reconditioned drive motor. The boiler house dpertelt that it was not running
as smooth as the old pump set.

For this survey authors used the CSI 2140 Dualmélaviachinery Health Analyser.
Data analysis was carried out using the CSI AMS Wfary Health manager
software V5.61. Vibration data including Velocitycceleration and bearing
condition unit PeakVue was collected from each ibgatocation as close as
possible to the source. Where was applicable thigiadal data, including high-
resolution vibration data, was collected.

The analysis performed by the vibration specidtisin the Seasoned Analyst has
revealed that there were elevated directional \fglagbration levels when running
at 2680 RPM (low speed). This is due to a coinadeonf a system natural
frequency being excited by a motor Soft Foot caadi{Forcing function of 2 times
Electrical Drive Frequency).

Based on the information obtained, the followingimenance recommendations
were made:
« Perform precision alignment that must start witko& foot check and soft
foot elimination, followed by precision laser aligant.

« Check/inspect condition of the foundation, lookifag looseness and any
deterioration in the base plate.

In the case that the above actions are not suctdbsh stiffening of the base may
allow for improved precision alignment and may mdwve system resonance out of
the running speed range.

6.1 Results of the Functionability Analysis

After reviewing the vibration data it was decidedperform further checks and the
motor holding down bolts was loosened one time whesperation, this is to check

34 linkedin.com/in/james-pearcevibrationanalysis
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for distortion of the motor rotor to stator air gdpuring this test it was found that

the Velocity amplitude reduced. The amplitude reduto its lowest level when the

motor non-drive end foot bolt (bolt closest to pu#i) was loosened (see Figure 1
and 2).

When tightening the foot bolt changes the resonanch that it equals a forcing
function and therefore excites the resonance, i;mdase 2xLF (2 times Electrical
Line Frequency). This is a soft foot condition,ths dynamics of the system have
changed when tightening the foot bolt.

In addition an overall vibration coast down tesd aesonance bump test was
performed. This data confirmed a natural frequeaic$336RPM, which is being
excited by 2xLF excitation at 90Hz (VFD frequendytlois 2 Pole motor at 45Hz
gives 2xLF to be 90Hz/5400CPM) (see Figure 3).

The motor has elevated directional Velocity vilmatilevels. By loosening one
motor fixing foot bolt at a time, the Velocity antpde reduced. The amplitude
reduced to its lowest level when the motor nonand foot bolt (bolt closest to
pump #1) was loosened.

6.2 Vibration Data

Comparison between the Velocity spectra when run@in2680RPM, for the as
found state (4.332mm/sec RMS) and where the andglitlecreased the most after
the motor foot bolt was loosened (2.651mm/sec RigiShown in Figure 1.

28042018 - MuUBiple Route Specira
a8

As found first reading

ot Ity i e

FMS val

= i After motor foot balt
( loosenad levels reduced

Figure 1: Spectral comparison
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The data from a resonance bump test, performeaeanbtor drive end, are shown
in Figure 2. The bump test result indicates a systatural frequency that will
coincide with twice the running speed (when runranhghe low speed) and amplify
the vibration levels.

28/04/2018 08.02:17

0.055 Expert
Bump Test (Off)
G

0.263 Vv -D

0.044

Natural Frequency
Close to 2x LF

o
o
Q
w

RS Velocity in mm/sec

0.0z22

o T
13 127 241
Frequency (Hz)

Figure 2: Bump Test (Resonance Test)

The data from an overall vibration coast down tpstformed at the motor drive
end, are shown in Figure 3. This test also confithis condition with a peak at
5336 RPM, confirming a forcing function of twiceetklectrical line frequency.

Coast Down Test

Faak al 5338 RFM

Figure 3: Vibration Coast Down Test (Resonance)Test
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A photo of the motor indicating the loosened foottlihat resulted in the best
decrease in amplitude is shown in Figure 4 andadopbf the pump set is in Figure
5.

Figure 4: Image of the soft foot location

Figure 5: Pump set
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7. Motion of Functionable System through Negative Enctionability State

“The main purpose of existence of any system that
humans have ever created is to do something, as it
is inconceivable to me that something would be
specified, designed, produced and acquired by
somebody in order to do nothiiig.J. Knezevic

[1]

According to MIRCE Science philosophy a positivadtionability work is done
when a functionable system type is delivering fiomlity performance, which
means that it must be in positive functionabilitate. Hence, the main task of
maintenance organisation is to manage negativetifumability events through
calendar time in a manner that will keep a systemasitive functionable state, to
do the “work”, a s long as practically possiblg. [1

The pump considered in the case study was prowded new from the Original
Equipment Manufacturer (OEM), while the motor waserhauled by an
aftermarket engineering Repair Company. The pumpMOgerformed the
alignment of the motor to pump, which took 2 dadyswever, the operator noticed
a vibration issue on start up and did not run tin@ due to this concern. It took 14
days to decide to and organise the visit of vibrainalysis experts to diagnose the
functionability state of the pump concerned regaydihe experienced during the
start up. In due course, and on recommendatiohefibration analyst, the asset
owner operator sourced an independent company &mdi precision align another
drive motor. This introduced additional costs ambther 7 days additional
downtime. Once the motor was precision-aligned re@ngp‘soft foot’ the vibration
issue was no more and the pump set ran with lovatidn levels.

In summary, the functional system considered hastspver 3 weeks in the NFS,
not doing the expected work, consuming resourcesdet for the successful
execution of positive functionability action. Theonetary value of the resources
consumed constitute the cost of positive functiditglaction, which together with
the cost of loss revenue during those 3 weeks, titates the total cost to the
business caused by non-precision alignment of timeppby the OEM, proving that
the precision alignment is “legitimate” mechanishmtt drives the motion of
functionable system type through MIRCE Space.

8. Conclusions

This paper set out to prove that precision alignmesnone, of numerous,
mechanisms that cause the motion of functionabstesy type through MIRCE
Space, and as such it has impact on the final ifumability performance.

Theoretical considerations of MIRCE Science weesented in the first part of the
paper, with evidential proof through the data aledi during in-service events
conducted by the Seasoned Analyst.

MIRCE Science perceives in-service life of functible system type as a motion
through positive and negative functionability ssategoverned by natural
phenomena or human activities, jointly named, fiametbility actions. Precision
alignment is one of these functionability actiohattis initiated and performed by
humans in order to determine the change in the sffad system in the direction of
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calendar time and based on the analysis of thealdi#éned, the decisions are made
regarding the timing and the content of the futiumrgctionability actions in a such
way that the probability of delivery the expectesiness plan is maximised.

The case study used in the paper, conducted bguihers, supports the hypothesis
that a precision alignment is a mechanism of theianoof rotating machines
extensively used in industry throughout the woaitidpugh MIRCE Space.
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Fuel Tank Explosion as a Mechanism of Motion
of an Aircraft through MIRCE Space

Jezdimir Knezevic, MIRCE Akademy, Exeter, UK
Abstract

MIRCE Science is a theory for predicting expectedtfionability
performance for a functionable system type. Theraoy of the
prediction is governed by the extent of the sdieninderstanding of the
mechanisms, natural and human rules, that goveemiotion of a
functionable system types though MIRCE Space. fhleumain objective
of this paper is to analyse the mechanisms thase#uwe fuel tank
explosion and move an aircraft from a positiva teegative
functionability state. The paper starts with adfranalysis of the major
fuel tank explosions that took place in commeraiation during last
50 year. There is then a brief overview of a typaecraft fuel system
and its constituent elements, including the avrafigel, followed by the
analysis of sources and causes of the explosiotieinommercial
aviation fuel tanks. Also a brief description lo¢ imechanisms that
result in spark initiations due to electric effedgiven in the paper.
The design measures taken to preclude ignitioncgsuirom the fuel
tanks are presented at the end of the paper. Bindie paper illustrates
the need for taking existing Engineering knowlefigther; to enable
prediction of “emerging in-service risk" earlier the design process.
For example, it is essential to link the impacindérnal architecture of
the aircraft (near air-conditioning units) and ikscation in the universe
(sitting on a runway in Abu-Dhabi) with the increadsrisk of fuel tank
explosion. That extension is provided through ®ERScience, where
the functionability phenomena are recognised, tgifoMIRCE
Mechanics, which requires understanding of all ing and external
mechanisms that influence the motion of the funabite system type
through MIRCE Space, into MIRCE Engineering and OER
Management that look at avoiding unwanted risk tigito engineered
solutions or managing the impact of the risk asrdegral part of the
business plan.

1. Introduction

Scientifically speaking, an explosion is a rapidr@ase in volume and release of
energy, usually with the generation of high tempees and the release of gases.
The prerequisite elements for an explosion ard; éxédiser, and an ignition source.
The prerequisite conditions for an explosion dre:éxistence of a molecular
mixture of the fuel and oxidiser in the correcnilmable proportions and the
existence of an appropriate size and durationrafign source in the flammable
portion of the mixture.

Commercial aviation is one, out of many industthest experience explosions in
fuel tanks. The most noticeable events where teeepuisite elements and
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conditions have been met and the inevitable fus &xplosions took place, during
last 50 years, are listed below:

* 1963, December 8, Boeing 707, Elkton, MD, USA, J&BA\4 mixture,
descent for the approach to Philadelphia airpeftwing reserve tank on
fire;

* 1967, September 17, Boeing 727, Taiwan, duringrgtauaintenance,
rupture of the centre wing tank. The precise soafégnition of fuel Jet A,
could not be determined;

e 1970 May 3, Boeing 727, Minneapolis, MN, USA, dgriefuelling with a
fuel Jet A, heavy muffled explosion of the centiaguwank, it is presumed
that ignition resulted from a static discharge wttine centre wing tank;

e 1970 December 23, Boeing 727, Minneapolis, MN, Ufsi| Jet A, during
refuelling, muffled explosion, combustion of thefwapour as a result of
static discharge internal to the centre wing tank;

e 1973 June 21, Mc Donnel Douglas DC-8, Toronto, @andP-4/Jet A
mixture, during refuelling, fuel tank explosion Wef pieces of the right
wing top skin and spar structure, ignition of fuapour-air mixture in the
wing tank vent system;

e 1974, March 23Mc Donnel Douglas DC-8, Travic AFB, CA, USA, JP-4,
during ground maintenance; after removal inopeesafixel boost pump in
the left wing fuel tank and installation of a diéat boost pump an
explosion occurred in the left wing centre sectiomconclusive evidence of
an ignition source was established.

e 1976, May 8, Boeing 747-IIAF, Madrid, Spain, JeIR/ 4 mixture, descent
for the approach to Madrid airport, explosion aedasation of the left
wing.

e 1982 June 2, McDonnell Douglas DC-9, Montreal, Ciandet A-1, at
parking, over-pressure in the forward auxiliarylfiamk, the most probable
source of sparks igniting the fuel vapour-air migtwas the transfer pump
power supply harness;

e 1989 June 6, Beech jet 400, Washington DC, USA,Jaet/Jet A mixture,
during refuelling, fuel surged out of the filler@mng, hissing noise
followed by a bang, electrostatic charge has bedirip in the aft tank;

e 1990 May 11, Boeing 737-300, Manilla, Philippindst A, at parking,
explosion and burning of the centre wing tank. Aeckical failure was the
source of ignition of the fuel-air mixture;

e 1996 July 17, Boeing 747-100, New York, USA, JetAring climbing, in-
flight explosion in the central wing tank, at tHetade of 4200 m;
Investigators suspect that high voltage from the¢ fiow meter passed to
the fuel quantity indication system because ofatstircuit in the wire
bundle;

e 2001 March 3, Boeing 747-400, Bangkok, Thailantl AJgarking at the
gate, empty centre wing tank exploded as a re$igndion of fuel vapour-
air mixture Only the crew were on board at the t{®eabin and 3 ground
craw), one of whom was killed in the incident;

e 2006, July 13, the left wing fuel tank of a Boeirgy/ of Transmile Air
Service exploded in Bangalore while being towedymund,. Explosion
destroyed the structural integrity of the left wihgyvestigators have found
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damaged electrical installation and electricalregén aluminium tube with
115 V AC cable feeding the fuel pump motor in tbie Wing tank. Fuel
pump motor wires have melted through the aluminoamduit, exposing the
fuel vapours to ignition energy.

* 2012, April 21, Boeing 737 of the Bhoja Airlinebgtfuel tanks exploded in
mid-air., killing 127 passengers and crew.

The main objective of this paper is to considerrtile of the fuel tank explosions
as a mechanism of the motion of a commercial dirtype through MIRCE
Spacé®, among other mechanisms that have been studiéREE Science.

2. MIRCE Science Fundamentals

According to the %' Axiom of MIRCE Science the motion of a functionalslystem
type® through MIRCE Space is the result of an imposedrahphenomena or
human activities, which are jointly called functadmlity actions [1], at any instant
of calendar time. A given functionable system typgst be in one of the following
two functionability states:

» Positive Functionability State (PFS), a generic @don a state in which a
functionable system type is able to deliver theeex@d measurable
function(s).

* Negative Functionability State (NFS), a generic adar a state in which a
functionable system type is unable to deliver tkgeeted measurable
function(s), resulting from any reason whatsoever.

Axiom 4 of MIRCE Science states thatte probability that a functionable system
type will move to a negative functionability stateany instant of time is greater
than zero.” According to Federal Aviation Association (FAA)WSA, the
probability of an explosion in a commercial air¢tafel tank is stated to be 1 in®10
of flight hours’, or 1.4x16 of flight hours, based on statistics of the Asation of
European Airlines (AEA). Although actual explosiafduel tanks in commercial
aviation are rather rare, it is necessary to undedshow they occur, in order to
prevent them though design, operational and maami@n actions in the future.

To scientifically understand the mechanisms thakegee negative functionability
events, analysis of the in-service behaviour ofessvthousands of components,
modules and assemblies of functionable systemsefande, aerospace, nuclear,
transportation, motorsport, communication and othedustries have been

% MIRCE Space is an analytical concept created byKRezevic to describe the motion of
functionable system type through functionabilityates in respect to calendar time [1].
Mathematically, it is three-dimensional space witlte following coordinates: calendar time,
functionability states of a functional system tygred a probability of system being in any of these
functionable states.

% According to Knezevic, a functionable system tigota generic name for a functional system type
and the set of functionability rules that govermdtionability performance through calendar
time."[1]

37t is rather confusing to the author that the wftuel tanks explosions are expressed in number o
occurrences per flying hours, when a reasonablegption of the explosions took place while the
aircraft was on the ground, and often during maiatee!
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conducted at MIRCE Akademy, under the auspices IRGE Mechanics, which is
an integral part of MIRCE Sciente

3. Aircraft Fuel System

All powered aircraft require fuel on board to oferthe engine(s). Thus, a function
of any fuel system is to store and deliver cleaat fa the engine(s) at a required
pressure and flow rate regardless of the operatingitions of the aircraft.

A typical fuel system consists of: storage tanksnps, filters, valves, fuel lines,
metering devices, and monitoring devices. Sinckléael can be a significant
portion of the aircraft’s weight, a sufficientlyehg airframe must be designed.
Varying fuel loads and shifts in weight during maneres must not adversely
affect control of the aircraft in flight.

Each fuel system for a multiengine airplane isglesil in such a way that the
malfunctioning of any one component, apart fromel fank, does not result in the
loss of power of more than one engine or requira@aiate action by the pilot to
prevent the loss of power of more than one engine.

3.1 Fuel Tanks

According Federal Aviation Authorities (FAA) in USAach fuel tank must be
able to withstand: the vibration, inertia, fluichdastructural loads to which it may
be subjected in operation. Fuel tanks with flexiblers must demonstrate that the
liner is suitable for the particular applicatiorheltotal usable capacity of any
tank(s) must be enough for at least 30 minutegpefation at maximum continuous
power. Each integral fuel tank must have adequaatiéitfes for interior inspection
and repair.®

Commercial aircraft primarily use the wing struetdo store the fuel, while in
larger aircraft the fuel is also stored in the ca@nwing tank (CWT). For example,
in the Boeing 747-400 the fuel is stored in thengruel tanks, central wing tank,
aft fuel tanks and sometimes in horisontal stadrilfael tank. A typical wing tank is
irregular, long and shallow. The fuel is in direontact with the outside skin.
Depending upon the aircraft configuration and tbgrde of control, the aft tank
may be used as means of controlling the aircraftreeof gravity (CG). The vented
surge tanks are located near each wing tip in asefated location. These surge
tanks function as fuel collectors for relativelyahamounts of fuel that may be
trapped in the climb vent line during flight maneees and climb attitudes, or
during thermal expansion of the fuel. Each surgk ta vented to atmosphere.

¥ MIRCE Science comprises of mathematical axiomsatgns and methods that enable
predictions of functionability performance of edehsible option of the future functionability
system type to be done, based on the complex arddependent interactions between: physical
properties of consisting components, operationaktumaintenance policies, support strategies and
expected.

*https://www.faa.gov/regulations_policies/handbookanuals/aircraft/amt_airframe handbook/me
dia/ama_ch14.pdf (accessed on 12th July 2018).
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Fuel tanks for commercial aircraft are usually matlaluminium alloy, stainless
steel or other fuel-resistant materials. Metal taeks are required to withstand an
internal test pressure of 24 kPa without malfuncto leakage. Fuel tanks located
within the fuselage are required to withstand regpand retain the fuel underneath
the inertia forces during emergency landing, (4l6gnward, 20g upward, 90g
forward, and Bg sideward) [4].

3.2 Electric Equipment and Wiring of Fuel Tanks andWings
Generally speaking, there are two types of fuel pgion typical aircraft, namely:

» Fuel transfer pumps which perform the task of tiemisg fuel between the
aircraft fuel tanks to ensure that the engine feeetl requirement is satisfied;

e Fuel booster pumpaso called engine feed pumps, which are useddstbo
the fuel flow from the aircraft fuel system to thegine/

Fuel pumps are driven by 115/220 V induction mogtord/or 28 V DC brush
motors. Hence, in-tank electric wiring is necesgargrovide power to the electric
motor-driven fuel pumps submerged in the fuel. kesteic wiring and electric
equipment always create a potential hazard of stiait (SC) and arcing the
power cables in fuel tanks are in aluminium corgl(titbes). It is required that wire
bundles carried in conduits through fuel tanks bapped with an additional
protective layer of Teflon

4. Flammable and Combustible Liquids as Explosion Hzard

Flammable and combustible liquids are liquids tizat burfi®. They are classified
in accordance to their flashpoifitsGenerally speaking, flammable liquids will
ignite and burn easily at normal working tempereguCombustible liquids have
the ability to burn at temperatures that are uguwibve working temperatures.

There are several specific technical criteria &t inethods for identifying
flammable and combustible liquids. Under the Woakpl Hazardous Materials
Information System (WHMIS) 1988, flammable liquitisve a flashpoint below
37.8°C. Combustible liquids have a flashpoint adloove 37.8°C and below 93.3°C.

A material's flammable or explosive limits alscatelto its fire and explosion
hazards. These limits give the range between thedband highest concentrations
of vapour in air that will burn or explode. Thever flammable limit or lower
explosive limit (LFL or LEL) of gasoline is 1.4 mant; the upper flammable limit
or upper explosive limit (UFL or UEL) is 7.6 pert¢emhis means that gasoline can

“0 Flammable and combustible liquids themselves dduom. It is the mixture of their vapours and
air that burns. Gasoline, with a flashpoint of -@Q240°F), is a flammable liquid. Even at
temperatures as low as -40°C (-40°F), it giveeoffugh vapour to form a burnable mixture in air.
Phenol is a combustible liquid. It has a flashpoin?9°C (175°F), so it must be heated above that
temperature before it can be ignited in air.

“! The flashpoint of a liquid is the lowest temperatat which the liquid gives off enough vapour to
be ignited (start burning) at the surface of theill. Sometimes more than one flashpoint is redorte
for a chemical. Since testing methods and puritthefliquid tested may vary, flashpoints are
intended to be used as guides only, not as fims lbetween safe and unsafe.
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be ignited when it is in the air at levels betwéehand 7.6 percent. A
concentration of gasoline vapour in air below ledcpnt is too "lean” to burn.
Gasoline vapour levels above 7.6 percent are fob™to burn. It is necessary to
stress that flammable limits, like flashpoints, mmtended for guidance only, not as
fine lines between safe and unsafe.

4.1 Aviation Fuel

Each aircraft engine is designed to burn a ceftah There are two basic types of
fuel: reciprocating-engine fuel (also known as ¢jascor AVGAS) and turbine-
engine fuel (also known as Jet fuel).

Jet fuel is a type of aviation fuel designed foe usaircraft powered by gas-turbine
engines. It is colourless to straw-coloured in @paece. The most commonly used
fuels for commercial aviation are Jet A and Jet,Avliich are produced to a
standardised international specification. The ather jet fuel commonly used in
civilian turbine-engine powered aviation is JetBijch is used for its enhanced
cold-weather performance.

Jet fuel is a complex kerosene-based hydrocarbgtures consisting of up to 260
aliphatic and aromatic hydrocarbon compounds, dinlyivarying concentrations
of potential toxicants such as benzene, n-hexahesrie, xylenes, trimethylpentane,
methoxyethanol, naphthalenes, including polycyatimmatic hydrocarbons, and
certain other fractions, like: n-propylbenzenengthylbenzene isomers. [8]

The range of molecular weights, or carbon numbemdefined by the requirements
for the product, such as the freezing or smoketp&ierosene-type jet fuel
(including Jet A and Jet A-1) has a carbon numisgridution between about 8 and
16 (carbon atoms per molecule); wide-cut or naphtpa jet fuel (including Jet B),
between about 5 and 1 Table 1 gives the main cteaistics of aviation turbine
engine fuels Jet A and Jet A-1.[6]

Parameter Unit JET A JET A-1
Density at 15 kg/m’ 775t0 840 775 to 840
Flash point °C 38 38
Auto-ignition temperature °C 210 210
Freezing point °C -40 -47
Open air burning temperature °C 260 - 316 260-315
Maximum burning temperature °C 980 980
Electric conductivity 10°S/m| 1.0t02.0] 1.0to2.0
Gravimetric energy content MJ/kg 42.8 42.8
Volumetric energy content MJ/kg 35.3 34.7

Table 1: Characteristics of fuels JET A and Jet A-1
4.2 Aviation Fuel Ignition
Generally speaking, ignitiois considered to be a vapour-phase combustionmactio
with the evolution of heat and emission of lighattinay or may not be visible to

the naked eye. Such reactions are most often assdavith the rapid oxidation of
a combustible in air or oxygen.
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Electrical ignition takes place as result (&, 10]:

» Brake sparks when current-carrying conductors arepdly separated, like
when an electric switch is open. The enerdy #0.5L1“, wherelL is the
inductance;

» Athermal process, in which excessive surface hgasi generated by the
resistancéR to current flowl in an electrical circuit during the timeThe
energy generated is equalfc=I’Rt

» Electrostatic sparks that are formed when the mbaticharge of a
conductor is sufficient to bridge the gap to anotenductor or insulator.
The energy generatedEs0.5CV %, whereC is the capacitance of charged
conductor and/ is the potential difference.

There is a definite concentration range over wiicktures of each hydrocarbon in
air will burn. This is called the flammable rangjmt all fuel-air mixture can be
ignited. The composition of the fuel-air mixturetive vapour space is dependent on
the fuel type, temperature and physical state,viagour or mist [11]. Sloshing of

the fuel in the tank is the mechanism that is @ihycassociated with mist

formation.

When considering the equilibrium conditions onlgcle fuel-to-air ratio is
determined by the temperature and pressure ofytera. The temperature
determines the quantity of the fuel by controllitegvapour pressure and the
altitude determines the quantity of air. Thereftmga suitable combination of
temperature and altitude, under equilibrium cood#i the ullage of a fuel tank can
be made either flammable or non-flammable [12].

5. Sources and Causes of Fuel Explosions in Tanks

Analysis of the causes of the ignition of fuel in@nmercial aircraft’s fuel tanks
could be attributes to following sources:

* In-tank electrical wiring hot wires, short circuit, induced currents,
chemical damage, mechanical damage

* Fuel pump motor wiring wear of Teflon-sleeving, wear of wire insulatjon
short circuit, electric arcing

» Electric motor of fuel pumpinterturn short circuit, phase-to-phase short
circuit, phase-to-housing short circuit, hot spatgjng on terminals

e Pump dry-running (fuel lubricated bearings): spayjéserated due to
mechanical friction

* Adjacent system®lectric anti-ice system and others): electraray
external to the fuel tank, hot surface ignition lespon within the adjacent
area

» Static electricity build-up due to fuel circulatioelectrostatic discharge
from fuel surface to tank walls

» Lighting: electrostatic discharge within the fuel tank eleat arcing
between components (inadequate distance betweegpoc@mts)

6. Mechanisms of Spark Initiations
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A brief description of mechanisms of spark inib&is due to electric effects is
given below:

Short circuit(SC): is an electrical circuit that allows a @ntrto travel
along an unintended path with impedance tendirmgpto. This results in
excessive current flow in the power source thratlgh'short'. If a fuse is in
the supply circuit, it will blow out, and stop tiew of current by opening
the circuit. It can produce very high temperatutes to the high power
dissipation in the circuit. A short circuit may imea direct or alternating
current (DC or AC) circuit.

Electrostatic discharg€ESD): is a single-event, rapid transfer (1 ns tos)
of electrostatic charge between two objects, ugualulting from their
different potentials, coming into direct contactiweach other. It can also
occur when a high electrostatic field develops leetvtwo objects in close
proximity. Electrostatic charge build-up occursaagsult of an imbalance
of electrons on the surface of a material, whichegates an electric field.

Electric arc:is an electrical breakdown of a gas that produces a
continuously moving forward plasma discharge rasgitrom a flow of a
current through normally nonconductive media sughia The maximum
current through an arc is limited only by the em#&trcircuit, not by the arc
itself. Arcing can also occur when a low resistanbannel, like: foreign
object, conductive dust, moisture, etc., forms leetwobjects with different
potential, as they can facilitate formation of éectric arc. The ionised air
has high electrical conductivity approaching thatetals, and can conduct
extremely high currents, causing a short circuidt &ipping protective
devices like, fusses and circuit breakers. Thetrtegrc is recognised as a
source of high level of heat. Lee reported thattiémeperature of metal
terminals can be up to 20 000 K [12].

Streaming electricity and electrostatic spark igimt is a phenomenon
generated by the transfers of electrons betweetactamng surfaces of
flowing liquid and a pipe, as they past each otfiars charge then initiates
potential stems from the chemical reactions takilage at the interface
between the wall material of the pipe and the agseolution flowing
through it. The volume charge developed in theidigsi transported by the
flow, resulting in a charging current being carrigdthe liquid. If the walls
of the flow system are insulated or floating, tlwanfelectrification process
also leads to an electrostatic charge accumul@&@#\) and the generation
of high electrostatic surface potential at inteeacThe lower the electric
conductivity of the liquid, the stronger the ECAr&atft fuels have electric
conductivity of 1.

Electrical overstres¢EOS): is a phenomenon whetectrical signals
applied to a circuit or a device exceeds normataipegy parameters. It is
typically defined as an over-voltage or over-cutr@rent with a duration
exceeding 100 to 1000 ns and nominal durationsro$ that occur while
the device is in operation. It is typically diffeteated from the ESD, which
has a shorter duration (1 ns to 1 ms). Eventsciralead to EOS damage
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include voltage spikes, lightning strikes and amporary and unexpected
connections to power or ground. EOS events cagstahsition of a
functionable system into NFS due to dielectric kdeavn (excessive
voltage) or thermal runaway from Joule’s heatingéssive current).

» Thermal overstressthermal overstress (excess heat) can be caused by
electrical overstress that take place when a desisabjected to more than
its rated current or voltage and it exceeds thegoalissipation defined by
its safe operating area. ESD can cause thermadtoess, too.

7. Post Fuel Tank Explosion Positive Functionabilit Actions

The life of a functionable system type, in MIRCEe®ce, is considered to be the
sequence of transitions between the original PIF®éi last NFS. [1] The
transitions are the result of the correspondingtionability actions, which are of
natural or human origins.

According to the research performed by the auth@iGommercial aircraft that
experienced a fuel tank explosion has been exposaaly positive functionability
action [1] in order for it to be returned to a PF8e reason is very simple; the
consequences of the explosions of the fuel tanke wlesuch magnitude that no
plausible positive functionability action was pdisj as in many cases the whole
aircraft was destroyed. Thus, the fuel tank exploss one of a few definite
negative functionability actions that strengthes ¢taim of the & axiom of

MIRCE Science’A functionable system type ends life in a negafivectionability
state.” [1]

8. Design Methods for Reducing the Probability of el Tank Explosions

Since the introduction of kerosene fuel for civiceaft use in the late 1940’s, the
aircraft designers have been aware that the ullepggd contain a mixture of fuel
vapour, or mist and air, which could be ignitedha presence of a spark, flame, or
hot surface.

To reduce the probability of fuel tank explosiotig design community has always
assumed existence of a flammable vapour in thetéundls and adopted standards to
preclude ignition sources from the fuel tanks. Tdi®wing are some of the design
measures taken to satisfy that philosophy [7]:

» Electrical energy applied to any component in thed fank is limited to a
value that is 10 times lower than the Minimum IgmtEnergy (MIE)
necessary to ignite a fuel-air mixture. The MIE igdrocarbon vapours is
about 0.25 mJ.

» Electrical components and wiring within a fuel taarke designed to handle
1500 V AC that is well in excess of the voltageikde on the airplane
(115/200 V). It is not allowed to bundle 28 V ACres and 28 V DC wires
(automatic fuel shut off valve).

e ltis not allowed to bundle 28 V AC wires and 28 wires (automatic
fuel shut off valve).
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« The flow of a hydrocarbon type fugllrough pipes, valves, filters, etc.,
causes the ECA in the fuel, which, if relaxed sidintly fast, could allow
the accumulation of hazardous potential levelgdmsi receiving tank.
Therefore, it is necessary to avoid very high rafdsiel flow in the
refuelling system and control distribution of theelfin the tanks. In
addition, meticulous attention is paid to electrmannection of all metallic
parts to dissipate the charge. The use of spedidizes in the fuels to
increase the fuel electrical conductivity is regdiin some countries.

* Power limitation devices should be incorporatethtnimize power into a
fuel tank to eliminate hot spots.

e Surface temperatures inside the tanks, under nanthfailure conditions,
are kept at least 3G below the minimum necessary to ignite a fuel-air
mixture. Pump motors are kept cool by an integeaispge of circulating
fuel. The motors have a temperature fuse, which th electrical supply
before an unsafe surface temperature is reachedldition, the pumps and
other similar equipment inside the tanks are desigid tested to
explosion-proof standards. Bleed air pipes or glebeating elements in the
wing leading edges are frequently routed closeiéb tnk walls. In such a
case, heat-sensitive detector-wires are instatigutdtect fuel tanks from
overheating.

* As, on average, each aircraft is hit by lighteramge per year [3] major
consideration of fuel system safety is protectigaiast the affects of
lightning. When an aircraft is struck by lightnirggpulse of high current
flows through the aircraft from the entrance to élé points. Protection
against this phenomenon is provided in a numberagk, like: sound
electrically-bonded structure of the aircraft, khwing skin panels, careful
location of tank vents and so forth.

9. Conclusions

MIRCE Science perceives in-service life of functible system types as a motion
through positive and negative functionability ssategoverned by natural

phenomena or human activities, jointly named, fiometbility actions. This paper

set out to analyse the mechanisms of fuel tankosimphs, as one of in-service
phenomena that cause the motion of an aircrafugirdIRCE Space, and as such
it has a significant impact on the final functioiiyp performance. The major

explosions that took place in commercial aviatiamirtg last 50 years are briefly
described at the beginning of the paper, undeth@rpurpose of this paper.

In order to reduce the probability of fuel tank agmons it is essential to understand
the physical mechanisms that cause the exploslanthis paper the impacts of

malfunctioning electrical equipment installed iretfuel tanks (fuel pumps, fuel

probes, level sensors, wiring) and routinely operatthe fuel vapour environment
or partially submerged in the fuel are recognisegatential sources of fuel tank
explosions together with causes of the consequeelgtric sparks or arcing

phenomena.

The analysis of accidents shows that central wang tind fuselage mounted tanks
experience considerably more explosions than wangg, since they are more
vulnerable to explosions in the presence of ignisources. The impact of the
surrounded equipment with high energy heat souli&esair conditioning system,
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has been analysed and it was concluded that asikh o€ this additional heat load
around the central fuel tank they are more flamm#ihn left or right wing fuel
tanks.

Clearly the aircraft design community has recoghibat flammable vapour exists
in the fuel tanks it has adopted standards to pdecignition sources from the fuel
tanks. Some of the design measures taken toysttesf emergent risk are
presented at the end of the paper.

Finally, the paper illustrates the need for talexgsting Engineering knowledge
further; to enable prediction of “emerging in-seevrisk™ earlier in the design
process. For example, it is essential to link thpact of internal architecture of
the aircraft (near air-conditioning units) andldsation in the universe (sitting on
a runway in Abu-Dhabi) with the increased risk @élftank explosion. That
extension is provided through MIRCE Science, witeesfunctionability
phenomena are recognised, through MIRCE Mechanitsh requires
understanding of all internal and external mechaaithat influence the motion
of the functionable system type through MIRCE Spatde MIRCE Engineering
and MIRCE Management that look at avoiding unwanigldthrough engineered
solutions or managing the impact of the risk ag&gral part of the business
plan.
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MIRCE Science Based Operational Risk Assessment
Jezdimir Knezevic, MIRCE Akademy, Exeter, UK
Abstract

The philosophy of MIRCE Science is based on thenigee that the
purpose of existence of any functionable sy&te&mo do functionability
work. The work is done when the expected measurainletion is
performed through time. However, experience teacisethat expected
work is frequently beset by the natural environmehe general
population or the businesses, some of which resulthazardous
consequences. Undoubtedly, the ability to accilyated quantitatively
assess the risk of occurrence of these undesitatdeespecially those
hazardous interruptions early in the design stagesild be invaluable
for all decision makers. Regardless of whether megjing solutions or
management methods are chosen to control the thgly, will have a
direct impact on the operational plan that shoulelicer the expected
work, within the expected budget and deliveringdkpected return on
their investment (e.g. profit or performance). Rbe last sixty years,
Reliability Theory has been adopted to addressriked. However, the
efficacy of these predictions is only valid urttié time of the occurrence
of the first failure of a functional system. Thesseldom understood and
far from satisfactory where we are working with a@pble or
maintainable equipment and systems over their dggdedife.
Consequently, the main objective of this papeo degmonstrate how the
body of knowledge contained in MIRCE Science camdssl for the
assessment of the risk of occurrences of operdtiatexruptions during
the expected life of any given functionability sgsttype. MIRCE
Science is based on the scientific understandirtpemechanisms that
generates the occurrences of these interruptiongsidered within a
physical scale between 10and 13° of a metre. These mechanisms,
together with the corresponding applied human rugdspe the pattern
of the occurrences of these expected interruptibreugh what we will
come to understand as MIRCE SpHcghe life-long pattern expected to
be generated by each future functionability systgpe is predictable,
from the early stages of the design, by making afs¢he MIRCE
Functionability Equation, the mathematical formidet of which is
presented in this paper. Some real life operatiomaérruptions are
analysed and presented in the paper as supportindgeece for the
validity of performing risk assessment in accordgangith MIRCE
Science, which is quantifiable by the amount o€tionability work that
can be expected to be delivered through the lifeawh functionable
system type.

“2 Functionable systentype is a set of mutually related physical ergit@d human made rules
uniquely put together to do functionability work?’

“3MIRCE Space: A conceptual space that defines the combinatich@MIRCE Functionability
Field, which is an infinite but countable set dffadssible functionability points, each represemtn
functionability state that a functionable systemetgould be found in, with the probability that the
functionable system type will be in that stateaatteinstance of calendar time. [1]
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0. Dedication

This paper is dedicated to the memory of Margarainvie Stringer (1938-2018),
who during last fifteen years supported the creatibMIRCE Science with total
commitment, endless energy and enthusiasm, froradhenistrative point of view.

1. Introduction

According to Einsteifi Everything that the human race has done and thoisght
concerned with the satisfaction of felt need&ius, human needs for transporting,
communicating, defending, heating, cooling, entemg and many other functions
are satisfied by ships, airplanes, tractors, cosrgutadios and other functional
systems. As they are functioning in accordancéedaws of science, which are
independent of time, place and human impact, ttesigned in functional
performance, like speed, acceleration, power,darkumption and many others,
are accurately predictable. [1]

However, experience teaches us that the operatitmaf functional systems is
frequently beset by undesirable interruptions tesgifrom:

* Physical and chemical processes taking place irts&ta, like corrosion,
fatigue, creep, abrasion, wear and similar

* Environmental impacts caused by natural phenoniieaJightning, snow,
rain, sand, fog, wind, solar radiation, earthquak&sami and so forth

 Human induced actions, such as lack of operatiandlmaintenance
resources (personnel, fuel, spares, facilitiedst@tc), errors in the
execution of tasks (operational, maintenance, g&grmansportation, and
others), organisational issues, regulatory bodnelssamilar

Needles to say that the above-mentioned operatiotauptions result in:

e Hazardous consequences to the users, the naturadrenent and the
general population, like a few major accidentsuclear energy production:
Three Mile Island (1978 in USA), Chernobyl (1988U8SR), Fukishima
(2011 in Japan), Deepwater Horizon oil spill (20U&A), NTPC power
plant explosion (2017 in India) and numerous others

* Business consequences due to loss of revenue,rnensu public
confidence and imposed penalties (contractual/Jegal example in
commercial aviation the delay of each flight geteethe cost to:

o the airline due to:
= |oss of income generated by transporting passerayet
cargo, poor customer relationships,
» increased demand for support resources (spards, too
equipment, etc.),
* increased numbers of maintenance facilities,
= including skills and training of personnel requitedieal
with the consequences of cancellations
= costs arising from re-routes, aircraft substitutipassenger
handling (hotels, buses, meal vouchers)
o the customer too, due to:
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= disrupted plans,

= missed business appointments,

= missed “non-repeatable” family and personal events
= |osttime

= potencial consequences to the cargo due to lgbenimts.

Undoubtedly, the ability to accurately and quatitredy assess the risk of the
occurrences of operational interruptions earljhm design stages would be in
valuable for decision makers. Regardless whethginearing solutions or
management methods are chosen to control thethisik will have a direct impact

on the operational plan that should deliver theeeigd functionality, within the
expected budget and, delivering the expected retrinvestment (e.g. profit or
performance). Consequently, the main objectivénisf paper is to demonstrate how
the body of knowledge contained in MIRCE Scienae loa used for the assessment
of the risk of occurrence of these operationalrmigtions, hazards and business
impacts, during the life of any given system crddtesatisfy human need(s).

2. Reliability Theory Approach to Risk Assessment

The necessity to predict the risk of occurrencespefrational interruptions started
with the advanced developments within the militayiation and nuclear power
industries where the potential consequences ofroaces of unexpected
operational interruptions could have huge hazar@masbusiness impacts. In
response to that, during 1950s, Reliability Thewag been “created”. It was based
on mathematical theorems rather then on scienhi&ories. Considerable effort was
expended to try and further the application ofékisting mathematical and
statistical methods and analysis techniques wiille kffort trying to understand the
mechanisms that caused the occurrences of thesatiopal interruptions,
commonly known as failures.

It is necessary to stress that there seems tabaan fundamental difficulty,
especially among deterministically educated engs;mard managers, in
understanding and interpreting reliability funcsofhis is because stochastic
processes (probability) cannot be seen or measlirectly, like physical properties.
For example, pressure, temperature, volume, weightcomponent can be
measured and they have clear and measurable meahingfailure of a
system/component is also clear. However, the cdrafepreliability function is
abstract and immeasurable. It cannot be seen ay#tem/component. In fact, it
serves as an abstract property of a system/comptrarobtains a physical
meaning only when a large sample of systems/comysii® considered.

In the 1980, with little being understood about thenplexities of the mathematics
required to address reliability characteristics, pinacticing reliability engineers and
analysts turned to what they had, which was enosnpoaictical experience of the
manners in which failures manifested them, commé&ntywn as failure modes.
Thus, a large number of “practical reliability meds" have been developed and
used, all of which were based on the failure medfect and criticality analysis, but
still without fundamentally understanding and addneg mechanism(s) that
generated the failure.
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2.1 Reliability Function

To illustrate the above statement the fundamenxtalession for reliability will be
used. It is generally accepted that reliabilityhie probability P) that a system will
operate without failure during a stated periodimkt (t), thus:

00

R(t)=P(TTF>D:J'f(Ddt 0 1

t

where:R(t) is the reliability function {(t) is the probability density function of the
random variable known as the Time To FailuFéK) of a system.

The reliability of a system is quantified throudse tprobability that it will not fail
up to timet. For example, if calculated reliability for, S&90 hours of continuous
operation, is 0.68, it means that, on averagepblilfO components, 68 will not fail
within that interval of time, as shown in FigureHwever, it also means that, on
average, in the “physical reality”, 32 systemshi$ type would have failed during
this period of operational time.

1.00
0.32
t
0.68 R()=P(TTF> ) :j f( ) dt
0
0.00 >
t time

Figure 1: Reliability function of a new system

Regarding non-maintainable or non-repairable systém the end of their life
story. As the interval of time is increasing thegartion of systems that have failed
is also increasing until all of them fail, as Figur clearly demonstrate.

However, if the components of a system are maiabdéor repairable it is often
difficult to express the reliability of a systemtarms of the reliability of its
components. Even further, looking at the religpilunction shown in Figure 3, it
is reasonable to ask what has happened with tl8¥&systems” that failed before
time t. Clearly, some of them could be:

» still in a failed state as nobody did anythinghterh

* in a state of first repair/replacement

* back in operation, as the first repair/replacenmastbeen completed

e in afailed state for the second time and waitmrgrépair/replacement

e in a state of second repair/replacement
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and so on and so on.

“Self-discovered” reality of the reliability functn, physical and mathematical, sent
the author on the quest for the answer to theseleonand original questions. A
part of this research endeavour, that lasted evedecades, is presented in the
remaining part of the paper; the full story is give [1].

3. What is beyond a Reliability Function?

To fully challenge the reliability theory approaichlife-long risk assessment for
systems whose undesirable interruptions to themaboperation could have
significant hazard or business consequences, therawas occupied with the
following question What is beyond a reliability functi@h The essence of the
question asked, is illustrated in Figure 2. It \masither tough question, as there was
no “mechanisms” in reliability theory that could lerace analytically the sequence
of operational, maintenance and support event$, @awhich has a considerable
impact on reliability performance, and yet theakliity function can only cover the
operation of a component/system from new to trst failure.

1.00

RRPPRPDPRPPRPIPPIPIDINIYIT?

Ry(t)

0.00 time

Figure 2: Graphical representation of the question
“What is beyond reliability function?”

4. Physical Reality beyond the Reliability Functia

In order to find out what is beyond the reliabilitynction, the author realised that it
is necessary to look in more dimensions in themg@tk‘lives” of a functional
system, as illustrated by the Figure 3.
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time
Figure 3: Conceptualisation of the “phenomena” inelyBeliability Function
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A small selection of research performed by the @uhpresented hereinafter,
through the observed undesirable interruptionsaratvere the physical reality of
the functionable systems, that took place beyoadtsigned Reliability Function
and as such were never part of the risk assessperitgmed originally in the
design office, or were performed to some exterttjrba non-
representative/erroneous manner, from the opegdtmoint of view.

4.1 Design-in Performance of Boeing 747

Between 1965 and 1969 the Boeing Corporation alehteBoeing 747 (B747),
known as the “Jumbo Jet”. Several thousand-desigimeers worked for 4 years
to create an innovative, exciting and “globallgtthanging” aircraft with the
following measurable functionality performance:

Passengers:
3-class configuration 366
2-class configuration 452
1-class configuration N/A
Cargo: 6,190 € = 30 LD-1 containers
Engines: Pratt & Whitney JT9D-7A, 46,500 Ib
maximum thrust Rolls-Royce RB211-524B2, 50,100 Ib
GE CF6-45A2, 46,500 Ib
Maximum Fuel Capacity: 48,445 U.S. gal (183,380 L)
Maximum Take-off Weight: 735,000 Ib (333,400 kg)
Maximum Range: 6,100 statute miles (9,800 km)
Typical Cruise Speed: Mach 0.84, 555 mph (895 km/h)
at 35,000 feet
Basic Dimensions:
Wing Span 195 ft 8 in (59.6 m)
Overall Length 231 10.2in (70.6 m)
Tail Height 63 ft5in (19.3 m)
Interior Cabin Width 20 ft (6.1 m)

Table 1: Functionality Performance of B747

Unquestionably, the creation of the B747 was altgmary achievement in the
history of commercial aviation. However, do aigibuy an aircraft to measure the
wingspan or count the number of containers thatoeafitted in the cargo
department? [1] Certainly not, they purchase thegenerate revenue by flying
passengers and cargo to their destinations, wélexipectation they will be “on

time and never crash”.

4.2 In-service Performance of Boeing N747PA
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Knezevic in [1] presented a part of the logbookhef very first Boeing 747 owned
by Pan Am, registration number N747PA, which, dagitime 22 years in-service,
recorded the following data:

Operational Actions Unit Quantity
Airborne Hours 80,000
Flown Miles 37,000,000
Transported Passengers 4,000,000
Take-offs n/a 40,000
Landings n/a 40,000
Fuel consumed Gallons 271,000,000

Table 2: Functionability Performances

The above information is primarily related to teeenue and cost of the flying
business, which are of prime importance to Pan Alimes. However, the most
important information, relevant to this paper hs following, maintenance-related
data:

Maintenance Actions Quantity
Number of tyres replaced 2,100
Number of brake systems replaced 350
Number of Engines replaced 125
Number of times passenger compartment replaced 4
Number of times lavatories replaced 4
Number of X-ray frames of film used for structural 9,800
inspections for metal fatigue and corrosion

Number of times metal skin on superstructure, wings 5

and belly replaced

Table 3: Maintenance Activities performed on N7A7P

All maintenance-related actions (scheduled, coowi#i and unscheduled)
performed on this particular aircraft amounted ®,800 maintenance man-hours.
To make this more meaningful, that equates to at@#)636 maintenance man-
hours for each year in-service, or 3,053 hours eaatith in-service or 102 hours
every week in-service or 4.24 maintenance man-hperslay of existence!

Having been academically educated through the methes of Reliability Theory
and fully aware of the physical reality, summarigeth the type of the data shown
in Figures 2, the author has been puzzled for aecad to how those two fit
together! For example, where are “lives” of tho&8 g&ngines used on this
particular B747 captured in the reliability functiof the B747 type of aircraft?

Consequently, during the last 60 years Reliabiliheory made very little progress
in terms of becoming a science that practitionerdctrely on to make accurate
predictions, which could be confirmed by practichservations. The reason is very
simple: Statistics does not mandate the need tergtahd the cause of statistical
behaviour. Furthermore Reliability Engineering &weliability Practitioners were
erroneously focused, through contract requirememgroviding some kind of
“confidence” or measure of reliability that hadcmnform to irrelevant doctrine, but
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it was simple to generate, manipulate, handle antpare. Only where safety
criticality meant failure was not an acceptabldaptdid anyone explore the
realities of how parts or systems would actuallly tesually though extensive and
expensive testing or simulation. However this tediand localised understanding
of how things really fail did not drive or stimutathe wider community to break
free from the standardised, homogenised modelpewsses entrenched in
contracts and apparently legitimised by many tregrproviders and tools to support
their use. It is little wonder the science andarmsthnding necessary to underpin
failure predictions was unable to find fertile gnolfor the development of accurate,
life-long, risk assessment methods that can idehzardous consequences and
business impacts.

5. The Philosophy of MIRCE Science

Having pointed out some key inadequacy of the Riiia Theory approach to life-
long risk assessment for the systems whose opeaaiiouptions could have
significant safety or business consequences, thaingler of this paper will present
the new body of knowledge, developed and named MBCience, by the author

[1].

The philosophy of MIRCE Science is based on thengge that the purpose of the
existence of any functionable system is to do fienetbility work. The work is

done when the expected measurable function is qmeef through time. [1]

MIRCE Science is a theory for predicting the expddunctionability performance
of a functionable system type. The accuracy optieglictions is governed by the
degree of scientific understanding available onpimgsical mechanisms and human
rules that govern the motion of the functionablstem types though MIRCE Space.

MIRCE Science comprises axioms, laws, mathemagigahtions and calculation
methods that enable accurate predictions of thetifumability performance of a
given “future” system to be calculated.

In 1993, Knezevic introduced the concept of funwaioility**, which was defined
as: “the ability of a functionable system type tofdnctionability work.” Thus, in
MIRCE Science, from functionability point of vieat any instant of calendar time,
a given functionable system type could be in onieffollowing two states:

» Positive Functionability State (PFS), a generic @don a state in which
a functionable system type is able to deliver tkigeeted measurable
function(s),

* Negative Functionability State (NFS), a generic adar a state in
which a functionable system type is unable to @elthhe expected
measurable function(s), resulting from any reasbatsoever.

The motion of a functionable system type throughftinctionability states, in the
direction of time, is generated by functionabibigtions, which are classified as:

“ Knezevic J., Reliability, Maintainability and Suggability — A Probabilistic Approach, pp.292,
plus software PROBCHAR, McGraw Hill, London, 1993.
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» Positive Functionability Action (PFA), a generionma for any natural
process or human activity that compels a systemadwee to a PFS.

* Negative Functionability Action (NFA), a genericne@ for any natural
process or human activity that compels a systemaee to a NFS.

The motion of a functionable system type throughftinctionability states is
manifested through the occurrences of functiongevents, which are classified
as:

» Positive Functionability Event (PFE), a generic edor any physically
observable occurrence in time that signifies thadition of a
functionable system type from a NFS to a PFS.

* Negative Functionability Event (NFE), a generic redior any
physically observable occurrence in time that digsithe transition of a
functionable system type from a PFS to a NFS.

Consequently, the concept of the motion in MIRCEeSce is conceptualised as the
change in the functionability state of a functible system type through time,
resulting from any functionability actions whatseeand the actions required to
produce a functionability motion, as shown in Fedr

Wl LTLITIT 1T,

PFE ..PFE NFE. life

Figure 4: Motion of Functionable System through ¢tiomable states

6. Axioms of MIRCE Science
“Science deprives many from the right to have aniopi”
Arie Dubi®®
MIRCE Science is based on the mathematical thefopyabability, which is
axiomatic. To establish the “structure” for theigstific truth” within MIRCE
Science the following set of axioms has been cdeate

Axiom 1: A functionable system type begins life in a pogtiunctionability state.

Axiom 2: A functionable systertype stays in a given functionability state until
compelled to change it by an imposed natural phemam or human action.

Axiom 3: A functionability event is an observable occurrenodhe direction of
calendar time, at which a functionable system gipenges its functionability state.

Axiom 4: The probability that a functionable system typd mibve to a negative
functionability state at any instant of time isapex than zero.

“>Dubi, A., System Engineering g Science, AnalytRghciples and Monte Carlo Methods, pp 168,
MIRCE Science, Exeter, UK, 2003.
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Axiom 5: The probability of human error in the executidrany functionability
action is greater than zero.

Axiom 6 A functionable system type ends life in a negativectionability state.

These axioms are the bedrock for all the calculatend predictions in MIRCE
Science. It is necessary to stress that thermany statements that do not result
from these axioms and do not negdiiem. The statements “The Lancia Stratos is a
beautiful car” or “Maintenance is a necessary edd’not result from any of these
axioms nor do they negate any of the axioms. Heheeaxioms of MIRCE

Science divide all the statements regarding th@vaehr of a functionable system
type, through time, into three mutually exclusiveups:

1. True statement: which means it is in accordavittethe axioms.

2. False statement: which means it contradictsohtlye axioms.

3. Not related: which means that does not come frmncontradicts, any of the
axioms.

These axioms also limit the scope of the applicattbMIRCE Science, which is
correct, as it does not cover the whole spectruact¥ities and events in the life of
a functionable system type, for example marketbogtracting, insurance and
many others.

7. MIRCE Space is Beyond the Reliability Function

“The mathematics is not there till we put it thére.
Arthur Eddington

As mathematics is the language of the sciencengdgssary to describe the
physically observable motion of a functionable sgstype through the
functionability states in the language of matheosatinat will enable predictions of
the expected functionability performance to be made

In the language of mathematics, an experimentfinetkas: “a real or conceptual
act, tasks or process leading to one and only ateme, at a time, so that the set
of all possible outcomes can be specified”. Coneetiy, in MIRCE Science a
functionability point is each distinguishable fuodability state that a functionable
system type can be found in, at the end of anyraxeat, dependant on the
duration in calendar time over which the experinteag been performed, indexed
ast. Thus, the initial or zero positive functionalylgtate at any instant of calendar

timet, will be denoted as{,PFi( t)} , the first negative functionability state,
{NFsi (9}, first PFS{PFS|(9}, second NFS{NFS(}, ......., i" NFS,

{NFS(9}, and so forth. This new “conceptual entity” wasneal MIRCE

Functionability Field of a system (MEJ; and is graphically presented  in Figure
7, for a functionable system type. It is an inkrset of possible functionability
points, each representing functionability states éhfunctionable system type could
be found during any functionability related expegimty which is defined by the
following set [1]:
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MFFy(t) ={PFS;*(9, NF&( ), F12.90, & § 3

Functionability states

PR

PFS! /

A / / / f /
PW;///////},X

Figure 5: MIRCE Functionability Field

Tlme

The fundamental functionability events, regardimg functionability state of a
functionable system type are fully defined by tbkofving two “new” events:

o {Functionable system type in PFS at a given instdictlendar time},
denoted a$PFSS(t)}, represents a union of mutually exclusive
functionability points, {functionable system typeRPFSat time t},

denoted a§PFS{( }} , is fully defined by the following expression:
{PFS,(0} ={ PFS(}0 PFE)D..0 PFg )t} :O{ PFS(}i 4

i=1
o {Functionable system type in NFS at a given instdrdalendar time},
denoted agNFS{(t)}, that represents a union of mutually exclusive
functionability points, {functionable system typeNFS at time t},

denoted agNFS( }} , is fully defined by the following expression:
{NFs(9} ={ NF&(}0 NFE)D..O NFG )4 =D{ NE§ ) 5

i=1
The creation and definition of MIRCE Functionalyilgield is the foundation on
which all analytical elements of the theoreticaltpare based.

8. The Concept of MIRCE Space in MIRCE Science

“It is impossible to trap modern physics into pretthg
anything with perfect determinism hesmit deals with
probabilities from the outset.” Arthur Eddington

Based on numerous observations of the behaviolunctionable system types in
the past, it was very clear to the author thanmessary dimension of the motion,
in MIRCE Science, is the probability of being idfdrent functionability states, in
respect to calendar time. This realisation gawetoghe establishment of the
concept of MIRCE Space [1]. It consists of thetowrous MIRCE Functionability
Field and corresponding probability functions thetthematically define the
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physical position of a functionable system typarat instant of calendar time, as
shown in Figure 6.

—_
<
i
T

Probabill ty

01 25 30 75 100 125 150 Time

Figure 6: The Concept of MIRCE Space

The definition of a probability function, based Kalmogorov’s axiomatic
approach, applied to a MIRCE Science experimenfirmed to MIRCE Space is

any assignment of a number to each functionalplint, representing the
probability of a functionable system type beindghat particular state, at that instant
of calendar time, say a PFS, which fulfilled thédwing properties:

1 P{PFS(9} 20, =12, ,t= (
2. P{MFF ()} = P{ PFS'(), NF§(} =1, £1,2,.00, & O
3. P{PFL(90 PFSY( = B PFE)k+ P PESOt =iL2.p0, tC

This, three-dimensional relationships enabled thaton of the mathematical
scheme for the calculation of the expected funetlity performance of a
functionable system and the associated risk assgggrhthe occurrences of
negative functionability events, with their hazard@r business consequences, for
the given functionable system type.

8.1 Probabilistic Motion through MIRCE Space

“Motion does not mean travel of the ball-type
electron along some orbit around the nucleus.
Motion is the change in the state of the system.”
Werner Heisenberg

The schematic representation of the motion of atfanable system type through
MIRCE Space by depicting occurrences of positive megative functionability
events is shown in Figure 9. Distances betweeunesdl events define the length
of the calendar time that system spends in a quoreting functionability state.
Experimental MIRCE Science has shown clearly thase¢ intervals of calendar
time are statistical variables. The sequence aigghsrof calendar times to the
sequential occurrences of positive and negativetiomability events, which in
MIRCE Science are treated as random variablegjereted as:

TNE,,, TPE,,, i= 100 [1]
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Hence, for each NFA a probability distribution ftioa can be used to
mathematically define the probability of occurreié¢he corresponding NFE in
respect to calendar time. Therefore, the probglitiat the NFE will take place
before or at a given instant of calendar timehatdystem level, is defined by the

following expression:
t

Fs.(t) = P(TNE; ;< 9= fy(dt i=1e, t= C 6
0
where: fg(t) is a probability density function of the randonishle TNEs;.

Correspondingly, for any positive functionabilitgten, there is a probability
distribution function that mathematically definég probability of the occurrence
of the corresponding positive functionability evelating any interval of calendar
time, t, which is defined by the following expressi

O (1) = P(TPE; ;< p:j q()dt EFlw, & 7

where:os (t) is a probability density function of the randonrighle TPEs;

8.2 Sequentiallity of Functionability Events in MIRCE Science

The continuous motion of the functionable systepetthrough the functionability
states, contained in the MIRCE Functionability &jelas the foundation of the
“mathematical interpretation” of the observed phgkreality. It is based on a
framework of the sequential nature of the occuresraf PFEs and NFEs in the
direction of calendar time. However, the author Ibeesn fully aware that
probability functions defined by equations 9 andsfiddt from their own individual
times of origin [1]. That factual truth causes iiddal challenge, as in the life of
any functionable system type there is only one tinerigin, as far as the author is
concerned. It is denoted &€ and it signifies the introduction of the functide
system type into operational existence. Henceythr functionability events must
have reference to it.

Figure 7 schematically represents the sequenceanirieences of positive and
negative functionability events, with both origimiscalendar time, cumulative from
t=0 and from the occurrence of the previous functidriglevent.

INEL
______________________________ =
INE2
TPEL
INEL
@ O—&--- -D—
TNE,, 7PE;, TNE,, Time

Figure 7: Individual and Cumulative Times to Piesitand
Negative Functionability Events in MIRCE Science
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At this point it is necessary to clearly understémeldifference between the
measuring and predicting processes. Experimenilal0# Science, given

sufficient time, would be able to measure numenigdlies of TNE,, TPE,, i= 1.0
and then use adequate statistical methods to detethe probability distribution

functions for all of them. These functions, in genéorm are described in the
following manner:

O\(t) = P(TPE < pzj QY dt i=lew, =0 8

F()=P(TNE< = f(ddf i=le,t20 O

O —)

Needles to say that any solution to the questferisk assessment would have no
practical application if an infinite period of tagj time is spent testing each
feasible design solution of the new functionablstey type. Consequently, the
main challenge during the creation of MIRCE Sciewes the creation of a
theoretical scheme that would mathematically caleuthe sequential occurrences
of the functionability events in the direction bktcalendar time, for each feasible
variation of a functionable system type being cdesed [1].

Thus, the sequential positive functionability fuoat O.(t), which defines the

probability that thePFE; in the life of a functionable system type, wilkéaplace

before or at the instant of calendar titnies defined by the following convolution
integrals:

O[(t)=P(TPE < = R TNE+ TPE< )t
=P(TNE < xn TPE;< t X 10

=Jt.FSi(x)osi(t— x)dx:j. F(RdQ(t ¥ FL12,.0, & (

The above mathematical interpretation has thewiatig physical meaning: in order
for thei™ sequential positive functionability eveREE, to take place before, or at
the instant of calendar timgit is necessary that the previous functionab#ignt,
which in this case iBIFE, takes place sometime before timdenoted by in the
above expression. Then, the sequefEE has to take place during the remaining
interval of calendar time, which in this case isated with {-x), where the value of
X, goes from zero to[1].

The process of defining the negative sequentiafibigion Function,F! (t), which

defines the probability that th8 sequential NFE of the functionable system type
will take place before or at an instant of calerdaet, follows the same
mathematical principle. Thus, the sequential negdtinctionability function is
fully defined by the following equation [1]:
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F/()=P(TNE < 9= RTPE"+ TNE;< )t
=P(TPE™< xn TNE;< t X 11

=jo‘;1(x) fo(t- x)dx:j QU IdE(t X EL2,.0, & (

The above two generic functions, defined in thenfaf convolution integrals, are
the foundation of subjection of the operationaldabur of a functionable system
type to the methods of science and the developofahe theory for the

quantitative prediction of functionability performee of any functionable system

type [1].

Theoretically speaking, with these multidimensionétgrals it became possible to
“move through” MIRCE Space, by passing through essduential functionability
state in the direction of calendar time, and thersegating a trajectory unique to
each functionable system type, as illustratedafbypothetical system, in Figure 8
(Negative Functionability Functions are represemgthe broken lines). The
reason for that was the fact that the same set¢mdnic equations, when applied to
different design solutions, will generate differénajectories of the motion through
MIRCE Space, which means different exposure tatsociated risks. Hence, a
generic platform had been created on which eadidieadesign solution will
generate its own future “trajectory”.
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Figure 8: Sequential Occurrences of Positive anglaldee Functionability
Functions

Those futures “trajectories” can be compared, impdoor modified, until the final
configuration of a system is chosen. Naturally hetaajectory is associated with its
own corresponding risks and their consequences.ederythis predicted “future
trajectory” for a functionable system type includesicerns of both interested
sides, producers and users, or planners and manager

9. MIRCE Functionability Equation

The trajectory of functionability is uniquely dedéid by the sequence of
functionability events, from the birth of the systéo its decommissioning. Thus,
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the fundamental equation of MIRCE Science, the tionability equationy(t), that
defines the probability of a system being functldeaat a given instant of tintas
defined as:

V0=P[PFSO}=Y W)=Y @'~ K}  e0 12

Equation 12 defines the expected trajectory ofntieéion of functionable system
type through positive functionability states of MBE Space, while doing positive
functionability work As the above expression was developed by the aattbe
MIRCE Akademy, it was named the MIRCE Functionapiliquatiot®.

Figure 9 shows the MIRCE Functionability Function & hypothetical
functionability system. The “classical” reliabilifunction (Eq. 1) for this system is
represented by a broken line.
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Figure 9: MIRCE Functionability Function for a Hythetical System

It is obvious that the reliability function is aespal case of the functionability
function (Eq. 12), wheirl, yg(t)= P{PFS(3} = A()- F()=1- F()= R(}).

10. MIRCE Functionability Work Equations

“All truths are easy to understand once they argcdvered.
The point is to discover them.Galileo Galilei (1564-1642)

According to MIRCE Science philosophy the positivectionability work is done
when a functionable system type is delivering fiorality performance (See Table
1 for the Boeing 747), which means that it musirbgositive functionability state.
The area under the trajectory of the motion ofrecfionable system type through
MIRCE Space, defined by the MIRCE Functionabilityuation, is equivalent to the
positive functionability work done by the systentle interval of calendar time

[1]

6 Dr Jezdimir KNEZEVIC Int. Journal of Engineering$earch and Applications www.ijera.com
ISSN: 2248-9622, Vol. 4, Issue 8( Version 7), Aug14, pp.93-100
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The expected positive functionability work to benddoy a functionable system
type during a given interval of calendar timePF\Wg(T), measured in calendar
hours, Hr, can be calculated by making use ofdlilewing equation:

PRAL(T = y(h ot [ HI 13

By making use of the above equation it is posdiblealculate, during the design
stages, the expected functionability work that widug done by a given
functionable system type, for each of feasiblempiof the future system. This is a
huge advantage, compared to current practices wwhensork done in the past is
measured during the operational life of a functiaaystem type and then the
necessary statistics produced for the sample silze o

Consequently, the life of a functionable systemld¢de considered as the motion

of the system through the functionability statdse pattern generated by the

motion of functionability through the functionalylistates, in respect to the passage
of time, forms the functionability trajectory. Cleexamples of this fact are the
motions of F1 cars during the Monaco Grand Prix&itough the PFSs (see

Table 5) and the NFS (see Table 4), in their MIRS}Ace.

11. MIRCE Mechanics

Based on several decades of experiencing and obsegthe operational behaviour
of functionable system types, the author was caredrthat in order to understand
them and even more to predict their behavious, itdcessary to understand the
physical mechanisms that govern the occurrencamotionability events.

Without a scientific understanding of these mecérasiit would be impossible to
determine the most appropriate probability distitoufunctions that accurately
describe the motion of functionable system typesugh MIRCE Space and
ultimately quantify the functionability work don@d corresponding functionability
costs. For that to happen, it is essential fogirgeric random variables in
Equations 6 and 7 to be “physicalised”, for eaaicfionable system. It is required
by a science based understanding of the physioakpses and human rules that
determine them and only then used them in: engimgetechnological, business
and economical contexts. It is necessary to sthregsMathematics does not teach
us how to think correctly®

To facilitate a higher level of accuracy betweesasable physical processes and
human actions and their mathematical descriptibraugh probability distribution
functions the author has created MIRCE Mechanigs.d part of MIRCE Science
that is exclusively focused on the science baseeénstanding and description of
the physical mechanisms that govern the behaviblunationable system types
and consequently their functionability performance.

4" pasternak, J., Indefinability, An Essay on th#d@bphy of Cognition, Page 118, edited by Arne
F. Petersen, pp. 144, Published by Museum Tuscoidmess, University of Copenhagen, Denmark,
1993. ISBN 10: 877289531
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11.1 Negative Functionability Events Generating Mdtanisms

According to the second axiom of MIRCE Sciencerttwgion of functionable
systems through MIRCE Space is a result of imposd¢dral phenomena or human
actions, which are jointly called functionabilitgteons. It could be regarded as
analogous to force in Newtonian mechanics. Numeotiggrvational studies and
experiments conducted have shown that just coutit@@ccurrences of
functionability events that signify transitions findPFS to NFS is sufficient enough
for the statistical analysis of the data, but motunderstanding the physical
mechanisms that cause their occurreffcéise reason why it happened.

To scientifically understand the mechanisms thaegee negative functionability
events, analysis of the operational behaviour géis# thousands of components,
modules and assemblies of functionable systemsefande, aerospace, nuclear,
transportation, motorsport, communication and othedustries have been
conducted at MIRCE Akademy.

In MIRCE Science all negative functionability actgoare categorised as following

[1]:

e Component-internal actions:that consist of:

0 Inherent actions that are introduced into compa@nior to their
introduction into operational life through the adies associated
with the design, manufacturing, handling, transgarh,
maintenance, storage and similar processes.

o Cumulative continuous actions that are an inewtgbart of the
components operational life resulting from natutatay processes
such as: corrosion, fatigue, creep, wear and simila

» Component-external actions:.which are originated by:

o Environmental phenomena that cause discrete ovkrlik@ foreign
object damage; birds strike (domestic and wild abé)n weather
(hall, rain, snow, lightening, solar radiation,.gtand so forth.

0 Human activities:

= Errors that are related to phenomena that causdoade for
example use and abuse by operators, (pilots, dandrother
users), maintainers (maintenance induced errors)l an
logistics support personnel (bogus parts, shelf étc.)

» Rules that are related to organisational policiesal
requirements, national and international, besttmes or any
other human imposed functionability related actions
(scheduled and condition based maintenance tasks).

» System-internal actions resulting from processes that are taking place
within a system, like a change from passive tovacstate for certain
components and modules, a change in functionalsitayes of some of its
constituent components that impact the functiontsiof the system.

» System-external actionswhich are generated by:

“8 Knezevic, J.Inherent and Avoidable Ambiguities in Data AnalySIRD Assoc. Member's
Technical Symposium, “"Data, Information Decisioakihg”, pp 31,39, AEA Conference, Risley,
U.K., 28th February 1996.
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o Discrete environmental phenomena related to weathait, rain,
snow, lightening, volcanic eruptions, strong wirshlar radiation,
etc.,) and other causes that impact on the furaiidity of a
functionable system type.

0 Human activities:

= Errors, which are related to the phenomena of ngeabuse
by: operators, maintainers or supply chain persionne

» Rules, which are related to organisational policikegal
requirements, national and international, besttmes or any
other human imposed functionability actions thatseathe
occurrence of NFEs for the functionable systems.

During the last 40 years of research in reliabtlitg author has learned and proven
that the time to occurrence of negative functioligievent, denoted as TNE, is a
random variable that is defined by the approppatdability distributiod®. Thus,
each negative functionability event must be assediwith a single physical
mechanism or human action that generated it.

11.2 Positive Functionability Actions

To scientifically understand the mechanisms thaegae positive functionability
events, analysis of the motion of several thousahdemponents, modules and
assemblies of functionable systems in defence spaoe, nuclear, transportation,
motorsport, communication and other industriesugloNFS state have been
conducted at MIRCE Akademy. Consequently, in MIR&#ence all positive
functionability actions are categorised as follogvjt]:

» System-Internal actions: commonly known as maintenance tasks, are
further categorised as followirly
o0 Servicing: replenishment of consumable fluids, wieg, washing
and similar.
0 Lubrication: installing or replenishing lubricant.
o Inspection of a component against a defined phlystaadard.
= General visual inspection: performed to detect obwi
unsatisfactory conditions.
= Detailed visual inspection: consists of intensiisual search
for evidence of any irregularity, usually assistdxy
inspection aids.
= Special visual inspection: an intensive examinatmna
specific area using special inspection equipmerth sas
radiography, thermography, dye penetrant, eddyeatirhigh
power magnification or other Non-Destructive Tegtin
(NDT).
0 Examination: a quantitative assessment of one/rhoretions on a
component to determine whether it performs withtreptable
limits.

9 Knezevic, J., Modellingystem Reliability - Way Ahea@ODERM Newsletter, Vol. 12, No. 2, pp
8-9, MOD, UK, June 1995.

¥ Ben-Daya, Duffuaa., Raouf, Knezevic and Ait-Kdgli,(2009),Handbook of Maintenance
Management and Engineeringpringer, Dordrecht, Heidelberg, London and Newky NY, USA.
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0 Restoration: perform to return a component to aifipestandard.
This may involve cleaning, repair, replacementwarbaul.
o Discard: removal of from operational life.

* System-External actions related to activities that are affecting the vehol
functionable system and they are grouped in tHevimhg manner:

o Environmental positive actions: fog lifting, thawin
decontamination, washing and so forth.

0 Legal positive actions: related to all activitibat are required to be
performed due to health and safety regulations atomal and
international level of jurisdictions and restricts

o Organisational positive actions those are spetifia user or group
of users of functionable systems, which could eskat marketing,
operational, political, economical and other fuocs.

11.3 Physical Scale of MIRCE Mechanics

A full understanding of the mechanisms of the motd functionability phenomena
that drive the occurrence of functionability eveistessential, as statistical methods
used to analyse and quantify reliability do notgtthe causes of statistical
behaviour. Consequently, systematic studies muappked to understand the
phenomena that cause the occurrence of:

» Positive Functionability Events such as: birth (beginning of operational
life), servicing, lubrication, visual inspectiorpair, replacement, final
repair, examination, partial restoration, troublleaing, storage,
modification, transportation, sparing, cannibal@at refurbishment, health
monitoring, restoration, packaging, diagnostics sinalar.

* Negative Functionability Events such as: thermal ageing, actinic
degradation, fatigue, pitting, acid reaction, tstdke, warping, abrasive
wear, suncups formation on the blue ice runwaynlaébuckling, photo-
oxidation, production errors, strong wind, mainteceerror, hail damage,
lightening strike, hard landing, quality problermand storm and so forth;

In order to understand the motion of functionaypilitis necessary to understand the
mechanisms of the motion. That represented a hedlenge. Answers to the
guestions “what is the real cause of say, fatigheewind direction change, suncups
formation on the blue ice runway, faulty weld, battike, perished rubber,
maintenance induced error, carburettor icing”,dme just a few, have to be
provided. Without accurate answers to those questioe prediction of their future
occurrences is not possible, and without abilitpredict the future, the use of the
word science becomes inappropriate.

For years, research studies, international conéersummer schools and other
events have been organised in order to understasththie physical scale at which
functionability phenomena needs to be studied anuidrstood. Resulting from
these numerous discussions, studies and tridasibeen concluded that any
serious studies in this domain, from Mirce Mechagoint of view, have to be
informed by the following two boundaries:
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» the "bottom end” of the physical world, which isthé level of the atoms and
molecules that exists in the region of 2@f a metra" ;

» the "top end” of the physical world, which is aetlevel of the solar system that
stretches in the physical scale arountf416f a metré?.

This range is the minimum sufficient “physical alhich enables a scientific
understanding of relationships between system tipaed processes and system
operational events. In other words, this is thesptal range within which, the
system operational processes mentioned aboveugatilge wind direction change,
suncups formation on the blue ice runway, birkstrperished rubber, carburettor
icing) take place and as such can be understoograaitted.

12. The Role of MIRCE Science in Life Cycle Enginemg and Management

Although science has to be truthful, rather thesfuls MIRCE Science is essential
for scientists, mathematicians, engineers, manatggaisnicians and analysts in
industry, government and academia who have aresttér predicting the
functionability performance of a given functionablestem type in order to
maximise the benefit, in accordance with their emosriteriori®. For that to happen,
MIRCE Science equations are required. These equsatice different in many ways
from those used in classical sciences that aredb@séhe deterministic equations;
independent of time and human influences and umegrédicting the functionality
performance of functional system types.

The main task of any "component/product design’ireegy and manager is to make
decisions regarding the individual components/petslallocated to them. For a
component/product of their concern they have tad#gegn the single solution
among all possible alternative solutions. For gxamcertain decisions might
benefit reliability performance, but at the sanmeetincrease production and/or
maintenance cost. Others might reduce the developoost but increase Not-
Fault-Found rate or Turn-Around-Cycle. Hence, eagis and managers constantly
conflict and compromise as they strive to do tbest regarding their own
component/product.

The main job of a functionable system type desigmér understand the decisions
made by the “component” engineers and to incorpdtam into the "best
functionable system type option"” in response togilien functionality and
functionability performance requirements, in thrediavailable and within the
budget allocated. In order for that to happen tindiifinensional trade-offs have to
be made, at the system type level. For exampl& Hassburg’s job, as a Chief

*1 Knezevic, J., “Atoms and Molecules in Mirce MechsnApproach to Reliability”, SRESA's
International Journal of Life Cycle Reliability aishfety Engineering, vol. 1, no. 1, pp. 15-
25.Mumbai, India, 2012.

*2 Knezevic, J., Papic, Lj., “Space Weather as a Meism of the Motion of Functionability through
Life of Industrial Systems”, Advances in Industiiaigineering and Management, Vol. 4, No. 1
(2015), 1-8, American Scientific Publishers, Prihte the United States of America.

*3Knezevic, J., Impact of Correctness of Reliabifityalysis on Effectiveness of Logistic Support
Analysis, CODERM, News Letter, MOD, U.K. Vol. 12pN1, pp 8-9, January 1995.
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Mechanic of Boeing 777 (B777), was to design the B777 so that it wily“fin

time and never crash”, not a landing gear, engimegonditioning system or any
other part in isolation. To this end, Hessburgumed the desire to have the ability
to normalise these extremely complex trade-offsvben the “functional B777”, as
perceived by the Boeing Corporation, and “functlidedB777”, as perceived by
United Airlines. This has now materialised in teation of the axioms, methods
and mathematical scheme of MIRCE Science.

With the continuous increase in the complexityref hew technologies used in
modern systems, relying solely on the “personakerpces and gut feelings” of
system engineers and project managers to makeatlgcisions is no longer
viable or in fact possible. Perhaps the main nedsothat is the corresponding
increase in uncertainty regarding the consequenfoegch decision made on the
future operational behaviour of a system. Henaehin concern of the
functionable system type decision makers is thityby quantify and normalise
the future consequences of their decisions, athesfeasible options. This is not
possible to perform accurately and dependably wittize body of knowledge
encapsulated in MIRCE Science

The most important feature of MIRCE Science is #iltlecisions are based on the
total quantification of the measures of functiotibperformance for each design
option, with full visibility of all the rules andsaumptions made, rather than on
intuition, “gut feelings” or seniority of the engiars and managers within the
design team. This epitomises the phenomenon phtasBdofessor Dubi, “The
more complex the problem the less one needs to irarder to have an
opinion.”™®

13. Conclusions

The main objective of this paper was to presenMHRCE Science approach to
risk assessment, one that is based on the lawsearice, which denies the existence
of parallel universes where the laws are eitheorigd or bent to accommodate
administrative or contractual requirements. Witthis paper we have seen a prime
example of the later in the well accepted modealystem reliability that requires
the acceptance of this concept of an “alternativigarses” that is based on the
argument that components and consequently systegsegs a constant, time
independent, failure rate, while totally ignorifg tphysical existence of
operational, maintenance and support processef\ykiterate observable
undesirable interruptions into the operational diféunctionable systems. This
approach stems from neither science nor obserydiigrfrom a lack of
consequence in using models and processes thabtatcurately reflect the future
reality of the products and systems delivered ¢éoaitid users. This acceptance of
inaccurate predictions that led to: erroneous spairecurement; inability to
forecast or schedule repair: loss of operationpébdity (at inopportune moments)
and unhappy Customers, had little impact on thospgments who actively
defended the cause and simply allowed all lawgiginse to be suspended. As a

** Knezevic, J., Chief Mechanic: the New Approacti@raft Maintenance by Boeing, Journal of
Quality in Maintenance Engineering, Volume: 5 Isstie1999

%> Dubi, A., System Engineering g Science, AnalytiRghciples and Monte Carlo Methods, pp 164,
MIRCE Science, Exeter, UK, 2003
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professional community we must accept this doctisria direct opposition to the
observed physical phenomena like corrosion, fatigteep, wear and similar
undesirable interruptions resulting from accumolaf “damage” and human
dependent physical processes that generate; produicnsportation, operation,
maintenance and storage related risk events, vdheenly demonstrate the
inadequacy of system reliability function (Eq. d&t) to predict with any degree of
confidence the life-long behaviour of functionablstems and especially as a basis
for any risk assessment tasks.

Finally, it is essential to re-state the distinotlwetween the scientific formulation of
the motion of functionable systems through fundiafity states, contained in
MIRCE Science and Mechanics and presented in #psrp from the administrative
approach that is based on reliability models ofesys that are created to
demonstrate the contractual compliance of a legmiliging acquisition processes,
as it is the case in many industries today. It rhesstressed that science is the
proved model of reality that is confirmed throudiservation, so in closing, the
author wishes to encourage all reliability professis to move from the universe of
convenience, in which the laws of science are sudgad to this universe that is
based on the laws of science, as only then carrigkee assessments and reliability
predictions reflect future realities. It is the lamts believe that all of those
professionals, who wish to embrace accurate andchtpeally confirmed risk
assessment tasks, will welcome the body of knovdextotained in MIRCE
Science as the proven foundation for their futudgssional endeavours.
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Appendix A: Worldwide Observed MIRCE Science Funcionability Events
As a part of the continuous process of collectiifgrmation on the observed

behaviours of functionable system types throughaimal processes, in June
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2014, the author started collecting the worldwidiectionability event® that are
relevant to MIRCE Science.

Full text of the relevant events and processegthay with our additional research,
is kept in the archive of the MIRCE Akademy, whsleort descriptions of them are
posted on the Akademy’s websitéor all interested parties, of course, free of
charge.

« 12" June 2014: Unfavourable Winds Delay Test FlighiaiSA's Low-
Density Supersonic Demonstrator

« 239 June 2014: Fire on Board of F-35A

« 14" July 2014: Cause of Fire on Board of F-35A

« 15" July 2014: Oil Leak Stopped Test for C Series Eegi

« 17" July 2014: Malaysia Airlines Flight MH17 Shot Down

« 25" July 2014: MD-83 Wreckage Found in Mali

« 16" October 2014: Solar Power Channel Repair of tterhational Space
Station

« 17" October 2014: Spaceplain X-37B landed after 635 daorbit

« 22"0October 2014: 218 minutes of Functionability Ac on the
International Space Station

« 239October 2014: SpaceX Dragon capsule's return eéldye to heavy
seas

« 29" October 2014: Orbital Sciences Antares RocketvRIp 10 Seconds
After Liftoff

« 31" October 2014: Virgin Galactiic’s Accident

« 8" December 2014: Light Jet Crashed Near the AiipovYashington D.C.
Area

« 28" December 2014: Air Asia Airbus A320 crashes inthea Sea:

« 5" January 2015: Technical Problem Scrubbed a Lagh8paceX to ISS:

« 12" January 2015: SpaceX Dragon Resupply Capsule (edhpy ISS
Astronauts

« 14" January 2015: Astronauts Forced to Abandon Pd8%9f

« 15" January 2015: False Alarm Caused Evacuation gbAatits in ISS:

« 26" January 2015: Airlines Cancelled 1,900 U.S. Fhgi Storm Hits
Northeast

« 19" February 2015: NASA Delays Space Station SpacéWadause of
suit Issue

« 1%'March 2015: ISS Docking Port Antenna Installati@unpleted:

« 2"%March 2015: USAF Weather Satellite Explodes Aftkermal Spike

« 4™ March 2015: Turkish Airline jet skidded in Nepal

« 4™ March 2015: ESA experts assess risk from expladf®AF weather
satellite

%6 Vast majority of the information presented belawmes from the Journal “Aviation Weekly and
Space Technology”, which has been providing fadtimto date information through their daily
Aviation Weekly Bulletin service
>"ttp:/lwww.mirceakademy.com/index.php?mact=News tttetail 0&cntnt0larticleid=15&cntnt
Ol1returnid=15 (accessed on 13 August 2018)
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« 19" March 2015: Lufthansa Technik’s Robot-based InSpe®f Engine
Components

« 23%March 2015: Engineering Judgment Key in 757 Foicaatling In
Antarctica

« 24" March 2015: Germanwings A320 Reached Ugly Staferémch Alps

« 24" March 2015: Near Loss of U.K. A330 due to Positig of Captain’s
Personal Camera

« 29" March 2015: Air Canada A320 skidded upon Landingaifax:

« 6" April 2015: First Great Western train driver take®ng train & goes
wrong way

« 16" April 2015: Throttle Valve Checks after Flawed deal 9 Recovery
Attempt

« 29" April 2015: Failure of Russian Space Station RpsuMission:

30" April 2015: Bird Strike During Flight-test of Aitls A320neo

« 9" May 2015: Airbus A400M Crashes during Test FlighSpain

« 10" May 2015: MA60 Wing Detaches in Runway Excursion

« 12" May 2015: 4 hour delay due Transportation Secuitginistration
agents having gone home

« 25" May 2015: Double Engine Failure of Airbus A330

« 29" May 2015: Falsified Records for Used CFM56 Endtedes

. 29" May 2015: A400M Crashed by Incorrectly Installeagihe Software

« 1% June 2015: Airbus A310 Prototype Retires AftelYg2irs

« 15" June 2015: Heavy Fumes in Cabin Force Passengeos &Ving

« 28" June 2015: Space X Falcon 9 exploded after thedtau

« 8" July 2015: United Airlines experienced Nation-wi@eunding

« 29" July 2015: Hail Damaged Boeing 787 returns badkhima

30" July 2015: Dubai Airport Planning Camera-basedri3ebetection:

« 12" August 2015: American Airlines Repaired Hailstodamaged B787:

« 16" August 2015: Indonesia’s Trigana Air, ATR 42 Cregh

« 19" August 2015: Investigators Found Cause of Ethiogia87 Fire

+ 8" September 2015: British Airways Boeing 777 Fireident in Las
Vegas:

« 1%'October 2015: Airbus Replaces First A320neo Testraft Engine

« 7" November 2015: Airbus A321 In-flight Break-Up it

« 30" November 2015: Boeing Ends C-17 Production infGatia

« 1%'December 2015: AirAsia Flight QZ850 Crash Parthg do Faulty
Equipment

« 2"9December 2015: Boeing Completed 5 year FatiguesTes787
Airframe

« 14" December 2015: A member of Air India's ground ctsucked" into an
Aircraft Engine

+ 31" December 2015: Rat on Plane Forces Air India FlighReturn to
Mumbai

« 12" January 2016: Philae Lander Fails to Respondstesifiorts to wake it
up

« 17" January 2016: Falcon 9 Launches Jason-3 Satéllitdails the
Landing Attempt

« 29" January 2016: Two Incidents by South Korean Lovgt@@arriers:
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22" February 2016: Prohibition of Transport of Lithition Batteries on
Passenger Aircraft

28" February 2016: SpaceX aborts SES-9 Launch

1°' March 2016: Airbus Fixes for A320neo False Ala@nBW1100G:

19" March 2016: Fly Dubai Flight FZ981 Crash Landiniglig 62 People
on the Board

7™ April 2016: Unseen Blast Injuries to the Brain {inza

17th April 2016: Smoke and fumes event involvingeBg 787, N36962
15th May 2016: Smoke event involving Airbus A380

18th May 2016: Disappearance of the Airbus A320 dtediterranean Sea
10th June 2016 No ‘Common Thread’ In F-18 Weapoiships

7th July 2016: Oil System Flaw Caused PW1524G Engincontained
Failure

3rd August 2016: Emirates B777 at Dubai landed Widar Retracted

8th August 2016: Passengers Stranded after Degiat§IGrounded
Worldwide:

15th August 2016: RAF Pilot Who Sent A330 Into Rjaiwith Camera To
Be Court-Martialed

27th August 2016: Power plant’s inlet cowl detachecdhidair of Boeing
737-700

28th August 2016: 6 Boeing 787 Grounded for RBltsce Engines
Inspections:

1st September 2016: ANA to Replace Turbine Blade&@® Trent 1000
Engines on 787s:

1st September 2016: SpaceX Pad Explosion

6th September 2016: Confusion Over Power Settingfaetor In Emirates
Crash

13th September 2016: metal Fatigue Caused the thaioed Left Engine
Failure

1st October 2016: Difficulties With Fume Investigats of Ryanair’s
Boeing 737

4th October 2016: Human Error Behind Air Asia X Bigion:

4th October 2016: Failed Airbus A320 Actuator Iresitl Debated By Safety
Agencies

1st November 2016: USAF KC-10 Tanker Loses RefuglBoom In Flight
2nd November 2016: Uncertain American CF6 Failuaese

2nd November 2016: Weather scrubs SpaceShipTwe fight test

25th December 2016: Hard Landing of Wings Air ATRG00 in Indonesia
9th January 2017: SpaceX delays Launch due to Weath

14th January 2017: SpaceX Returns To Flight by ®gpd Iridium
Satellites

16th January 2017: Turkish Boeing 747-400 freightashed into a village
near Manas airport in Kyrgyzstan

24th January 2017: Lights-Out Error Instigated Sautst Accident at the
Nashville International Airport.

22nd February 2017: GPS Sensors Data For Foregd3éingerous Solar
Storms

19th February 2017: SpaceX Launches Tenth ISS Réslpssion
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e 8th March 2017: Elevator Malfunctions In MD-83’sjBeed Takeoff
e 29th May 2017: British Airways’ IT Meltdown

e 1st June 2017: United Faces Penalty for operatirgjravorthy B787
e 18th June 2017: Malfunction of a Chinese Satellite

e 18th June 2017: SpaceX Postponed the Launch afgaBan
Communications Satellite

e 15th August 2017: Tracking a solar eruption throtlghSolar System

* 18 September 2017: Golf Ball Sized Hailstones fé&tasyJet Flight into
Emergency Landing

* 31 October 2017: Broken F-35 Parts Take Six Moilth&ix, Government
Accountability Office Finds

* 13 November 2017: First Singapore Airlines Airbu38A@ Now In Storage

* 20 November 2017: SpaceX Classified Zuma Launclayel Until At
Least December

e 29 November 2017: USAF Grounds T-6 Trainers aftgod*ia-Like Events

* 30 November 2017: Mobile App For Light Maintenance

e 7 January 2018: Delayed SpaceX Falcon Sends Payitm@rbit

e 18 January 2018: USAF's Attempt To Solve Hypoxiatieche

e 23 January 2018: Google Lunar X Prize to End Withwinner

e 29 January 2018: Putting Everyday Computer Par@®ptice Radiation Test

* 6 February 2018: Successful SpaceX Falcon DelsttHlght

* 6 February 2018: Boeing 777X Engine Flight Testikrga®elay

e 7 February 2018: MRJ Flight Testing Retires Maiskgi

* 16 February 2018: Space Radiation on Earth

* 18 February 2018: First Commercial Astronaut TragnProgram

* 6 March 2018: Second ex Singapore Airlines A380¢sto

e 9 March 2018: 10,00th Boeing 737 Produced

* 12 March 2018: At least 49 Dead in Nepal after Pl@nashes on Landing

* 25 March 2018: Plastic Sandwich Bag Caused RetimeofeNilliams F1
Car in Melbourne

* 9 April 2018: Potencial Link between Long Term Heddealth and Galactic
Cosmic Radiation

e 10 April 2018: Airbus Develop Drone for InspectiAgcraft in Hangars

e 17 April 2018: Boeing 737-700 Engine Exploded autBwest 1380 Flight

e 17th April 2018: Rolls-Royce Powered Boeing 787 f@p&'s Brace for
Disruption

e 19 April 2018: Delta Airlines Reduction in CancellElights

e 23 April 2018: Emergency Airworthiness Directive foFM56-7B
Inspections

e 27 April 2018: No Fleet-Wide Issues Found as CFMispections
Progressing

e 2 May 2018: Boeing 737-700 Safely Landed After VwdCracks In-flight

* 5 May 2018: Airbus 319 Safely Landed After WindseréBurst

e 6 May 2018 Inspection on CFM56 Probe Targets Blategue Cracks and
Damage Pattern

e 12 May 2018: Lesson From Cold Weather Operations

* 15 May 2018: New Method for Carbon Fibber Healthnitaring

* 16 May 2018: SpaceX Eyeing 300 Missions for NexeFrears
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e 18 May 2018: In Cuba Over 100 Died in B737 CrasbrthAfter Takeoff

* 21 May 2018: Boeing Showed No Initiative To Fix FI8 Hypoxia
Concluded NASA

e 28 May 2018: Serge Dassault Dies Aged 93

e 27 June 2018: Japan's Hayabusa2 spacecraft aatieestieroid Asteroid
162173 Ryugu

e 28 June 2018: Fatigue Crack Led To BA Boeing 77@ifmFire (2015)

e 30 June 2018: Second Failure of Japanese Rockétupta

e 27 June 2018: Sterilising an Antenna for Mars

e 4 July 2018: The Toxic Side of the Moon

e 31 July 2018: Lufthansa Technik Develops Watertasgine Wash Product
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Ice Crystal Icing as a Mechanism of Motion
of Aircraft through MIRCE Space

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

Abstract

MIRCE Mechanics is a part of MIRCE Science thatu$es on the
scientific understanding and description of the mpymaena that
govern the motion of functionable system types ghothe

functionability states of MIRCE Space [1]. A fuliderstanding of
the mechanisms that generate the motion is estémtihe accurate
predictions of the functionability performance wiétionable system
types using MIRCE Scienciccording to the % Axiom of MIRCE
Science the motion of functionable system typeutiroMIRCE

Space is a result of imposed natural phenomenauoram activities,
which are jointly called functionability actions U$, the main
objective of this paper is to address ice crystafation (icing) in

aircraft engines, as physical phenomena that arpeggnced by
aircraft after prolonged exposure to an area whece crystal

concentrations are present. These are methodolbgioaditions

where strong convective weather activity lifts hagimcentrations of
ice crystals to high altitude. The crystals cantpjamelt and stick to
internal engine surfaces causing power loss andfiarge/stall to

occur. Available data indicates that there haverbe¢ least 100
events of jet engine power loss due to core-icimgnd the last 30
years

1. Introduction

MIRCE Mechanics is a part of MIRCE Science thauses on the scientific
understanding and description of the physical phea and human rules that
govern the motion of functionable system types gfiotlne functionability states of
MIRCE Space [1]. A full understanding of the medkars that generate this
motion is essential for the accurate predictiontheffunctionability performance of
functionable system types using the mathematid¢eee of MIRCE Science.

On 25 August 2010, a Boeing 757-200 on a passédingjerfrom Freetown Sierra
Leone to London Heathrow was cruising at nightistdlument Meteorological
Condition (IMC) at 37,000 feet, when vibration l&ssen both engines increased.
Having observed light icing on the windscreen hghéght, the flight crew carried
out the Quick Reference Handbddkrocedure for ice shedding on the left engine.
As engine thrust was reduced, the vibration leweldgased rapidly to the maximum

*8 The Quick Reference Handbook (QRH) contains allpfocedures applicable for abnormal and
emergency conditions in an easy-to-use format.
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Engine-Indicating and Crew-Alerting SysteBICASY® reading. An attempt to

restore normal function was not successful andnengialfunction followed.
Vibration on the other remained abnormally high aach MAYDAY was declared
and aircraft diverted to Nouakchott (Mauritaniajldanded safely. None of the 103
passengers were injured and there was no enginaggamhe Final Report
submitted by UK Air Accident Investigation Bo&Paoncluded that the icing
environment led to the event.

Thus the main objective of this paper is to addtiessigh altitude ice crystal
formation (known as Icing) as a physical mechartisat generates the motion of an
aircraft to functionability states of MIRCE Spiteogether with the positive
functionability actions taken by flight crew to c&uthe transition to the positive
functionability states.

2. MIRCE Science Fundamentals

MIRCE Science comprises axioms, laws, mathemagigahtions and calculation
methods that enable accurate predictions of thetifumability performance of a
given “future” system to be calculated.

According to the %' Axiom of MIRCE Science the motion of functionalsigstem
types through MIRCE Space is a result of imposadrahphenomena or human
activities, which are jointly called functionabyliactions [1]. At any instant of
calendar time, a given functionable system typddcbe in one of the following
two functionability states:
* Positive Functionability State (PFS), a generic @don a state in which a
functionable system type is able to deliver theeexd measurable
function(s),
* Negative Functionability State (NFS), a generic adar a state in which
a functionable system type is unable to deliveretkigected measurable
function(s), resulting from any reason whatsoever.

The motion of a functionable system type throughftinctionability states, in the
direction of calendar time, is generated by funwiality actions, which are
classified as:

* Positive Functionability Action (PFA), a generionmafor any natural
process or human activity that compels a systemadwee to a PFS.

* Negative Functionability Action (NFA), a genericna for any natural
process or human activity that compels a systemaee to a NFS.

%9 An engine-indicating and crew-alerting systéBhQAS) is an integrated system that provides
aircraft crew with aircraft engines and other systénstrumentation and crew annunciations.

% TheFinal Report: AAIB Bulletin: 6/2011 EW/C2010/08/16f the Investigation was published on
9 June 2011.

®. MIRCE Space is an analytical concept used in MIRS&ence to describe the motion of
functionable system through functionability staitesespect to calendar time. Mathematically, it is
three-dimensional space whose coordinates arendadime, functionability states of a functional
system type and a probability of system being y@frthese functionable states.
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To scientifically understand the mechanisms thaegete negative functionability
events, analysis of the in-service behaviour oessthousands of components,
modules and assemblies of functionable systems typaefence, aerospace,
nuclear, transportation, motorsport, communica#iod other industries have been
conducted at the MIRCE Akademy.

In MIRCE Science all negative functionability actgare categorised as following

[1]:

« Component-internal actions that consist of:

o Inherent actions that are introduced into companprior to their
introduction into service through the activities@dated with the
design, manufacturing, handling, transportationinteaance,
storage and similar processes.

o Cumulative continuous actions that are an inevéaialrt of the
components in-service life resulting from naturatay processes
such as: corrosion, fatigue, creep, wear and simila

« Component-external actions, which are originated by

o Environmental phenomena that cause discrete ovkrlida foreign
object damage; birds strike (domestic and wild atén weather
(hall, rain, snow, lightening, solar radiation,.gtand so forth.

0 Human activities:

= Errors that are related to phenomena that caustoade for
example use and abuse by operators, (pilots, daiverther
users), maintainers (maintenance induced errors) an
logistics support personnel (bogus parts, shaf étc.)

» Rules that are related to organisational polideggl
requirements, national and international, besttma& or any
other human imposed functionability related actions
(scheduled and condition based maintenance tasks).

* System-internal actions: resulting from proceskasdre taking place
within a system, like a change from passive tovacdtate for certain
components and modules, a change in functionalsiiettes of some of its
constituent components that impact the functiontsiof the system.

» System-external actions: which are generated by:

o Discrete environmental phenomena related to wedliadr rain,
snow, lightening, volcanic eruptions, strong wiadlar radiation,
etc.) and other causes that impact on the fundtibtyeof a
functionable system type.

0 Human activities:

= Errors, which are related to the phenomena of ndeahuse
by: operators, maintainers or supply chain persionne

» Rules, which are related to organisational polidiegal
requirements, national and international, besttfmas or any
other human imposed functionability actions thatseathe
occurrence of NFEs for the functionable systems.

This paper discusses one of many system-extertiahacnamely a discrete

environmental phenomenon whose mechanism causégrgine to lose power
and transition to a NFS due to the ingestion opiadicles. In the mid-90s several
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commercial airplane jet engines experienced maeguint powerloss in ice particle
conditions, resulting in a focused investigatiomg @ greater awareness that led to
the recognition of similar events on other aircrA the number of occurrences of
these events increased the necessity for themtdfateunderstanding arose. These
events were predominately associated with flightigih altitude near deep
convective systems, often in tropical regions. [2]

Data collected pointed out that the events areethbg ingestion of high
concentrations of ice particles and that supercblodgiid water is either of
secondary importance or not required. [3] The ktedfcription of the basic theory
of how ice accretes in the engine by this procesescribed in the paper.

3.0 The Atmosphere

“We live submerged at the bottom of an ocean
of the element air, which by unquestioned
experiments is known to have weight, and so
much, indeed, that near the surface of the
Earth where it is most dense,...E” Torricelli
(1608-47)

The atmosphere of the earth is a thin sphericallghcomposed of a mixture of
gases and retained by gravitational attractioexténds to a great height, but
conventional flight is possible only in its denssgrers. However, around 90% of
the total mass of the air is found below 40km (2&s). This thin layer of air
makes life on earth possible.

The lowest layer of the atmosphere, the one in lwhignans live, is called the
tropospher®, which hosts much of what is called weather. Emeperature drops
linearly in the troposphere-that is, the decreagemperature with altitude follows

a straight line. The cooling of the air with inaseng distance from sea level is
about -6.8 Celsius per kilometre (known as the lapse rateg ffoposphere

extends to about 11 km, and at its upper edge (krasrtropopause) there is a shift
in the behaviour of the temperature. Beyond thedasphere is the cold stratosphere
where the temperature remains a constant €afisius for about 9 km.

The troposphere undergoes vertical air movemengXample, convection, an
upward motion of air due to heating. This effectyralier the lapse rate and cause
instability. The rising air gets colder. Once theisture in the air reaches saturation
at the dew-point temperature, it condenses onuige humber of aerosols (dust
particles, salts, ions, and so forth) present énatin. The resulting movements of
clouds, thunderstorms, and precipitation are patieorigin of local weather. The
difficulty inherent in the meteorological prediatiof local weather is all too
apparent. Global circulation, however, concernsoaenconstant meteorological
pattern, driven by the overall effects of sun’siafidn. Local weather, in a larger
geographical area, results from a perturbationdisiurbances — superposed on the
basic global pattern. Because of the higher pasiticthe sun in the sky, more
energy is delivered by radiation to the equatorgions. In complicated

%2 The Greek wordroposmeans turning; turbulent air motion results intamral mixing
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interactions of pressure and radiation differerazsurring at all latitudes, air rises

near the equator and flows at high altitudes tovitaedpoles. [5]

3.1 Aviation portion of the atmosphere

The composition of the air in the aviation portmfrthe atmosphere comprises of

gases that include nitrogen, oxygen, argon, cadimxide and water vapour,

together with solid particles such as dust, samdcamnbon (smoke). There are also

traces of other gases such as helium, hydrogeneworl

The density of gases and solid particles that vemkas “the air” is the greatest

near the surface of the earth’s surface because afreater weight of the air above.
This density decreases with increase of the heigtis reduction in density affects
the amount of water vapour present in the air anitl @ecreases with increasing
height, the lower stratosphere is almost dry. Th&wvapour can condense out as
droplets to form clouds, or mist. It can also fatew or frost on the ground. The

solid particles and other impurities in the atmaspiprovide the nuclei around

which condensation of water vapour occurs. Thalsalan also restrict visibility as

smoke haze, dust haze or sand storm. [5]

The most important single property of the atmospleits variability. It is
continuously variable both horizontally and vertiigan:

* Pressure is defined as the weight of air in therool above a unit area of

the earth’s surface. It is expressed in millibarsich are equal to 100
Newtons per square metre.

Temperature is the controlling factor in meteorglo@hange in temperature
leads to density changes that cause vertical arement in one hand, and
changes in pressure leading to horizontal air m@&rgsnand winds.
Humidity represents the amount of water in the/srthe water vapour is
completely transparent it has to be measured. afi@unt of water vapour
in unit of air is called the absolute humidity. Wlavapour can change to
water droplets, liquid water and to ice. When how this occurs, and the
processes involved is germane to the formatioraafccand fog and to
precipitation.

Clouds are a collection of water droplets or igestals or a combination of
both in particular formations. All clouds form by being lifted and cooled
adiabatically to below dewpoint temperature. Théswaapour then
condenses out as droplets or directly as ice dsybtasublimation. Some of
the water droplets can exist at temperatures vedtivio zero and becomes
supercooled. These droplets are important in thedtion of ice on an
airframe. They appear white when the sun is abteftect from the water or
ice and gray or dark gray when hidden from sunlighte average life of a
cloud is 15 to 20 minutes. By the end of this tithe, contents have
evaporated, or alternatively there has been pratigpn.

Wind is the sustained movements of air from onegpta another. The wind
velocity reflects its speed and direction. In #eiawind speed is given in
knots.

Visibility is defined as the furthest horizontaktiince that a dark object can
be seen by an observer with normal eyesight.ntaasured in meters at eye
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level (5 feet above the ground). Thus visibilitfleets the clarity of air, or
how obscured it is. Reasons for obscurity are md¢ategories; water and
ice crystals in the air and solid particles suclust, sand and smoke.

3.2 Aviation Hazards

Meteorological aviation hazards now vie in impodanvith those based on
engineering and therefore their significance cameobverplayed. The hazards
include:

* Wake turbulence

* Mountain Waves

* Rotor Streaming

e Low level windshear

e Clear air turbulence

¢ Cumulonimbus-thunderstorms
e Tornadoes

» Tropical cyclones

Further information about aviation hazards candumd in the literature [6].
3.3 Airframe Icing

Water in its liquid state is necessary for icedof on an airframe. The ambient
temperature needs to be below zero for ice to famchthe same condition should
apply to the aircraft itself.

Airframe icing can cause a serious loss of perforweacontrol and safety. The
effects include the following:

* Aerodynamic: ice tends to form in the greatest lleph the leading edges
of wings and tail planes thereby spoiling airfdibpes. The result is reduced
lift and increased drag, weight, stalling speed faretlconsumption.

* Weight of ice: in its severest form ice can adladra rate of 1 inch in 2
minutes. The weight plus the rate of formation wok be constant over an
aircraft. This will cause a wandering of the cemtfgravity, instability and
subsequent control difficulties.

* Ice on the propeller will inevitably form uneverdgusing a weight
differential on the blades. This leads to the eagotking on its mountings
and producing severe vibration.

» Pitot/static icing: ice can block pitot and statitets causing readings of
pressure instruments to be grossly in error.

* General: a thin film of ice or ice crystals cans®agkin friction resulting in
a need for longer take-off run. Windscreens anapes can be obscured.

» Aircraft with undercarriage may experience delagear deployment as
doors can be “iced up” in the closed position.

3.4 Engine Icing in Internal Combustion Engines
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There is impact icing that occurs in the intakeaaard is akin to airframe icing.
This can restrict air to an engine. There is faglg that is caused by water in the
fuel freezing in pipe bends thus reducing fuel flmwan engine.

Carburettor icing is caused by lowering of the temagure inside the carburettors so
that ice can form. The reduction of temperaturelmpoaused by: the evaporation
of fuel which causes absorption of latent heat frogtal internal parts or the
cooling of air by adiabatic expansion as it passesugh the venturi in the
carburettor.

Thus the inside of the carburettor can become gely and any water droplets

from cloud or fog in the inducted air can quickbyrh ice. The total reduction in
temperature can be in excess of 80and therefore icing can occur even in clear air
at high temperatures if the relative humidity isg@cent or more. Carburettor icing
is most severe from -2 to +15 degrees Celsiusoundglfog or precipitation at any
power setting and also in clear air with a higlatige humidity. [6]

3.5 Icing in Gas Turbine Engines

During last two decades, it became apparent tleadi¢tail design of some gas
turbine engines has made them vulnerable to tkeofisudden loss of engine thrust
if high densities of small ice crystals are enceued in very cold air. This Ice
Crystal Icing (ICI) hazard does not usually resuitomplete engine malfunction
(although there have been such instances) but thancone engine may be affected
simultaneously. The risk occurs outside of thehfligonditions which are currently
defined by the regulatory authorities as "icingaitions" and therefore defined as
such in the applicable Aircraft Flight Manual (AFMi light of evidence found
during investigations of in-service occurrencethef phenomenon by engine
manufacturers and the relative success of desighfications, which have

resolved problems with particular engine types,nian regulatory agencies have
been considering how to respond to this situattwrafnumber of years now and
have, at various points, issued interim operatigoaance.

4. Ice Crystal Icing Phenomenon as a Negative Funahability Action

The main risk of encountering high crystal concatiins appears to be downwind
from the tops of large areas of convective clouliictv is the area where the visible
anvil shape is seen when viewed from a distancersbwoting tops (dome-like
protrusions from the top of an anvil cloud) ardraticator that significant
convection is occurring and that ICl may be a pguobsi.

A clear distinction should be drawn between thénlugncentrations of very small
ice crystals which have caused engine malfunctiwhthe entirely different
collections of larger crystals at lower densitiesttgive rise to high level Cirrus,
Cirrostratus and Cirrocumulus cloud, which arehmatardous.

4.1 Ice Crystal Icing Effects

The microphysics which underlies the potential Indzia respect of engine
malfunction, is extremely complex and has tendemaaifest itself in slightly
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different ways in different incidents. This is basa any undesirable effect caused
by the ingestion of very small ice crystals at higimsities has usually been shown
to have been a function of details in engine desmroriginally perceived as
relevant. [7]

According to Masson [8] the common feature of mogéstigated incidents
appears to be the initial accretion and aggregatidhe ice crystals on relatively
warm surfaces within the forward part of an endoiwed by their subsequent
detachment and partial melting as they progressigir the engine core. Un-
commanded thrust reduction may occur becauseldraiirect or indirect effects
of this passage and, even without any effect oimenfgnction discernable to the
flight crew, engine damage can result. The sighdrggnificant ICl encounter is in
progress has usually been seen in a gradual reduntengine revolutions and a
simultaneous rise in Exhaust Gas Temperature (E&S)hrust lever movement
becomes ineffective and engine ‘rollback’ may coméi until a sub-idle condition is
reached. Other incidents attributed to ICI haveeaariwhen disrupted intake airflow
has created an abnormal pressure gradient in thieeeoore which has led to a
sudden airflow reversal.

The majority of recorded events of engine malfwrctttributed to this cause have
occurred during the early stages of descent fragh hltitude with thrust reduced to
Fight Idle. Recorded events in the cruise havellysielowed a progressive build
up of ice during a much longer period of exposorkigh crystal densities than has
appeared to be required to cause effects in thletfidle/descent case. However, it
has sometimes been challenging to identify whesadh accretion actually
occurred since any effects will not necessarilyuoethilst the accretion is still
continuing and it appears that the glaciated cantitat an intensity to cause
problems occur in relatively small “pockets”. [9]

It is currently being suggested that such locale&s of high ice crystal density
have up to 8 gr/fhof Ice Water Content (IWC) compared to the curemgine

design standard for super cooled liquid water wigabnly 2 gr/ni. In this respect,
the effect which these ice encounters appear te had on engine function
represents a new challenge rather than a failunecket existing reliability standards.

This type of icing does not appear on radar dutstow reflectivity. Neither
airplane ice detectors nor visual indications #iandicate the presence of ice
crystal icing conditions. It is often undetectedtbg flight crew and has caused
many high-altitude engine failures

A number of clues to the presence of ice crystiatkeasities with the potential to
affect engine function have been deduced from g@aetts and include [9]:

* An air temperature significantly in excess of tleresponding International
Standard Atmosphere (ISA) temperature

* The presence of some turbulence but rarely moreahfght-to-moderate
intensity

* Areas of heavy rain detected on weather radar bt#Hevireezing level
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« The appearance of St EImo's Biten the flight deck windscreens.

* The appearance of small droplets of moisture ofligji® deck windscreens
- the result of impacting ice crystals being melbedcontact with heated
screens

e Transient failure of the TAT annunciation due te arystal accretion within
the pitot probe /head which exceed the capacith@heating system

* The absence of airframe icing

4.2 Negative Functionability Events

Many of the incidents involving engine malfunctiattributed to high level ICI
have been investigated, primarily by engine marufacs, in order to find out
whether the redesign of some detail feature of #mgine is required to prevent
repetition.

According to Addy and Veres [2] “The complex, agnermodynamics involved

that permit ice to accrete inside the core of agirenin flight are not understood to
a level that allows effective analysis and prevantr mitigation techniques to be
employed in a robust manner.” Thus it took immessgineering and investigatory
research to discover it was possible for ice tauamdate on the second stage stator
inside the engine core passage without the pres#raignificant supercooled

liquid water in the air.

As each jet engine has its own unique design ctersiics the actual mechanism
for engine power loss may vary from type to tyfjdwus, each engine’s overall
stability is a balance between compressor stapddynbustor stability and the fuel
available for acceleration. The component withl&ast margin to cope with ice
ingestion will be the weakest link. The common deatappears to be the initial
accumulation of ice crystals on relatively warmfaces in the forward part of the
engine, followed by detachment into the airstrelnwihg through the engine core.
In general, the types of engine power losses caugék crystal icing are
categorised as engine surges and stalls, flamaadtengine damage. [2]

Ice shed into the compressor can drive the engioestall due to the interactions
between several mechanisms, like lost inertialtazat energy to the ice combined
with the inefficiency of airfoils with ice on therthe chain of events begins with a
sudden flow reversal, caused by compressor suigiehws followed by engine
rotor speed decay as airflow is reduced due t@tegsence of airflow separation in
compressor stages. The combustor remains lit; hervelue to lack of airflow, the
Exhaust Gas Temperature (EGT) typically rises duiddameout occurs due to

83 A visible luminous electrical discharge observesliad parts of an aircraft when the electrical
charge on the aircraft becomes sufficiently inteiS8milar in nature to the glow from a neon tube,
and often observed as brush like fiery jets extegdliom the tip of an aerial, a wing, propeller,
windscreen or other part of an aircraft. St. EInftte occurs when the atmosphere becomes charged
and an electrical potential strong enough to causischarge (plasma) is created between an object
and the air around it. This can happen to an dirflyéng through heavily charged skies. St EImo's
Fire is usually bluish or violet in colour but calso have a greenish tinge. While not a hazard in
itself, St EImo's Fire is an indication of Thunderm activity and may be a precursor to a Lightning
strike.
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qguenching of the combustor following the ingestidnce. Engine damage happens
when engine blades and vanes are impacted by sbeMlinor blade-tip curl has
occurred. Rare instances of blade release haveredcu

Generally the NFE occurred when aircraft were eitinity of convective
clouds/thunderstorms, although flight crews repbrte flight-radar echoes at the
altitude of the event. Precipitation in the fornt@fin” was noted on the
windscreen, which at first perplexed investigatmesause the events occurred at
altitudes far higher than where supercooled raipsirgould exist. No airframe
icing was noted. It has since been determinedtiigdtrain on the windscreen” was
actually the melting of the high-altitude ice pelds.

Events commonly occurred while diverting aroundight-level high reflectivity
region associated with an isolated thunderstorra,a@s well as in the broad anvil
outflow regions from clouds associated with conwecstorm complexes and
tropical storms. Overshooting tops (dome-like prsibns from the top of an anvil
cloud) are an indicator that significant convecti®occurring and that ice crystal
icing may be possible. Downwind from the tops ofjaareas of convective clouds,
which are often signified by the visible anvil skafs the main risk area for
encountering high crystal concentrations.

Satellite data confirm the existence of high cotiagions of very small ice crystals
in the vicinity of convective weather systems. Geetive storms in the tropical
latitudes contain much more moisture due to thenearmir in these storms. This
event is more likely to exist in the tropical laties because warmer air can “hold”
much more moisture. In fact, these strong conveaixstems produce cloud tops
that have been observed to burst through the tianssp

These particles are in the order of roughly 40 amerin diameter, and even in high
concentrations, these are not visually detectalde e daytime conditions.
Regrettably due to limitations inherent with radsturns this phenomenon is not
detectable. The temperatures at the altitudesesktlevents are far too cold for
supercooled liquid water to exist. With a radalesivity of only 5% of average
size raindrops, there may be little radar reflegtiat flight altitude above the
minimum threshold of the pilot’'s onboard weathetara Also, radar returns are
highly skewed to the large particles in the disttidn, not necessarily where the
mass (of ice particles) is concentrated.

5. Positive Functionability Actions Available to tre Crew

Apart from following guidance provided in AFM/Opé&ans Manual, the best way

of way to avoid high concentrations of very smedl crystals is the effective use of
the aircraft weather radar to ensure that sigmficenvective activity at altitudes
below typical jet aircraft cruise levels is detectad the assumption then made that
at the levels above this should be avoided. Wheticptar susceptibility to ICI is
known, deviation by more margin than the typicatgommended 20 nautical-
miles from all areas where large convective cekspaiesent is advisable. Where
particular engine types have been identified askfpending modification, a
distance of 50 nautical-miles from such areas imlljg recommended.
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This tactical strategy can be supported by consigehe ICI risk when reviewing
meteorological forecasts at the pre flight planrstege. Since there will not be any
forecast of areas to avoid specifically becausanafCl risk, the probability that it

is likely to be a feature of all large convectiystems in tropical latitudes,
especially those over oceanic or coastal areas)dhe the assumption.
Operationally, the best advice should be provideitheé AFM/Operations Manual.
However, subject to any specifically applicableuiegments or guidance, it is
currently considered that the use of a thrustregptibove Flight Idle during initial
descent from high cruise altitudes in the tropsca sensible precaution.

The last action that a crew can do is to try téareshe engine and lower levels
where the atmospheric conditions are less harstreliumerous examples where
this positive functionability actions were successind returned the aircraft into
PFS.

6. Conclusions

The main objective of this paper was to addressrigstal icing of aircraft engines,
as physical phenomena that are experienced bytiefter prolonged exposure to
an area where ice crystal concentrations are pr.eBeese are methodological
conditions where strong convective weather activity high concentrations of ice
crystals to high altitude. The crystals can paribit and stick to internal engine
surfaces causing power loss and/or surge/stali¢aroAvailable data indicates that
there have been at least 100 events of jet engiwerploss due to core-icing during
the last 30 years.

It is necessary to stress that occurrences of thegative functionability events
could develop very quickly into a hazardous sitwatiue to losses of pressurisation,
thrust, electrics, hydraulics, and being basicatiwn to just the avionics powered
by the battery bus, while the crew is keeping aardf the aircraft and making
important decisions on where to point the aird@afthe “safest” landing option!

The paper clearly illustrated why it is necessargdnsider the impact of
environmental conditions when discussing the maotioan aircraft through
functionability states, as imbedded in the phildsopf MIRCE Science. It is in the
direct contrast to current reliability engineerprgctices that address the behaviour
of the components contained within a functionalpktesm type (the aircraft) while
totally ignoring the impact of changes in the atpteese and meteorological
conditions.

Hazardous events such as these will continue toragdil some solutions are
found in the design offices. Of course, it requimesy technology areas to be
developed in order for the engine core icing hataidge eliminated. Today’s
existing engine core icing test facilities congistarily of outdoor, ground-based
facilities that are limited in their range of amiti@ir temperatures and pressures.
Very few engine core icing test facilities have #fiude capability for this type of
testing. [2]

The probability of reduction of occurrence of iggstal icing of aircraft engines, as

physical phenomena that are experienced by airaft&it a prolonged exposure to
an area where ice crystal concentrations are presefd be achieved by designing
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better engines and more suitable test facilitidsclvin turn requires a fuller
understanding of the physical mechanism that géménes phenomenon. The
author hopes that this paper will make a contrdsutd those efforts.
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How Reliable is Reliability Function?
Jezdimir Knezevic, MIRCE Akademy, Exeter, UK
Abstract

According to Knezevic [1] the purpose of existenok any

functionable systerf’ is to do functionability work, which is
considered to be done when the expected measufabtgion is

performed through time. However, experience temalne that in-

service life of functionable systems is frequebéget by undesirable
negative functionability events, resulting from aiety of negative
functionability actions (overstress, wearout, nalurevents, and
human interventions), some of which result in hdaas

consequences to: the users; the natural environmibret general

population and businesses. During the last sixtgrgie Reliability

Theory has been used to predict occurrences of tivega
functionability events. However, mathematically ascientifically

speaking, the accuracy of these predictions, at, bkesre only ever
valid to the time of occurrence of the first fadumwhich is far from
satisfactory in the respect of its expected li@onsequently, the main
objective of this paper is to raise the questiorwhreliable are

reliability predictions based on the Reliability iretion.

1.0 Introduction

The necessity for the reduction in occurrencespefational failures started with
the advanced developments of military, aviation andear power industries,
where the potential consequences could be signifidend so, during 1950s,
Reliability Theory was “created”. It was based oathematical theorems rather
then on scientific theories. Massive attempts winea€ele to further the applications
of the existing mathematical, statistical and atiedy methods without a real
understand of the mechanisms that caused the eoceas of in-service/operational
failures.

Not surprisingly, deterministically educated engirseand mangers experienced
fundamental difficulties in understanding Relialyiliheory. The reason for that is
very simple. Probability, unlike numerous measuweadlysical properties and as a
main concept of reliability, cannot be seen or mead directly, For example:
pressure: temperature: volume: weight of a compoceambe measured directly
and by using appropriate mathematical manipulatiaosurate predictions of the
corresponding properties of a system constructedesle parts can be obtained.
Moreover, the occurrence of a component failui@sse clearly manifested and
physically observed phenomena. And yet, the canaeqeliability is abstract and
immeasurable. It cannot be seen on the componsteray In fact, it serves as an
abstract property of a component/system that abi&@iphysical meaning only when
a large sample of components/systems is considered.

® Functionable system is a set of physical elemamtshuman made rules put together to perform
functionable work.
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2. Reliability Function

To support the above presented conclusions regaRighability Theory, the
fundamental definition of reliability will be usethd analysed. It is widely accepted
that Reliability is defined as the probabilify) (that a considered entity (component,
product, system) will operate without failure duyia stated period of timé)(when
operated in accordance with defined parametershé@nadtically, this statement is
fully defined by the Reliability Function, R(t).

2.1 Reliability Function of a Component

For any component considered, the reliability fimtis defined in the following
manner:

R(t)=P(TTF>1):J'f(Ddt 0 1
t
where:R(t) is the reliability functionf(t) is the probability density function of the
random variable known as the Time To FailuréK) of a component.

Reliability data regarding components can be fdéfined through the numerous
well-known probability distributions. However, ihd vast majority of cases,
current industry practices are premised on thabgiiy of components being
defined by their manufacturers through a constaihire rate A, which forces all

interested parties to express the reliability fiorctn the form,R ¢ F e™!

2.2 Reliability Function of a System

The Reliability function for a systerRq(t), is determined by the reliability
functions of the constituent components and the tvay impact the failure of the
system. For example the reliability function foetsystem, whose reliability block
diagram is presented in Figure 1, is fully defilgdhe following mathematical
expression:

R(H=P(TTR > y= R(Ix{1-[1- RO)|[1- R(}J}. eC 2

.A{C}q.

Figure 1: Reliability Block Diagram for a Hypothedi System whose
failure will occur if a component A fails, or if agponents B and C
fall

The above two equations briefly summarise the egsehthe reliability function
when the main concern is a prediction of the behavof the system until the first
failure.

3. Mathematical Reality of a Reliability Function
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Being educated to use mathematical expressioralfengineering predictions,
which always have a single numerical outcome, thkea has spent over a decade
understanding the fundamental physical meaningiseomathematical definitions
for the reliability of systems by the system relligypfunction. Thus, the realisation
was that reliability mathematics dictates the fwilog physical reality of the
systems considered:
e One Hundred percent quality of components prododiad installation
e Zero percent of transportation, storage and iragtah tasks
e One Hundred percent of components are mutuallypeaeent
* No maintenance activities (inspections, repairacieg, etc.)
» Continuous operation of the system (24/7)
» First observable failure is a failure of the system
* Time counts from the “birth” of the system
» Fixed operational scenario (load, stress, tempegapumessure, etc.)
» Operational behavior is independent of the locaimospace (GPS or stellar
coordinates)
* Reliability is independent of humans (operatorgrsismaintainers,
managers, general public, law makers, etc.)
* Reliability is independent of calendar time (seasto not exist)

4. Physical Reality of Reliability Function

Systematic research performed by the author dwewgral decades of the
observable physical realities of in-service/operail life of aerospace, military and
nuclear power industries have clearly shown thafliwing physical reality
determines the reliability of systems [1]:

* Quality of produced components and assembliessstiean 100%

e There are huge interactions between “independamtiponents

» Maintenance activities like: inspections, repdeaaing, etc., have
significant impact on the life of a system and ictpaliability

* Neither all systems not all components operateicootsly (24/7)

* First observable failure is not necessary the ifaibf a system (failure of
components B or C alone, in the Figure 1, doesaase system failure)

« Components and a system have different “times”

» Variable operation scenarios (load, stress, tenyner,goressure, etc.)

* Reliability is dependent of the location in spaeérted by GPS coordinates

* Reliability is dependent of humans, like: usersint@@ners, general public

* Reliability is dependent of calendar time

5. Closing Question

The above list of physically observed and undeeiddtts seriously impact the
accuracy of the reliability predictions currentipided through reliability theory.
Because, the first failure event and all subseqoees generate physically
observable changes in the reliability of a systieat &re impossible to embrace by
the existing concepts used in the formulation efReliability Function.
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The closing question for all reliability professas is, “How can predictions of
functional system reliability be “reliable” wheridlong physically observable
events and associated human rules are totally @adltrom the predictions?”
6. References

[1] Knezevic, J., The Origin of MIRCE Science, 282. MIRCE Science, Exeter,
UK, 2017, ISBN 978-1-904848-06-6
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New Book: MIRCE Science by Jezdimir Knezevic

This book is about the journey over the road that t
author has travelled since birth till today, busihot a
book about him; it is a book about the quest ferrbw
body of knowledge that he named MIRCE Science, the
theory for predicting functionability performance o
functionable system types. This long and demanding
journey consisted of three paths:

The first started with his childhood obsession veitins
and autosport, progressing to building one by hand,
using parts obtained from scrap yards, in a neighibo
garden. Two years later driving that car he eaored
point in the National Rally Championship, while

The Origin of MIRCE Science experiencing the physical phenomena of operation,
maintenance and support processes (Part 1 of tig.bo

The second took the author to universities, lilegrinstitutes, companies and other
organisations worldwide, in the quest for the stifierunderstanding of the mechanisms that
lead to the occurrence of functionability evengsulting from physical, environmental and
human actions. (Part 2 of the book).

The third culminated in the creation of MIRCE: Ftiasability, Operability, Maintainability,
Supportability and Profitability Equations, the imatatical derivation of which has been
fully described in this book, based on MIRCE: Fimeability Field and Space. (Part 3 of the
book).

MIRCE Science comprises axioms, laws, mathematigaations and calculation methods
that enable quantitative predictions of the impddhe physical world and in-service rules
on the functionability performance of each feasdg&on of the future functionable system
type to be made. The complexity of this undertakaggording to Jack Hessburg (1934-
2013), the World'’s first Chief Mechanic (Boeing 7,/iequires the intellectual effort equal to
winning a Nobel Prize!

Jezdimir Knezevic

Format: A4, Size: 232 pages

Media: Hard copy, hardback

Inside the bookhttp://www.mirceakademy.com/uploads/Book-sample.pdf

Price; £50.00

Postage; £3.00 (UK), £9.00(Europe), £15.00 (Others)

Order Form:
http://www.mirceakademy.com/uploads/ORDER%20FORMBIRCE %20Science.pdf
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