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Mirce-mechanics

According to Einsteiri Everything that the human race has done and thoisgtdncerned
with the satisfaction of felt ne€ds

During the history of civilisation needs for trapsfing, communicating, navigating and
many others have been satisfied by transpirati@mngunication, navigation and other
human created systems. The mechanics of the funrgjaf maintainable systems are well-
understood processes, which are predictable bylatws of natural sciences, such as:
Newton’s laws of motion, Coulomb’s law of soliddiion, Hook’s law of stress and strain,
Maxwell’s law of electrodynamics, Boltzmann’s lafvtbermodynamics, to name a few.

Needs satisfying systems are constructed by assegrdolwell-defined number of parts in a
precise and preestablished way. As they are fumagpin predetermined linear chains of
cause and effect, their performance measured threpged, acceleration, power, range,
energy usage, capacity and similar is also predietd he reason for the predictability of the
system design-in functionality performance is thet that they are based on the physical and
chemical processes that are characterised by migrtaiontinuity, reversibility, separability
and independence of time, location and humans.

Regarding the long-term satisfaction of human nebsability of a system to function
beyond the delivery day is an essential properiysah-service performance. Due to
complex interactions between consisting partsianpdcts from environment and humans,
disturbances of mechanical, electrical, chemit@trhal, radiant and other types are created,
some of which cause occurrence of events that pteystems from functioning. Thus, to
provide the flow of functionality through time mémance tasks like servicing, repairs,
overhauls, replacements and similar are undertbkdrumans, making them maintainable
systems. Thus, from the point of view of the apitd function during the in-service life,
known as finctionability *, maintainable systems could besipositive or a negative
functionability state, at any instant of time.

Experience teaches us that unlike quantitative rmétion regarding the design-in
functionality performance of a system that is afa# on the delivery day, the in-service
functionability performance is not. Instead, yealster the statistics forvarious
functionability measures become available. The aea®r this is the fact that they are
emerging properties of the complex interactionsvben system in-service processes, which
are characterised by indeterminism, discontinuiigreversibility, inseparability, and
dependence on time, location and humans.

To scientifically understand processes and mechen the motion of maintainable systems
through functionability states during in-service liesulting from any causes whatsoever and to
develop laws and rules that enable predictionsmarging functionability trajectory to be made
in 1999 Dr Knezevic established the MIRCE AkademyWoodbury Park. Staff, Fellows,
Members and students of the Akademy study in-setv@haviours of maintainable systems to:

Determine the patterns of the motion of functiohigbithrough the life of
maintainable systems and to measure emerging tunadiility properties.
Understand mechanisms of the motion of functiontgbithrough the life of
maintainable systems, within the physical scalefi®™ to 10°° metre,

Define the mathematical scheme for the predictidnemerging functionability
measures for a given: maintainable system in angiv&service conditions.

! Knezevic, J., Reliability, Maintainability and Sportability — A probabilistic Approach, Text andfSvare
package, pp. 291, McGraw Hill, London 1993. ISBRG707691-5
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A generated body of scientific knowledge constgutrce-mechanics whose axioms,
formulas, methods and rules enable predictione@tmerging functionability trajectory of
the future transportation, communication, navigagod many other maintainable systems to
be made.
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Mirce-mechanics Philosophy

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

Inspired by the work of scientists and equippeth Wie methods of
their studies, the author of this paper during ld8tyears focused on
systematic and objective studies of the in-setifie®f transportation,
communication, energy and similar human created rmaadaged
systems. Hence, this paper addresses the gemenadédge of the
motion of functionability of operational systemsotigh time,
obtained through observational principles and qutative reasoning
under the name of Mirce-mechanics.

1. Introduction

Fundamental problems, such as those connectedeility, existence, knowledge, values,
reason, mind, and language are subject of the stuEilosophy. It is distinguished from
other ways of addressing such problems by genesgdifematic approach based on the
reliance on rational argument. In more casualdpdey extension, "philosophy"” can refer to
"the most basic beliefs, concepts, and attitudesahdividual or group

Natural philosophy or the philosophy of nature itfrbatin philosophia naturalis) was the
philosophical study of nature and the physical arge that was dominant before the
development of modern science. Natural philosorygms to the work of analysis and
synthesis of common experience and argumentatiergain or describe nature. In 1577
University of Padua appointed Jacopo Zabarella@asvorld first professor of Natural
Philosophy.

Natural science historically developed out of philphy when acquiring knowledge through
experiments under the scientific method, which kisaio Galileo Galilei involved
quantitative reasoning and explanations about eabh@came its own specialised branch of
study apart from natural philosophy.

Modern meanings of the terms science and sciemkaesonly to the 19th century. The
naturalist-theologian William Whewell was the onkoncoined the term "scientist.” The
Oxford English Dictionary dates the origin of therd to 1834. Before then, the word
"science" meant any kind of well-established knalgke and the label of scientist did not
exist. Some examples of the application of the tératural philosophy" to what is today
known as "natural science" are Isaac Newton's ¥6&ntific treatise, which is known as
The Mathematical Principles of Natural Philosophd &ord Kelvin and Peter Guthrie Tait's
1867 treatise called Treatise on Natural Philosophizch helped define much of modern
physics.

Inspired by the work of scientists and equippedhwhie methods of their studies, the author
of this paper during last 40 years focused on gyatie and objective studies of the in-
service life of transportation, communication, gyesind similar human created and
managed systems. Hence, this paper addressesrtbeaknowledge of the in-service life
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of systems obtained through observational prinsipled quantitative reasoning under the
name of Mirce-mechanics.

2. Concept of Functional System

According to Einsteiri Everything that the human race has done and thoisgtdncerned
with the satisfaction of felt ne€ds

Although the felt needs cover a very large spectofisolutions, the word system is
commonly used as a generic name for all of there.Mbst commonly used systems in daily
life are:

e Aeronautical and aerospace: systems, which ar¢éeckéa satisfy the need for air
transport, through supersonic and subsonic airgetftvertical take-off), spacecratft,
missiles, rockets, remotely piloted vehicles, sdabs, and similar.

e Agricultural: systems, which satisfy the need forguction, processing, handling and
storage of food and related products, like: tragtoombines, barns, silos, granaries,
processing buildings, freezers and many others.

e Structural: systems, which are created to satisgds for large office buildings,
manufacturing plants, sporting arenas, and houngplexes and so on.

» Chemical process and processing systems, whiclitdgeiproduction of chemicals
such as plastics, paints, synthetics, alkalises,dyelymers, insecticides, fungicides,
oil, fuel, and many other comparable outputs.

« Civil engineering: systems, like highways, bridgesinels, dams, canals, waterways,
sanitary and sewage treatment, disposal, wategandetworks, airports, railway
stations, hotels, shopping centres, and many qtiwish are created as a result of
specific human needs.

» Electrical and electronic systems, which are caeateesponse to the need for
creation, transfer and utilisation of energy. Tihidudes electrical power systems,
control systems, computer systems, communicatietes)s, electronic systems
(radar, navigation, fire control, missile guidansignal processing equipment etc.),
electro optical devices, instrumentation applianessvell as small
electrical/electronic components (transistors, semductors, switches, etc.).

« Mechanical: systems, main tasks of which are towvedrenergy into useful
mechanical forms. This covers both, power-genggatachines and machines that
transform or consume this power in order to perfarparticular function. Typical
examples of mechanical systems are: engines, ggbmotors, control mechanisms,
transportation systems (automobiles, bicyclesnsrapace vehicles, etc.),
refrigeration and air-conditioning systems, profrssystems (steam, gas, nuclear)
and cryogenic systems.

* Metallurgical, mining and materials: systems, whach created as a response to the
need for dealing with various forms and applicatiohmetals, alloys, and materials
in general. These tasks are related to the ihdcation and evaluation of various
materials from earth, the accomplishment of lamtbereation after the mining and
extraction functions have been completed, extraafocommaodities (ores) into basic
metals or comparable alloys. Some of the tasksmaplished by these systems are
related to the changing the chemical physical ataretics of metals (extrusion,
reforming, hardening and similar).
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* Nuclear: systems, which are created to deal witasgects of fission and fusion
reactions (initiation, control of reactive matesiadtorage, disposal, decontamination)
in order to provide power generation and medicaliegtions.

* Ocean, marine and nautical: systems, which arefesaad through existence of ships,
submarines, hydrofoils, underwater sea laboratoses towers and similar marine
structures.

e Petroleum: systems, which basically deal with thedhfor exploration, location,
development and recovery of petroleum resourcesitr tasks like drilling,
separation, processing, transportation, and stavhgeide oil, gases and related
products.

In summary needs for transporting, defending, comaoating, racing, entertaining, heating,
navigating, and similar functions have been matefégy the human race throughout the
history. Satisfaction of these needs, generabakimg, come from systems, which are
collections of the related components and necessaources that jointly have the ability to
deliver required function with a measurable perfance and attributes.

2.1 The Science of Functionality

Through centuries, especially during 100 yearssthentific community has provided a
larger number of laws that describe physical phesrameeded to be understood by
engineers and managers in the process of creatsbtgnss, from agricultural to astronomical.
Those scientific laws and methods have been predéotengineers and managers in
“bundles of knowledge” named as thermodynamicsl$lmechanics, material science,
electronics and similar through their professiaacation and qualification processes.

The theoretical foundations of systems are lansc@nce that describe observable natural
phenomena, known to humans so far. Among them d¢dwsotion are the most significant
from the point of view of functionality of a syste®ome of them are very briefly addressed
in this paper as the scientific foundation for tlevelopment of the laws of the motion of
functionability. Hence:

« Thermodynamicsis the branch of science that describes the nsxai@ properties
of a fluid. One of the principle results of thedjlof thermodynamics is the
conservation of energy; within a system, energyeigher created nor destroyed but
may be converted from one form to another. The meseral form for the
conservation of energy is given by the Navier-Sgsoéguation. This formula includes
the effects of unsteady flows and viscous inteoasti

* Fluid Mechanics is a branch gbhysics that studies the effects of forces andggner
on liquids and gases. One branch of the field, dsftditics, deals with fluids at rest;
the other, fluid dynamics, deals with fluids in meotand with the motion of bodies
through fluids. Liquids and gases are both treatefluids because they often have
the same equations of motion and exhibit the sémmeghenomena. The subject has
numerous applications in fields varying from aerdics and marine engineering to
the study of blood flow and the dynamics of swimgain

» Electronics deals with electrical circuits that involve actekectrical components
such as vacuum tubes, transistors, diodes andatéegcircuits, and associated
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passive electrical components and interconnecéionnologies. Commonly,
electronic devices contain circuitry consistingatrily or exclusively of active
semiconductors supplemented with passive elemsunt; a circuit is described as an
electronic circuit. The ability of electronic deggto act as switches makes digital
information processing possible.

* Materials scienceis an interdisciplinary subject, spanning the jpts/and chemistry
of matter, engineering applications and industnahufacturing processes. It is at the
core of nanotechnology, the production of macharesdevices at molecular levels,
which is likely to drive the next technological cdution.

* Mechanicsis an area of science concerned with the beha¥iphysical bodies when
subjected to forces or displacements, and the gquksé effects of the bodies on their
environment. The scientific discipline has its orgyin Ancient Greece with the
writings of Aristotle and Archimedes. During thelganodern period, scientists such
as Galileo, Kepler, and especially Newton, laidfthendation for what is now known
as classical mechanics. It is a branch of claspiogsics that deals with particles that
are either at rest or are moving with velocitigggicantly less than the speed of
light.

« Electromagnetismis the study of the electromagnetic force which tgpe of
physical interaction that occurs between electiyaaiarged particles. The
electromagnetic force usually manifests as elecugmatic fields, such as electric
fields, magnetic fields and light.

* Quantum mechanicsis the science of the very small: the body of rsitfie
principles that explains the behaviour of mattet &g interactions with energy on the
scale of atoms and subatomic particles

In summary, scientific principles and concepts egped through the laws, equations and
formulas are the bedrock of any engineering craafitiey have achieved that status by
providing accurate predictions for all engineeramgl management concepts, scenarios and
“dreams”.

3. In-service Life of Functional System
3.1 Birth of a System

At the end of production or construction procedsemvall consisting components are
assembled together and relationships between teahlished, a new system is “born” with
capability do deliver all expected functionalityachcteristics. That unique, infinitesimally
short instant of time, is denoted as t=0, to mha&keginning of the system operational
process. Thus, each system will have its own “birthe, which is very important from the
system life point of view. At that instant the systis, for the very first time in its life, able
to satisfy users’ needs by delivering functionafftynction, performance and attributes).
Hence, functionality characteristics of the syssminherited from the design and
manufacturing processes and as such cannot beedhdaogng the system life, apart from
implementing some modifications and redesigns.
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For example, in 1969, engineers and managers @ddbang Corporation have deliver to the
world first wide body aircraft, named Boeing 74&iss 100 with the following functionality
characteristics:

Passengers
3-class configuration 366
2-class configuration 452
1-class configuration N/A
Cargo; 6,19f = 30 LD-1 containers

Engines maximum thrust | Pratt & Whitney JT9D-7A, 46,500 Ib (20,925 kg)
Rolls-Royce RB211-524B2, 50,100 Ib (22,545 kg)
GE CF6-45A2, 46,500 Ib (20,925 kg)

Maximum Fuel Capacity 48,445 U.S. gal (183,380 litre)

Maximum Takeoff Weight | 735,000 Ib (333,400 kg)

Maximum Range 6,100 statute miles (9,800 km)

Cruise Speedat 35,000 feet| Mach 0.84, 555 mph (895 km/h)

Basic Dimensions

Wing Span 195 ft 8 in (59.6 m)
Overall Length 231 ft10.2in (70.6 m)
Tail Height 63 ft5in (19.3 m)

Interior Cabin Width 20 ft (6.1 m)

Figure 1; Functionality Performance of a Boeing-140D

Thus, it is expected that each Boeing 747-100 saiieraft have the same functionality, as
shown in Figure 1, under identical environmentaldibons, because the laws of nature are
independent of time and the location in the uniegrs

After the “birth” a system is ready to deliver réga function. For that to happen a system
needs to engage in an operational process, whidd be defined as a flow of operational
tasks performed to deliver functionality of a syste

3.2 System Operational Process

Despite the fact that all systems exist in ordgyddorm a desired function, all of them will
perform a function only when engaged into the ojp@ngorocess. The process of operation
is defined asa flow of operational tasks necessary to be peréafin order to deliver system
function.[2]

Successful execution of operational tasks requecede resources like trained personnel,
material, facilities, equipment, tools, operatiomanuals, energy and similar. These
resources will be termed System Operational Ressu®OR. For example, a commercial
aircraft can only deliver transportation functionem adequately trained crew is available to
perform the required tasks in the cockpit and #i@rg and when the resources like fuel,
runways, air traffic controls, and similar are dale. Thus, the needs for transportation
through the air, of the passengers chosen to ffydiven destination, are satisfied when the
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allocated aircraft and all necessary resourcesiareltaneously available during the entire
duration of the flight. It is necessary to strdsst @ll of these tasks are performed in the
physical environment uniquely defined by its ladiéulongitude and altitude, which is control
by some political system governed by its own lang mailes at a given interval of calendar
time.

When a system is placed in environment, all motisumally comes to a standstill as a result
of various kinds of friction, differences of electl or chemical potencial are equalised,
substances which tend to form a chemical compowmnsbdtemperature becomes uniform by
heat conduction. After that the whole system faaleay into dead, inert lump of matter. A
permanent state is reached, in which no obsenelaets occur. The physicist calls this the
state of thermodynamiical equilibrium or of maximemtropy. [3]

3.3 The concept of Failure

However, experience teaches us that in-servicevmlraof systems is dominated by
phenomena like fatigue, operator induced errongpsmn, creep, foreign object damage, a
faulty weld, bird strike, perished rubber, carbtoeicing, to name just a few. These
phenomena are generated by energy exchanges betveesmmponents of the system and
interactions of the system with the natural and &mm@nvironment.

Resulting phenomena are losses of the design-otilmor performance, which is
commonly known as system failures. Hence, eachsystem when experienced the very
first lost of function or performance seizes taggthuman needs. This practically means
that needs for transporting, communicating, defegdneating, cooling, projecting and many
others cannot be satisfied any more. Hence, preduth such properties would become
undesirable objects as racing cars in the garag®twin races and neither commercial
aircraft on the ground delivers passengers ancddargugh the air.

In order to restore the ability of a system to perf a function it is necessary to perform
required maintenance tasks. The process duringwvtheability of the system to perform a
function is restored, is known as maintenance m®cnd is defined as the flow of
maintenance tasks, selected and performed by #draruserder to retain or restore
functionality of the system during its life.

3.4 The concept of Maintenance Process

There are a large number of systems, the functibiyatf which has to be maintained

during the utilisation process by the user. Theeess during which the ability of the system
to perform a function is maintained, is known asnte&nance process, and is definedlas
flow of maintenance tasks, selected by the useretet a specific business objectives,
performed by the user in order to maintain the fiomability of the system during its
operational life’'[2].

It is necessary to stress that resources are needadilitate this process. Most frequently
used resources are spares, material, trained paisoools, equipment, manuals, facilities,
software, etc. As the main task of these resousctesfacilitate the maintenance process
they will be termed Maintenance Resources (MR).

Faced with this truth, over the centuries, humangHhearned to change this situation by
performing actions like cleaning, repairing, rej@c modifying, “cannibalising”,
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overhauling and similar. These actions broughtesys in the states in which they become
satisfying felt needs and desirable again by tbwiners and users. Needles to say, that when
systems start performing needs satisfying funcigain, the energies exchange processes
between consisting components and systems witliat@nd human environment starts

again that eventually lead to the loss of funcaod performance. New situations initiate
execution of like cleaning, repairing, replacingdifying, “cannibalising”, overhauling and
similar actions, which turn no desirable systents desirable and the whole cycles is
repented until the decision has been made to disc@nsatisfying needs with in that way.

3.5 The Support Process

Already it has been pointed out that in order tocegsfully conduct the operation and
maintenance process some resources are needegrotiess during which all necessary
resources for operation and maintenance are prdvsdenown as support process, and is
defined asthe flow of support tasks, selected by the userdet the specific business
objectives, performed by the user, in order to mevhe resources needed for the execution
of operation and maintenance plg2]

It is necessary to stress that the logistics pgy@sany other process, requires resources for
its completion. Most frequently required resouraestrained personnel, equipment,
facilities, software, etc. As the main task ofsheesources is to support process they will be
termed Support Resources (SR).

4. The concept of Functionability

The development of science started when peoplenbematudy phenomena not merely
observing them. People developed instruments arddd to trust their readings, rather than
to rely on their own perceptions. They recordedréseilts of their measurements in the form
of numbers. Supplied with these numbers they bégaeek relationships between them and
to write down in the form of formulas. Then therfmrlas became the only things they came
to trust when they began to predict things theyc¢toot physically experience.

However, people communicate with each other by meamwords, not formulas. Hence,
when they want to speak about new phenomena theytbanvent concepts that correspond
to them. Even though these concepts are often guitaordinary, people become
accustomed to them and learn to apply them coyraatll even create images for themselves
that they associate with the new concepts.

Consequently, the main objective of this papeo igresent the concept of the functionability
created by the author in 1993 [3]. Today, functholiy plays the central role in Mirce-
mechanics.

Functionability is defined as in-service propertysygstems related to their ability of being
functional through time, resulting from occurrenoésll atomic, environmental or human
actions. Hence, the motion of functionability engrated by the complex interactions
between some of the following contributors:

e Structure of a system
» Construction of a system
* In-service rules and policies (operational, maiatexe and support)
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* Environmental conditions (operational, maintenasoeé support)

From functionability point of view, at any instarfttime a system can be in one of the
following two states:

* Positive Functionability State, PFS, which is ttedes of being functional
* Negative Functionability State, NFS, which is thettes of not being functional

The motion of the system through functionabilitgtes is governed by the occurrence of
functionability events, which are classified as:

* Positive Functionability Events, PFE, which cadsetransition from NFS to PFS
* Negative Functionability Events, NFE, which cause transition from PFS to NFS

Figure 3: Functionability Events, Positive (arromy® and Negative (arrows down)
Consequently, the life of a system could be Lifa &ystem is the motion of system through
functionability states in time

NNl

Figure 4: Functionability profile from a hypothetisystem

The pattern generated by the motion of functiongitihirough functionability states, in
respect to the passage of time, forms the Fundiibtyatrajectory, which uniquely defined
the degree of satisfaction of human needs by egthra created and operated.

4. Concept of Functionable System

Based on the brief analysis of in-service life ofeged satisfying system it became obvious
that a large number of operational, maintenancesapgort tasks are necessary to be
completed in order to “keep a system in-servicks. all of these tasks have been performed
by humans, these systems are going to be calléeinsysn order to be differentiated from
the natural systems. Hence, a system is defineal@slection of components put together
to perform at least one measurable function togethth a set of actions required to be
performed to maintain it in the positive functioriey state through time.

To illustrate the in-service processes describedeala life of the very first Boeing 747 will
be used, as an example. It started its in-senfie@l 1970 as the Pam Am asset with a tail
number N747PA. During the 22 years of in-servitethe list of major operation and
maintenance statistics has been compiled and pgessenthe table below:
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37x10 miles flown

4x1@ passengers carried

80x10 hours air borne

40x10 take-off and landings made

Work done to| «  975x10 liters of fuel loaded to the system

the system |+ 806x10 man-hours of maintenance consumed

« 9,98x1@ individual X-ray frames of film used for structura
inspections for metal fatigue and corrosion

e 5 times had the metal skin, on its superstructuiiegs and

belly replaced

2100 tyres replaced

350 brake systems replaced

125 engines been fitted

4 times the passenger compartment and lavatorass be

replaced

Figure 2: In-service performance of a Boeing 74jisteation N747PA

Work done
by the system

Comparing the data provided in the Figure 1 arabg) of which related to the Boeing 747,
it is clear that the data shown in Table 1 are mmessof functionality performance of each
Boeing 747 ever produced, whereas the data givé&alite 2 a unique for the Boeing 747
that is registered in USA under the following tatember of N747PA.

Consequently, it is logical to ask the questionsitvare equivalent in-service performance
measures for all other Boeing 747. Unfortunatelyanswer to this question can be only
provided at the end of in-service life of each mafcof this type.

Unlike deign and production engineers that havargel number of scientific laws to draw
from, life cycle engineers and managers have néxisting equations of motion, some of
which are briefly presented at the beginning of faper, are not able to even the address the
above questions, not because they are incorreichdmause they are not created to address
these phenomena. Consequently, without abilityéeide accurate and reliable answers to
those questions the future of life cycle and marmeagd is not existent.

5. Birth of Mirce-mechanics

"If you watch a glacier from a distance, and see thig rocks fallings into the sea,
and the way the ice moves, and so forth, it iseally essential to remember that
it is made out of little hexagonal ice crystalst ¥ @nderstood well enough the
motion of the glacier is in fact a consequencéiefdharacter of the hexagonal
ice crystals. But it takes quite a while to undanst all the behaviour of the
glacier (in fact nobody knows enough about ice yetmatter how much they've
studied crystal). However, the hope is that if waidderstand the ice crystal we
shall ultimately understand the glacier.”

Richard Feynman, “The Character of Physical'La

The development of science started when peoplenbiegstudy phenomena not merely

observing them. People developed instruments arddd to trust their readings, rather than
to rely on their own perceptions. They recordedrésailts of their measurements in the form
of numbers. Supplied with these numbers they bégaerek relationships between them and
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to write down in the form of formulas. Then therfarlas became the only things they came
to trust when they began to predict things theyadtoot physically experience.

As mentioned earlier, during the history human sdedtransporting, navigating,
communicating, cooling, heating, sheltering and ynathers have been satisfied by a work
done by transportation, navigation, communicatrefrjgeration, and many other systems.
Their design-in performance in terms of speed, cépdrequency, power and similar
physically measurable quantities can be accurai@gicted during the design process and
tested at the delivery, as they are functioningdoordance to well understood laws of
natural sciences, such as: Newton’s laws of motmuylomb’s law of solid friction, Hook’s
law of stress and strain, Maxwell’s law of electyndmics, Boltzmann’s law of
thermodynamics, to name a few, which are charae@itby certainty, reversibility and
independence of time, location and humans.

However, main concerns of the owners and usetsosktsystems are related to how much
work they will be doing during their lives and homuch effort should they put in to keep it
going. Unfortunately, creators and developers stesys do not provide answers to these
questions on the delivery day. Instead, years tatestatistics fovarious measures become
available. The reason for this is the fact thadenvice behaviour of these systems is govern
by the complex interactions of between the lawsoiénce, human rules and environmental
impacts, which are characterised by indeterminismversibility, inseparability, and
dependence on time, location and humans.

To rationally address questions of the amount akvdone by transportation,
communication, heating and many other similar sgstduring their lives and develop a
body of knowledge for prediction of in-service merhance, Dr Knezevic has established the
MIRCE Akademy at Woodbury Park, Exeter, UK, in 19%xaff, Fellows, Members and
students of the Akademy have endeavoured to subjsetrvice lives of these systems to the
laws of science and mathematics to:

Determine the trajectory of the work done in tirhattis defined by the sequence of
occurring functionability events like failures of consisting parts, repairspections,
tests, environmental impacts, human actions/ertegs)/safety regulations and
similar.

Understand mechanisms that lead to the occurrerfcactionability events starting
from atomic structure of matter all the way uphe solar system, which covers a
physical scale ranging from 1bto 13° metre.

Define a computational scheme for the quantitginesliction of the work expected to
be done by a given system on one hand and the neqtkred to be done to a given
system on the oth&rduring the expected in-service life.

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

2 Knezevic, J., Reliability, Maintainability and Sagrtability — A probabilistic Approach, Text andfSeare
gackage, pp. 291, McGraw Hill, London 1993. ISBRB707691-

Boeing 747, registration number N747PA, which bgkxhto Pan Am transportation system, has delivered
the work of 80,000 flying hours and received 806,8faintenance man-hours, during the 22 years séimice
life.
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In summary, a body of science based knowledge dsmgrof axioms, mathematical
equations and computational methods that enabletitptave predictions to be made of the
work expected to be done by a given system and/tink expected to be done to a given
system during its in-service life, constitutes Mimechanics.

6. Concept of Motion in Mirce-mechanics

Motion is one of the most complex concepts of steefhe images it creates in our minds
are diverse as the “jiggling” of atoms and molesutethe movement of planets, and beyond.

Since the earliest years of science the only ideaadion imagined was that of mechanical
motion, so there is a tendency to view all othadkiof motion in terms of the concept of
trajectory. As the science progressed, this ndyubaicame impossible, for instance when the
attempt was made to conceive the electrical mottarould be possible, of course, to think

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

Consequently, the question by which the motioruatfionability through the life of systems
is to be described must contain only those quastitiat can be measured physically.
Research performed shown that it could only be ssdhe change in the functionability

state of a system through time. Hence, a lifengfsystem could be viewed as a sequence of
occurrences of positive and negative functiongbditents that “move” systems through
functionability states.

In summary, in Mirce-mechanics the motion of fuactbility is perceived as the change in
the functionability state of a system in relatiorfunctionability state variables, with respect
to the passage of time. Functionability state \deisare measures of functionality
performance of a system uniquely determined byuhetionability states of consisting
components and system structure.

It is focused on the understanding of the mechamisinthe motion of functionability
phenomena that leads to the occurrence the furadtility events as statistical methods do
not study the causes of statistical behaviour. Egnently, the systematic studies are applied
to understand phenomena that cause: occurreneg dfilactionability events whatsoever.

6.1 Positive Functionability Processes

All physical processes that cause the motion amaponent or a module from the negative
to positive functionability states are known asi{ps functionability processes, PFP, and
they could be categorised as following [8]:

» Servicing: replenishment of consumable fluids, leg, washing, painting, etc.

* Lubrication: installing or replenishing lubricant.

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

« General visual inspection: performed to detect obsiunsatisfactory conditions.

* It may require the removal of panels and accesssgomrk stands, ladders, and may
be required to gain access.

» Detailed visual inspection: consists of intensiisual search for evidence of any
irregularity. Inspection aids, like mirrors, spddighting, hand lens, boroscopes, etc.
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are usually required. Surface cleaning may be reduas well as elaborate access
procedure.

» Special visual inspection: an intensive examinatibgpecific area using special
inspection equipment such as radiography, thernpbgradye penetrant, eddies
current, high power magnification or other NDT. lideate access and detailed
disassembly may be required.

* Check: a qualitative or quantitative assessmefuraftion.

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

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

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

* Discard: removal of an item from service.

In summary a large number of maintenance tasksriegmed by humans to maintain system
in functionable state during its in-service life.

6.2 Negative Functionability Processes

To understand the actions and mechanisms thatajeneegative functionability events
analysis of over tens of thousands of componenslutes and assemblies of systems in
defence, aerospace, transportation, motorsporieaycommunication and other industries,
had been studied at the MIRCE Akademy, as thesegphena have a profound impact on all
aspects of the in-service life on any system.

Thus, all physical processes that cause the mofiarsystem from the positive to negative
functionability states are known as negative fuor@bility processes, NFP, and they could
be categorised as following:

» Potential NFP are those that are generated by metha related to acting in-service
stresses, generated by mechanical, electricamtderadiation, chemical and other
types of energy which potentially might occur antisequentially exceed that
strength of components and modules subjected to.thgpical examples are foreign
object damage (birds, hail, rain, snow, volcanttess etc.), lightening, abuse by
operator (pilots, driver and user errors), singlerg upset and similar, that potentially
could take at any instant of time during the lifesystem.

* Cumulative NFP are those that are generated byeirséle processes resulting from
mechanical, electrical, thermal, radiation, chetacal other type of energy that
inevitably take place during the life of a systefrtypical processes of this type of
damage are corrosion, fatigue, creep, frictionasion and similar.

* Inherent NFP are generated by mechanical, elelttiheamal, radiation, chemical
and other types of energy, that have been intratlinte system prior to the
beginning of operation process through activatee@ated with manufacturing,
transportation, maintenance, storage and similzcgsses.

It is necessary to stress that components of amsygstould be exposed to more that one
negative functionability process during their imaee life.
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6.3 Physical Scale on Mirce-mechanics

For years, research studies, international conéegrsummer schools and other events have
been organised in order to understand just a phlyseale at which functionability
phenomena should be studied and understood. Im trdederstand the motion of
functionability it is necessary to understand trechanisms of the motion. That represented
a real challenge. Answers to the questions “whttaegeal cause of say, fatigue, the wind
direction change, suncups formation on the blueuogvay, faulty weld, bird strike, perished
rubber, maintenance induced error, carburettogicito name just a few, have to be
provided. Without accurate answers to those questioe prediction of their future
occurrences is not possible, and without abilitpedict the future, the use of the word
science becomes inappropriate.

After a numerous discussions, studies and triglgs been concluded that any serious
studies in this direction, from Mirce-mechanicsmaf view, have to be based between the
following two boundaries:

» the "bottom end” of the physical world, which isthé level of the atoms and molecules
that exists in the region of ®of a metre ;

» the "top end” of the physical world, which is aetlevel of the solar system that stretches
in the physical scale around*1bof a metre.

This range is the minimum sufficient “physical &alhich enables scientific understanding
of relationships between system operational pr@seasd system operational events. In
other words, this is the physical range within whithe system operational processes
mentioned above (fatigue, the wind direction chasgacups formation on the blue ice
runway, bird strike, perished rubber, carburettorg) take place and as such they could be
understood and predicted.

6.4 Mirce-mechanics Axioms

Based on the extensive research of the motionraftionability through the lives of a large
number of systems the following axioms have beewrldped:

Axiom 1: System starts in-service life in positive fundcioiity state

Axiom 2: System stays in a given functionability state uhid compelled to change it by
an imposing event.

Axiom 3: The probability of occurrence of a negative funaébility event at any instant of
in-service life of a system is greater than zero.

Axiom 4: The probability of a human error during participati in any
functionability process during the in-service lifea system is greater than zero.

The above axioms are the bed rock for all caloometiand predictions in Mirce-mechanics.
It is necessary to stress that there are manynstauis that do not result from these axioms
and do not negate them. The statement “it is atbhabaircraft” or “it is cheaper to outsource
maintenance” do not result from any axioms nor egate any axiom. Hence, the axioms
divide all statements regarding the motion of gystén-service life in respect to
functionability states, into three mutually excltesgroups:
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1. True statement, which means that it is in acoed to the axioms
2. False statement, which means contradicts attyecdixioms
3. Not related, which means that does not come,frmmcontradicts, any axiom.

These axioms also limit the scope of the applicatibMirce-mechanics, which is correct, as
it does not cover the whole spectrum of in-senlifeeon systems.

7. Work Done by a System

Humans have created systems to satisfy their feedariety of functions. Based on the
argument presented above, a life of a system dmildewed as a sequence of occurrences
of functionability events that cause the changthefstate of a system. The pattern generated
by the motion of functionability through functionbdy states, in respect to the passage of
time, forms the Functionability trajectory, as shmowv the Figure below.

:E:T l ﬂ ..PFE NFE .... E>

PFE NFE PFE ... .......... life

Figure 2: Functionability profile from a hypothetisystem

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

The significance of the functionability trajectasythat the area covered by it defines the
work done by a systems, as systems is able tdyshtimman needs during the stays in PFS.
Hence, the work done by a system, expressed thnmegisures like tonnes per year, miles
per day and similar, is proportional to the lengthime that system spends in PFS, as
illustrated by the Figure 3.

Figure
A

Work Planned

/
/
Work Done P @
/

Hr
Figure 3: Worked Planned and Done by a HypotheSgatem
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It is necessary to point out that the work doneystem is only a part of the full picture, as
there is a work that need to be done to the systarder to keep it going through time. This
type of the work is also part of the study of Mumechanics, as they are mutually related.

8. Impact of Mirce-mechanics to Engineering and Maagement Processes

Although science has to be truthful, rather thesfulsthe body of knowledge of Mirce-
mechanics is essential for scientists, mathemasciangineers, managers, technicians and
analysts in industry, government and academiaddigirwork done of the future systems,
for a given configurations, in-service rules andditions, in order to manage functionability
events in the way that the functionability performoa is delivered through the life of system,
at least investment in resources and environméenfact. For that to happened, the science
proven method is needed, very much different froenexisting classical scientific
knowledge, because work done is defined in thefoig manner:

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

* The direct maintenance cost will not exceed 25 %efpurchase cost with a
probability of 0.95;

* The probability that the production line will bdlfuoperational during the specified
in-service time will be not less than 0.88;

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

* The mission reliability will be greater than 0.98 fmissions shorter than 500 hours;

* There should be 5 failures among 1000 systemsyerage, during the first 10 years
of service, with a probability of 0.975.

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

Consequently, the only way to address the work domsulated in the way above is to use
the approach of Mirce-mechanics provided in plgiper to evaluate engineering and
management options, at the time when fundamenthiresversible decision are made
regarding future systems.

9. Conclusions

Natural philosophy was distinguished from the otprexcursor of modern science, natural
history, in that the former involved reasoning axglanations about nature (and after
Galileo, quantitative reasoning), whereas the dattes essentially qualitative and descriptive.

This paper clearly demonstrates that functionghyiérformance of any human made and
managed system is very much different from its fiumality performance, which are
accurately predictable by the proven laws on nasaieances. Hence, there is a need for the
development of science based methods for the gi@ascof the motion of functionability
through the life of systems and associated measiiiasservice performance.

This paper also demonstrates that functionabikfggmance is the time dependent property
of the system and its motion is manifested thrainghsequence of transitions through
positive and negative functionability states raaglfrom any natural or human actions.
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Mathematical Principles of Mirce-mechanics

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

Abstract

Scientific principles and concepts expressed thnaihg laws, equations
and formulas are the bedrock for the prediction tbe deign-in
functionality performance of any engineering creatiHowever, there
is no equivalent when the in-service functionapilperformance
predictions have to be made. Hence, Mirce-meclsamas been created
at the MIRCE Akademy to fulfil the roll. The mpurpose of this paper
Is to present the development and application dheraatical principles
of Mirce-mechanics that are the bedrock for thedmton of the
functionability performance of engineering systems.

1. The Concept of Functionality

According to Einsteifi Everything that the human race has done and thoisgtincerned
with the satisfaction of felt neéds

During the history of civilisation needs for transfing, communicating, navigating and
many others have been satisfied by transpiratiemneunication, navigation and other
human created systems. As they are functionirsg@ordance to the laws of science, which
are independent of time, place and human impaeit, design-in performance, like speed,
acceleration, power, fuel consumption and manyrstte¥e accurately predictable. [1]

2. The Science of Functionality

The theoretical foundations of designing systeradaws of science that describe observable
natural phenomena, known to humans so far. Amoe thhws of motion are the most
significant from the life cycle engineering and ragament point of view, in respect to
functionality of a system. Some of them are veigfhyr addressed in this paper as the
scientific foundation for the development of thevéeof the motion of functionability.

Newton's laws of motionare three physical laws that form the basis fassical
mechanics. These laws describe the relationshipdeet the forces acting on a body
and the motion of that body. They were first comgiby Sir Isaac Newton in his
work Philosophiae Naturalis Principia Mathematidirst published on July 5,
1687.Newton used them to explain and investigaertbtion of many physical
objects and systems, from the “apple” to planets.

Kepler's laws of planetary motionare three astronomical laws that describe the
motion of planets around the Sun. From thembissible to accurately predict
either what the position of the planet is at a gitiene, or the time when the planet is
in a given position.

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2015 22



2015 Annals of MIRCE Science

Maxwell's equationsare a set of four partial differential equationattrelate the
electric and magnetic fields to their sources, ghatensity and current density. Their
individual names, equations and descriptions aremngin the table below.

Name Equation Describe
Gauss's law: OxE= gﬁ How charges attract/repel
0
Gauss's law for No isolated magnetic poles
magnetism: OxB=0 9 P
Maxwell-Faraday
equation __0B Changing magnetism produces
, OxE=—-— o
(Faraday's law of ot electricity
induction):
Ampere’s law . -
. E
(with Maxwell's OxB =3+ pe, o0 Changlng electricity produces
S ot magnetism
extension):

Navier—Stokes equationsgescribe the motion of fluid substances. Thesetemmsaarise

from applying Newton’s second law to the motiorfloid, together with the assumption that
the fluid stress is the sum of a diffusing visctersn (proportional to the gradient of
velocity), plus a pressure term. The general fofrtie equations of the motion of fluid,
being written for an arbitrary portion of the flyid:

((;—f—l-v ?v) = -Vp+ V- -T+f{,

The equations are useful because they descrilgghifsécs of many things from modelling

the weather, ocean currents, water flow in a peflow around a wing and motion of stars
inside a galaxy. In their full and simplified forrhslp with the design of aircraft and cars, the
study of blood flow, the design of power statictg analysis of pollution, and many other
things.

Boltzmann transport equation, is used to study the motion of physical quargisach as
heat and charge through fluid, and thus to deriaesport properties such as electrical
conductivity, Hall conductivity, viscosity, and timeal conductivity. It is defined by the
following expression:

af aof p af af
T mta T T w

coll

Physicists today use the equation to model gasegarything from nuclear power stations to
galaxies

Heisenberg's equation of motiorwas the first complete and correct definition oagtum
mechanics, branch of physics that study the maif@ubatomic particles. It extended the
Bohr model of atom by describing how the quantumpga occur, by interpreting the

physical properties of particles as matrices thatve in time. The Heisenberg equation of
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motion, named after Werner Heisenberg who formutate1925 in the following
repression:
. dug
ik E = [’i.'i.:I Hi']
Schrédinger equationdescribes how the quantum state of a physicaésyshanges in time.

It is as central to quantum mechanics as Newtaw's are to classical mechanics. In the
standard interpretation of quantum mechanics, tlam state, also called a wavefunction
or state vector, is the most complete descriptian ¢an be given to a physical system. The
equation is named after Erwin Schrodinger, who tanted it in 1926, and it was
formulated in the following form:

th—V =HW

ot

Solutions to Schrédinger's equation describe niyt mlecular, atomic and subatomic
systems, but also macroscopic systems, possibly teeewhole universe

In summary, scientific principles and concepts exped through the laws, equations and
formulas are the bedrock of any engineering creafibiey have achieved that status by
providing accurate predictions for all engineeramgl management concepts, scenarios and
“dreams”.

3. Concept of a System

At the end of production or construction procedsemall consisting components are
assembled together and relationships between te&hlished, a new physical system is
“born” with capability to deliver all expected fuanality characteristics. That unique,
infinitesimally short instant of time, is denotexlta0, to mark the beginning of the system
operational process. Thus, each system will havevitn “birth” time, which is very

important from the system life point of view. Athnstant the system is, for the very first
time in its life, able to satisfy users’ needs ljivcering functionality (function, performance
and attributes). Hence, functionality charactessstif the system are inherited from its design
process and cannot be changed during the systenafiairt from implementing some
modifications and redesigns.

However, experience teaches us that in-servicepeéance of these systems is dominated
by phenomena like fatigue, operator induced eramgpsion, creep, foreign object damage,
a faulty weld, bird strike, perished rubber, cagttar icing, to name just a few. These
phenomena generate energy exchanges between systdrasvironment, leading to the loss
of the design-in function or performance. Hencaintaining the deign-in performance
beyond the delivery day requires actions like tteslooting, repairs, replacements,
modifications, diagnostics, “cannibalisations” achilar to be performed.

In summary, any entity that satisfies human negdsesforming a measurable function
whose design-in functionality is maintained by has& defined as a engineering system.

4. The Concept of Functionability
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Thus, the ability of being functional through tinkmown adunctionability, is an essential
in-service property of engineering systems.

From functionability point of view, at any instarfttime a system can be in one of the
following two states:

1. Positive Functionability State, PFS, which is theesof being functional
2. Negative Functionability State, NFS, which is tketes of not being functional

The motion of the system through functionabilitgtes is governed by the occurrence of
functionability events, which are classified as:

» Positive Functionability Events, PFE, which sigesfithe transition from NFS to PFS
* Negative Functionability Events, NFE, which sigesithe transition from PFS to
NFS

Consequently, the life of a engineering systemabel considered as motion of system
through functionability states. The pattern gerestdtty the motion of functionability through
functionability states, in respect to the passddame, forms the functionability trajectory.

5. Functionability Questions

One of the major concerns of design engineers arjdgh managers are predictions of
operation, maintenance and support resources eghjigr maintaining systems in positive
operational state through their life. These incld@gnostic equipment, skilled and trained
maintenance personnel, maintenance facilities espaunts, inspection tools, technical data,
storage facilities, means of transportations anfbgb. Often the cost of these resources
considerably exceeds the purchase cost of syssefh iEqually, the lack of maintenance
resources causes further delays in the recoveiynetionality. Hence, some balance
between investment in the resources and the titagsiancurred by their deficiency is
required. To make that trade off, engineers andagers, need to find the answer to the
following functionability related questions:

* How many Negative Functionability Events are gdimgccur?

* What types of Negative Functionality Events arengdb occur?

* What frequencies of Negative Functionability Evearts going to be?
* How the cause of Negative Functionability Event wé detected?
 How long systems are going to be in Negative Fonetbility State?

« How long systems are going to be in Positive Fometbility State?

Unlike the functionality questions to which exigtitaws of science readily provide the
answers, the above raised functionability questgtaged unanswered. Existing equations of
motion, some of which are briefly presented atitbéginning of this paper, are not able to
even the address the above questions, not bedaysare incorrect, but because they are not
created to address these phenomena.

In summary, without ability to provide accurateaass to functionability questions design
engineering and project management are not inakgipn make the trade off between the
cost of resources required to maintain systemegitige functionability states and the
consequential losses while they are in negativetionability states.
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6. Concept of Mirce-mechanics

The development of science started when peoplenbiegstudy phenomena not merely
observing them. People developed instruments arddd to trust their readings, rather than
to rely on their own perceptions. They recordedréseilts of their measurements in the form
of numbers. Supplied with these numbers they bégarek relationships between them and
to write down in the form of formulas. Then therfarlas became the only things they came
to trust when they began to predict things theyadtoot physically experience.

Consequently, to address functionability questibiesauthor established the MIRCE
Akademy in 1999. Staff, Fellows, Members and stislef the Akademy study in-service
behaviour of engineering systems to:

* Physically observe the emerging trajectory of tteiom of functionability through
the life of engineering systems and to measure gingein-service performance

» Scientifically understand mechanisms that causenthigon of a functionability
through the life of engineering systems, witlia physical scale from *to 10°
metre [2,3,4,5]

« Mathematically define the scheme for the predicbbm-service performance of a
given design-in system, for a given in-service c¢towls and rules.

A science based body of knowledge, formulated thincaxioms, formulas, methods, rules
and algorithms for predicting the in-service peariance of the future systems, resulting from
their motion through the functionability stateg@spect to time constitutes Mirce-mechanics.

The ability to simultaneously predict the desigritinctionality performance and in-service
functionability performance of the future system®i fundamental importance for the
engineers, managers, investors, regulators and gpleeialists who are responsible for the
satisfaction of the “human felt needs”, in religldeonomical and safe manner, for the future
transportation, communication, defence, energyereaibment and many other functions
delivered by engineering systems.

7. The Concept of Motion in Mirce-mechanics

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

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

Consequently, the question by which the motioruatfionability through the life of
engineering systems is to be described must coatdynthose quantities that can be
measured physically. Research performed showrittbatild only be seen as the change in
the functionability state of a system through tinkéence, a life of any engineering system
could be viewed as a sequence of occurrences tivieosnd negative functionability events
that “move” systems through functionability states.
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In summary, in Mirce-mechanics the motion of fuactbility is perceived as the change in
the functionability state of a system in relatiorfunctionability state variables, with respect
to the passage of time. Functionability state \des are measures of functionality
performance of a system that uniquely determinduthetionability states of a system.

Results of experiments and observations perforimesl fiar unquestionably lead to
conclusion that the deterministic regularity foundhe continuous motion of functionality,
such as speed, acceleration and similar, studiexdilsgical mechanics, cannot be found in
respect to the motion of functionability througmé. What can be found is discrete motion
with statistical variability, as shown in Figure 1.

Thus, functionability trajectories, generated byifar individual systems, under similar
circumstances vary among them self, to the dedpatenb two trajectories are identical.
Therefore, the proven formulas of Newtonian meatsthat govern the motion of
macroscopic bodies through time cannot be usepréaficting the motion of functionability
through time, as far as the functionability trapegtis concerned

The relative frequency histogram of the motionwfdtionability through the life of sample
size of 497 systems at specific instances of tsrabtained by using well-known statistical
expression:

V(1) = Number fo systems in PFS @
Total Number of Systems Orserv

1] 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 BBO 720 760 800 840 880 920 960 1000

Figure 1: Relative Frequency Histogram of the Motad Functionability
through the life of 497 Systems at specific inseanaf time

At the stated period of operational time, as showhable 2, the following statistics has been
observed for a given sample of 497 systems oftyiis
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Tst | MNNE(TStO | MNPE'Tst) | W/(Tst) | Wi(Tst) | y(Tst)

300 1.31 1.02 265.51 84.49]  0.702
650 2.32 2.16 535.18] 114.82  0.849
750 2.87 2.71 621.84] 128.16  0.843
900 3.84 3.46 74147 15353 0.624
1000 4.77 4.38 797.77| 20223  0.64Y

Table 2: Functionability Statistics of the in-Seevbehaviour of
of 497 Systems at specific instances of time

Clearly, functionability histograms and other imsee statistics can be produced only after
the data have been generated, which means aftevémes. However, the objective of
Mirce-mechanics is to develop equation that wilblbée to predict the data that are going to
be observed, in the similar manner as the predistinade by Newton’s, Maxwell’s,
Schrédinger’'s become confirmed by the future events

8. Probabilistic Motion

The laws of probability are just as rigorous aseothathematical laws. However, they do
have certain unusual features and clearly delideddenain of application. For example, it
can be readily verify that in the case of a largmber of systems failure phenomena will
occur in a specific number of the cases, and tlheadanore accurate the more systems are
observed. However, this accurate knowledge wilbbeo help in predicting the occurrence
of functionability events in each individual casghis is what distinguishes the laws of
probability: the concept of probability is validlgrior an individual event and it is possible
to work out a number that corresponds to it. Howeitean only be measured when
identical tests are repeated a great number ofti@ely then can the measured value, the
probability, be used to assess the occurrenceobf iedividual functionability event, which
is one of the possible outcomes of the test.

The unusual features of the laws of probabilityehawnatural explanation. In fact, most
probabilistic events are results of quite compleygical processes, which in many cases
cannot be studied or understood in all of its @atcy. Such inability takes its toll, as it is only
possible to predict with certainty the average ltesfuinumerous identical tests. Thus, for
each functionability event it is only possible malicate its likely outcome.

Probabilistic predictions of the functionabilityajectory are based on the framework of the
sequence of occurrences of Positive and Negatinetieumability Events, whose individual
and cumulative times are measured as shown initjuee=below.

TNE!
TNEZ
TPE! )
TNE! .
) ) Ve C) >
@ ./ ./ \.)' - =T
TNE, . TPE, | TNE, Time

Figure 2: Individual and Cumulative Times to Fuantbility Events
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Based on the Figure 2, the following functions ased:

Negative Function, &), which defines the probability that tHeNIFE will take place before
or at instant of time t is defined in the followingy:

FO)=PINES §=[ f(9dt  i=Lon 2

0

Positive Function, (), which define the probability that th& PFE will take place before or
at instant of time t is defined by the followingpe&ssion:

O(M=P(TPES =] o()dt  i=lw. 3.

Probability distribution that defines this eventisquely determined by the physical
properties of the process that generate positinetionability event (replacement, repair,
calibration, modification and similar) [9].

Sequential Negative Function(t}; which defines the probability that tHesequential NFE
will take place before or at instant of time tdefined as:

F'(t) = P(TNE < nzj M™( X dF t= ¥, i=1,00. 4.

Sequential Positive Function()) which defines the probability that tHesequential PFE
will take place before or at instant of time tpiesented in the following manner:

O'(t)= P(TPE < p:j F(®dM(t X F1,0. 5.

Equations 4 and 5 define the sequence of functibtyaévents for any system.

Having determined the probability distribution atelgoverning parameters of the times to
subsequent functionability event, positive and tiggait is possible to develop a
mathematical scheme that will provide opportunityptedict the future sequence of
functionability events for any given system.

This is the essence of the Mirce-mechanics, wtithe only theory available to design
engineers to quantitatively predict the consequentall of their decisions on in-service
behaviour of their future systems.

9. Mathematical Principles of Mirce-mechanics
The trajectory of functionability is uniquely dedéid by the sequence of functionability
events, from the birth of the system to its decossioning. Thus, the fundamental equation

of Mirce-mechanics, the functionability equatipi(t), that defines the probability of a
system being functionable at a given instant oéttris defined as:
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y(t) = P(PFS@ ng[ R PFS@ 1]:2[ P TPE )& P TNE< )]t

Making use of equations 3 and 4, while bearing indthatO,(0) = 1, as a system starts its

life in positive functionability state, the abovepeession of functionability equation could be
presented in its final form:

y(t) =1-¢(t)+ u(t) 6.
where:

#(t)=> P(TNE < § =) F(9, is the expected number of negative functiongbditents
i=1 i=1
that will take place from the birth of a systenthe stated instant of time t.

U(t) = Z P(TPE < § = Z O(), is the expected number of positive functionapiivents
i=1 i=1
that will take place from the birth of a systenthe stated instant of time t.

The author developed this expression and namedcceNFunctionability Equation. It defines
the trajectory of the motion of functionability tugh the life of engineering systems.

The unit of functionability, determined by the MerE&unctionability Equation, is 1 Senna
[1S]. It quantifies the amount of certainty ofisemn engineering system being in positive
functionable state at a given instant of time

Making use of the equation 6 it is also possibledigulate the expected time that system
will spend in PFS during a stated interval of cdlmntime, which is Mirce-mechanics’ is
known as the work done by the system, {y, through the following equation:

W, (1) :j y(9 dt 7

Correspondently, it is possible to derive the eggian for the prediction of the work done to
the system during its stays in NFS, which mainlgeiated to the time take for the executions
of maintenance tasks, scheduled and unscheduledcetithe probability of a system being
in negative functionability state at any instantiofe, denote with n(t), could be calculated in
accordance to this equation:

n(t) = P(NFS@ 9= u(9-¢ (9 8
As the system at any instant of time must be imegipositive or negative functionability
state, according to the second axiom of probability sum of probabilities of these two

mutually exclusive events must be equal to 1, agdhowing expression confirms.

Thus the work done to the system during a statedgef calendar time, \\t), could
calculated in accordance to the following equation:
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W, (0 = [ (g o

Making use of existing observational data relatethé in-service behaviour of a sample of
497 systems, operating in similar environmental @tiicsation conditions, the probability
laws that drive shapes of positive and negativetfans defined by the equations 2-5 where
determined. The obtained functions are shownguie 3, where the green lines represent
positive functions and the read lines represergatng functions.

The functionability trajectory, calculated in acdance to the expression 6 is shown with a
black line in the Figure 3.
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Figure 3: Functionability profile calculated by ndé Functionability
Equation (6) for the Example shown in Figure 1.
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At the stated period of operational time, as showhable 3, the following functionability
measures have been calculated by making of Miroghamécs Mathematics presented above.

Tst MN E(T St) M PE(T St) Wby(T St) Wto (T St) y' (T St)

300 1.32 1.02 263.13 36.87 0.709
650 2.35 2.13 533.28 116.72 0.883
750 2.90 2.74 620.15 123.8% 0.853
900 3.87 3.49 738.39 161.61 0.626
1000 4.80 4.45 797.43 202.57 0.65p

Table 3: Predicted Functionability measure forExample shown in Table 2.

Making use of equations 7 and 9 it possible toudate the work done by a given system as
well as the work done to a given system for entgén-service life.

For the example run through this paper thg(t)/and Wy(t) have been calculated and
presented in Figure 4, where:

* Broken green line represents a theoretical worledpna system, which means for a
system that never makes a transition to the negtivctionability state, which is in
contrast to the'3axiom of Mirce-mechanics
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» Solid green line represents the work done by tis&esy through in-service time
starting from the introduction to the service.

» Solid red line represents the work done to theesygtom the introduction to the
service
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Figure 4. Predicted work done by the system anbdésystem

10. The Impact of Mirce Functionability Equation on System Engineering and
Management Process

Although science has to be truthful, rather thesfulsthe body of knowledge of Mirce-
mechanics is essential for scientists, mathemasciangineers, managers, technicians and
analysts in industry, government and academiaddigtr functionability trajectories of the
future systems, for a given configurations, in-gavules and conditions, in order to manage
functionability events in the way that the functdiity performance is delivered through the
life of system, at least investment in resourcasemvironmental impact. For that to
happened, the science proven method is neededmuely different from the classical
scientific knowledge, described trough the typéhefequations mentioned in the
introductory part of the paper, because functiditglperformance are defined in the
following way:

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

« The direct maintenance cost will not exceed 25 %¥hefpurchase cost with a
probability of 0.95;

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

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

* The mission reliability will be greater than 0.98 fmissions shorter than 500 hours;

e There should be 5 NFEs among 1000 systems, ongejetaring the first 10 years of
service, with a probability of 0.95.

» Each 10-hour flight will be successfully completeith probability of 0.995, during
the first 20 years of operation
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Consequently, the only way to address performaagets formulated in the way above is to
use concept and principles of Mirce-mechanics suate engineering and management
options, at the time when fundamental and irrelégsiecision are made regarding future
systems.

11. Conclusion

Like in the classical mechanics, where the contisuaniform motion is natural state of the
macro world that is fully defined and predictableNewton’s equations, or in quantum
mechanics where the continuous motion is also abstate of a micro world fully described
and predictable by Schrodinger equation, in Miraehanics continuous change in the
functionability states is a natural state of engiireg systems during they in-service life,
which is fully defined and predictable by mathermatprinciple of Mirce Mechanics
presented here.

This paper also demonstrates that functionabikfggmance is the time dependent property
of the system and its motion is manifested thrainghsequence of transitions through
positive and negative functionability states ing@by the occurrences of functionability
events.

Finally, the mathematical scheme of Mirce-mechapresented in this paper is the scientific
foundation of the System Engineering and Managemedictions and analysis regarding
the motion of functionability through the life ohgineering system.
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Mirce Supportability Equation
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Abstract

Scientific principles and concepts expressed thnotlte laws, equations and
formulas are the bedrock for the prediction of tdesign-in functionality
performance of any engineering creation. Howeveeye is no equivalent when
the in-service supportability performance predingohave to be made. Hence,
Mirce-mechanics has been created at the MIRCE Akgde fulfil the roll. The
main purpose of this paper is to present the deretnt of the Mirce
Supportability Equation that is the bedrock for grediction of the supportability
performance of engineering systems.

1. Introduction

During the history of civilisation needs for transfing, communicating, navigating and
many others have been satisfied by transpiratiemneunication, navigation and other
human created systems, commonly known as engimgegystems. As they are functioning in
accordance to the laws of science, which are inutgrg of time, place and human impact,
their design-in performance, like speed, accel@napower, fuel consumption and many
others, are accurately predictable. [1]

However, experience teaches us that in-servicepeéance of these systems is dominated
by phenomena like fatigue, operator induced ercmgpsion, creep, foreign object damage,
a faulty weld, bird strike, perished rubber, cagttar icing, to name just a few. These
phenomena generate energy exchanges between systdrasvironment, leading to the loss
of the design-in function or performance. Hencaintaining the design-in performance
beyond the delivery day requires actions like tteslooting, repairs, replacements,
modifications, diagnostics, “cannibalisations” asichilar to be performed. Thus, all human
created collections of entities that are able liveeat least one measurable function whose
functionability is maintained by humans’ actions &nown as engineering systems [2].

Generally speaking, from functionability point aéw, at any instant of time a engineering
system can be in one of the following two statés [3

3. Positive Functionability State, PFS, during whislable to deliver functionality.
4. Negative Functionability State, NFS, during whismot able to deliver functionality.

The motion of the system through functionabilitgtes is governed by the occurrence of
functionability events, which are classified as:

* Positive Functionability Events, PFE, which caudsetransition from NFS to PFS
* Negative Functionability Events, NFE, which cause transition from PFS to NFS

Consequently, the life of a engineering systemadel considered as motion of system
through functionability states. The pattern gereztdty the motion of functionability through
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functionability states, in respect to the passddame, forms the functionability trajectory,
which is defined by Mirce Functionability Equatipt].

y(t) =1-¢(t)+ u(t)

where ¢(t) andy (t) are expected number of negative and positive fomability events,
respectively, that will take place from the birthaosystem and a given instant of time t.

However, in this scheme all activities that takacpl during the stay of a system in the NFS
are considered together. Mathematically it doesers@se, but a physical analysis of
maintenance and support activities clearly showasttiey are very distinguishable processes.
Hence, the main objective of this paper is to aete their boundaries and develop a
mathematical equation for predicting the motiomofineering systems through support
process, which is the time during which no mainteeaaction can take place due to lack of
necessary resources.

2. Concept of Operational Process

Act of the birth of a system initiates the utilisatt process that consists of the following three
processes:

)] Operation process during which the expected fun¢sjois performed and
users’ needs satisfied.
i) Maintenance process during which the functionabditthe system is

maintained/restored by the user/owner.
i) Support process during which all necessary resseudorehe operation and
maintenance of the system are provided.

Clearly, each of the above mentioned processeglaneed and managed in accordance to
the business objectives and plans of the systewr®is and users.

It is necessary to stress that all three procemsemterdependent, as the operation process
determines the load and regime of the system wdirelctly affects the process of change in
condition, and these affect the maintenance proo®ssthe other hand, both the operation
and maintenance processes, drive support procesgs) 8 connected with the cost of
provision of necessary resources for their sucakssinpletion and the consequential cost of
lost revenue due to inability of the system to perf a function, which should be taken into
consideration when determining the process of dipera

3. The Support Process

Already it has been pointed out that in order tocegsfully conduct the operation and
maintenance process some resources are needegrotiess during which all necessary
resources for operation and maintenance are provsdenown as support process, and is
defined as [1]:

‘the flow of support tasks, selected by the usene®t the specific business objectives,

performed by the user, in order to provide the ueses needed for the execution of
operation and maintenance plan’.
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It is necessary to stress that the logistics pgy@sany other process, requires resources for
its completion. Most frequently required resouraestrained personnel, equipment,
facilities, software, etc. As the main task ofsheesources is to support process they will be
termed Support Resources (SR). Generally speatkiagnain characteristic, which

guantifies the logistic support process, is the beinof demands for resources, which in
majority of cases quantifiable with discrete randeamables.

4. Support Resources

The resources needed for the successful completievery operation and maintenance
action are commonly known as support resourcesy tbeld be grouped into the following
categories [5]:

e Supply Support

* Test and Support Equipment
» Transportation and Handling
* Personnel and Training

* Facilities

« Data

 Computer Resources

Each of these categories identified are brieflycdbed below.
4.1 Supply Support

Supply support is the generic name, which incluakespares, repair parts, consumables,
special supplies, and related inventories needsdgport the operation and maintenance
processes. Considerations include each operatsbmamtenance task and each
geographical location where spare/repair partsistebuted and stocked; spares demand
rates and inventory levels; the distances betwtmrkiag points; procurement lead times;
and the methods of material distribution.

4.2 Test and Support Equipment

This category includes all tools, special conditionitoring equipment, diagnostic and
checkout equipment, metrology and calibration expaipt, maintenance stands, and
servicing and handling equipment required to suipgdreduled and unscheduled
maintenance actions associated with the systenmodupt. Test and support equipment may
be classified as "peculiar" (newly designed andféthe-shelf items peculiar to the system
under development) or "common" (existing itemsaadiein the inventory).

4.3 Transportation and Handling

This element of support includes all provision, teamers (reusable and disposable), and
supplies necessary to support packaging, preservatiorage, handling, and/or
transportation of system, test and support equipnspares and repair parts, personnel,
technical data, and mobile facilities. In essetius, category basically covers the initial
distribution of products and the transportatiopefsonnel and materials for operation and
maintenance purposes.
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4.3 Personnel and Training

Personnel required for the installation, checkopgration, handling, and sustaining the
maintenance of the system (or product) and itsciestsal test and support equipment are
included in this category. Maintenance personeglired for each operation and
maintenance are considered. Personnel requireraenidentified in terms of quantity and
skill levels for each operation and maintenancetion by level and geographical location.
Formal training includes both initial training feystem/product familiarisation and
replenishment training to cover attrition and replaent personnel. Training is designed to
upgrade assigned personnel to the skill levelnddffor the system. Training data and
equipment (e.g. simulators, mock-ups, and speendcds) are developed as required, to
support personnel training operations.

4 .4 Facilities

This category refers to all special facilities negdor completion of operation and
maintenance tasks. Physical plant, real estatélgerbuildings, housing, intermediate
maintenance ships, calibration laboratories, amgdiapdepot repair and overhaul facilities
must be considered. Capital equipment and usliiieeat, power, energy requirements,
environmental controls, communications, etc.) aneegally included as part of the facilities.

4.5 Data

System installation and checkout procedures, ojperand maintenance instructions,
inspection and calibration procedures, overhautguares, modification instructions,
facilities information, drawings, and specificatiotihat are necessary in the performance of
system operation and maintenance functions araded herein. Such data not only cover
the system but also the test and support equiprtrangportation and handling equipment,
training equipment, and facilities.

4.6 Computer Resources

This facet of support refers to all computer equepband accessories, software, programmes,
tapes, disks, drives, data bases and so on, negésisthe performance of system operation
and maintenance functions. This includes bothraimn assisting and maintenance
diagnostic aids.

5. The Concept of Negative Time in Support

In order to explain the physical meaning of supgaitity, it is necessary to establish the link
between the operational and maintenance procesddgb@additional length of time during
which systems are in NFS. Thus, supportability mamgraphically presented as shown in
Figure 1.

Operational

PES Tasks

Maintenance H
NFS P | e Time

Figure 1.The Concept of Supportability in the bifeEngineering Systems
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Despite this being only an illustrative attemptiedine the concept of supportability, it also
suggests that the capability of an item to be stpdaluring the execution of operational
and maintenance tasks could be numerically definealigh the shaded area. This means
that supportability is indirectly proportional tieet area considered, and that the more
supportable systems have smaller area, and visa.véiris necessary to stress that the size
of the area considered depends on a large numlfectofs, like complexity of design, size,
guantity, and standardisation of all support resesiiaddressed above.

Thus, supportability can be quantitatively exprdsseough the length of time during which
a system is in the NFS and neither operationahmaintenance actions cannot be performed,
due to lack of essential support resources (sparatgrial, personnel, facilities, software,
equipment, tools, and similar).

Experience teaches that the time spend in NFSalpeovision of support resources ,
denoted as TR®as a statistical nature resulting from the valitgland complexity of all
influential factors to the support process. bhisrefore reasonable to say that it is impossible
to give a deterministic answer regarding the addéi length of time during which any
specific item will spend in the NFS. It is onlygsible to assign a probability that it will
happen within a given interval of time, or thatestain percentage of support actions will, or
will not, be completed during a specific time vl

6. Logistics Support Questions

The Logistics management function in any orgarosais fully dedicated towards the
provision of the resources needed for the successifapletion of the tasks within operation
and maintenance process. As such, the logistiagitin is to select, acquire, and deliver the
right resources in the right place at the rightetimased on existing information related to the
system technical effectiveness and the users’ basiplan. Therefore, the main objective of
the logistics function is to provide the most datsory answers to some of the following
questions:

* When hardware should be acquired?

* When spare parts stock should be established?

* When training of operation and maintenance perdasiraild be started?
* When maintenance facilities are going to be needed?

* What is required for operation?

* What is required for maintenance?

* What is required for storage and transportation?

* Where spare parts should be stocked?

« Where maintenance shops should be located?

* Where repair facilities should be set up?

* Who can restore the product?

* Who will operate the product?

e Who will train the personnel?

* How the information to effectively operate the gystcould be obtained?
* How the information to maintain the system couldb&ined?

» How all of this could fit in the budget available?
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Certainly the list of possible questions is mualgler, but those above are representative.
Clearly, logistics management and planning is & déficult and complex function because
resources incur the cost on the one hand, buattkedf them could have a detrimental
impact on the system operational success.

7. Concept of Mirce-mechanics

The development of science started when peoplenbiegstudy phenomena not merely
observing them. People developed instruments arddd to trust their readings, rather than
to rely on their own perceptions. They recordedréseilts of their measurements in the form
of numbers. Supplied with these numbers they bégarek relationships between them and
to write down in the form of formulas. Then therfarlas became the only things they came
to trust when they began to predict things theyc¢toot physically experience.

Consequently, to address functionability questitesauthor established the MIRCE
Akademy in 1999. Staff, Fellows, Members and stislef the Akademy study in-service
behaviour of engineering systems to:

* Physically observe the emerging trajectory of tiegiom of functionability through
the life of engineering systems and to measure gngem-service performance.

» Scientifically understand mechanisms that causenthigon of functionability
through the life of engineering systems, within pigsical scale from 18 to 10°
metre.

* Mathematically define the scheme for the predicbbm-service performance of a
given design-in system, for a given in-service dtols and rules.

A science based body of knowledge, formulated tiincaxioms, formulas, methods, rules
and algorithms for predicting the in-service perfance of future systems, resulting from
their motion through the functionability stateg@spect to time constitutes Mirce-mechanics.

The ability to simultaneously predict the desigritinctionality performance and in-service
functionability performance of future systems idwidamental importance for the engineers,
managers, investors, regulators and other spésialtso are responsible for the satisfaction
of the “human felt needs”, in a reliable, econorharad safe manner, for the future
transportation, communication, defence, energerahment and many other functions
delivered by engineering systems.

8. Probabilistic Motion

The unusual features of the laws of probabilityehawnatural explanation. In fact, most
probabilistic events are results of quite compleygical processes, which in many cases
cannot be studied or understood in all of its @atcy. Such inability takes its toll, as it is only
possible to predict with certainty the average lteafuinumerous identical tests. Thus, for
each functionability event it is only possible malicate its likely outcome.

Probabilistic predictions of the functionabilityajectory are based on the framework of the

sequence of occurrences of Positive and Negatinetleuability Events, whose individual
and cumulative times are measured as shown initjuee=below.
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Based on the Figure 2, the following functions faitly defined:

« Negative Function, &), which defines the probability that tH&NFE will take
place before or at instant of time t is definedhia following way:

N,(t) = P(TNE < 9, i=1,00. 2,

* Positive Support Function,{Jt), which defines the probability that tHePFE,,
will take place before or at instant of time t efided in the following way:

0,,()= P(TPE, < 3, i= 1,00, 3.

« Positive Maintenance Function;(f), which define the probability that th& PFE;;
will take place before or at instant of time t efided by the following expression:

0,(t) = P(TPE,, < 9, i= 1,00 3.

» Probability distribution that defines this eventiriquely determined by the physical
properties of the process that generate positinetionability event (replacement,
repair, calibration, modification and similar) [9].

+ Sequential Negative Functior!, (), which defines the probability that tHe i
sequential NFE will take place before or at instafrtime t, is defined as:

F'(t)=P(TNE < 9, i=100. 4.

+ Sequential Support Functio®,(t), which defines the probability that tHR |

sequential PFE will take place before or at instdriime t: is presented in the
following manner:

O.(t) = P(TPE < ), i=1,00. 5.

Having determined the probability distribution atelgoverning parameters of the times to
subsequent functionability event’s positive andaie®g, it is possible to develop a
mathematical scheme that will provide opportunityptedict the future sequence of
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functionability event’s in general, and supportdypitelevant events in particular, for any
given engineering system.

This is the essence of the Mirce-mechanics, wtithe only theory available to design
engineers to quantitatively predict the consequenétall of their decisions on in-service
behaviour of their future systems.

9. Mirce Supportability Equation

The trajectory of functionability is uniquely dedid by the sequence of functionability
events, from the birth of the system to its decossioning, as defined by equation 1. Thus,
the mathematical scheme that uniquely definesr#jectory of engineering systems through
the support sector of NESlenoted asg(t), is defined as:

n()=P(NFS@ 9= [ ANFS@ }]=> | # TNE )& P TRE )}
i=1 i=1
Making use of equations 3 and 4, the above exmesdifunctionability equation could be
presented in its final form:

N (t) = @(1) — 4,(1) 6.

where:

o(t) = z F'(t) is the expected number of negative functionagbditents that will take place
i=1
from the birth of a system and a given instaniragtt.

HU(t) = ZOL(t) Is the expected number of support related p@sftimctionability events
i=1
that will take place from the birth of a system angiven instant of time t.

The author developed this expression and nameddeMsupportability Equation. It defines
the trajectory of the motion of a engineering systarough a given support process. For
each given instant of time t, the supportabilitya&iipn quantifies the probability of a system
being in support part of the NFS.

The trajectory of the motion of a hypothetical erggring system through a hypothetical
support process is shown in the Figure 2.
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/7] /A / \N_ /7
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Figure 2: Supportability Function for a hypothetibaintainability System
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10. Time in Support

Answers to supportability questions raised eadreruniquely deterring by the length of the
time that engineering systems spend in the NFSiduheir life. Hence, to compare all
possible support policies and strategies it isrggddo quantify their impact on the time that
system will be spending in the NFS should eacheifitis adopted.

Making use of the Mirce Supportability Equationgeeted above, it is possible to calculate
the expected time that system will spend in Nffing a stated interval of time, TIS(t)], for

each possible support policies. The numerical vafube time required is equal to the area

under supportability function within a given intahof time, thus:

TIS(9) :j n( 9 dt 7.

The cumulative time spend in,BS for a hypothetical engineering system through a
hypothetical maintenance process is shown in tgergi3.
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Figure 3: Time in Maintenance of a Hypothetical iBegring System

Several other measures of the motion of a engimgesrstem through support process, which
are essential for the system engineering and mamagedecision making process could be
derived and calculated from the mathematical schenesented.

Analytical solutions for the Mirce Functionabiligquation are seldom possible due to
inability of mathematics to deal with the large henof functions and their interactions.
These types of problems are not specifically reléethe Mirce-mechanics; they are
common to all scientific disciplines of this natuas it is a known mathematical fact that the
integral equations do not have analytical solutip@ls

However, it is necessary to develop computatiorethads to deal with the mathematical
difficulties, as it is unacceptable to simplify elpged reality of system in-service behaviour
in order to cope with mathematical limitations. D[} successfully applied the Monte
Carlo simulation method to this type of computagiooroblems.
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Figure 4: Supportability Trajectory Calculated Aytadally (solid line) and by Monte Carlo
Simulation (dots) for a hypothetical Engineering®yn

11. The Impact of Mirce Supportability Equation on System Engineering and
Management Process

Although science has to be truthful, rather thezfuls Mirce Supportability Equation
presented in this paper provides a tool for supydity and logistics engineers, managers,
technicians and analysts in industry, governmedtanademia to predict the motion of the
future systems through supportability states faheat feasible options, for a given
configurations, in-service rules and conditionspider to manage functionability events in
the way that the functionability performance isiiled through the life of system, at least
investment in resources and environmental imp@be capabilities of accurate predictions
have been anticipated and hoped for during lagea@s among many professionals who
were seeking a seat at the system engineering tatllby defence and aerospace industries.

12. Conclusion

In classical mechanics continuous uniform motioa r&atural behaviour of the macro world
that is fully defined and predictable by Newtontgiations. However, in Mirce-mechanics
continuous and non-uniform change in the functiditglstates is a natural behaviour of
engineering systems during their in-service lif@jck is fully defined and predictable by
mathematical principle of Mirce-mechanics [4].

The main objective of this paper, which was to riedite the boundaries between systems
stays in support part and in maintenance part ef Nt+S and develop a mathematical
equation for predicting the motion of engineeriygtems through support process. The task
has been successfully completed by developing xpeession for the Mirce Supportability
Function. It enables accurate predictions to beenaelgarding the stay of a system in a
support part of NFS, for each maintenance poliay lgistics support strategy identified.
Part of the mathematical scheme of Mirce-mechgmriesented, in this paper, is the scientific
foundation of the Supportability Engineering and ndgement predictions and analysis
regarding the motion of functionability through thiée of engineering system, as an
integrated part of the system engineering procelsgh did not exist thus far.
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Mirce Maintainability Equation

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

Abstract

Scientific principles and concepts expressed thinotlge laws, equations
and formulas are the bedrock for the prediction tbe design-in

functionality performance of any engineering creatiHowever, there is
no equivalent when the in-service maintainabiligyfprmance predictions
have to be made. Hence, Mirce-mechanics has besamted at the

MIRCE Akademy to fulfil the roll. The main purpaxfethis paper is to

present the development of the Mirce Maintainapiiuation that is the
bedrock for all the predictions related to the ntamance process and
related maintenance policies for a given maintaiessystems.

1. Introduction

During the history of civilisation needs for transfing, communicating, navigating and
many others have been satisfied by transpiratiemneunication, navigation and other
human created systems, commonly known as engimegystems. As they are functioning in
accordance to the laws of science, which are inutgrg of time, place and human impact,
their design-in performance, like speed, accel@napower, fuel consumption and many
others, are accurately predictable. [1]

However, experience teaches us that in-servicepeance of these systems is dominated
by phenomena like fatigue, operator induced eramgpsion, creep, foreign object damage,
a faulty weld, bird strike, perished rubber, cagttar icing, to name just a few. These
phenomena generate energy exchanges between systdrasvironment, leading to the loss
of the design-in function or performance. Hencaintaining the design-in performance
beyond the delivery day requires actions like tteslooting, repairs, replacements,
modifications, diagnostics, “cannibalisations” asichilar to be performed. Thus, all human
created collections of entities that are able liveeat least one measurable function whose
functionability is maintained by humans’ actions &nown as engineering systems [2].

Generally speaking, from functionability point aéw, at any instant of time a engineering
system can be in one of the following two statés [3

5. Positive Functionability State, PFS, during whislable to deliver functionality.
6. Negative Functionability State, NFS, during whismbt able to deliver functionality.

The motion of the system through functionabilitgtes is governed by the occurrence of
functionability events, which are classified as:

* Positive Functionability Events, PFE, which cadsetransition from NFS to PFS
* Negative Functionability Events, NFE, which cause transition from PFS to NFS
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Consequently, the life of a engineering systemabel considered as motion of system
through functionability states. The pattern gerestdtty the motion of functionability through
functionability states, in respect to the passddame, forms the functionability trajectory,
which is defined by Mirce Functionability Equatip4].

y(t) =1-¢(t)+ u(t)

where ¢(t) andy (t) are expected number of negative and positive fomability events,
respectively, that will take place from the birthaosystem and a given instant of time t.

However, in this scheme all activities that tak&cpl during the stay of a system in the NFS
are considered together. Mathematically it doesers@se, but a physical analysis of
maintenance and support activities clearly showasttiey are very distinguishable processes.
Hence, the main objective of this paper is to aelte their boundaries and develop a
mathematical equation for predicting the motiomafintainable systems through bad
functionability state due to execution of schedwed unscheduled maintenance actions.

2. The Maintenance Process

The process, during which the ability of the systenperform a function is maintained, is
known asmaintenance procesand it is defined as [3]The set of maintenance tasks
performed by the user in order to maintain the fiomability of the system during its
utilisation.

When analysing the objectives of the maintenanskstgperformed during a maintenance
process, it is possible to classify as following:

* Reduction of the rate of change in conditishich results in the extension of the
length of the operational life of a system. Typiexamples are: washing,
cleaning, painting, filtering, adjustment, lubriicat, calibration, and similar.

» Assurance of the required reliability and safetiiich reduces the probability of
occurrence of failure. The most common activitiéghis kind are: inspection,
detection, examination and testing.

* Provision of the optimal rate of consumptioh the items, like fuel, lubricant,
tyres, and so forth, which contributes to the aeféectiveness of the operation
process.

* Restoration of the functionabilitgf the system, after the transition to theFa
has occurred. The most frequently performed a@dwitin order to restore
functionability are: replacement, repair, refurlongnt, renewal, and so on.

It is necessary to stress that some resourcesemed to facilitate these processes. Most
frequently used resources are spares, materialettgpersonnel, tools, equipment, manuals,
facilities, software, etc. As thee main task ofstheesources is to facilitate the maintenance
process, they will be calledaintenance resourcgf$].
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3. Concept of Maintenance Task

According to Ben-Daya at el 2009, “A Maintenancgkts a set of activities that need to be
performed in a specified manner, usually by humBoidunctionality of the item/system to
be maintained.”

In accordance to the Maintenance Program DevelopBecument MSG-3, revision 2,
published in 1993 [2], maintenance tasks couldategorised in the following categories:

» Servicing: replenishment of consumable fluidsanlag, washing, painting, etc.,

* Lubrication: installing or replenishing lubricant

* Inspection: Examination of an item against ardefiphysical standard

» General Visual Inspection performed to detect obvionsatisfactory conditions.
It may require the removal of panels and accesssgdomrk stands, ladders, and
may be required to gain access.

» Detailed Visual Inspection consists of intensiveual search for evidence of any
irregularity. Inspection aids, like mirrors, spddighting, hand lens, boroscopes,
etc. are usually required. Surface cleaning manehaired, as well as elaborate
access procedure

» Special Visual Inspection: an intensive examinatbapecific area using special
inspection equipment such as radiography, thernpbgradye penetrant, eddies
current, high power magnification or other NDT.akbrate access and detailed
disassembly may be required.

* Check: a qualitative or quantitative assessmefiraftion

« Examination: a quantitative assessment of one/fum&ions on an item to
determine if it performs within acceptable limits.

e Operational: a qualitative assessment to deterthareitem is fulfilling its
intended function. It does not require quantitatiderances.

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

» Discard: removal of an item from service.

It is necessary to stress that some resourcesacked to facilitate the successful completion
of the maintenance task. As the main function eéresources is to facilitate the
maintenance process they will be called maintenegs@aurces. The resources needed for the
successful completion of every maintenance taskddee grouped into following

categories:

* Maintenance Personnel, MP: a generic name foradsamd qualified humans
required for the installation, checkout, handliagg sustaining maintenance of the
item/system and its associated test and suppoipraguat are included in this
category.

* Maintenance Material, MM: a generic name whichudels all spares, repair items,
consumables, lubricants, special supplies, anteckiaventories needed for the
execution of a maintenance task;

* Maintenance Test and Support Equipment, MTE: amgename for all tools, special
condition monitoring equipment, diagnostic and ¢&heat equipment, metrology and
calibration equipment, maintenance stands andgegvand handling equipment
required for the execution of a maintenance task
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« Maintenance Facilities, MF: a generic name for all facilities needed for completion of
maintenance tasks, such as buildings, portable repair shops, inspection pits, dry
dock, housing, maintenance shops, calibration laboratories, and special repair and
overhaul facilities

* Maintenance Data, MD: a generic name for all neargsS®chnical information
required for check-out procedures, maintenanceertggn and calibration procedures,
overhaul procedures, modification instructionsijlits information, drawings and
specifications that are necessary in the performansystem maintenance functions.

At the same time it is important to stress thahdask is performed in a specific working
environment that could make a significant impacti@quality of the execution of each task.
The main environmental factors could be groupefbliswys:

» Space impediment (which reflects the obstructiomsased on maintenance
personnel during the task execution which requitem to operate in restricted
positions)

» Climatic conditions (rain/snow, solar radiationnidity, temperature, and similar
situations, which could make a significant impactloe task completion.

e Platform on which maintenance task is performeaftof the ship/submarine, space
vehicle, off-shore platform and similar).

4. Measures of Maintenance Task

Like all other physical phenomena that have to basured in order to be understood, a
maintenance task has to be measured. For thatgmjriioezevic 1997 created the concept of
the Duration of a Maintenance Task, DMT, and asdedimeasures of a maintenance task,
thus:

« Maintainability Functiondenoted as M(t), represents the probability thatnhaintenance
task considered will be successfully completed teeéw at the specified moment of
elapsed time t, thus:

M (t) = P(DMT < 1) 1.

» Percentual Duration of Maintenance Task, DyWEpresents the duration of a
maintenance task by which a given percentage afiter@ance tasks considered would be
successfully completed. It is the abscissa of thetpvhose coordinate presents a given
percentage of task completion. Mathematically, Man be represented as:

DMT, =t, for which,M ¢)=P DMT< t)= p 2.

The most frequently used is DiMifieasure is DMdp time which presents the duration of
the restoration time by which 90 percent of maiatere trials will be completed, thus:

DMT,, =t, for which,M ¢)=P DMT< t)= 0.¢

« Expected Duration of a Maintenance Task, denotdd@BIT, represents the expectation
of the random variable DMT, which can be used #&cwalating this characteristic of a
maintenance process, thus:
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E(DMT) = MDMT = T[l— M(1)] dt 3.

It is necessary to stress that above presentedunesasf maintenance tasks that are related to
the maintenance tasks that are completed withaoltsfar errors during their executions.

5. Measures of Maintenance Process

In literature, maintainability is defined as alyilaf a system to be maintained, which refers
to ease, accuracy, safety and economy of the peaface of maintenance actions. However,
maintainability measures used in literature arateel to specific maintenance task related to
the individual items, Mean Corrective maintenancef Mean Preventive maintenance time,
Maximum Active corrective maintenance time and &nm5].

In order to address the motion of functionabillyaugh the life of maintainable systems it is
necessary to embrace all maintenance tasks togatherespective which one tasks is
question, the system is in NFS. Thus, in Mirce-na@@ts the maintainability of maintainable
systems is measured through the time that systemdspn BFS due to execution of
maintenance tasks during a given interval of indsertime.

6. Concept of Mirce-mechanics

The development of science started when peoplenbegstudy phenomena not merely
observing them. People developed instruments arddd to trust their readings, rather than
to rely on their own perceptions. They recordedréseilts of their measurements in the form
of numbers. Supplied with these numbers they bégarek relationships between them and
to write down in the form of formulas. Then therfarlas became the only things they came
to trust when they began to predict things theyc¢toot physically experience.

Consequently, to address functionability questitesauthor established the MIRCE
Akademy in 1999. Staff, Fellows, Members and stislef the Akademy study in-service
behaviour of engineering systems to:

* Physically observe the emerging trajectory of tiegiom of functionability through
the life of engineering systems and to measure ginggem-service performance.

» Scientifically understand mechanisms that causentbigon of functionability
through the life of engineering systems, within pigsical scale from 1 to 10°
metre.

« Mathematically define the scheme for the predicbbm-service performance of a
given design-in system, for a given in-service c¢towls and rules.

A science based body of knowledge, formulated thincaxioms, formulas, methods, rules
and algorithms for predicting the in-service pemiance of future systems, resulting from
their motion through the functionability stateg@spect to time constitutes Mirce-mechanics.

The ability to simultaneously predict the desigritinctionality performance and in-service

functionability performance of future systems idwidamental importance for the engineers,
managers, investors, regulators and other spésialtso are responsible for the satisfaction
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of the “human felt needs”, in a reliable, econorharal safe manner, for the future
transportation, communication, defence, energyerahment and many other functions
delivered by engineering systems.

7. Probabilistic Motion

The unusual features of the laws of probabilityehawnatural explanation. In fact, most
probabilistic events are results of quite compleygical processes, which in many cases
cannot be studied or understood in all of its @atcy. Such inability takes its toll, as it is only
possible to predict with certainty the average lteasfuinumerous identical tests. Thus, for
each functionability event it is only possible malicate its likely outcome.

Probabilistic predictions of the functionabilityajectory are based on the framework of the
sequence of occurrences of Positive and Negatinetleuability Events, whose individual
and cumulative times are measured as shown initjuee=below.
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Based on the Figure 2, the following functions faitly defined:

« Negative Function, &), which defines the probability that tH&NFE will take
place before or at instant of time t is definedhia following way:

N,(t) = P(TNE < 9, i=1,00. 2,

* Positive Support Function,{t), which defines the probability that tHePFE,,
will take place before or at instant of time t efided in the following way:

0,,(t)= P(TPE, < 3, i=1,00. 3.

« Positive Maintenance Function;(f), which define the probability that th& PFE;;
will take place before or at instant of time t efided by the following expression:

0,.(t) = P(TPE,, < ), i=1,00. 3.

» Probability distribution that defines this eventiriquely determined by the physical
properties of the process that generate positinetionability event (replacement,
repair, calibration, modification and similar) [9].
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+ Sequential Negative Functior, (®, which defines the probability that tHe i
sequential NFE will take place before or at instafrtime t, is defined as:

F'(t) =P(TNE < 9, i=100. 4.

+ Sequential Support Functio®,(t), which defines the probability that tHR |

sequential PFE will take place before or at instdriime t: is presented in the
following manner:

Ol(t)=P(TPE < ), i=1,00. 5.

Having determined the probability distribution atelgoverning parameters of the times to
subsequent functionability event’s positive andaie®g, it is possible to develop a
mathematical scheme that will provide opportunityptedict the future sequence of
functionability event’s in general, and supportiyitelevant events in particular, for any
given engineering system.

This is the essence of the Mirce-mechanics, wtadhe only theory available to design
engineers to quantitatively predict the consequenéall of their decisions on in-service
behaviour of their future systems.

8. Mirce Maintainability Equation

The trajectory of functionability is uniquely deéid by the sequence of functionability
events, from the birth of the system to its decossimoning, as defined by equation 1. Thus,
the mathematical scheme that uniquely definesrjectory of maintainable systems
through the maintenance sector of NFS, denotey,(@s is defined as:

n,()=P(N,FS@ 9=>"[ A N,FS@ }]=Y | # TP )t P TP )|
i=1 i=1
Making use of equations 3 and 4, the above exmnesgifunctionability equation could be
presented in its final form:

n(1) = 4(1) () 6.
where:

MU (1) = ZO‘S(t) Is the expected number of support related funetidity events that will
i=1
take place from the birth of a system and a giwnstaint of time t.

Mo () = Zo‘m(t) is the expected number of maintenance relatedtiumability events that
i=1
will take place from the birth of a system and\aegiinstant of time t.

The author developed this expression and namedcceNVaintainability Equation. It
defines the trajectory of the motion of a mainthieasystem through a given maintenance
process. For each given instant of time t, the tamability equation quantifies which
quantifies the amount of certainty of a given maimable system being,BS.
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The trajectory of the motion of a hypothetical mainable system through a hypothetical
maintenance process is shown in the Figure 2.
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Figure 2: Maintainability Function for a hypothetidMaintainability System
9. Time in Maintenance

Answers to maintainability questions raised eadier uniquely deterring by the length of the
time that maintainable systems spend in the NFfgineir life. Hence, to compare all
possible support policies and strategies it isrdgddo quantify their impact on the time that
system will be spending in the NFS should eaclheifrtis adopted.

Making use of the Mirce Maintainability Equatiorepented above, it is possible to calculate
the expected time that system will spend B during a stated interval of time, TIM(t)],

for each possible maintenance policy and strat€gg.numerical value of the time required
is equal to the area under maintainability functathin a given interval of time, thus:

TIM (t) :jnm(t)dt 7.

The cumulative time spend in,BS for a hypothetical maintainable system through a
hypothetical maintenance process is shown in tgergi3.
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Figure 3: Time in Maintenance of a Hypothetical Mainable System
Several other measures of the motion of a mainérsystem through maintenance process,
which are essential for the system engineeringnaailagement decision making process
could be derived and calculated from the mathemlagicheme presented.

Analytical solutions for the Mirce Maintainabiligquation are seldom possible due to
inability of mathematics to deal with the large rhenof convolution functions and their
interactions. These types of problems are not palty related to the Mirce-mechanics;
they are common to all scientific disciplines abthature, as it is a known mathematical fact
that the integral equations do not have analysoaitions. [7]

However, it is necessary to develop computatiorethids to deal with the mathematical
difficulties, as it is unacceptable to simplify elpged reality of system in-service behaviour
in order to cope with mathematical limitations. D[# successfully applied the Monte
Carlo simulation method to this type of computadiigoroblems.
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Figure 4: Maintainability Trajectory Calculated Ayizcally (solid line) and by Monte Carlo
Simulation (dots) for a hypothetical Maintainablgstem
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10. The Impact of Mirce Maintainability Equation on System Engineering and
Management Process

Although science has to be truthful, rather thesfuls Mirce Maintainability Equation
presented in this paper provides a tool for manataility engineers, managers, technicians
and analysts in industry, government and academpaedict the motion of the future
systems through maintainability states for eacfeasible options, for a given configurations,
in-service rules and conditions, in order to marfagetionability events in the way that the
functionability performance is delivered througk the of system, at least investment in
resources and environmental impact. The capa&sildaf accurate predictions have been
anticipated and hoped for during last 50 years anmany professionals who were seeking a
seat at the system engineering table, led by defand aerospace industries.

11. Conclusion

In classical mechanics continuous uniform motioa rstural behaviour of the macro world
that is fully defined and predictable by Newtontgiations. However, in Mirce-mechanics
continuous and non-uniform change in the functiditglstates is a natural behaviour of
maintainable systems during their in-service hibjch is fully defined and predictable by
mathematical principle of Mirce-mechanics [4].

The main objective of this paper, which was to redite the boundaries between systems
stays in support part and in maintenance part ef NS and develop a mathematical
equation for predicting the motion of maintainablestems through maintenance process.
The task has been successfully completed by dewglofhe expression for the Mirce
Maintainability Function. It enables accurate poéidns to be made, regarding the stay of a
system in a maintenance part of NFS, for each maamce policy and logistics support
strategy identified. Part of the mathematical soheyh Mirce-mechanics presented, in this
paper, is the scientific foundation of the Maintdility Engineering and Management
predictions and analysis regarding the motion ofcfionability through the life of
maintainable system, as an integrated part of yees engineering process, which did not
exist thus far.
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Mirce-mechanics Analysis of Forward Visibility Lossof ATR 72
Caused by the Sea Salt Accretion on Front Windscree

Dr J. Knezevic
The MIRCE Akademy, Exeter, UK

Abstract

Mirce-mechanics is a scientific theory of the motd a system through
functionability space in time, which enables evatraof Mirce Equations.
Hence, the main objective of this paper is to preiee Mirce-mechanics
based analysis of the scheduled passenger flight carried out a go-
around from its first approach to Cork Airport (EK) in stormy weather,
due to a significant increase in indicated airspeadshort final. The
aircraft then positioned under radar control forsacond approach to the
same runway, which brought it south of Cork airpoftse to the coast
and at times over the sea. During this time a negdtinctionability event
took place, which was manifested as a thick layeea salt formed on the
front windscreens, totally obscuring the Flight @ts forward visibility.

As it was not possible to acquire the necessanaVieferences for
landing, another go-around was necessary. To tmetarn the aircraft
into positive functionability state, the Flight Qvdlew the aircraft to
areas of shower activity and a small portion of @@nmander’'s
windscreen was cleared and enabled a successfdirignn the third
attempt.

1. Introduction

Aerospace Engineering is one of the major branohesgineering that is concerned with the
application of the science and technology to reseatesign, development, construction,
testing, of aircraft and spacecraft. Aerodynamidsich is the bed rock of aerospace
engineering, is concerned with studies of the nmotibair, particularly when it interacts with
a solid object, such as an airplane wing. Formaddygamics study in the modern sense
began in the eighteenth century, although obsemsitof fundamental concepts such as
aerodynamic drag have been recorded much earlest & the early efforts in
aerodynamics worked towards achieving heavier-tiaflight, which was first
demonstrated by Wilbur and Orville Wright in 19@3nce then, the use of aerodynamics
through mathematical analysis, empirical approxiomst, wind tunnel experimentation, and
computer simulations has formed the scientific ©&si ongoing developments in heavier-
than-air flight and a number of other technologies.

While, aerodynamics is the scientific foundatiortled functionality performance of aircratft,
Mirce-mechanics: is a scientific theory of the bebrof systems in service that enables
predictions of the functionabilifyperformance. Its axioms, mathematical formulakes and
methods enable predictions of a system’s measufaid¢ionability performance data, like
reliability, punctuality and others to be made wptlobabilistic regularity. [1]

* Functionability, n, ability of being functional,iézevic, J., Reliability, Maintainability and Supbility — A
probabilistic Approach, Text and Software packame,291, McGraw Hill, London 1993. ISBN 0-07-7076®1
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From the Mirce-mechanics point of view, at anyanstof time a system can be in one of the
following two functionability states [2]:

« Positive Functionability State (PFS) is the statevhich a system is being able to
deliver functionality (function, performance antridutes)

* Negative Functionability State (NFS) is the statevhich a system in not being able
to deliver functionality.

Consequently, the life of a maintainable systemdbe considered as motion of system
through functionability states, which is governgulibe occurrence of functionability events,
which are classified as:

» Positive Functionability Events (PFE) which cause ¢hange of transition from NFS
to PFS

* Negative Functionability Events (NFE) which cause transition from PFS to NFS

The main objective of Mirce-mechanics is the safentinderstanding of the physical
mechanisms that generate positive and negativeifuadility events, resulting from atomic,
environmental or human actions. Hence, this pagdresses the mechanisms that caused
the occurrence of NFE that manifested loss of foaésibility of ATR 72, during the flight
from Manchester (UK) to Cork (Ireland) off' danuary 2014 together with mechanism that
caused the occurrence negative and positive furetitity events.

2. Mirce-mechanics Data Information

The flight considered in the paper was operatedrayoriginated from Manchester airport in
UK, on scheduled passenger service to Cork infte(&ICK), with 46 passengers and 4
crew members on board, on 2 January 2014

2.1 The aircraft

The aircraft that was serving this flight was Irrglgistered ATR 72-212A. It is a twin-engine
turboprop short-haul regional airliner built by theench-Italian aircraft manufacturer ATR.
It accommodates 50 passengers in a single-clasgeaation, and is operated by a two-pilot
crew.

It is power by two turboprops engines of the typé1R27F, manufactured by Pratt &

Whitney Canada. It is relatively unusual threefisbagine configuration where a centrifugal
LP impeller, driven by a single stage LP turbinggercharges a centrifugal HP impeller,
driven by a single stage HP turbine. Power is @edd to the offset propeller reduction
gearbox via a third shaft, connected to a 2-stegge (power) turbine. The engine first entered
service in 1984.

The aircraft considered entered into service in720@h a serial number of 748.
According to the ATR 72 Flight Crew Operating Mahtlee rain removal from the front
windscreens is provided by two wipers, each of Wihscdriven by a two-speed electric
motor. The maximum speed for operation of the vaperl60 kts. There is no windscreen
washer facility installed.
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The front windscreens are each protected agaiagormation by an electrically heated
transparent film, incorporated between two plieglaés. The temperature is controlled by an
electronic controller which keeps the outer windsartemperature above 2°C. The inner
surface remains above 21°C to prevent mist format@ch front windscreen has an
individual on/off push button for heating control.

2.2 The Flight Crew

The commander of this flight was 40 year old fenveilla 5,036 flying hours, of which 4,750
were on this type of aircraft, with an ATPL5 pilatence issued by the Irish Aviation
Authority (IAA). [3]

The first officer was a male with less flying hotinan the commander.
2.3 The Weather Conditions

Met Eireann, meaning "Meteorology of Ireland",lig hational meteorological service in
Ireland, which is a part of the Department of tm¥iEonment, Community and Local
Government, provided the meteorological situatiotha time. It was a deep depression of
947 hPalo tracked close to Ireland’s west coasbdstuded front had cleared the area and
was followed by a very strong, unstable, showeswflvith embedded trough lines.

Surface winds at EICK were 220°, 25-30 kts withtgus 45-50 kts. The winds at 2,000 ft
were 230°, 60 kts. Visibility was 15 to 20 km. Thaface temperature was 8°C and the dew
point was 3°C. The mean sea level pressure wasiP#7

Significant Meteorological Information, SIGMET, asweather advisory that contains
meteorological information concerning the safetwlbfircraft has been issued a number of
Local Warnings for the relevant timeframe.

The Local Warning for EICK for the time period betwn 21.00 hrs on 2 January and 11.00
hrs on 3 January forecast southerly winds of mariwalues between 40 and 45 kts
becoming south south-westerly 25-30 kts, maximurb@kts between 23.00 hrs and 01.00
hrs. There was also a wind-shear warning issueB oK.

3. The First Functionability Event

The aircraft made an initial approach to the runviRlWY 25, at EICK at 22.29 hrs. The
Flight Crew expected, from their weather briefingstrong south-westerly winds. Based on
the information provided by the Tower that the wimas from 230°, 29 knots (kts) gusting to
44 kts., the commander decided to go-around, stdedy increase in indicated airspeed on
final approach. The Air Traffic Control, ATC, agted the decision and at 22.34 hrs, issued
instruction to the commander to maintain the runiwegding and to climb to 3,000 feet. The
Flight Crew responded by the confirmation that thegnd to make a second approach to
RWY 25. This was acknowledged by ATC, and instactivas issued to turn left onto a
heading of 180°, which brought the aircraft ontceasterly track to the south of EICK, close
to the coast and at times over the sea. [3]

4. The Second Functionability Event
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At 22.43:14 hrs, ATC provided EI-REL with its fimaéctor; turning left onto a heading of
280° to intercept the radial and cleared it forgbeond approach to RWY 25. A wind check
passed by ATC at this time was 220°, with a meaedpf 28 kts and a maximum reaching
up to 41 kts.

At 22.44:16 hrs, the crew confirmed that they westablished on the inbound course to land.
However, a few moments later, as the Flight Crew ready to make the final approach, the
Commander experiencégroblem with the windscreens[3] The Commander explained

that it was impossible to see anything throughvtmelscreens and that something had totally
blurred her vision through the windscreens durhmgpreparation for the second approach.
She suspected that the aircraft may have flowrugiresome substance since the first
approach and she enquired from ATC whether theg &efare of any major fires in the area
“because it seems to be like smoke on the frotiteofvindscreen that’'s sealed and dried in.
The wipers aren’t taking it off.” Theeply from ATV was negative. [3] Three minutes fate
EI-REL advised ATC that they will aboard this langliattempt.

The next communication between the Flight CrewthedATC was at 22.52 hrs, when the
Tower was informed by EI-REL that they were goinguand. ATC instructed them to climb
to 3,000 ft and requested information regarding&liCrew intentions. EI-REL was then
transferred back to the Cork Approach frequency.

ATC instructed EI-REL to climb to 4,000 ft and vexad them initially towards the north-
west because an Airbus A321 was inbound from teefeaan approach to RWY 17.

To deal with this negative functionability evenatitause the delay in landing due to loss of
visibility of the front windscreen the Flight Crawade contact by mobile phone with their
engineering staff on the ground at the Cork Aitpor

5. The Third Functionability Event

At 23.09 hrs, the Flight Crew asked about the vand runway condition at Shannon (EINN),
which was their alternative airport, as commanaescdbed the problem with following
words*l can’t see out the windscreen.” [3]

At 23.15 hrs, the commander reported that lookiniger weather radar it looked like that
there was a weather cell ten miles straight ah®hd,requested the permission to maintain
the current heading (330°) in anticipation tt@dssibly the rain in that cell might help clear
the windscreeri3]. She continued that their intention is to ftythe edge of the cell and
hope that the rain would wash the contaminationasfat that time they could see nothing.

In response the ATC informed EI-REL of a similguation in Shannon a couple of weeks
earlier in high winds which turned out to be a fitfisea salt on the windscreen. The
Commander informed ATC that they learned, the ftbenphone conversation with the
engineering staff on the ground, that the sameythad happened to a company’s other
aircraft that evening but that obviously it wasastbad for them

Between 23.16 hrs and 23.26 hrs, ATC assisted El\RiEh all requested heading changes
in the area of the shower activity while the aifcraaintained 4,000 ft. During this time, a
“3 inches wide and 1 inch high”[3] area at the base of the commander’s windscre
cleared, through which was possible to see theayn However, the First Officer had no
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visual reference to the runway. ATC also infornB#€REL that the crew of the A321 which
had just landed believed that a film on the outsineir windscreen was sea salt.

At 23.27 hrs, ATC informed EI-REL that they could $een from the Tower and that all of
the runway lights will be put on to full brightnesshelp them to identify the airport. EI-REL
reported that they could see the runways and réggiesdescent for an approach onto RWY
25. ATC provided vectors for a procedural VOR apgtoto RWY 25.

Finally, at 23.30 hrs, the Commander requestethifire services to be put on standby.
ATC responded that all emergency services areampdtsition. Following the approach
briefing, the Flight Crew commenced an approaBat2 hrs. As they approached the
runway, the aircraft entered a rain shower whiathier cleared the windscreen. The aircraft
landed safely on RWY 25 at 23.54 hrs, some 90 ragbehind schedule.

6. Post Flight Serious Incident Investigation

In accordance with Annex 13 to the Convention darlmtional Civil Aviation, Regulation
(EU) No 996/2010 and the provisions of S.I. No. 46@009, the Chief Inspector of Air
Accidents on 3 January 2014 appointed Mr Thomaht®} as the Investigator-in-Charge
to carry out an Investigation into this Seriousidient and prepare a Report for ATR 72-
212A, EI-REL [3]. The analysis presented below amty based on this Accident Report.

6.1 Functionability Analysis of the ATR-72 EI-REL

Irish Air Accident Investigation Unit for the Sets Incident learned from the Commander
that while they were making the second approadvofeiderable build-up of white
contamination forming on the windscreen.” Initialtiie Flight Crew had no idea what was
causing the build-up but later they learned thatas a sea salt residue caused by the stormy
weather. Both crew members confirmed that thecgaitamination had created a thick
opague layer and that it was impossible to makermitunway as the residue had the effect
of diffusing the lights into a complete blur. Ther@mander stated that:

* “It looked like a frosted glass windscreen.”

e “The windscreen wipers had no effect in clearing tbsidue since it was so dry, as
the front windscreens were heated to prevent icestion, which further exacerbated
the problem in that, as the salt built up, it dréedi became more opaque”.

The Commander described how the weather radar lveagirsg evidence of showers and
cells on the periphery of the Cork control zonentte the request for the clearance from
ATC to fly towards them in an effort to clear thendscreen was made. It was confirmed
that by flying towards the edge of the cells, @t of the contamination on the base of the
windscreen became clear. However, the First Ofoen noticed that the salt residue was
reforming on his side. The Commander stated thétexs was not much moisture in the
weather cells and as the salt residue was thicldaed out, they were unable to completely
clear the windscreen but the visual reference mavety became possible on her side through
a small gap at the base of the windscreen. Sinttegapoint EI-REL had 1 hour 20 minutes
fuel endurance remaining, the decision was madattempt the third approach to RWY 25
at EICK while still having sufficient fuel to, ifecessary, divert and try to land at EINN
without reaching the final reserve fuel figure. T@mmander was also conscious that the
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conditions at EINN were approaching maximum croesi&iacross a wet runway and she
was reluctant to attempt a landing in such conalétivith an obscured windscreen.

In response to specific questions, the Commandi®the Investigation that the aircraft was
not in cloud but was flying through apparently claa when the salt accretion began to
become visible. There was no evidence of icinghewindscreen just before the salt
deposits appeared. It is possible that the hemitediscreen exacerbated the problem by
drying the salt and enabling a thick layer to foAtso it was confirmed that even when the
aircraft climbed to a higher altitude in the efftotfly into cloud cells to clear the windscreen,
salt accretion continued. The Flight Crew attemptedear the windscreen by using the
wipers when they initially saw the contaminatioarsto build up. At that point they were
unaware of what it might be and thought that itilddae moisture or condensation. They also
used the wipers during the time that they flew talgahe rain showers, but with only very
limited success.

6.2 Functionability Analysis of the ATR-72 EI-REI

Another of the Operator's ATR 72 aircraft, EI-REas also affected by sea salt
contamination in a similar timeframe to EI-REL. Hever, the effects were less severe and
the aircraft landed on RWY 25 at 22.45 hrs fronfirst approach. This aircraft had been
approaching EICK from a northerly direction andid not fly over the sea at low level.

The Commander of the EI-REI stated that neithendrehe First Officer noticed any salt
accretion on the windscreen until about two minief®re establishing on the VOR
approach (VHF Omni Directional Radio Range) in V81 isual Meteorological
Conditions). Before that, they had been vectordd anight base for RWY 25. They had
been in visual contact with the lights of Cork atyd EICK from 15 to 20 miles away and
they did not encounter any icing conditions.

However, the commander recalled that the airctadt frobably been heading south at a
speed of 180 kts when they first noticed the saitetion, which seemed to be a fast and
invisible process. Although the aircraft was VM@gdo the level of turbulence and the type
of approach (VOR) being carried out, the FlightWssfocus was on their instruments rather
than on the outside.. He felt that the salt aceneticcurred during a few minutes, turning the
windscreen condition from clear to a blur. The KiGrew tried to clear the windscreen
using both wipers, but t@bsolutely no effect’[3]

6.3. Functionability Analysis of the Airbus A321 FHght Crew

The investigation found that there was the thirdraft which reported windscreen
contamination on the same evening. This was anu8i&B21 which landed on RWY 17 at
23.13 hrs. The Flight Crew of the A321 was awarBIeREL'’s situation and, after parking,
commented to ATC that they had a powdery dustytanbe on their windscreens and that
“you could write your name on it"[3]

The Flight Crew stated that the substance did fiettaheir visibility during the final
approach, but that it became noticeable in theiteinighting when they parked the aircraft.
Later, they informed the Tower that they thouglet $hhbstance was sea salt. This aircraft had
not flown over the sea at altitudes below approxatys8,000 ft during its approach.
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6.4 Another Instance of Visibility Loss through Wirdscreen

Another case of sea salt accretion on an ATR 72expsrienced during stormy weather in
January 2015. In this case, the aircraft was unaldknd at Dublin from two approaches due
to out-of-limits crosswinds. The Commander repotteat on his second approach, there was
a light layer of salt on both front windscreensdaling a downwind flown at 3,000 ft.

The resulting functionability action was that thigtit was diverted to Belfast International
Airport (EGAA). The Commander reported thatith one mile to go to on finals, he was
unable to see the runway because of the salt dspd8] The problem was solved by
raising his seat and moving his head to make @utiuhway through a small area near the
top of the windscreen.

This event occurred during daylight, in severe tighce and winds gusting above 50 kts.
6.5 Civil Aviation Authority Instigations

The Investigation made enquiries through the ButBBaquétes et d’Analyses pour la
Sécurité de I'Aviation Civile (BEA), the civil aviemn safety investigation authority of
France, as to whether any instances of sea saéiteston aircraft windscreens were known
to them.

The BEA confirmed that no such occurrences werechit their files and that furthermore,
no similar events were contained in the databaks#®@ircraft manufacturers, Airbus and
ATR.

7. Consequential Safety Actions

Following discussions with the Air Accident Invegttion Unit regarding the functionability
event analysed in this paper, the Operator issuddjlat Crew Instruction (FCI) on Sea Salt
Aerosol Accretion. This FCI contains general infatian on the generation of sea salt
contamination, similar to the information containedhe Report [3].

Also, Flight Crews are reminded that, in the ewdrgxperiencing contamination leading to
degradation of visibility through the windscreeraofaircraft, it may be necessary to fly
through precipitation prior to conducting a landing

The Investigation [3] considers that, given thétyaof this type of event, no specific Safety
Recommendations are warranted other than a gemeng of awareness through the
publication of this Report.

8. Analysis of Dangerous In-service Conditions Du® High Concentration of Sea Salt
The existing research literature [4-13] identif@eral major contributing factors which can
potentially generate a dangerous operating enviemmue to the presence of a high
concentration of sea salt aerosol in the atmosplBaeerally speaking, the following factors
contribute to such an environment:

* A large difference between the sea surface temyrerand the air
temperature, particularly with warm water and caild Along with this, large
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horizontal temperature gradients within the ocggrear to contribute
significantly.

» High surface wind speeds, approximately in excéS®an/s. Also, together
with wind speed, large distance of fetch and loagaton of continued high
wind speeds are important. Although it is diffictd specify exact values,
500 nm and 48 hours would seem to reasonable 8gure

* Relative humidity at or above 80%.
» Lack of precipitation, particularly in ambient é@mperatures near 0°C.

» Height of the Marine boundary layer. However, tightsalt environment will
not extend above a well-defined boundary layer.

In is necessary to stress that:

» if several of these conditions prevail in a givewieonment, the likelihood of
high sea salt aerosol concentration existenceiatseases.

« the combination of several of these parametersizate a synergy allowing the
production of excessive salt aerosols at the sardad their subsequent transport
to altitudes which would not normally be reached.

» precipitation will very effectively remove salt piates from the atmosphere, even
in the presence of large vertical mixing velocitibangerous concentrations of
sea salt aerosol are not anticipated above 5,0d0édtto dilution and settling.

9. Conclusion

Since aircrafts perform the main function withirasbsphere (lower 20 km of the Earth’s
atmosphere) which shares enormous are with thene@al seas it is inevitable that this
complex interaction will generate negative functibitity events that could have a
significant impact on the safety of flights. Heniteés necessary to establish a scientifically
based relationship between these interactive elenoématural environment in respect to the
behaviour of systems in service and their consdgpldanctionability performance.

The paper presented used principles of Mirce-mackdor the analysis of the system in
service functionability phenomena, which in thipg@awas the loss of visibility in the front
windscreen. This negative functionability evens baen generated by the complex
interactions between: sea salt, dry and heatedseredn during the final approach to landing,
and the wind speed of 25-30 kts with gusts of 4%t80 However, the occurrence of this
event has generated a need for the further reseanands understanding the physical
mechanism of sea salt accretion on front windscodetircrafts, as well as the necessity of
addressing this functionability phenomenon durimgaircraft design in general and
considering installation of some sort of windscreeshing capabilities.

Finally, the occurrence of the positive functiondypievent, which in this case was the flight
through the rain cell which cleaned the part ofilredscreen and enabled safe landing was
addressed. \it is necessary to stress that thereooe of this event resulted from the
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“lateral” thinking of the commander of the EI-RELhis clearly illustrates the necessity of
addressing in service behaviour of systems duhieglesign stages of their development,
uniquely promoted by Mirce-mechanics.
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Aircraft Ground Icing and De-icing Processes as
Mechanisms of the Motion in Mirce-mechanics

Dr Jezdimir Knezevic
The MIRCE Akademy, Exeter, UK

Abstract

Mirce-mechanics is a scientific theory of the motd in-service systems
through Mirce Spacetime that enables predictiothefwork done by them
to be made by using Mirce Equations. Practical aggtions of Mirce-
mechanics are possible only, when the physical amesims that generate
the motion of systems through positive and negatates of Mirce
Spacetime are understood. The mechanism of icdibgibn an aircraft
on the ground is addressed in this paper, as acafi®ccurrence of a
negative in-service event. It is generated undetage environmental
conditions when precipitation falling onto the amét freezes, mainly on
upper surfaces of the wing and tail, endangerirgftight safety. This
type of negative events is followed by de-icingaineraft at the airport,
as a physical mechanism that causes the transiti@m aircraft from the
negative to the positive in-service state. Sewvdealcing methods are
presented in this paper and their impact on airteafd environment
analysed from Mirce-mechanics point of view.

1. Introduction

Aerospace Engineering is one of the major branohesgineering that is concerned with the
application of the science and technology to reseatesign, development, construction,
testing, of aircraft and spacecraft. Aerodynamidsich is the bed rock of aerospace
engineering, is concerned with studies of the nmotibair, particularly when it interacts with
a solid object, such as an airplane wing. Formaddignamics study in the modern sense
began in the eighteenth century, although obsemsibf fundamental concepts such as
aerodynamic drag have been recorded much earliest & the early efforts in
aerodynamics worked towards achieving heavier-tiafiight, which was first
demonstrated by Wilbur and Orville Wright in 19@3nce then, the use of aerodynamics
through mathematical analysis, empirical approxiomat, wind tunnel experimentation, and
computer simulations has formed the scientific ©&si ongoing developments in heavier-
than-air flight and a number of other technologies.

While, aerodynamics is the scientific foundatiorthe functionality performance of aircraft,
Mirce-mechanics is a scientific theory for the roatbf in-service systems through Mirce
Spacetime. Its axioms, mathematical formulas, rafesmethods enable predictions of the
work done by the system on one hand and the warnk da the system, to keep it going, on
the other.

From the Mirce-mechanics point of view, at anyanstof time a system can be in one of the
following two states of the functionability spacy:[

* Positive State (PS) is the state in which a sys$doeing able to deliver functionality
(function, performance and attributes)
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* Negative State (NS) is the state in which a systenot being able to deliver
functionality.

Consequently, the in-service life of a maintainaystem could be considered as motion of
system through functionability states, which is @med by the occurrence of functionability
events, which are classified as:

« Positive Events (PE) which cause the change o$itian from NS to PS
* Negative Events (NE) which cause the transitiomffeS to NS

Humans’ ability to travel by air in winter is hebvdependent on de-icing process , which
started in 1920s when airplanes used to be dewdbda rope, tied knots in it, dragged it
over the wings to regain their flight worthinessday, it is routine process repeated
hundreds of times a day during the winter montles.example, the United Airlines despatch
team at the Chicago O’Hare airport in 2011 de-it2@00 airplanes and about 14,000 in the
2012. Hence, the total number of aircraft de-icg@lboperators on all the world airports is
measured in millions.

The deadly crash of Air Florida Flight 90 in Wadition D.C. in January of 1982 was a harsh
reminder of the importance of proper de-icing. $#yight people died when the Boeing
737 lost altitude, struck a crowded bridge, anchged into the icy Potomac River. The plane
had been de-iced, but with the wrong chemical magether with delays brought on by
heavy snow allowed new ice to coat the wings.

Consequently, the main objective of Mirce-mecharsdbe scientific understanding of the
physical mechanisms that generate positive andtinegavents, resulting from atomic
processes, environmental impacts or human actibnthis paper a physical process of ice
formation of aircraft surfaces and its removal Wil addressed. Ice builds up on aircraft in
two ways: in flight or on the ground. On the grduprecipitation falls onto the airplane and
freezes on upper surfaces. On planes, ground fomgs on the upper surfaces of the wings
and tail. The ground forming ice is managed bycileg the plane with a fluid, typically
propylene glycol, at the airport, imminently to tiaé&e off. Hence, this paper addresses the
de-icing process as one of the physical mechanisatsaused the transition from the NS
(inability of a system to perform the function deeundesirable formation of ice) to the PS
of the Mirce Spacetime.

2. Aircraft Icing on the Ground as a Negative Mechaisms

Aircraft on the ground is exposed to the groundditions, everywhere in the world.
However, in some of these environmental conditioo®en contaminants could cause critical
control surfaces to be rough and uneven, disrugimgoth air flow and greatly degrading
the ability of the wing to generate lift, and inaséng drag. This situation can cause a crash.
Large pieces of ice separate from the moving dircean cause catastrophic failure by being
ingested in engines or damaging propellers. Aleaen contaminants can jam control
surfaces, preventing them from moving properly. €amuently, due to potential severe
hazards, de-icing of control surfaces on aircraftscted is performed at airports where
temperatures are likely to be around 0°C.

2.1 The Ice Formation
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Fine particles of frost or ice, the size of a grafitable salt and distributed as sparsely as one
per square centimetre over and airplane wing’s ugppdace, can destroy enough lift to
prevent a plane from taking off.

Almost virtually imperceptible amounts of ice onaircraft wing’'s upper surface during
takeoff can result in significant performance degteon. Small, almost visually
imperceptible amounts of ice distributed on anlaig’s wing upper surface cause the same
aerodynamic penalties as much larger (and morblg)sice accumulations.

2.2 Effects of Icing on Aircraft

The aerodynamic effectiveness of an airframe reguinat it begins flight with critical
surfaces free from contamination by frozen or skoden moisture (‘contaminant’),
commonly known as the ‘clean aircraft’ concept.

Failure to remove contaminants from an aircraft@antb protect it from acquiring further
contamination before it becomes airborne may resdtudden loss of control at or shortly
after take off. In the case of aircraft with reasunted engines, any ice on the inner wings of
an aircraft at take off may be shed and ingestextire engines causing a partial or total loss
of thrust. Also, small patches of ice or frost casult in localized, asymmetrical stalls on the
wing, which can result in roll control problems ihgy lift off.

Intake duct deposits and engine blade depositsdetach and be ingested by the engine(s)
during the subsequent application of high powetirsgs for takeoff, with consequential
adverse effects on engine operation, and possateebut.

2.3 Airliner Crashed Due to Failure to De-Ice Plane

The crash of a Russian-operated regional airlineipril 2013, that killed 31 people was
caused by failure to de-ice the aircraft beforghflj was the verdict of crash investigators.
(Source: ttp://sputniknews.com/russia/20130716/68029.html#

ixzz3bXHP6haC). The French-built ATR72 turboprgerated by the UTair airline crashed
just after take-off from the Siberian city of Tyum® Roshchino Airport with 43 people on
board. The immediate cause of the crash was “itpet taptain’s decision to fly without
conducting a de-icing procedure,” the Interstateaeon Committee (MAK) said in its final
report, adding ice was detected by the crew omitteeaft’'s surfaces as late as when it was
taxiing for departure. Conditions at Roshchinohia hours before the crash were cold, with
temperatures of around 0 Celsius (32 Fahrenheéiit), freezing rain and snow.

According to the report, a mechanic went into tbekpit just before flight and told the

pilots: “the plane is clean.” The aircraft commangdplied “OK, we won’t wash it with de-
icer fluid then, we’ll take off as it is.” After kaoff, the ATR72 climbed to an altitude of
some 210 meters, but then banked 35 degrees tmthiend then over to the left, reaching
over 50 degrees of bank by the time it hit the gcburhe report attributed the steep banking
to “ice and snow deposits” on the aircraft’s liffisurfaces, which affected the plane’s
aerodynamics.

It is necessary to stress that this example isgnstof many that take place all over the world,
year after year, in accordance to the well estabtisveather pattern.
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2.3 The Ice Detection

In many situations it is almost impossible to detee by observation whether a wing is wet
or has a thin film of ice. A very thin film of ica frost will degrade the aerodynamic
performance of any airplane. Ice accumulationh@wting upper surface may be very
difficult to detect from the cockpit, cabin, or ffoand back of the wing because it is
clear/white.

Accident history shows that non-slatted, turbdj@insport-category airplanes have been
involved in a disproportionate number of takeoffidents where undetected upper wing ice
contamination has been cited as the probable causse contributing factor.

Majority of pilots understand that visible ice camtination on a wing can cause severe
aerodynamic and control penalties, but it is appiaiteat many pilots do not recognize that
minute amounts of ice adhering to a wing can raeawudtmilar penalties.
(http://www.ntsb.gov/safety/safety-alerts/Documédts 006.pdf)

Despite evidence to the contrary, these beliefs stillyexist because many pilots have seen
their aircraft operate with large amounts of icbexthg to the leading edges and consider a
thin layer of ice or frost on the wing upper sugdo be more benign.

3 Aircraft Ground De-Icing Process as a Positive Mehanisms

De-icing is defined as removal of snow, ice or fifogm aircraft surfaces, while anti-icing is
considered to be the application of chemicalsnioaonly de-ice, but also remain on a
surface and continue to delay the reformation effac a certain period of time, or prevent
adhesion of ice to make mechanical removal easier.

At many airports, de-icing is done away from the&egat an area called the deice pad, due to
some of the following reasons..

« Airlines don't want their planes sitting at theegahy longer than they have to. If
another plane is waiting to come into that gateicdey a departing plane will only
slow down that process.

* De-icing fluids deplete the oxygen from water, amports don't want the fluids
going into the storm water drains. So at the dpawst, the fluids drain into a special
tank or reservoir.

» De-icing fluid is very slippery, so it poses a $gfeazard for people walking or
working in the area.

» Airport gates are often congested by other growetdoles, so it's easier for the deice
trucks to move around freely out at the deice pad.

Once a plane is pushed back from the gate, thesgdai the plane to the deice pad. A
dedicated radio frequency is used so that thespdan tell the deice crew exactly what they
want done to the plane. Some airlines use their@wployees to deice planes, and some hire
contractors
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Deice fluids are applied methodically, from the gisleading edge to the trailing edge,
beginning at the wingtip and working back toward wing root (where the wing is joined to
the fuselage). The same is done to the horizotahllzers. For the tail, they go from front to
back, starting at the top of the tail and work theay down to the base. Anywhere from one
to four deice trucks can be used to deice a plane.

As a part of de-icing process it is required fquilat to temporarily disable the aircraft's
ventilation system to prevent fluid fumes from eimg the cabin. Although the fumes are
considered nontoxic for inhalation, it is necesdarleep the odour out of the cabin
regardless.

4. De-icing Methods

De-icing can be accomplished by mechanical met{gxtaping, pushing); through the
application of heat; by use of dry or liquid cheatgcdesigned to lower the freezing point of
water (various salts or brines, alcohols, glycads)hy a combination of these different
techniques.

Anti-icing of aircraft is accomplished by applyiagorotective layer, using a viscous fluid
called anti-ice fluid, over a surface to absorbdbetaminate. All anti-ice fluids offer only
limited protection, dependent upon frozen contamiitygpe and prevailing weather
conditions. A fluid has failed when it no longencabsorb the contaminant and it essentially
becomes a contaminant itself. Even water can lmmtminant in this sense, as it dilutes the
anti-icing agent until it is no longer effective.

4.1 Mechanical and Non-chemical De-icing Method

Mechanical and other nonchemical methods usedite @& craft include brooms, ropes, hot
water, infrared heating, and forced air. Brooms iaqeks are not the primary method of
aircraft de-icing, especially wet-weather de-icibgcause they are so time- and labour-
intensive, but rather used in combination with cloatde-icing. Forced air/hot air systems
are used to blow or melt snow and ice from aircsaffaces. Infrared heating de-icing
systems consist of an open hangar-type structuteimfrared generators suspended from the
ceiling. The infrared wavelengths are targetedeat ice and snow, and minimize heating of
aircraft components. This system reduces the volidF fluid required, but cannot
provide anti-icing protection. Aircraft may also s®red in a hangar to prevent snow or ice
from accumulating if a storm event is predicted.

5. Chemical Method

All chemical de-icers share a common working me@manthey chemically prevent water
molecules from binding above a certain temperatumedepends on the concentration. This
temperature is below 0°C, the freezing point ofepwater. Sometimes, there is an
exothermic dissolution reaction that allows foremen stronger melting power. The
following list contains the most-commonly used diexg chemicals and their typical
chemical formula.

Inorganic salts

« Sodium chloride, NaCl, (commonly known as talak)s
* Magnesium chloride, Mgglreduces working temperature of salt
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* Calcium chloride, CaG| reduces working temperature of salt
 Potassium chloride, KCI
Organic compounds
 Calcium magnesium acetate, CalitHsCOO)
» Potassium acetate, GEIOOK
» Potassium formate, CHR
« Sodium formate (HCOONa)
* Calcium formate, Ca(HCOO
* Urea, CO(NH),, a common fertilizer
* Agricultural By-Products (generally used as asdg to sodium chloride)

Alcohols, diols and polyols (these are antifreegensés and scarcely used on roads)
. Methanol (CHO)
. Ethylene glycol (GHgO5)
. Propylene glycol (¢HsO,)
. Glycerol (GHgO3)

6. Types of De-icing Fluids

The Society of Automotive Engineers publishes saatisl (SAE AMS 1428 and AMS 1424)
for four different types of aviation deicing fluids

1. Type I fluids have a low viscosity, and are conséde'unthickened". They provide
only short term protection because they quicklwflff surfaces after use. They are
typically sprayed on hot (130-180°F, 55-80°C) ghhpressure to remove snow, ice,
and frost. Usually they are dyed orange to aidléntification and application.

2. Type Il fluids are pseudoplastic, which means tb@ytain a polymeric thickening
agent to prevent their immediate flow off aircradirfaces. Typically the fluid film
will remain in place until the aircraft attains ast 200 km/h, at which point the
viscosity breaks down due to shear stress. Thedpgkds required for viscosity
breakdown means that this type of fluid is usefulydor larger aircraft. Type I
fluids are generally light yellow in color.

3. Type lll fluids can be thought of as a compromiseaeen type | and type Il fluids.
They are intended for use on slower aircraft, \aitiotation speed of less than 100
knots. Type lll fluids are generally light yellow color.

4. Type IV fluids meet the same AMS standards as tlfleids, but they provide a
longer holdover time. They are typically dyed grégaid in the application of a
consistent layer of fluid.

The International Organization for Standardizapoiblishes equivalent standards (ISO
11074 and ISO 11078), defining the same four types.

Deicing fluids containing thickeners (types I, ldnd 1V) are also known as anti-icing fluids,
because they are used primarily to prevent iciognfre-occurring after an initial de-icing
with a type | fluid.

7. De-icing Usage Statistics
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The amount of fluid necessary to de-ice an airateftends on a wide variety of factors.
Deicing a large commercial aircraft typically conses between 2000 and 4000 litres of
diluted fluid.

The total annual usage of deicing fluids in the.llsSstimated to be approximately 25
million litres. According to [4], 77.1% is Type IP(opylene Glycol), 11.4% Type IV
Propylene Glycol, 10.3% Type | Ethylene Glycol dn#% Type IV Ethylene Glycol.

The cost of fluid varies widely due to market cdiwais. The amount deicing service
companies charge end users is generally in theerahgS$8 to US$12 per diluted gallon
which works out as US$2,1 to US$3,2 per litre, 12

8. Measurement of Performance of De-icing Fluids

De-icing fluid performance is measured by holddiee, HOT, which is the length of time
an aircraft can wait after being treated priorakeoff. Holdover time is influenced by the
ambient temperature, wind, precipitation, humidaycraft skin temperature, and other
factors. For Type I fluids, the holdover time idyoabout five to 15 minutes, so the aircraft
must take off immediately or else wait to be deiagdin. Type IV fluids generally provide a
holdover time between 30 and 80 minutes.

Deicing fluids work best when they are diluted withter. For example, undiluted deicing
fluid (type | ethylene glycol), has a freezing pamh —28 °C. Water, of course, freezes at

0 °C. However, a mixture of 70% deicing fluid ar@#@water freezes below -55 °C. This
phenomenon is known as the eutectic concentradiwhjt is related to the freezing point of
the mixture, which is at the lower point than eitbéthe component substances.

Depending on the manufacturer, deicing fluids magdld in concentrated or pre-diluted
formulations. Dilution, where necessary, must beedaccording to ambient weather
condition and the manufacturer's instructions sheoito minimize costs while maintaining
safety.

The dilution of a particular sample of fluid (anérte its freezing point) can be easily
confirmed by measuring its refractive index withe&ractometer, and looking up the result in
the de-icing fluid manufacturer's tables.

Manufacturers of aviation deicing fluids must dgrthat their products conform to the AMS
1424 and 1428 standards by using a standard AeaotlgnAcceptance Test.

9. Environmental impact of De-icing Materials

De-icing salts such as sodium chloride or calcilmoride leach into the soils, where the ions
(especially the cations) may accumulate and evéyto@come toxic to the organisms and
plants growing in these soils. The chemicals cailgd reach water bodies in concentrations
that are toxic to the ecosystems. Organic compoarelbiodegraded and may cause oxygen-
depletion issues. Small creeks and ponds with tongpver time are especially vulnerable.

Propylene glycol used to de-ice aircraft can comate drinking water supplies and harm

aquatic life. Some airports are now capturing aedting de-icing runoff before allowing it
to enter waterways.
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10. Infrared Heating De-icing method

Infrared heating is the transmission of energy l®ans of electromagnetic waves or rays.
Infrared energy is invisible and travels at theespef light in straight lines from the heat
source (the emitter) to all surfaces and objebis (gceivers) without significantly heating

the space (air) through which it passes. This hgairocess is much faster than conventional
heating mechanisms used by conventional de-iciogv@ction and conduction), where the
de-icing fluid spray is cooled by ambient air.

Infrared, IR, heating systems have been usedew &JtS. airports for several years and have
been demonstrated to effectively de-ice aircrafirréntly, in USA, infrared de-icing systems
are used at two large hub airports, John F. KenaedyNewark Liberty, and one non-hub
airport, Rhinelander-Oneida County, Wisconsin.

Infrared-based aircraft de-icing systems offer agwantages over traditional glycol-based
de-icing methods. From an environmental standpthely can greatly reduce the amount of
glycol-based fluids used for aircraft de-icing, lghfrom an operational standpoint, they are
relatively inexpensive to operate, as they userabgas or propane as fuel.

Any infrared de-icing facility design must takeardccount the physical characteristics of all
aircraft that will use the system. Design factoidude the maximum tail height, the shape of
tails, maximum wingspans, and differences in tingtle and width of the fuselage. The site
selected for an infrared de-icing system must cgmyth the same FAA regulations that
apply to glycol-based aircraft de-icing facilitiéscluding aircraft separation rules, air traffic
control tower line-of-sight criteria, and requiremt&to not interfere with radar signals,
navigational aides, and airport lighting. FAA isdwenew Advisory Circular in 2005
specifically for infrared de-icing facilities. Asith traditional aircraft de-icing facilities, an
infrared de-icing facility must provide taxiwaysathallow aircraft to bypass the de-icing
facility.

According to documents provided by Radiant using @m theJFK facility for the 2010-
2011 winter season, average snow/ice removal toma Boeing 737-size aircraft was
approximately 17 minutes from the time the aircralis into the hangar until it exits. Boeing
747-300-size aircraft averaged 19 minutes. Thisnaéaat three to four 737s or two 747s
can be de-iced per hour, versus approximately 48 tminutes per aircraft with
conventional glycol de-icing. [10]

11. Conclusion

The main objective of this paper was to addresscthéormation of aircraft surfaces and its
removal through de-icing process as a mechanigimeahotion in Mirce-mechanics. Ice-
building on aircraft can take place in two waysflight or on the ground. This paper
focuses on the formation of ice on the ground, Itegufrom the falling precipitations that
freeze on the upper surfaces of the wings andhtagrtain environmental conditions. The
operators manage this process by de-icing the plahea fluid, typically propylene glycol,
at the airport, imminently to the take off.

Consequently, this paper addressed the de-icintpauds, fluids, procedures, statistics and

associated environmental impacts with objectivasnerstand them in order to manage
them, starting from the design processes of tleadiritself, through the design of de-icing
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facilities with detail analysis of the chemical goosition of the de-icing fluid and their
usage.

Aircraft de-icing process is on vital important the safe and reliable operation of thousands
of daily flights that affected by this natural pleemena which comes with seasonal
periodicity and as such has monetary impact ofgldiand possible catastrophic
consequences of not doing it. It is believed thet paper will make a positive contribution

to the further understanding of this natural pheaonom on one hand, and its effective
management, from the point of view of despatclabglity and resources invested to achieve
it, on the other.
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Mirce-mechanics Analysis of Functionability of
NASA-contracted Commercial Re-supply Services

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

The main purpose of this paper is to apply Mirceshamics to the analysis of
functionability of Space Exploration Technologiergbration and Orbital
Sciences Corporation, organizations that have bestected by NASA to
participate in the Commercial Orbital TransportatiGervices, COTS. The reason
for this is the fact that at the moment of writihgs paper, both CRS Programmes
are out of action due to catastrophic launch fadsirthat took place on 28June
2015 and 28 of October 2014, respectively. It is expected #relysis performed
on the past missions, conducted by both corporatidrased on the publicly
available information, will get incites into thearactices and experiences gained,
as well as highlighting the areas of potential apations of the Mirce-mechanics
based knowledge to increase in the probabilityhef $uccessful continuations of
NASA-contracted Commercial Resupply Services.

1. Introduction

According to Einsteiri Everything that the human race has done and thoisgtdncerned
with the satisfaction of felt ne€ds

Human needs for transporting, cooling, heating, momicating, navigating, sheltering and
many others are continuously satisfied throughatbek done by transportation, ventilation,
communication, refrigeration and other industnatems. Their design-in performance in
terms of speed, capacity, frequency, power andaiphysically measurable quantities can
be accurately predicted during the design proceddested at the delivery, as they are
functioning in accordance to well understood ladeaiural sciences, such as: Newton’s
laws of motion, Coulomb’s law of solid friction, ldk’s law of stress and strain, Maxwell’s
law of electrodynamics, Boltzmann’s law of thermodsnics, to name a few, which are
characterised by certainty, reversibility and inelegience of time, location and humans.

However, the main concerns of the owners and wdenslustrial systems are related to how
much of their “felt needs” will be satisfied duritige life time of a system and how much
maintenance and support efforts are expected fnrem to keep the system goingrhis,
property of industrial systems is known as funaioifity®. Regrettably, system
producers/constructors do not provide answersdsetlguestions on the delivery day. Instead,
years later the statistics fearious functionability measures become availabie reason

for this is the fact that in-service behaviourmdustrial systems is governed by the complex
processes that are governed by the laws of scibnoean rules and environmental impacts,
which are characterised by indeterminism, irre\aligy, inseparability, and dependence on
time, location and humans.

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

® Functionability, n, defined as the ability of bgifunctional through life, in the book Reliability,
Maintainability and Supportability — A probabilistApproach, by J. Knezevic, pp. 291, McGraw Hilhridon
1993. ISBN 0-07-707691-5
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To rationally address questions of the predictiming-service performance of industrial
systems, described through functionability measuPe&nezevic has established the
MIRCE Akademy at Woodbury Park, Exeter, UK, in 19%xaff, Fellows, Members and
students of the Akademy have endeavoured to subyservice behaviour of industrial
systems to the laws of science and mathematics to:

Determine the trajectory of the motion of functibrigy through life of a given
industrial system, which is defined by the sequesfaEcurrences of positive and
negative functionability events, resulting from etemic, environmental and human
actions.

Understand mechanisms that lead to the occurrerfcactionability events starting
from atomic structure that drives the behavioumatter, up to the solar system that
drives the energy conversions (a physical scalgimgrfrom 10'° to 13° metre).

Define a mathematical scheme for predicting expeicteservice functionability
measures of a given industrial system together thghexpected work done on the
system under a given maintenance policies and pthaapport strategy.

While in classical mechanics a force is said tavaok if, when acting on a body, there is a
displacement of the point of application in theedtron of the force, in Mirce-mechanics a
given industrial system is said to do work, if wheer required, there is a continuous
provision of a measurable function through time.

In summary, the body of knowledge comprising obaxs, mathematical equations and
computational methods that enable prediction otfionability measures, based on the on
the scientific understanding of the processesgbaerate them, constitutes Mirce-mechanics.

The main purpose of this paper is to apply Mirceshamics to the analysis of functionability
of Space Exploration Technologies Corporation anuit@l Sciences Corporation,
organizations that have been selected by NASA tticgzate in the Commercial Orbital
Transportation Services, COTS. The reason forishise fact that at the moment of writing
this paper, both CRS Programmes are out of actiertal catastrophic launch failures that
took place on 28June 2015 and 3%f October 2014, respectively. It is expected that
analysis performed on the past missions, condumtdabth corporations, based on the
publicly available information, will get incitestmtheir practices and experiences gained, as
well as highlighting the areas of potential apglmas of the Mirce-mechanics based
knowledge to increase in the probabiliof the successful continuations of NASA-
contracted Commercial Re-supply Services.

2. NASA-contracted Re-supply Services

In 1958 the United States government created thiemNgd Aeronautics and Space
Administration (NASA) with a specific responsibylito develop the civilian space program
as well as aeronautics and aerospace researck. tBatdcime, NASA has lead large number
of space exploration efforts, including the Apathmon-landing missions, the Skylab space
station, and later the Space Shuttle. In early0$93PASA was directed to pursue commercial
options for launching spaceflight missions, whemeueh commercial offerings are
available.

" Mirce-mechanics Axiom 2: Probability of in-servitalure in any interval of time is greater thanae
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The development of the Commercial Resupply SeryiC&S, vehicles began in 2006 with
the purpose of creating American commercially ofgelaincrewed cargo vehicles to service
the International Space Station, ISEhe development of these vehicles was under d fixe
price milestone-based program, meaning that eatipany that received a funded award
had a list of milestones with a dollar value atetho them that they didn't receive until after
they had successful completed the milestone.

On 23" December, 2008 NASA awarded Commercial Re-supetyies contracts to:

» Space Exploration Technologies Corporation, whichr American aerospace
manufacturer and space transport services provider headquarters in Hawthorne,
California, USA, which uses its Falcon 9 rocket &rdgon spacecraft. This, $1.6
billion contract was for 12 cargo transport missiom ISS with spacecraft SpaceX.

» Orbital Sciences Corporation, which is also Amearicampany, specialising in the
design, manufacture and launch of small- and medalass space and rocket
systems for commercial, military and other governtreeistomers, based in Dulles,
Virginia, USA, which uses its Antares rocket andy@ys spacecraft.. This contract
was worth $1.9 billion for 8 missions to ISS us{bggnus cargo spacecraft, covering
deliveries to 2016.

As NASA has contracted all the missions, the pringaryload, date and time of launch, and
orbital parameters for each mission are determiuyeldASA.

3. Mirce-mechanics Analysis of Functionability of @bital Sciences

Orbital Science Corporation plan for the commeneguilar ISS cargo missions to ISS under
the Commercial Resupply Services contract was lisedteapproximately 20,000 kg, or 20
metric tons, of cargo to the space station ovecthase of eight missions by using the
Antares launch vehicle and Cygnus spacecraft. Aatara two-stage launch vehicle
designed to deliver medium-class payloads weighmtp 6120 kg into space. Antares
utilises refurbished Russian-built engines whicheaariginally manufactured in the 1960s
and 1970s for the Soviet space programme. Cygracesraft is capable of delivering 2000
kg of pressurised cargo to the ISS. It was plarthatlan enhanced version to be flown in
later CRS missions will be able to deliver 27000kgressurised cargo. The first of the eight
contracted Cygnus missions to the ISS was expéeated completed during 2013.

According to the planned sequence of in-servicasyd 0 minutes from the liftoff of the
Antares the Cygnus space craft would separatepyéglsolar arrays and enter in its initial
orbit. When it arrives to the orbiting laboratoouf days later, after a series of checks,
ground controllers command began to increase thadd of Cygnus, until it matched that of
the space station. At that point NASA was to matkag-go decision for Cygnus to berth
with the station. Cygnus would autonomously appnoaithin 12 metres below the space
station, where it would stay. Astronauts aboardstagon would then command Cygnus to a
“free drift” mode, when the space stations robatim would take hold of the spacecraft. At
that moment the Ground commands would send comnfiemd,mission control in Houston,
for the station’s arm to rotate Cygnus around asthil it on the bottom side of the station’s
Harmony module, enabling it to be bolted in plaweits stay at the ISS.
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In the preparation for an on-pad hot-fire testhaf tocket scheduled for the early November
2012, Orbital Sciences rolled out its Antares ro¢keghe launch pad at the Mid-Atlantic
Regional Spaceport in October 2012. The rocketessgfally made its initial launch with a
test payload on 21st April, 2013, from Wallops htigracility in Virginia. Orbital Sciences'
first COTS demonstration mission was successfidtyied out on the 29September, 2013,
a week behind schedule due to a software malfumctio

3.1 Orb-1

This was the first of eight contracted flights bgb@al Sciences under NASA's Commercial
Re-supply Services program. The launch of Orb-4 s¢heduled for November 2013, but a
series of delays pushed the date t§ B@cember UTC.

The Antares launch vehicle left the Wallops Horiabintegration Facility, HIF, on the
morning of 17 December, and was later erected at Launch PacHdAwever, later that day,
due to the need for a series of spacewalks to fiaxikly coolant system on the ISS, NASA
directed Orbital to stand down the Antares rocketas rolled back to the HIF where the
time-sensitive cargo was removed. The launch daterescheduled for no earlier thai'13
January 2014.

However, after a scheduling conflict was resohatdj)Vallops, the launched was moved
forward to 7' of January. The launch was delayed one extra dayaicold temperatures at
the launch site. Then on th& 8f January, NASA Wallops and Orbital Sciences amced
that the launch attempt was scrubbed due to "asualbly high level of space radiation that
exceeded by a considerable margin the constrampssed on the mission to ensure the
rocket's electronic systems are not impacted bgrshhradiation environment. Later, Orbital
revised this, stating that a more extensive rewiéthe radiation environment found it to be
"within acceptable limits" of the Antares prograend that a launch would be attempted on
o™ January.

In the fourth attempt, on thé"®f January the Orb-1 mission successfully staatetB:07:05
UTC from the Mid-Atlantic Regional Spaceport Laurieéd OA. Cygnus was filled with
1261 kg of supplies for the ISS, crew provisiond apare parts, together with hardware to
expand the research capability of the station. Tuluded 12 experiments flying as part of
the Student Spaceflight Experiments Program, sadecom 1466 entrants and involving
7200 North American students. The Cygnus spaceanafied at the International Space
Station early on 12January, where it was successfully docked witheisstance of
Canadarmz2, as originally planned.

On 18" February 2014 at 10:25 UTC, Canadarm2 unbertte€iynus spacecraft from the
nadir port of the Harmony module on. The spaceevat then maneuvered to a position
below the station, where it was released from thkSRit 11:41 UTC. It followed by a series
of separation maneuvers that moved it away fromSI$e The spacecraft re-entered the
atmosphere and burned up o' Bebruary 2014 over the southern Pacific Oceapodisg
of approximately 1470 kg of trash.

3.2 Orb-2

This was the second of eight scheduled flights yit@ Sciences under the Commercial
Resupply Services contract with NASA. It was thied flight of the Orbital Sciences' un-

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2015 77



2015 Annals of MIRCE Science

manned re-supply spacecraft Cygnus and the foauttch of the company's Antares launch
vehicle.

The mission was scheduled for thHeMay 2014. The Cygnus is expected to deliver 1650
of cargo to ISS and dispose of about 1470 kg shtthrough destructive re-entry. However,
the original launch date was delayed to no sodreer 6" May, which followed by the
following sequence of estimated times"Utine, 18 July and again to NET on 1 Duly,

due to test stand failure of an AJ-26 engine. @nlt#'the local weather conditions
prevented the launch.

Finally, the second mission of the Orbital ScieGoeporation was launched from the Mid-
Atlantic Regional Spaceport on"13uly, 2014.

During the Flight Days, 36 through 41 Cygnus wascleed from the station and
maneuvered a safe distance away. Engineeringwestésperformed for up to 15 days before
a series of engine burns are conducted to slowpheecraft for re-entry over the South
Pacific Ocean, where it and the cargo inside westrdyed. Total weight of cargo was 1494
kg (Crew supplies, 764 kg; Hardware: 355 kg, Saesnaed research, 327 kg, Computer
supplies, 8.2 kg; Spacewalk tools: 39 kg).

3.3 Orb-3

Orbital Sciences CRS Flight 3 was the first atteedgtight of the Antares 130, which uses a
more powerful Castor 30XL second stage, and thdlight of the standard-sized Cygnus
Pressurised Cargo Module.

Orb-3 carried a variety of NASA-determined paylgamtsme of which were finalised very
close to the launch day. The cargo module fronrabket carried 2300 kg of supplies and
experiments meant for the International Space @tath addition, the Arkyd-3 satellite
would have been transported to the ISS on thiktfiagd 34 of the Planet Labs small “Dove”
Earth-observation spacecrafts.

The mission was scheduled to launch ofi @¢tober, 2014, at 22:45 UTC from the Mid-
Atlantic Regional Spaceport at the Wallops Fligatikty in Wallops Island, Virginia, with
rendezvous and berthing with the ISS early in tioenimg on 2*November. This was the

first night-time launch for both the Antares lauachnd Cygnus spacecraft. The launch was
scrubbed due to safety concerns of a sailboatiegtdre exclusion zone less than ten
minutes before launch. A 24-hour delay was putiace

The Antares rocket carrying the Orb-3 Cygnus waasdaed, from Launch Pad 0A on'28
October, 2014, at 6:22 p.m. (EDT). Fifteen secaftiy liftoff a failure of propulsion
occurred in the first stage and the vehicle begdmd back to the launch pad. Before
reaching the ground, the vehicle was destroyedsoi§ight termination system, which was
engaged by a command from the Wallops Range Ca@aoter. According to NASA’s
emergency operations officials, there were no dassand property damage was limited to
the south end of Wallops Island.

The resulting explosion was felt in Pocomoke Qityryland, 32 km away. The fire at the

site was quickly contained and allowed to burnlfitset overnight. Initial review of
telemetry data found no abnormalities in the ptewdn, the launch sequence, and the flight,
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until the time of the failure. According to the NA®ress release, there were no known
issues prior to launch and that no personnel wgoedad or missing but that the entire
payload was lost and there was significant damagleet launch pad and site fuel tanks.

3.3.1 Failure analysis

On 29" October, 2014, teams of investigators began examitebris at the crash site. With
some preliminary investigation completed, Orbitalefce Corporation cited the cause of the
Orb-3 launch failure is likely to be a turbo pumplfuanction in one of the AeroJet
Rocketdyne AJ-26 engines (refurbished Russian Niefggne).

Repairs of the damage caused to Wallops Flightiiadyy the launch exploration, started in
January 2015.

By the time on writing this paper there was not#itial report regarding the cause of the
failure of the Orb-3.

3.4 Orbital Science’s CRS Plan

To meet its Commercial Re-supply Services obligetitn NASA, Orbital is planning to
launch at least one enhanced Cygnus cargo spaceéarah Atlas V launch vehicle in 2015.
Orbital has yet to officially announce which engmay replace the AJ-26, but evaluation of
other engines such as the RD-181 and RD-193 weng benducted as an AJ-26
replacement prior to the incident. The re-desighetares launch vehicle is expected to fly
again sometime in 2016.

4. Mirce-mechanics Analysis of Functionability of paceX

Under the NASA COTS contract it is expected thaac®X will make 12 deliveries of cargo
to ISS, with each flight carrying up to 3300 kgmternal and external cargo to the space
station and return up to 2500 kg of equipment tdlza

The space agency paid SpaceX $396 million in linséats as the company accomplished
design, testing and flight milestones, including ti@st launches and demo missions of the
Falcon 9 rocket and Dragon capsule.

4.1 SpaceX CRS-1

SpaceX CRS-1 was the third flight for Space ExpgloraTechnologies Corporation's
uncrewed Dragon cargo spacecraft, the fourth oMttt for the company's two-stage
Falcon 9 launch vehicle, and the first SpaceX dpmral mission under their Commercial
Resupply Services contract with NASA. The launctuned in accordance to the plan ¢h 8
October 2012 (UTC) and successfully placed the @magpacecraft into the proper orbit for
arriving at the International Space Station withgoare-supply several days later.

During the launch, one of the nine engines suffareddden loss of pressure about 80
seconds into the flight, which was followed byiitsnediate shutdown. The remaining eight
engines continued to fire, while the flight contsofftware adjusted the trajectory to insert
Dragon into required orbit.
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At launch the CRS-1 Dragon was carrying approximga@85 kg of cargo, 400 kg without
packaging (120 kg of crew supplies and 180 kg iicat materials to support the 166
experiments on board the station and 66 new expeatshand 105 kg of hardware for the
station as well as other miscellaneous items. # &so planned to launch a 150 kg prototype
of the second-generation Orbcomm satellite, asa@anskary payload from Falcon 9's second
stage.

4.1.1 Falcon 9 Engine Anomaly

During the ascent, an engine anomaly occurred evithof the nine engines on the Falcon 9
first stage. SpaceX has emphasized for severas ykat the Falcon 9 first stage is designed
for "engine out" capability, with the capability $thut down one or more malfunctioning
engines and still make a successful ascent. Iretraat, the SpaceX CRS-1's first stage shut
down engine no.1 and as a result continued thiediegie burn on the remaining eight
engines longer than usual at a reduced thrusstatithe Dragon spacecratft into the proper
orbit. SpaceX referred to the event as a "Rapidheduled disassembly” which, although
unintended, was the first in-flight demonstratidriFalcon 9's "engine out" design and
"provides a clear demonstration of the engine apability.”

In response to the anomaly, NASA and SpaceX joiiotigned the CRS-1 Post-Flight
Investigation Board. Preliminary information frahe post-flight review board indicates that
the Engine no.1 fuel dome, above the nozzle, regtbut did not explode. The burning fuel
that exited before the engine was shut down catleefhiring rupture, as seen in the flight
video recordings. Subsequent investigations redaala Congressional hearing pinpointed
the issue as a result of an undetected matenalifidhe engine chamber jacket, likely
introduced during engine production. During fligtte data suggests this material flaw
ultimately developed into a breach in the main costion chamber. This breach released a
jet of hot gas and fuel in the direction of the mfiel line, causing a secondary leak and
ultimately a rapid drop in engine pressure. Assailtethe flight computer commanded
shutdown of engine 1 and Falcon 9 continued opathk to ensure Dragon’s entry into orbit
for subsequent rendezvous and berthing with the ISS

The primary payload contractor, NASA, requires @bability of 0, 99 that the stage of any
secondary payload on a similar orbital inclinatiorthe International Space Station will
reach their orbital altitude goal above the statioune to the one engine failure, the Falcon 9
used more propellant than intended, reducing tbheesis probability estimate to
approximately 0.95. Consequently, the second stabeot attempt a second burn, and
Orbcomm-G2 was left in an unusable orbit and bueth Earth's atmosphere within 4
days after the launch.

Video of the launch shows debris falling from tbheket as it speeds to orbit, though SpaceX
indicates that the engine did not explode, as tleyinued to receive data from it.

4.1 SpaceX CRS-2
The second CRS mission from Space Exploration Taolies Corporation took place off 1

March, 2013. A minor technical issue on the Dragpacecraft involving the RCS thruster
pods occurred upon reaching the orbit, which waswerable.
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When launched the CRS-2 Dragon was filled with &g of cargo, 575 kg without
packaging (81 kg of crew supplies, 347 kg of sdilenéxperiments and experiment
hardware, 135 kg of hardware for the station) aheéromiscellaneous items. The two Heat
Rejection Subsystem Grapple Fixtures (HRSGFs) hamh#ined weight of 221 kg and were
transported to the ISS inside the unpressurisedddr&runk as external cargo.

The vehicle was released from the station on Ma&h 2013, at 10:56 GMT, and splashed
down in the Pacific Ocean at 16:34 GMT.

The Dragon returned 1370 kg of cargo, 1210 kg witlpackaging. Included is 95 kg of
crew supplies, 660 kg of scientific experiments argderiment hardware, 401 kg of space
station hardware 38 kg of spacesuit equipment émer aniscellaneous items.

4.3 SpaceX CRS-3

There were several delays between the nominal Deee®13 date that had been planned
since early 2013, mostly due to limited berthingaows in the ISS Visiting Vehicle

schedule, and delays to Programmes, Orbital's Gygnd SpaceX's Dragon, resulted from
the December 2013 cooling issue on the ISS whighired several spacewalks to mitigate.

The launch planned for March 2014 was rescheduled td"3@arch and then for™

April 2014 due to a variety of reasons, includiragedbuffering issues, some operational
iIssues with the new Dragon design and some congimmof the impact shielding blanket.
SpaceX ultimately decided to move forward and tseshielding blanket with the minor
contamination problems, believing it would not irapthe optical payloads being carried in
the Dragon trunk

However, a further delay was announced ofi I2&rch, which was related to a fire at one of
the radar facilities on the Eastern Range. Theneaisdatory radar coverage for any launches
from Cape Canaveral, and the fire forced a deldy tlmat section of the launch trajectory
could be covered, possibly by alternative meantswioald have telemetry communication
capability to the Air Force facility responsibler flaunch safety.

By April 4™ the Eastern Range radars were repaired and béiok ¢ém support launch and
the CRS-3 launch was slated for no earlier thahAgril with a backup date of 1BApril,
contingent upon a ULA Atlas V flight scheduled " April.

On 11" April, the International Space Station sufferedifure of an external computer

known as a Multiplexer/Demultiplexer (MDM), whickquired a spacewalk on"®2pril to
replace it, in order to restore vital redundancthistation. Despite the challenges, the CRS-
3 mission, which could have been impacted by thevBilure, was still on for Monday,

14" April, with 1SS berthing scheduled to take place tays later on I5April.

However, during the launch attempt or"Wpril, a primary helium supply valve used in the
stage separation system failed a pre-launch digigrtest approximately one hour prior to
the scheduled launch, so the SpaceX launch masagdybed the mission. In ground tests
following the scrub, the redundant backup heliumppdy valve tested okay so the mission
would likely have succeeded.

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2015 81



2015 Annals of MIRCE Science

The launch was immediately rescheduled for noevattian the backup date,"18pril. That
date was confirmed two days later, following replaent of the defective valve, but it was
noted that weather constraints may prevent thectaon 18' April from occurring. If the
launch had been scrubbed o ¥pril, the next launch window would have been™ 2gpril
at 3:02 pm ET. However, on Friday,"™8pril 2014 at 7:25:21 p.m. UTC, the vehicle was
successfully launched.

During this flight the CRS-3 booster made histoyybleing the first liquid-rocket-engine
orbital booster that successfully performed thetrmdled ocean soft touchdown. The booster
included landing legs for the first time which wendended for the simulated "landing”, and
the test utilised more powerful gaseous nitrogertrobthrusters than had been used in the
previous test to better control aerodynamic-inducdation. The booster stage successfully
approached the water surface with no spin andratwastical velocity, as designed. The
SpaceX team was able to receive video from canpdaaed on the first-stage booster during
soft landing test, as well as vehicle telemetryprded by aircraft, but swells of 4.6—6.1 m
were reported in the anticipated recovery area.fifsiestage successfully hovered over the
ocean surface, but heavy waves destroyed the B&dgee boats were able to retrieve it.

Two days after splashdown, the 1600 kilograms e@frdmass cargo, from the mission was
returned to the Port of Long Beach by a marineele3$me-sensitive cargos are unloaded in
California and flown to NASA receiving locationsh@ remainder of the cargo was unloaded
and transferred to NASA at the SpaceX McGregorftaslity in Texas, where the Dragon
capsule was fully decommissioned and defueledhotigh water was found inside the
Dragon capsule, the preliminary checks indicated i scientific equipment had been
damaged. The source of the water has not beerreadfiand will be investigated during the
decommissioning of the capsule.

4.4 SpaceX CRS-4,

SpaceX's fourth CRS mission was scheduled for lnoncSeptember 302014, but was
delayed due to adverse weather conditions. Thehatook place on ZiSeptember, 2014 at
1:52 a.m. EDT from Cape Canaveral Air Force StaitiolRlorida.

As contracted, the CRS-4 mission the payload ctetsisf 2216 kg of cargo (1627 kg of
pressurised and 589 kg of unpressurised.

The CRS-4 mission, which lasted 31 days, 22 howds4d minutes, was successfully
completed on the 350ctober 2014.

4.5 SpaceX CRS-5,

By July 2014, NASA scheduled this for "no earliean” December 2014, with docking to
the station projected to occur two days after l&aunc

This mission, was scheduled for launch on Decer@Be2014, but was delayed over several
dates in December due to manifest adjustmentseorsilost from the Cygnus CRS Orb-3
launch failure (described in 4.3), technical issioesd from a static fire test, the U.S.
holiday season and staff scheduling, as well astadngle period during late December
where thermal and operational constraints wouldev@kRragon berthing prohibited.
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On 6" January 2015, the launch attempt was placed ahatdl minute 21 seconds prior to
scheduled lift-off after a member of the launchme®oticed actuator drift on one of two
thrust vector control systems of the Falcon 9 sé&tage engine. As this launch had an
instantaneous launch window, meaning no delayp@ssible in the launch sequence, the
flight was postponed to"®January 2015. Or"ZJanuary, the flight was rescheduled fof 10
January 2015.

The Falcon 9 rocket carrying the CRS-5 Dragon spaéesuccessfully launched on™.0
January 2015 at 9:47 UTC. Dragon reached theostati 12" January. It was grappled by
the Space Station Remote Manipulator System a##ll0T8C and berthed to the Harmony
module at 13:56 UTC.

The Dragon spacecraft for CRS-5 carried 2317 kgpogo to the ISS. Included in this was
490 kg of provisions and equipment for the crew/, K of station hardware, 577 kg of
science equipment and experiments, and the 492lkgd Aerosol Transport System
(CATS).

In this flight, SpaceX attempted an unprecedengetation, which was to return the nearly-
empty first stage of the Falcon 9 through the aprhese and land it on a 90x50-meter
floating platform called the autonomous spaceparhée ship. In October 2014, SpaceX had
revealed that the ship was being built for SpageKduisiana, and by mid-December, the
ship was docked in Jacksonville, Florida, readgddo sea to support the test flight landing
attempt.

SpaceX attempted a landing on the drone ship 8rdafuary. Many of the test objectives
were achieved, including precision control of tbheket's descent to land on the platform at a
specific point in the South Atlantic Ocean andrgdéaamount of test data was obtained from
the first use of grid fin control surfaces usedrfwre precise re-entry positioning. The
SpaceX webcast indicated that the boost-back atmexentry burns for the descending

first stage occurred, and that the descending tdbka went "below the horizon," as
expected, which prevented the live telemetry sigBhbrtly after that, the information
released by SpaceX stated that the rocket dicogéetdrone spaceport ship as planned, but
it had “hard landing”, while ship itself is finelt@ough some of the support equipment on the
deck will need to be replaced. Full details of whappened to the rocket are not yet publicly
known (one of the possible problems was the gnsd funning out of hydraulic fluid).

4.6 SpaceX CRS-6

As of July 2014, this mission was tentatively salled by NASA for February 2015, with
expected berthing to the station occurring two dates. However, as a result of delays in
the launch of the SpaceX CRS-5 mission, in latedM@015, the tentative launch of this
mission was scheduled for"i2\pril 13, 2015.

Due to bad weather conditions 13th April launch wastponed. Finally, the sixth

SpaceX mission was successfully launched dhAgril 2015, at 20:10:41 UTC from Cape
Canaveral Air Force Station in Florida. It was éwghth flight for SpaceX's uncrewed
Dragon cargo spacecraft and the sixth SpaceX apeeahimission contracted to NASA
under a Commercial Re-supply Services contraeta#t docked to the International Space
Station from 1% April to 215 May 2015.

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2015 83



2015 Annals of MIRCE Science

The Dragon spacecraft was filled with more than@®k@ of supplies and payloads, including
critical materials to directly support about 4Qteé more than 250 science and research
investigations carried out at the ISS.

Planetary Resources will transport Arkyd 3 to t88 bboard Dragon on CRS-6, which was
the attempt to validate and mature the technolddgpg @rkyd series of spacecraft, (the first
Arkyd 3 satellite was destroyed on launch in thelesion of the Orbital Sciences Antares
launch vehicle carrying it aboard the third Cygoasgo resupply flight to the ISS, as was
decsribed in 4.3).

SpaceX has the primary control over manifestingedaling and loading secondary
payloads. However there are certain restrictionkided in their contract with NASA that
preclude specified hazards on the secondary payje@ad also require contract-specified
probabilities of success and safety margins for&pgceX reboosts of the secondary
satellites once the Falcon 9 second stage hasvachiis initial low-Earth orbit.

CRS-6 included science payloads for studying newsvia possibly counteract the
microgravity-induced cell damage seen during spatef the effects of microgravity on the
most common cells in bones, gather new insightdbald lead to treatments for
osteoporosis and muscle wasting conditions, coetiraiudies into astronaut vision changes
and test a new material that could one day be asedsynthetic muscle for robotics
explorers of the future. Also making the trip waseav espresso machine for space station
crews!

After the separation of the second stage, SpaceXdumted a flight test and attempted to
return the nearly-empty first stage of the Falcahr®ugh the atmosphere and land it on a
90x50-meter floating platform called the autonomspaceport drone ship. Although the
unmanned rocket technically landed on the floagilagform, as it came down with too much
lateral velocity, it tipped over and was destroy&dcording to SpaceX, as the bipropellant
valve was stuck the control system could not resuidly enough for a successful landing.

The sixth mission was successfully completed chNay 2015, at 16:42 UTC.
4.7 SpaceX CRS-7

In January 2015, the launch of the seventh Spade& @ission was tentatively scheduled
by NASA for no earlier than 13June, 2015. This was adjusted t§2Rine, then moved
forward to 19' June and adjusted again td"2&ine, 2015. Subsequently, the launch had
been rescheduled to'28une, 2015 at 14:21:11 UTC, from Cape CanaveradQC

A full listing of the cargo aboard the failed mmsiincluded the following items:

690 kilograms of Crew Supplies related cargo @rglkg of the cargo required for the
operation, 36 kg of Computer Resources, 462 Rgetiicle Hardware, 167 kg of Hardware
for Extra vehicular activities (including Russian GarBussian Segment Torque Wrench)
and International Docking Adapter # 1 weighing 86

As of July 2013, the first International Docking #ater, IDA-1 was scheduled to be
delivered to the International Space Station os thission in order to be attached to one of
the existing Pressurised Mating Adapters and cankierexisting docking interface to the
new NASA Docking System (NDS). The new adapteniernded to facilitate future docking
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of new U.S. human-transport spacecraft. Previougedistates cargo missions since the
retirement of the Space Shuttle have been berthdter than docked, while docking is
considered the safer and preferred method for spaftearrying humans.

The spacecraft was planned to stay in orbit fox fikeeks before returning to Earth with
approximately 640 kg of supplies and waste.

4.7.1 Planned Landing on Floating Platform

The launch was scheduled to be the third contrallegstent and landing test for the Falcon
9's first stage. It was planned that after th@sdstage separation, SpaceX planned to
conduct a flight test and attempt to return thedalo's nearly-empty first stage through the
atmosphere and land it on a 90x50-meter floatiatgf@im barge. SpaceX calls the barge an
autonomous spaceport drone ship (ASDS), and thiepkar mission's ASDS was named
“Of Course | Still Love You”.

4.7.2 Launch Failure

The vehicle's second stage failed with a measwerpboessure at T+02:19, well after max Q
(at T+01:26) and before first stage engine shutdMBCO, scheduled at T+02:45). The
second stage developed a very large Liquid OxygekTeak, releasing large clouds of
vapour while the first stage continued to thruabbt on course for about 9 seconds, until it
disintegrated at T+02:28.

It was the first Falcon 9 failure in the 19 launsloé the rocket type. According to SpaceX,
the launch vehicle experienced a problem shortigredirst stage shutdown due to an
overpressure event in the upper stage liquid oxygek

It is not clear if the destruction of the firstgtawas due to the flight termination system,
which would have been activated automatically byboard sensors. The Eastern Range's
range safety officer did transmit a remote destsigral, but only as a formality, 70 seconds
after the event when there was nothing left to ésrdyed.

5. Current Status of NASA-contracted Commercial Re-supply Services

At the time that this paper was written (July 20M&SA-contracted Commercial Resupply
Services had no capabilities of supporting the £, to catastrophic launch failures that
took place on 28June 2015 and 3%f October 2014, respectively. Consequently, NASA
was without spares for the water filtration sys@niSS.

The first opprtunity to improve the water filtraticystem of ISS will be in mid August 2015
when the planned launch of a Japanese ISS re-sapgdyon will take place. It is expected
that Japan’s HTV will be loaded with water contagmand other supplies that should help to
ensure six-crewmember operations until late thég.ye

6. The Future of NASA-contracted Commercial Re-suply Services

On February 2%, 2014 NASA posted Request for Information, RFhuatha possible follow
on options to the current Commercial Re-supply f8esvto the International Space Station.
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The anticipated contract reqgarding the futurenhtisgwill include:

« delivery of pressurised and unpressurised cargo,

e return and disposal of pressurised cargo,

e disposal of unpressurised cargo,

e ground support services for the end-to-end re-sumdsion

and will include: delivery of approximately 140G917000 kg per year, 55 to 7G nof
pressurised cargo in four or five transport tripvery of 24—-30 powered lockers per year,
requiring continuous power of up to 120 Watts av/28s,.

The draft Request for Proposal, RFP, was releasbthy 2014 with a final RFP in June
2014.

Five companies are known to have submitted propdedASA, namely: SpaceX, Orbital
ATK, Boeing, Sierra Nevada, and Lockheed MartirthAlgh the contract awards were
originally anticipated by NASA in April 2015, thegyoved back to a June target date, and in
April, delayed again to a contract award targee a@dtSeptember 2015.

In 2015, NASA extended the contract by orderingtlaaiothree re-supply flights from
SpaceX and one from Orbital Sciences. It is expktttat the second round of contracts,
CRS2, will cover deliveries from 2017 until 2024daare expected to be awarded in 2015.

7. Conclusions

The factual results of the analysis of NASA-contiedcCommercial Re-supply Services
presented in this paper are another confirmaticheiincertainty of the in-service behaviour
of industrial systems. Hence, this is another cardtion of the validity of the Mirce-
mechanics Axiom related to the probability of ocence of in-service failures. Even further,
it is also confirmed that causes of mission faguasee not due to the failures of their
consisting components only. Several launches haga postponed due to unsatisfactory
environmental conditions during the attempted l&@scon one hand and high level of space
radiation on the other.

Both catastrophic launches are still under invesiogs, which only confirm the complexity
of the processes taking place in the launch proeegsseven more the complexity of the
interactions between internal components of thadhwsystem, as well as the interactions
between the launch system and the surroundingalanyvironment.

Finally it is necessary to stress that all proce$sem the conceptions of both the launch
systems, Space Exploration Technologies CorporainhOrbital Sciences Corporation,
through their design, production, testing, laun¢kpace flights, berthing with the ISS, return
flight to the Earth and finally post failure anak/are performed by humans that despite all
creative, scientific, motivational and similar gos qualities also have proven abilities to
make errors on the execution of tasks requirecktpdsformed by them, to the level that the
3@ Axiom of Mirce-mechanics stateSHe probability of a human error in the executidn o
any functionability action is greater than zero”.

In summary this paper provides further confirmatioat functionability and safety
considerations of a large number of modern indaistgstems, including NASA-contracted
Commercial Re-supply Services, are complex progeitihose full understanding requires
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scientific approach towards understanding intricatechanisms that lead to the occurrence
of in-service failures, starting from atomic sturet that drives the behaviour of matter, up to
the solar system that drives the energy convergmpsysical scale ranging from 1o

10" metre). Then and only then, can accurate and megmireliability and safety

predictions become possible, enabling the ultingatd of reducing the probability of the
occurrence of in-service failures during the dféndustrial systems like power networks,
aviation, satellite services, pipelines, digitahttol sand many others, including NASA-
contracted Commercial Re-supply Services of toclyat the future.
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Aircraft Air-intake Icing on the Ground as a
Mechanism of the Motion in Mirce-mechanics

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

Mirce-mechanics is a scientific theory of the motmf maintainable systems
through Mirce Spacetime resulting from any actiastsoever and the actions
required to produce any motion accurately propoaed demonstrated. Hence,
the main purpose of this paper is to address thénéake icing as a mechanism
of the motion in Mirce-mechanics that causes thadition from the positive to
the negative in-service state of an aircraft. Talms this mechanism the
Loganair scheduled cargo flight for the Royal M&ibm Edinburgh-Turnhouse
Airport, Scotland to Belfast International Airporhas be selected for the
analysis. The flight took place on 27th Februar@20with 17.10 take off and
ditching into water several minutes later, killiigpth crew members A few
other examples, where this mechanism caused tmsiti@an to the negative
state, with similar consequences, are also mendiomé¢he paper.

1. Introduction

“Everything that the human race has done and thoisgtdncerned with the
satisfaction of felt neetls Albert Einstein

Human needs for transportation, ventilation, comication, refrigeration, information,
computation and many other functions are continlycetisfied through human created and
managed entities, commonly known as systems. Tesign-in performance, in terms of
speed, capacity, frequency, power and similar gaylsi measurable quantities, can be
accurately predicted during the design procesdestdd at the delivery, as they are
functioning in accordance to well understood ladeaiural sciences, such as: Newton’s
laws of motion, Maxwell's law of electrodynamicsp@omb’s law of solid friction, Hook’s
law of stress and strain Boltzmann’s law of thergm@imics, to name a few, which are
characterised by certainty, reversibility and inelegience of time, location and humans.

Experience teaches us that due to internal andrnattenteractions, variety of mechanical,
electrical, chemical, thermal, radiant and otheyspdal events are generated, some of which
cause the loss of the ability of systems to fumctibo maintain functionabilify actions like
servicing, repairs, inspections, replacements amidas, are undertaken by humans. Thus,
the motion of functionability through time, whick physically manifested by the sequential
transitions of maintainable systeffirough positive and negative functionability et
resulting from the complex interactions betweenmato environmental and human actions,
is a key determinant of the in-service performaoteystems. Unlike accurate quantitative
information regarding the design-in functionalitgrfiprmance of systems that is available on
the delivery day, the in-service performance is. hostead, years later the statistics for

8 Functionability, n. ability to deliver at leaste@measurable function, Reliability, Maintainabilégd
Supportability — A probabilistic Approach, Text aBdftware package, pp. 291, Knezevic, J., McGrély H
London 1993. ISBN 0-07-707691-5

® In Mirce-mechanics a functionable system is defiae any collection of entities that enables tha bf
functionability through time.
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various functionability measures become availablee reason for this is the fact that they
are characterised by uncertainty, discontinuitgversibility, inseparability, and dependence
of time, location and humans, and as such non gedae by existing laws of science. [1]

To rationally address questions of the accuratdigtiens of in-service performance of
systems Dr Knezevic has established the MIRCE Akadat Woodbury Park, Exeter, UK,

in 1999. Staff, Fellows, Members and studenthiefAkademy have endeavoured to subject
in-service behaviour of systems to the laws ofremeand mathematics to:

Determine the trajectory of the motion of functibiigy of in-service systems
through time, which uniquely define the sequenceaaiirrences of positive and
negative events, together with the statistics efwork done by the systems and on
the systert?

Understand mechanisms that lead to the occurrerioeservice events like fatigue,
operator errors, corrosion, creep, foreign objachage, a faulty weld, carburettor
icing, shelf life, perished rubber, to name justhim physical scale (18 to 10°
metre).

Define a mathematical scheme for predicting exgerteservice behaviour of
systems for a given operational scenario, maartea policies and support strategy,
which is vital for the calculation of the work dohg the systems and on the system.

While in classical mechanics a force is said tavdok if, when acting on a body, there is a
displacement of the point of application in theedtion of the force, in Mirce-mechanics a
given system is said to do work, if there is a Bimn of a measurable function in the
direction of time, named as functionability in nuoti

In summary, the body of knowledge comprising obax$, mathematical equations and
methods that enable prediction of the motion otfiomability through time to be made, for
all possible combinations of design-in and in-sex\alternatives, based on the scientific
understanding of the mechanisms that cause ocoaserf observable positive and negative
events through the life of in-service systems dartss Mirce-mechanics.

The main purpose of this paper is to address takeicing as a physical process that could
potentially cause the motion of an aircraft fronsipige to negative in-service states and thus
have significant impact on the passengers and cargo

The main example of this mechanism, analysed sighper, is related to the Loganair Flight
670A on 27th February 2001 that lost all power othlengines soon after take off from
Edinburgh. An attempt to ditch in the Firth or Fom rough seas resulted in the break up
and sinking of the aircraft and neither pilot sued. The loss of power was attributed to the
release of previously accumulated frozen depasitsthe engine core when the engine anti
icing systems were selected ON, whilst climbingtiyh 2200 feet. These frozen deposits
were considered to have accumulated whilst theadirbad been parked prior to flight
without engine intake blanks fitted.

2. Aircraft Ground Air-intake Icing Phenomena

19 Boeing 747, registration number N747PA, been aint80,000 flying hours, transported 4,000,000
passengers, burned 271,000,000 gallons of fuekwhdeiving 806,000 maintenance man-hours and
consuming: 2,100 tyres, 350 brake systems, 1gmes, among other parts, during the 22 years-eérvice
life , at Pan Am airlines.
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Within the aviation community the effects of airfra contamination and the potential
consequences of failure to properly de-ice pridiateoff are well documented and are
generally well understood. However, the conceptsl@ailities of jet engine contamination,
inclusive of engine core and fan blade icing, havehad the same degree of exposure and
are less well understood.

Blowing snow, precipitation, freezing fog, slustdasther ground contaminants or airport
snow removal operations can all result in the aoimation of jet engine intakes and
components. The area of the engine that will becté¢tl is dependent upon the origin and
type of contaminant, and whether or not the engamesunning at the time of exposure. The
potential for damage due to ice ingestion is sigaift but the more subtle effects of airflow
disruption due to ice accretion on compressor andfades can also result in loss of thrust,
engine damage or flameout.

The engine anti-ice system, as installed on me&gsyserves solely to prevent ice build up
on the air intake opening of the engine nacelldo#s not prevent ice build up in the primary
stages of the engine core (compressor) or on thbléales. Jet engines are most susceptible
to the build up of blade ice in conditions of fremgfog or freezing precipitation while the
engine is at or near its minimum rotation speedygd idle). Compressor and fan blades are
aerofoils and, due to the affect that they havéherairflow across them, any ice accretion
will normally be found on the back side of the ldadihis makes the ice difficult to see
during a preflight inspection and also inhibitsreggnoval.

3. Loganair Flight 670A on 27th February 2001

For the purpose of this paper the Loganair scheldtdego flight for the Royal Mail, from
Edinburgh-Turnhouse Airport, Scotland to Belfagetnational Airport, has be selected for
the analysis, as an illustration of the air-intadieg as a Mechanism of the Motion in Mirce-
mechanics

3.1 The Aircraft

The aircraft considered was a Short 360-100, aofrdp airliner manufactured by Short
Brothers Limited in 1987, constructor's serial ne@m8H 3723 and registered G-BMNT. It
is powered by two Pratt & Whitney Canada PT6A-6Tigiees.

For the Royal Mail flights the passenger seatsbesh removed for use as a freighter and its
Certificate of Airworthiness was valid until 15 @ber 2001. The aircraft was loaded with
1,360 kg of fuel and carried 1,040 kg of cargo vaittotal weight at takeoff of 10,149 kg
(maximum certified takeoff weight is 12,292 kg).

3.2 The Crew
The crew consisted of a 58 year old male holdingla Airline Transport Pilot's license and
with 13,569 hours' flying experience, as the gilotommand.The co-pilot was a 29 year
old male, also with a valid license and 438 tdight hours.

The report said that nothing is known of the creactvities at the aircraft.
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“It is probable that by the time the accident cewved, any accumulation of snow or slush
on the airframe had been blown away or melted, réipert said. “In the absence of any
other information it is assumed that the crew earout normal pre-flight procedures and
checks.” [2]

3.3 Environmental Conditions

Weather reported at the Edinburgh Airport, jusbbefthe accident, was as follows:
* Air temperature of +2°C,
e dew point of -3°C,
» Visibility of more then 10km, broken clouds at 450@nd cover at 8000 ft.

3.4 The Takeoff

Loganair Royal Mail charter flight 670A to Belfasas given a clearance at 15:03. Two
minutes later, the crew advised Air Traffic Conligolthat they aborting the flight due to a
technical problem.

The crew then advised their company that a genenaiald not come on line. An avionics
technician carried out diagnosis during which berlgines were ground-run twice. No fault
was found and the flight crew requested taxi cleegaat 17:10.

3.5 The Accident

A normal takeoff took place at 17:10, whit the pilging. It was followed by a normal
reduction in power at 1200 feet above mean sea l&av2200 feet, while the pilot was
changing the radio frequency, the co-pilot selethedanti-icing systems. However, only 3.9
seconds later the torque indicators for both ersgiapidly fell to zero, causing a complete
loss of propeller thrust. In response, the firdicef radioed a Mayday call on the Air traffic
control frequency; the pilot initiated a descenthva reduced airspeed of 110 kt while
turning right towards the coast. Realising thaytbeuld not reach shore the crew prepared
for ditching. At airspeed of 86 knots, with a 6&ydee nose up, and 3.6 degree left wing
down attitude the aircraft thatched the water.

At the final stop, the aircraft was 65 metres tibi® in a 45 degree nose down attitude, with
the forward half of the fuselage submerged in eenwdépth of approximately 6 metres. As
the results of the impact with water the flight kleeas almost completely destroyed, with a
fuselage firmly embedded in the sand. The empenhadeseparated and was found floating
100 metres to the east of the main wreckage.

Both crew members were drowned, although both seats remained attached to the flight
deck floor with no failure of the safety harnessd@se cockpit voice recorder (CVR) and
flight data recorder (FDR) were both recovereddnt@he aircraft was eventually salvaged,
dismantled and transported to UK Air Accidents tigation Branch (AAIB) headquarters
at Farnborough for a detailed examination.

3.6 Actions that Caused Occurrence of Negativeehwise Event
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Upon investigation completion it was concluded thatsnow accumulated overnight
changed the engine intake air flow, causing botjiress to flame out after both engines' anti-
ice vanes were simultaneously opened as per thdathoperating procedure.

The aircraft concerned was parked overnight, hegdiirectly into moderate to strong
surface winds for approximately 17 hours. As natgeting plugs were put inside the engine
intakes by the flight crew, against establishedfical procedure for flights in adverse
weather conditions, the wind drove a significanbant of snow into the intakes.

The reason for that was the fact that the intakggivere not carried, as part of the aircraft's
onboard equipment. Even further, they were notlabks at Edinburgh Airport. Finally,
information concerning freezing weather conditionthe aircraft manufacturer's
maintenance manual had not been including in tlgahair Operations Manual for Short
360, which meant not complied with.

The AAIB, in the final report, stated that the langplumes of snow or slush could have
accumulated where it would not have been readsdipie to the crew during a pre-flight
inspection, as the engine intakes on this typerofadt are about 2.8 m above the ground. [2]

4. Other Occurrences of Aircraft Ground Air-intake Icing Phenomena

A few examples of the aircraft ground air-intakgcoccurrences are briefly describes here,
as a further evidence of the nature of this phemanaad the manner of its manifestations.

* During the course of the investigation of the lo6&-BNMT, a report was received
that there had been a previous occurrence, on 86Baircraft operated by a
different company in the UK, of a double engine poanomaly as a result of
accumulated ice or snow arising from pre-flight ditions. The power interruption
occurred while the aircraft was on its take-off.rlihe event, that took place around
1992, had not been reported at the time througlesteblished mandatory reporting
system. However, both crew members and the statigineer concerned were
located and spoken to, but the intervening peradifesulted in considerable
differences of recollection of the precise circuanses.

» The AAIB reported in the Bulletin 1/2002 on an amt which occurred on 20
March 2001 in which a DHC-8 aircraft experienced andetected build up of slush
in the engine intake and plenum areas. The airaradtfitted with PW127 engines, a
type with an intake system very different in cortdepm that on the PT6A-67, but
which as similarly located and configured intakeshie engine nacelles. This
accumulation had occurred while the aircraft wakgé facing into wind in falling
snow and resulted in both engines flaming out dutine subsequent taxi for takeoff.

e On 13 January 1982, an Air Florida Boeing 737-26¥ktoff in daylight from runway
36 at Washington National in moderate snow but 8taled before hitting a bridge
and vehicles and continuing into the river belotemjfust one minute of flight killing
The aircraft was destroyed by impact forces andf@Be 74 occupants and 4 people
on the ground were killed and 4 more on the grameck injured. The accident was
attributed entirely to a combination of the actiamsl inactions of the crew in relation
to the prevailing adverse weather conditions andially, to the failure to select
engine anti ice on which led to over reading ofiacengine thrust. [3]
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e On 25 November 2004, a Mytravel Airways UK Airbu820 departed the side of the
runway at Harstad, Norway at a low speed after ddsbrectional control when
thrust was applied for a night take off from sugfaontaminated runway 35 in
normal visibility and the aircraft departed the k&tle of the runway. The aircraft
stopped short distance off the paved surface anddbupants were subsequently
evacuated from the rear of the aircraft using no@airaraft steps before being taken
back to the terminal by bus. Damage to the airevai minor and confined to the
NLG. It was found that the crew had failed to fallan SOP designed to ensure that
any accumulated fan ice was shed prior to takamdfalso failed to apply take off
thrust as prescribed, thus delaying their appreciaif the uneven thrust produced.

[5]

e On 20 March 2001, aircraft DHC-8-311, G-JEDD, watRratt & Whitney PW-123
turboprop engines landed at Bristol at 1314 hrghat time, the weather produced a
surface wind from 080° at 25 gusting 36 kt, vistii2,000 metres in light snow,
scattered cloud base 500 feet, temperature 0°Caiftmft parked normally on stand
5, heading east (into wind). After the passengatsdeplaned, the crew went into the
airport terminal, as the next planned departureatd$10 hrs. The crew did not fit
the engine intake blanking plugs during the turnach During the intervening period,
the weather conditions worsened. The snow fall imecheavier with a progressive
deterioration in visibility and the strong, gusgseerly wind continued. During its
time on the ground, the aircraft began to accurewdatovering of snow. When the
crew returned to the aircraft in time to preparnetf@ next planned departure, the
commander arranged for the aircraft to be de-icdguheated type Il fluid. After
this was carried out and the commander complefd-flight external inspection,
which included a visual inspection from the growfi@ach engine intake lip and a
tactile inspection of the rear of each intake tiglothe open bypass doors. The
commander assessed that there was no build upwf @nslush in these areas and
considered that the engine intakes were cleareohintd snow. Once the runway had
re-opened, the crew performed a normal engine a&tarthe aircraft began to taxi out
for departure at 1535 hrs. On reaching the holgmigt for Runway 09, ATC
requested that the aircraft hold position in otdeaillow a stream of inbound aircraft
to land. While waiting with the aircraft's tail mtvind, the right engine suddenly
stopped, for no apparent reason. The crew cartethe Engine Failure procedure
from the aircraft's Quick Reference Handbook (QR#)hout selecting Ignition to
Manual (ON) for the left engine. About 2.25 minugdter that the left engine also
flameout. The commander informed ATC and requeatieds to deplane the
passengers and a tug and tow bar to move the fait@the parking ramp. While
passengers were leaving the aircraft the left plepeas still wind milling quite fast
close to the forward exit door. The aircraft wasnttowed to a parking stand. On
arrival, the aircraft was quarantined and the emgitake blanks were fitted. [6]

These few examples, like thousands of other in¢gjeme recorded in different aviation data
bases, form the statistics of the past performandewever, as statistics does not study
causes of statistical behaviour and is mainly usestatisticians and government
organisations, rather than by design, operationna@icitenance engineers, many of the
future accidents end up as the statistics. As atdetin the introduction of the paper one of
the main objectives of Mirce-mechanics is the ddierunderstanding of the mechanisms
that drive in-service processes like fatigue, of@grarrors, corrosion, creep, foreign object
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damage, a faulty weld, carburettor icing, she#,lperished rubber, to name just, which
cause occurrences of negative events.

5. Functionability Analysis of the AirOintake Icing Event

Mirce-mechanics is a a scientific theory of the imobf maintainable systems through
Mirce Spacetime resulting from any actions whatsoewd the actions required to produce
any motion accurately proposed and demonstrateacd{¢he main objective of this paper is
to present an example of t the functionability gzl as a consistent part of the Mirce-
mechanics through analysis of the actions thatezhtise accident of the flight 670A to
Belfast. The data provided in the Air Accident Re@32003 [2] is the main source of
information used to conduct the functionability e considered.

5.1 Sequence of Pre-flight Events

The aircraft considered landed at Edinburgh Airfran its previous flight at 0003 hrs on
27" February 2001. The weather conditions, recordetidrweather report, were as follows:
surface wind 048/22 gusting 36kt, visibility 5,000 metres, ligheipellets, scattered cloud
at 900 feet, broken cloud at 1,200 feet, tempeeatut® C, dewpoint C and barometric
pressure adjusted to the sea level was 992 mb.

The aircraft was taxied to and parked on Standv@th,a heading of 03%M. The inbound
crew reported that there were no abnormalitiesrekseor technical defects on the aircraft.
As the Loganair does not use this airport as opeydlase, flight crews were responsible for
normal aircraft turnaround procedures. Hence, supervised the refuelling of the aircraft to
a final load of 360 kg before leaving.

The aircraft was scheduled to depart Edinburglod0rs with a different operating crew,
which arrived at the aircraft at about 0030 hraie@o existing weather conditions the crew
required de-icing before departure but they werasad that there would be a delay of
several hours before equipment would be availdblthe interim they returned to the crew
room. At 0210 hrs the airport closed asa  reduh®severe weather. At 0600 hrs this
second crew were advised that the airport wasikely/lto reopen for several hours and so
they returned to the aircraft to ensure it was mebefore going off duty. At this time they
fitted propeller straps to each engine and alsmpuhe pitot head covers. Engine air intake
blanks were not available for the crew to fit te #ircraft. The aircraft had not been de-iced.

The overnight weather conditions comprised a sosthstrong north easterly wind, with a
maximum recorded speed of 43 kt. Light or modesatav fall occurred until 0952 hrs.
There was no further snowfall after this time agdLBOO hrs the weather conditions were:
surface wind 038/ 15km, visibility 10 km, scattered cloud at 4,d@@t, broken cloud at
7,000 feet, temperature +Z, dewpoint —3C.

5.2 The Accident Flight

To commence a planned flight to Islay departin@%itO hrs, the pilots that were aboard the
aircraft on the accident flight reported for dutyGlasgow Airport at 0810 hrs on'27
February 2001. As a result of adverse weather tiondj that flight was cancelled and they
were rescheduled to carry out the single sectghtflilelayed from 0040 hrs from Edinburgh
to Belfast. Surface travel from Glasgow to Edintbuvgas impossible due to adverse road
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conditions, so as soon as Edinburgh Airport re-epeat 11.30 hrs, the crew were positioned
to Edinburgh as passengers on another companwfaircr

On their arrival at Edinburgh the crew went outhe aircraft. There was no record of their
activities there, but at 1503 hrs they requestedrahce to start engines. Start clearance was
obtained and then, at 1512 hrs, the crew advisedific Control, ATC, they were

shutting down due to a technical problem. During geriod the right engine had been
observed to start and stop several times.

The crew returned to the terminal and contactei doenpany at Glasgow to ask for
engineering assistance. They indicated that the eggine driven generator would not come
on line. A company avionics/instrument engineer wasansit through Edinburgh Airport.
He was contacted by the Line Maintenance Contrali€@lasgow and asked to assist the
crew. He carried out trouble shooting with adviaa the Maintenance Controller. This
action involved transposing the connections toGkeerator Control Protection Units and
required the crew to start and run both enginegj@roximately 15 minutes. The
connections were then returned to their originalifans. Thereafter, the crew carried out a
second engine run of similar duration, again akthgineer’s request. The original fault
could not be reproduced. A ground power unit wasanailable, so the engine starts were
carried out using aircraft battery power.

The commander then requested that the engineek theengine oil contents. He also asked
him to confirm that the upper surfaces of the aitovere free from ice and snow. The
engineer noted that the oil levels were such tglenishment was not required and the only
airframe contamination was a small slush depostherwindscreen. This was cleared by the
engineer. Both engines were then restarted afteahwthe aircraft remained on stand with
the engines running for about another 20 minutes.

At 1710 hrs the first officer requested taxi clem® After a short delay the aircraft powered
back off stand and taxied to depart from Runwayhile taxiing, as part of the first flight

of the day engine checks, the crew carried out @io feather test, during the automatic
operation of the engine anti-icing vanes to fulgpbby and return was also observed. The
commander briefed the first officer that after taftehey would recycle the landing gear
once to ensure that it was free of snow and slush.

The aircraft was cleared for a flight to Talla (TLA'he commander was the designated
handling pilot. He carried out a normal takeoff ethivas followed by the landing gear being
cycled up and down once, before its final retracti®d reduction to climb power was made at
1,200 feet above mean sea level, amsl. The commémete called for the after take-off
checks to be completed. When the ‘Stall Warningtétsaitem was reached, he requested
that the first officer put on all the anti-icingstgms. At this time the aircraft was handed
over from Edinburgh Tower to Scottish ATCC, whicasaacknowledged by the first officer.
With the aircraft at 2,200 feet amsl, the firsticéf then selected the anti-icing systems ‘ON’
while the commander selected the new radio frequédfmur seconds after the selection of
each anti-icing vane switch, the torque on theesponding engine reduced rapidly to zero.
The commander quickly observed that the aircradt hddfered a double engine failure and
advised the first officer who immediately broadedsh MAYDAY call. In response the

ATC passed the crew position and heading informatio

The commander continued to fly the aircraft, initig a descent while allowing the airspeed
to reduce to 110 kt and turning the aircraft torigat towards the coastline. The rate of
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descent stabilised at 2,800 feet per minute anmeédlesed that the aircraft would have to be
ditched in the water. The first officer attemptedriake a further call to ATC advising that
the aircraft was ditching, but this was not recdiv&s the aircraft descended close to the
water surface, the commander gradually increase@itbh attitude of the aircraft and
correspondingly reduced the speed.

The aircraft impacted the water in a%8se up attitude at airspeed of 86 kt on a heasfing
109M. It came to rest on the sea bottom in a nose datitude with the forward section of
the fuselage submerged, 65 metres offshore, interwdapth of about six metres.

5.3 Operating Procedures

Aircraft operating procedures for flight crew wéael out in the Operations Manual.
Emergency and Abnormal checklist Documents werevel@ifrom information contained in
the Short Brothers Ltd, SD3-60 Aircraft Flight MahAFM), and approved by the UK
Civil Aviation Authority (CAA).

The company’s operations manual required ice-ptiotesystems for the airframe, engines,
propellers, windshield, pitot-static system and-starning system to be engaged before the
aircraft enters visible moisture at an outsiddexnperature at or below 6 degrees C.

5.4 Ground Handling Procedures

In the Operations Manual Part 1, clearly specifieat after flight, captain is responsible for
safe guarding the aircraft if it is to be left weatded for any length of time, such during a
split duty or an overnight stop. It specifies that:

“ The aircraft is to be secured in such a mannariths protected from adverse weather
Conditions, actual or forecast, and is to be pakdrhngared in a secure place or area.
Control locks and, where applicable, propellerreast straps and pogo sticks are to be used
whenever aircraft are parked. Should an aircrafefidor any length of time then engine
blanks, pitot covers and chocks must be in position

According [2] the Operations Manual Part 9 (Flyin&horts SD3-60) in particular specifies
that, even for short term parking, ‘propeller ®uld be fitted’, in order to prevent
undesired rotation of the propellers on the ground.

For the engine air intakes, that are located sa®en2tres above the ground, the
manufacturer suppliedair intake blanks as origatalipment, which were designed to be
fitted in the engine intakes to prevent debrist dusnow from entering the engine intake
area. Although supplied originally by the manufaetwith the new aircraft, these intake
blanks were not routinely carried on the operat8I3-60 aircraft.

The Maintenance Manual and the Operations Manual dantained a requirement for intake
blanks to be fitted prior to the aircraft beingided. The Operations Manual also specified
that, when ground de-icing of aircraft was to beied out, then this should be under the
supervision of a company engineer.

It was the operator’s standard practice to keggkblanks only at its main operating bases,
namely Glasgow, Kirkwall and Inverness, where thveye invariably fitted only by
engineers to the night-stopping aircraft. Henceemgineering personnel and no engine
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intake blanks were provided overnight at EdinbuxmbBupport this operation. No intake
blanks were therefore readily available to the ¢remthey were unable to meet the stated
responsibilities with regard to the safeguardinghefaircraft.

Even further, the crew would have needed a steplamdvisually inspect the engine intakes.
Steps were not available at the aircraft, and @alimspection inside the intakes was not
specifically part of the pre-flight procedure. Hoxge, if the air intakes had been closely
examined, it is possible that, some deposits ofvamay have been visible within the intake
cowl area.

5. Results of the Functionability Analysis of the AQintake Icing Event

Based on the information presented in [2] and tieyasis performed above it is possible to
draw the following conclusions:

The airline did not have an established practicatg@dure for flight crews to fit engine
intake blanks in adverse weather conditions. Theamh that the advice contained in the
aircraft manufacturer’'s Maintenance Manual ‘Fregzimeather — precautionsvas not
compiled with. Furthermore intake blanks were noivged on the aircraft nor were any
readily available at Edinburgh Airport. Howevergawf they could have be found at the
airport it would not be possible to install thentlwaut a ladders of a significant height.

Resulting from the aircraft overnight parking pasitthat exposed it directly into strong
surface winds, during the conditions of light to decate snowfalls, almost certainly a
significant amount of snow entered into the engmakes.

The flow characteristics of the engine intake gystmost probably allowed large
volumes of snow, ice or slush to accumulate in anehere it would not have been
readily visible to the crew during a normal prefli inspection without making use of
ladders, which were not readily available.

The deposits of snow, ice or slush almost certaimigrated from the plenum chambers
down to the region of the intake anti-ice vaness@he stage (probably after engine
ground running began).

According to investigators [2] the conditions iretimtakes prior to takeoff are considered
to have caused re-freezing of the contaminantwalig a significant proportion to remain
in a state which precluded its ingestion into thgiees during taxi, takeoff and initial
climb.

Movement of the intake anti-icing vanes, actingamjunction with the presence of snow,
ice or slush in the intake systems, altered thanengtake air flow conditions and
resulted in the near simultaneous flameout of eotines.

The standard operating procedure, approved bygbetor, of selecting both intake anti-
ice vane switches simultaneously enabled a simedtas double engine flameout.

6. Conclusions
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Mirce-mechanics analysis of the factual resultslalke [2] regarding the Loganair Flight
670A on 27th February 2001 that lost all power othlengines soon after take off from
Edinburgh and ditched into water several minutes las presented in this paper. The
action that caused this fatal event was the relebpeeviously accumulated frozen deposits
that were considered to have been accumulatedtidsircraft had been parked overnight
without engine intake blanks fitted.

Hence, this is another confirmation of the validifjthe Mirce-mechanics Axiom which
states thatThe probability of a human error in the executidrany functionability action is
greater than zero7]. Even further, it is also confirmed that causésm-service failures are
not always due to the malfunctioning of internaingpmnents of a system, but also from
environmental impacts and humans actions.

In summary this paper provides further confirmatiloat in-service reliability and safety
considerations of a large number of modern maiatdesystems are complex properties
whose full understanding requires scientific appho@wards understanding intricate
mechanisms that lead to the occurrence of in-seffaitures, starting from atomic structure
that drives the behaviour of matter, up to thersgyatem that drives the energy conversions
(a physical scale ranging fromitto 10°° metre). Then and only then, can accurate and
meaningful reliability and safety predictions be@possible, enabling the ultimate goal of
reducing the probability of the occurrence of fumcability events (in-service failures)
during the life of maintainable systems.
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Aerotoxic Syndrome as a Mirce-mechanics Phenomenon

Dr Jezdimir Knezevic,
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Abstract

Mirce-mechanics is a scientific theory of the motdf maintainable
systems through Mirce Spacetime, resulting fromfaityre causes
whatsoever and the actions required to produceraation accurately
proposed and demonstrated. Hence, the main purpiokes paper is to
address the impact of toxic aircraft materials thatise in-service
effects such as blurred vision, disorientation, mgntoss, lack of
coordination, nausea and similar to flight crew dnelquent flyers.
Aerotoxic Syndrome is the term given to the advieesdth effects
resulting from the exposure to jet oil mist durc@mmercial flights.
There are some indications that methods of Mircebarics could be
used to make flying as safe as possible, whilergmgswellbeing for
crew members and frequent flyers.

1. Introduction

While investigating the death of a British Airwgyi$ot, Richard Westgate, the senior
coroner in Dorset, England, Stanhope Payne, hesd@oncerns about aerotoxic syndrome.
Mr. Westgate, a senior first officer, died in 2Cdffer claiming he had been poisoned by
toxic cabin fumes. The coroner says that exanonatof Westgate’s body “disclosed
symptoms consistent with exposure to organophospmahpounds in aircraft cabin
air."Payne has suggested that those who spenddketime on board commercial aircraft,
cabin crew and frequent travelers, could face “equential damage to their health” because
of these toxins.

Aerotoxic Syndrome is the term given to the illneaased by exposure to contaminated air
in jet aircraft. The term was introduced on 20dbetr 1999 by Dr Harry Hoffman, Professor
Chris Winder and Jean Christophe Balouet, in ttegort, Aerotoxic Syndrome: Adverse
health effects following exposure to jet oil mistrithg commercial flights.

Aerotoxic syndrome is a somewhat controversial @@mthat could be triggered by the air
compression systems in commercial planes. Sonteeddit that is compressed and
recirculated throughout the cabins originates irejggines; when excess oil molecules enter
that air supply, it can result in what is calletftane event” Thus, the main objective of this
paper is to address the aerotoxic phenomena frarreMinechanics point of view, which
means as one of many actions that could causéhtirge of the state of maintainable
systems.

2. Cabin Pressurisation

Naturally, atmospheric pressure around the eadihces with altitude. Consequently,
humans can tolerate a reduction in oxygen partedsure up to around 10,000ft. Beyond
that oxygen partial pressure reduces rapidly arnghira brain function. To provide safe and
pleasant flights, the maximum certified cabin ati# in normal operation is 8,000ft.
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During flight, air is derived from the compress&tage of the jet engine. This bleed air is
conditioned and filtered, with an exchange of 1Gifres per hour with outside air and 20-30
times per hour including outside and filtered reagiated air.

3. Human Toxicology

In order for a toxic effect to occur chemicals fgreto the human body must be absorbed
from the surrounding environment and transportetiéaelevant site in the body. Routes of
entry include ingestion, skin absorption and intiafawith sufficient concentration for the
chemical to cross the many cell membranes. Indke of inhalation, the absorption of the
chemical will depend on the percentage partialqunesit exerts within the total pressure in
the lung alveoli as well as its solubility. The hammsenses, particularly smell, are generally
effective in detecting potentially hazardous substa at a level well below that which
causes harm (the major exception being carbon mdeap»x-or most volatile organic
compounds, the normal detection level is aroun@@.tnes less than the level which is
likely to harm health.

For organophosphates, exposure to sufficient dofsie ortho isomer may cause adverse
effects on the nervous system, including impairnoémeuromuscular and peripheral nerve
synapse function, but not brain cognitive functidbhe majority of cases recorded in the
medical literature since 1943 have been assocvwtbdswallowing contaminated food or
drink, and reports of occupational intoxication exee with no cases due to inhalation.

There are legal exposure limits for hazardous smosss at work, the Indicative Occupational
Exposure Limit Values (IOELVs); fdhe ortho isomersoCP, the workplace limit is
0.1mg/nsfor 8 hours with an emergency short term limit &rg/ne for 15 minutes. From
knowledge of aviation respiratory physiology, indze shown that these values remain valid
up to a cabin altitude of 8,000ft [3].

4. Physiology of Breathing

The total pressure in the lung alveolus is the stithe partial pressures of all the gases in
the mixture, and the transfer of any gas acrossliremlar membrane depends on the
properties of the membrane and the partial pressteged by that gas within the mixture.

Oxygen and carbon dioxide are exchanged in thekl\the partial pressure of oxygen is
higher in the air than in the blood so it combingth haemoglobin to be carried to the
tissues, whereas carbon dioxide is at a highergbaressure in the blood so is given up to
the alveolar air. It is important to stress thas ipartial pressure of the concentration that
drives the exchange. There is water vapour in ltheoh as well as oxygen, carbon dioxide
and nitrogen, and while the partial pressures efatmospheric gases fall with increasing
altitude, the water vapour pressure remains conataa result of metabolism. As alveolar
absorption is governed by Dalton’s Law of partisdgsures, as well as Fick’'s Law, and the
partial pressure of bleed air contaminants is & serall proportion of the total alveolar gas
pressure, it is reducing rapidly.

5. Toxic Aircraft Materials

Aircraft materials such as jet-fuel, de-icing flsj&ngine oil, hydraulic fluids, and so on,
contain a range of ingredients, some of which @atokic. Although these chemicals are
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usually retained in engines and equipment into wthey have been added, they can
sometimes find their way into cabin air where cewl passengers are located, through
incidents such as engine oil leaks, seal failunesfluid ingestion by APU/engines. Further,
operational activities, such as APU “pack” burngatm give rise to significant
contamination.

Dozens of in-cabin leak/smoke events are documeartedally often correlated to aircraft
fluid leak events.

Fume events are much more frequent, correlatesstiimportant aircraft fluid leaks
(hundreds per year), or to other independent ssutadotal, aircraft fluid leak/fume/smoke
events are estimated to impact over 300 flightsypar worldwide, resulting in exposures to
an estimated 40,000 or more crew and passengere Bwodels of airplanes appear to be
particularly prone to leaks.

The range of bleed air contaminants and their aunatons, which may be found during in-
cabin contamination events during flight, can bieesgive. Significant contaminants include:
carbon monoxide, aldehydes; aromatic hydrocarbalihatic hydrocarbons; chlorinated,

fluorinated, methylated, phosphate, nitrogen compsuesters; and oxides. One additional
problem is the lower oxygen concentration operaitinifpe cabins of planes flying at altitude.

Inhalation is an important route of exposure, veixiposure to uncovered skin being a second,
less significant route (for example, following espee to oil mists) and ingestion improbable.

In terms of toxicity, a growing number of crew aeveloping symptoms following both
short term and long term repeated exposures. N&ucitly is a major flight safety concern,
especially where exposures are intense.

6. History of the Problem

The first well-documented case was of a aerotoxigds recorded in 1977 when the C-130
Hercules navigator became incapacitated after tureatontaminated cabin air in. However,
the neuro-toxic properties of organophosphates bhaea known about since before the
Second World War. The toxicity of heated jet oilsdaown from 1954.

UK Committee on Toxicity of Chemicals in Food, i report, produced by the in
Consumer Products and the Environment, stateduheg events occur on average in 1 flight
out of 100. However, on some aircraft types cresport that they experience fumes to some
degree on every flight. However, as the definitbdrifume event” is not agreed upon, it
makes it impossible to get the real picture ofghablem.

7. Causes of Cabin Air Contamination

In order to have a comfortable environment andi@efit air pressure to breathe at the
altitudes at which jet airliners fly, a supply ofmn compressed air is required.

This is nowadays supplied direct from the jet eagiand is known as ‘bleed air, with the
sole exception of the new Boeing 787. It is mixeside the aircraft with recirculated cabin
air at a ratio of 50/50. Although some of the aisuibsequently recirculated, all of the air
originates from the jet engines.
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Bleed air comes from the compressor section ojghengine, which has to be lubricated. Jet
engines mostly have “wet seals” to keep the oil @n@part, which cannot be 100%
effective. Furthermore, these seals, like any ma&chhcomponent, slowly wear out and

their effectiveness gradually declines. This wear accur more rapidly when the engine is
working hard, such as climbing under full throtfldwey may also fail suddenly and will then
let a significant amount of oil into the very hatnepressed bleed air, resulting in fumes
and/or smoke entering the cabin. This is known ‘dgrae event”. There are no filters in the
bleed air supply to stop this happening.

It is necessary to stress that the oil used tddate jet engines is not based on petroleum
hydrocarbons, as are lubricants for internal combn®ngines used in motor cars, outboard
motors, tractors etc. As jet engines operate ahrhigher temperatures they use special
synthetic chemicals as oil. They also contain cog@wsphate additives as antiwear agents
and other aromatic hydrocarbons as antioxidantsieSaf the oil gets partially decomposed,
I.e. chemically altered due to the high temperatimehe engine. Thus, the contamination is
composed of the “oil”, the additives, and the deposition products. The last two of these
three generates the harmful toxicity.

Materials used in the operation of aircraft maytaonhazardous ingredients, some with
significant toxicities, and need care in handling ase. Some maintenance or operational
activities, such as leaks or poorly controlled nemance procedures, can, through
contamination of aircraft cabin air, produce unveanéxposures to personnel and passengers.

8. Detection of Aerotoxic

Slight leakage of oil into the cabin may be detédig smell. Descriptions such as ‘sweaty
socks’, ‘wet dog’, ‘vomit’, ‘sweet oily smell’ havieeen used to describe it. Background
levels of contamination may not be detectable bglkif a “fume event” occurs bluish haze
or smoke in the cabin may be visible. Only visiheoke is officially reported in the flight
log, leading to under-reporting of the actual fregey. There are no chemical sensors in
modern jet aircraft. The noses of the aircrew leeanly detectors at the moment.

The degree of contamination depends on jet engpednd how recently it was serviced,
among other factors. There are few reliable measemés but based on what has been
documented it is possible to estimate that abautaater of flights suffer slight but

significant contamination. It is important to remegaen that this contamination might be
continuous throughout a flight; hence the totalesyse might end up as much as after a brief
fume event.

Swab-testing confirms that fume events also depodistantial residues on all the interior
surfaces of the cabin, including the skin of thakeard.

The amount of leakage may increase due to faulipter@ance (including during the interval
immediately preceding a scheduled maintenanceviendion). If there is actual failure of a
component of the seal, leakage may be considerable.

In any case, leakage tends to be greater whemtiieeeis cold and when the engine is
working hard. Furthermore, some oil is pyrolysedha engine, and the complex mixture of
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pyrolysis products may also be present in the béeéedricresyl phosphates are potent
neurotoxins.

9. Aerotoxic Symptoms

Symptoms have been collected from ten cases dbpficst officers, pursers and flight
attendants, flying in five airlines, three modelsawplane and in four countries. The only
common feature is that at some stage, they wemhvad in an incident where a leak of oil
mist to the flight deck or passenger cabin occurred

Symptoms were reported from single exposures tatdd exposures and from long term
low level exposures to low level oil leaks or regiiproblems from previous contamination.
Combined exposures (that is, short term intensesaxes combined with low level long
term exposures) were also prevalent.

Symptoms from single or short term exposures apevshn Table 1 below and include:
blurred or tunnel vision, disorientation, memoryparment, shaking and tremors,
nauseal/vomiting, parasthesias, loss of balanceemigo, seizures, loss of consciousness,
headache, light-headedness, dizziness, confustbfeafing intoxicated, breathing
difficulties (shortness of breath, tightness instheespiratory failure), increased heart rate
and palpitations, nystagmus, irritation (eyes, raose upper airways).

Consequently, due to all of the above listed ptatsaad psychological manifestations, the
phenomenon described through the term ‘syndromesésl. Many general medical
practitioners are unaware of Aerotoxic Syndrome mag diagnose sufferers with illnesses
such as psychological or psychosomatic disorders.

Although some of these disorders may form part @fofoxic Syndrome, such part-
diagnoses on their own miss the root cause of tbielggm, which is exposure to toxic oil
components in a confined space. Furthermore, asgliagnosis is likely to lead to
inappropriate treatments, which may make the candéven worse.

Aviation medicine specialists are aware of the faabbut Aerotoxic Syndrome does not
seem to have gained official acceptance among tjerity of them. Hence, despite (or
because of) their expert knowledge they are likelgeek other explanations and there are
plenty of neurological symptoms associated witlatwn that have nothing to do with
inhaling oil.

As the toxins attack the central nervous systeoluding the brain, it's not easy to predict
how different exposures may affect different pepglee to the genetic variability of
individuals. Hence, one person’s body may havedassess than another’s at detoxifying
contaminants and so be affected after just onbtflighilst others may be unaffected after
years of exposure. Depending on detoxifying efficie the adverse health effects may be
cumulative. Therefore, anyone frequently flying {@hmeans once or more a week) is
repeatedly exposed and is therefore especialiglat r

10. Mirce-mechanics Impact of Aerotoxic Syndrome
Aerotoxic syndrome presents significant issuesnaigg the health of pilots, cabin crew and

passengers, but most notably with regard to sdfeilots are incapacitated and cabin crew
cannot supervise cabin evacuations during emergendiealth effects include short-term
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irritant, skin, gastrointestinal, respiratory aretwous system effects, and long term central
nervous and immunological effects. Some of thelef are transient, others appear more
permanent. The exacerbation of pre-existing hgathblems by toxic exposures is also
highly probable. Thus, the aerotoxic syndrome lwengial to generate a failure of
commercial aviation flights and such has impaduattionability performance of
maintainable systems.

In the past, safety systems have focused on thveptien and alleviation of accidents.
Having achieved a largely accident-free statentitie can now turn to ensuring wellbeing to
flight crew and frequent flyers passengers. Thosiesof the existing Mirce-mechanics
method could be applied to reduce the probabifitylealing aerotoxic. Hence, some of the
following options are available to the designerd aperators of aircrafts [1]:

1. Eliminate toxic components from jet oil. Althghuthis was tried, it is proving remarkably
difficult to achieve the same high-temperaturevagér properties. Recent progress in
understanding the molecular mechanisms of antiaeton gives grounds for some
optimism

2. Incorporate filters or adsorbents in the aie loetween the bleed off the engine and the
entry into the cabin. One problem with this apploaeems to be that the existing spectrum
of technologies are designed either to eliminat daing through micro-porous membranes,
or to eliminate small molecules via adsorption loe surface of a substance with a high
specific surface area and broad nonspecific aftidinother problem is that both filters and
adsorbents become saturated and, therefore, ngeldreeplacement

3. Eliminate bleed air by compressing the air usirsgparate compressor, as it was achieved
on early jet airliners such as the Vickers VC10wdwer, the same approach is used during
the design of the latest Boeing 787 “Dreamlineffiefie may be additional reasons for doing
this, such as the need to eliminate flows of hotrabugh a structure incorporating many
novel composite materials.

4. Screen aircrew and passengers for susceptitnlilyganophosphate poisoning. It would
appear that susceptibility is genetically determdinedepends on the available and
potentially available variety and quantity of cydoome P450 enzymes in the liver. There are
possibly different degrees of susceptibility, adiog to which the occupational risk, or risk
from frequent flying, may be too great or evenrgy flight might constitute an

unacceptably high risk of health damage.

5. Retrofit sensors for continuously monitoring icheal contamination of the cabin
atmosphere. There is already a considerable liler@n measuring aerotoxic contamination,
and even a personal sensor has been proposed. lBevganeral needs for non-interference
with aircraft control systems and miniaturizatioriegrated optical nano-sensors would
appear to be called for. Sensors should be provrd#dte bleed air ducts and at various
points in the cockpit and passenger compartmeties s€énsors would firstly provide an
objective physicochemical indication of the pregeatcontamination, and secondly they
would provide information to guide the captain gcaling what action to take

6. Educate aircrew more comprehensively aboutshee, especially so that they recognise
the symptoms of incipient oil seal problems and mamptly take appropriate action like:
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donning oxygen masks, landing at the next availabledrome, ordering passengers to don
activated carbon masks and so forth.

7. Issue activated carbon masks, preferably wliftafion or adsorption capability, to all
passengers, to be donned should a “fume event”.

8. Facilitate prompt reporting of any suspectedeakage into the cabin so that appropriate
engine maintenance can be carried out without détegddition, the development of
biomarkers for intoxication, which will assist prptdiagnosis and the application of
appropriate therapy to passengers and aircrew g@xiperienced a fume event.

11. Conclusions

Direct exposure to hydraulics and lubricants ar@¥mto be toxic, causing effects such as
blurred vision, disorientation, memory loss, la¢lcoordination, nausea that if they occurred
in flight crew, are direct threats to flight safeBurther, there is factual evidence that flight
deck, cabin crew and passengers can be directlysexito trace chemicals on aircraft in
sufficient concentrations to cause acute, immedateng term symptoms.

These exposures can produce symptoms of toxicpppEoms associated to the aerotoxic
syndrome clearly include neurotoxicity as neuropsyagical effects, as well as other
symptoms typically correlated to chemical intoxicat Links between neurotoxic effects

and certain contaminants known to be neurotoxich(sts the phosphate esters) are suspected.

Aerotoxic syndrome presents significant issues watfard to the health of pilots, cabin crew
and passengers, but most notably with regard teadéty if pilots are incapacitated and cabin
crew cannot supervise cabin evacuations during g@eneres. Health effects include short
term irritant, skin, gastrointestinal, respiratand nervous system effects, and long term
central nervous and immunological effects. Somthese effects are transient, others appear
more permanent. The exacerbation of pre-existidfii@roblems by toxic exposures is also
highly probabile.
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Simultaneous Multiaxis Shaking

Wayne Tustin, Equipment Reliability Institute,
1520 Santa Rosa Avenue, Santa Barbara, Calif@B8i09 USA

"Testing leads to failure, and failure leads to ergtanding."™ Burt Rutan

Over about 60 years, first in Connecticut with Estodynamic shaker (MB) manufacturer,
then travelling the world from a California baseTlasstin Institute of Technology, then as
Tustin Technical Institute and currently as Equiptrieeliability Institute, I've had the
pleasure of introducing new instrumentation anteagineers and technicians to the basics
of mechanical vibration.

Many of those test engineers and technicians pssgreto conducting vibration tests, using
mechanical, servo-hydraulic and electro-dynamid&sige Their supervisors hoped that
those tests simulated (and slightly exceeded) Wweald" seismic, vehicular and/or flight
vibrations. If their hardware survived the specifigbration test, it was hoped, their
hardware would survive "real world" in-service \abons.

But how could that be? The&stmajority of shakers vibrates nominally in one-aaisa-
time. Even though, when we measure "real worl@tations, usually using numerous
accelerometers, we find simultaneous-all-axes titmma. So that several (at least three)
shakers mustimultaneouslghake our hardware. Multiple-shaker systems, rgcbatome
available, are finding more of our existing hardevereaknesses.

Simultaneous multiaxis shaking. When will your dmmence?

About the Author:

Wayne Tustin was introduced to vibration and shesking at Boeing Company in Seattle
1948-53, then sales, field service & technicahirag (vibration and shock test training) at
MB Electronics (later reorganized as MB DynamiddNaw Haven, CT (shaker
manufacturer) 1954-61, very briefly at Raytheont&@arbara, CA 1961-62, then started the
Tustin Institute of Technology/Santa Barbara, CA2:90, retired 90-95. Founded
Equipment Reliability Institute/Santa Barbara, ER() 1995-present. Currently teaching
ERI short courses and distance learning regardimgtvon & shock measurement and
laboratory testing, some consulting. Practical ajoldte instruction, nothing similar available
at universities. Hardcover text "Random Vibratiors&ock Testing" ISBN 0-9741466-0-9
nearly gone. Writes magazine articles. ContribtadsRI's Reliability Newsletter. See
http://goo.gl/xXNWC49 re series of 33 iBooks foriBd#1 is free).

Specialties: Introduce engineers, technicianstcation and shock testing, measurement,
analysis & calibration via on site/company shomrses listed at http://www.equipment-
reliability.com, under Training/Onsite Courses. &through "open-to-public" courses
(under Training/Open Courses). Distance learniagGD + e-mail lesson correction (under
Training/Distance Learning). Phone, gotomyPC & ale@nsultation. Visit the website to
see my 2005 hardcover text on Random Vibration@matk Testing.
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Troubleshooting as a Mechanism of Motion in Mirce-nechanics

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

Abstract

The purpose of a paper is to address the troubletsmg, an activity performed

by maintainers to identify failed component or medas a mechanism of the
motion of a maintainable system through the Mirpacgtime. For effective
maintenance troubleshooting, as one of the mainedsi of the “speed” of

moving through negative functionability state, issential element of any
corrective maintenance task. To successfully perforoubleshooting tasks
maintainers must possess both the knowledge alsl tskiind and fix problems

efficiently. Many years of research, on-the-jobs@tvations, and common
experience have demonstrated that it is much easiggach and learn manual
skills than troubleshooting skills. The paper clgardemonstrates that
troubleshooting is a complex subject as it is driley both sides of equation,
namely system designers that conceive troublesiwpoprocesses and
maintenance managers that manage them during feeofi a maintainable

system.

1. Introduction

The human constituents of a maintenance proceth®reds a decision maker or as a task
executor, bear the ultimate responsibility for gausing, interpreting, compensating for, and
correcting or mitigating the consequences of deficies and faults of a maintenance process.
[1] Full understanding of these phenomena’s is qmigsible by understanding physical
mechanisms that lead to the successful executiomoftenance tasks.

In general, troubleshooting is the identificatidrdagnosis of "trouble” in the operation of a
system caused by any failure whatsoever. The prokdenitially described as symptoms of

malfunction, and troubleshooting is the procesgatérmining and remedying the causes of
these symptoms. Determining the most likely casseprocess of elimination — eliminating

potential causes of a problem.

Every maintainer is responsible for performing fierange of maintenance tasks. However,
not all tasks count equally in determining whethienot a maintainer is doing a good job,
from the operational point of view. The basis faiging the efficiency and effectiveness of a
maintainer is the ability to find and fix problem#iciently. Troubleshooting is the very first
step in that direction. Hence, in today's compaditiir carrier business environment,
maintenance organisations are judged on theityabilikeep aircraft safely in the air, not
how good they are in the hangar.

Maintainers must possess both the knowledge atid skifind and fix problems efficiently.
These requirements are essentially no differemt thase for medical doctors and any other
profession or craft that involves both diagnostid amanual skills. As one might expect, the
most valued maintenance abilities are also the ohfgtult to acquire and practice. Many
years of research, on-the-job observations, andremmexperience have demonstrated that it
is much easier to teach and learn manual skills tfrrubleshooting skills. [2]
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Troubleshooting is a complex subject as it is drilag both sides of the equation, namely
system designers that conceive troubleshootinggssss and maintenance managers that
manage them during the life of a maintainable syste

Consequently, in this paper the troubleshooting asechanism of the motion of a system
through negative functionability state, is addrdgsgether with some fundamental human
factors concepts related to this extremely impdrtdement of a maintenance process, as
both are driving forces for the in-service relidlilcost and effectiveness.

2. Mirce-mechanics Overview

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

Experience teaches us that due to complex intentedactions within the system, external
impacts from environment and human actions, varidétynechanical, electrical, chemical,
thermal, radiant and other types of energy are rg¢e@, some of which cause the failure of
systems to deliver a function. To maintaimétionability ** actions like servicing, repairs,
inspections, replacements and similar, are undemtaBy humans, which make them
maintainable systems. Thus, the life of a systemldcbe considered as a motion through
positive and negative functionability states thiodigne, which is physically, manifested by
occurrences of corresponding functionability eventdnlike accurate quantitative
information regarding the design-in performanceysdtems that is available on the delivery
day, the in-service performance is not. Insteadargeater the statistics fovarious
functionability measures become available. The aed®r this is the fact that they are
characterised by uncertainty, discontinuity, irmsvglity, inseparability, and dependence of
time, location and humans, and as such non préxdiechy existing laws of science.

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

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

' Functionability, n. ability to function, Knezevid,, Reliability, Maintainability and Supportabyit A
probabilistic Approach, Text and Software packame,291, McGraw Hill, London 1993. ISBN 0-07-7076®1
2 Boeing 747, registration number N747PA, been aint80,000 flying hours, transported 4,000,000
passengers, burned 271,000,000 gallons of fuekwhdeiving 806,000 maintenance man-hours and

© MIRCE Akademy, Woodbury Park, Exeter, EX5 1JJ,,lkecember 2015 109



2015 Annals of MIRCE Science

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

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

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

3. Corrective Maintenance task as a Negative Funcinability Event

The second axiom of Mirce-mechanics statése probability of failure of a system to

deliver a measurable function at any interval ofdiis greater than zero'Hence, at random
points in time when the system is operating, fasduare likely to occur and will be detected
by the operator through visual, audio, and/or ptajsineans. The operator proceeds to notify
the appropriate maintenance organisation that llgmoexists.

The maintainer(s) assigned to deal with the probiaumst analyse the situation and verify
that the system is indeed faulty. In some instartbesfault will be obvious, particularly in
dealing with mechanical or hydraulic systems whetractural failure has occurred or a
fluid leak takes place. On other occasions, thentamier must operate the system and
attempt to repeat the condition leading to failoceurrence. This is often the case for
electronic equipment when the failure is not alwalysgious.

Generally speaking, during the life of any mainadile system, corrective maintenance
commences with the identification of a failure syorp such as the system does not work,
the hydraulic system leaks, the engine does npbresin terms of power output, no voltage
indication on the front panel meter, and so oneflam a symptom of this nature, the
maintainer proceeds to troubleshoot and accomfiisimecessary maintenance tasks.

4. Troubleshooting Activities

Troubleshooting may be extremely simple or quiteplex. For example, if a hydraulic leak
is detected, the source of the leak is often qeatgly traced. On the other hand, the failure of
a small component in radar or computer equipmenotseadily identified. In this instance,
the maintainer must accomplish a series of stepdagical manner, which will lead him or
her directly to the faulty item. However, at timdsgse steps are not adequately defined and
the maintainer is forced into a trial-and-error @@eh to maintenance. A good example is

consuming: 2,100 tyres, 350 brake systems, 12mesgamong other parts, during the 22 years séinice
life, at Pan Am airlines.
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when the maintainer starts replacing parts on arbasis (without analysing cause-and-
effect relationships) hoping that the problem wiappear in the process. This of course,
affects maintenance downtime and spare/repaimesds, as the maintainer may replace
many parts when only one of them is actually faulty

To preclude the possibility of wasting time andorgses when the system is deployed in the
field, the system design must provide the necesdaagacteristics to enable the maintainer to
proceed in an accurate and timely manner in idgntifthe cause of failure. Such
characteristics may constitute a combination ohgajo lights, test points, meters, and other
readout devices providing the necessary informatigrich allows the maintainer to go from
step to step with a high degree of confidenceltbair she is progressing in the right
direction. This objective is one of the goals @ thaintainability engineers during the design
process. This facet of the analysis is best acashgd through the development of logic
troubleshooting flow diagrams, including go/no-gtusions on a step-by-step basis, and
supported by diagnostic software where applicable.

The analyst should review failure mode and effeetysis data to determine cause and affect
relationships, and then proceed to list all ofrtiegor symptoms which the system is likely to
experience. 'For each symptom, various troublesgigaipproaches are analysed in terms of
maintenance time and logistics resources, andabkedpproach is selected. The analysis
process is accomplished through the generatioogi¢ troubleshooting flow diagrams in
conjunction with the completion of maintenance tasélysis sheets and for the
troubleshooting requirement.

4.1 Troubleshooting Practises

Since its establishment, staff, students and falofthe MIRCE akademy has analysed tens
of thousands of maintenance task, including theltieshooting activities. Some of the most
common practises are presented below.

4.1.1 Consistent Fault Set

Consistent Fault Set, CFE one of the names given to the group of all posdtilures that
can reasonably explain a given set of trouble spmptThe name comes from the fact that
the group contains faults "consistent" with the ptoms. For example, when a car engine
does not start, th€FS could contain an ignition failure, or fuel problebut would not
contain a failed seat back adjustment control.

4.1.2 Decision Tree

One type of maintenance job performance aid i®dall "decision tree". A decision tree is a
printed or computerised chart that directs the taaer along a logical testing and diagnosis
path for a particular system or product. After etedt or observation, the decision tree
branches to another test, or conclusion, basetetest results. An easy characterisation of a
decision tree is a series of "if-then" statemdiks,” If the voltage is below 'x,’ then do this.”

4.1.3 Easter Egging

One method of troubleshooting is to replace varimoslules and components until the
symptoms of trouble disappear. This method is knas/'Easter Egging" because a
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maintainer never really knows where he or shefumdl the failed part. Easter Egging is an
extremely inefficient, expensive way to find a peoh.

4.1.4 Einstellung

Einstellung also known as Psychic Blindness, describes a phemomdiscovered in the
early 1940'saand since shown to exist in different domainsalt been found that when
people have spent time solving one particular tfpeeoubleshooting problem, it is virtually
impossible for them immediately to diagnose a d#ife type of problem. Interestingly, this
phenomenon holds even when people are told thatilllesee a new and different type of
malfunction.

4.1.5 Test-Induced Failure

When a maintainer performs a functional test opséesn or component, there is some
probability that the test will causefailure. Thus, a maintainer must balance the faed
functional testing against the likelihood of a testuced failure.

Even further, test-induced failures are safetysriskly when they remain undetected. That is,
a maintainer can test a subsystem, find it funatigproperly and turn it off. If there is a
test-induced failure, the component will be lefaifailed state and will not work the next
time it is needed.

4.1.6 Tunnel Vision

Tunnel visiondescribes viewing a situation as though througimael, which means seeing
in only one direction and being blocked from seemfgrmation coming from other
directions. In the maintenance domain, tunnel vissoa well-known occupational hazard.

Once a trouble-shooter thinks he or she knows vghadusing a problem, information that
might disprove the hypothesis tends to be givesesight than information confirming it.
“You cannot teach a person who knows that he knows.”

One of the most common causes of tunnel visiowiati@n maintenance is maintainers' use
of problem reporting information that goes beyoedatibing symptoms to suggest a cause.

4.2 Expert System

Expert systems are diagnostic decision-making aseésl in a number of different domains,
including medicine, geological exploration, and m@nance. Expert systems are usually
computer-based. They are generally developed byddibg a set of rules acquired from
human experts. For example, if an expert systendifgmnosing problems in aircraft braking
systems is to be developed, the first step woultblsketermine how human experts do such
diagnosis and then put these "rules" into our ebgetem.

Expert systems in aviation maintenance are commemlyedded in computer-based training
system9r diagnostic equipment.

4.3 Heuristics Algorithms
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Heuristics, commonly known as rules-of-thumb, tdeshooting algorithms are another
method that could improve the efficiency of trowdhleoting. Rules-of-thumb represent the
distilled wisdom of maintainers who over a longipérof time became experts in the
troubleshooting process for specific type of systemodules or components.

Rules-of-thumb vary, depending on the specific congmt or system. An example of them
is a “wisdom” confined in the following statemetif.the symptoms include a low pressure
indication, then always check the pressure senmiéefitst.” Embedded expert systems
depend on a rule base developed by consulting ettpable-shooters.

Algorithms are usually unwritten procedures tellirmuble-shooters generally how to
proceed. Some research studies show that trouldegspgerformance improves when
maintainers are reminded, in general terms, wtegt $hould do first, second, ekor
example, a general algorithm might require a maietao gather information related to
failure symptoms, to generate as many hypothegesistent with the symptoms as possible,
to prioritise the hypothesis set, etc. Such geradgarithms seem to have the effect of
dissuading maintainers from deciding on a spetdfiare being the cause of the symptom
before they have enough information.

5. Troubleshooting constraints

Like all other processes, which convert inputs mi¢put, by using certain resources,
troubleshooting process is also impacted by cedaistrains, some of which are briefly
presented below.

5.1 Environment

Most troubleshooting tasks are conducted in wottinggs that include noise, heat or cold (or
both), limiting lighting, cramped physical spacesrk during nighttime hours and so forth.
These environmental factors have all been fouraffext troubleshooting performance,
albeit sometimes unpredictably.

Also, it is worth pointing out to “the obvious” imapt factors, like:

* The work in very hot or very cold environments @simaintainers to lose their
ability to concentrate and to perform logical opieras such as inductive reasoning.

* The impact of noise affects novice and expert titmghooters differently. A study of
the effects of noise on troubleshooting performaooed that high noise levels
degraded experts' performance, but “enhanced rdvriessibly, the high noise
levels caused novices to stay alert and pay moeatain to problems, whereas the
noise simply distracted experts.

5.2 Time Pressure
Many troubleshooting tasks are performed under pressure. Obvious examples are

departure gates at airports, maintenance boxeslsne during car races, military
operational theatres, and similar.
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Research performed has shown that the time predsgrades both novices' and experts'
troubleshooting performance. This degrading effepresent even for troubleshooting tasks
performed in laboratory settings with abstract tegss."

According to Hessburg part of chief mechanic jalB@eing Company, is education. It is his
task to make people aware of the environment irclwhiechanics operate. “It’'s not that
designers are stupid, but they’re inexperiencethmside of business. For example, they
have to learn that there are different types oihtesiance. Anyone can maintain an airplane
component or system on the bench. However, treeegatironment is very much result and
schedule driven. That's different type of mainteseirkKnezevic (1998).

5.3 Experience

Experience is an area of individual difference aesle where findings support the common-
sense view that more experience leads to bettgble#ehooting performance. As with other
skills acquired over time, experience enhancesaiwlity to learn from new
troubleshooting experiencaduch research in this area has been conductec iavilation
maintenance domain; this fact alone should makeeearch results directly applicable to
the guidance we provide.

However, it is necessary to point out that whilpenence enhances troubleshooting
performance, its advantages do not hold undewalllitions. When certain job aids or
specific troubleshooting procedures are employedppmance differences between
experienced and novice trouble-shooters tend spgesar.

5.4 Individual Differences

People differ both physically and psychologicaltythe troubleshooting domain, a number
of individual differences have been studied. Thaskide cognitive style, general ability,
aptitude and similar.

Cognitive styleis a general term used to classify people intogates related to a particular
psychological variable. For example, common "s¢alesd in cognitive style research

include "reflective-impulsive,” "field dependenefd independent,” "passive-aggressive," etc.
If it could be shown that people with particulagodive styles make better troubleshooters,
this could be applied profitably to the personméstion process.

While cognitive style has been shown to affectibteshooting performance, the link
between troubleshooting performance and generhtyadond aptitude is rather tenuous.
Levels of ability and aptitude are generally inéefifrom scores on qualification tests design
to measure specific characteristics of individu@lsese measures have a fairly strong
relationship with the time required to completerinstional modules and to the ability to use
certain job aidsHowever, troubleshooting skills tend to be acquedr long periods. As
individuals have an opportunity to work on actuatems, small performance differences
related to initial abilities and aptitudes tendltsappear.

6. Reducing Troubleshooting Errors
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Troubleshooting errors are the bane of most maames organisations. In fact,
troubleshooting is notoriously error-prone. Thedamental complexity of many
technologically modern systems contributes to thmlmer and type of errors observed in
actual troubleshooting tasks. There are also humaéts that contribute to relatively poor
troubleshooting performance.

Various strategies can be used to reduce troubdéisigoerrors. From both organisational and
human factors perspectives, each technique hadventages and disadvantages. The
following techniques appear to hold the most prenfiig error-reduction:

- Teaching the theory of operation for systems amdpmments, without also teaching
how to use that knowledge to troubleshoot.

- Observing examples of specific troubleshooting expees.

- Teaching non-specific troubleshooting techniques.

- Classroom instruction, in general.

- Non-interactive computer-based instruction.

- Teaching from technical manuals.

Although many issues and problems are associathdrwubleshooting the following three
troubleshooting issues that seem to pervade majmirinaintenance organisations.

6. 1 Proceduralisation of Troubleshooting

Proceduralisation can improve troubleshooting perémce. When troubleshooting is
properly proceduralised, performance differencés/é&en expert and novice trouble-shooters
can be virtually eliminated. However, as with arlyas endeavour, there are good and bad
procedures. More accurately, there are procedarpsoving performance and procedures
with either little effect or that actually degragerformance.

Proceduralisation must be preceded by a thorouglysia of relevant troubleshooting tasks
to determine what each troubleshooting step taesctomplish, what information is required
and produced, and what tests or tools should ke ésewith certain aspects of automation,
it is possible to proceduralise to the extent thahan maintainers are left with an essentially
mechanical role. It is necessary to stress that:

» Troubleshooting procedures exist in an overall piggtional and work environment.
» Good procedures are worthless if they are usedapgply or ignored.

Although maintenance procedures serve various gegaeduction of errors is certainly an
implicit goal of all such procedures and as sudy tthould be:

- Specific- Procedures should be written for a specific congm, system, or piece
of test equipment.

- Clear- The terminology should be consistent with thegleage commonly used by
the people who will complete the procedure.

- Explicit - Tell users what they are supposed to do. Do epédd on maintainers to
read between the lines.

- Detailed- Include all required steps in the procedure. Dassume that maintainers
will know the entire sub steps required to achiaapecific system state.
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- Accessible Procedures must be stored in a place and maaribeyg are easy to
obtain.

- Usable- Procedures must exist in a format and on mediarttake them easy to use
while maintainers perform the tasks they describe.

6.2 Training

Maintenance researchers and practitioners havertmggnised that one of the most difficult
aspects of troubleshooting is teaching and learmifidhe questions researchers have
attempted to answer, with variable success, indhedollowing:

» What content should be taught?

* How should it be taught?

* What part should on-the-job experience play aming?

* Are simulators appropriate for troubleshootiragrimg?

 Should troubleshooting training be equipment-gfecr general?
« Do troubleshooting skills deteriorate with time?

* Is refresher training required?

6.2 Incorrectly Identified Failures

Large proportion of failures causing Line Repladealnits,LRUs to be pulled during line
maintenance turn out to be Can Not duplic&feD, or sometimes called non-reproducible.
However, it would be wrong to conclude that all CéN&e caused by line maintainers'
improper troubleshooting. Built-in test algorithind.RUs often leave line maintainers with
no choice but to replace the module. In other ims#a, incorrect troubleshooting is caused
by a number of conditions that have nothing to it waintainers' ability to test and
diagnose. For example, failures are sometimes tegoiy flight crew members or other third
parties. The initial reports often incorrectly ditite cause.

Regardless of the cause, incorrect troubleshoagiagcommon and repeating problem across
majority maintenance organisations, which is mastéfe in increasing repair time and
making the maintenance process inefficient.

6.3 Simulation-Oriented Computer-Based Instruction

Simulation-Oriented Computer-Based Instructi8@®CBI, is one of the most diligently
studied training methods that combine many elemfentsuccess in troubleshooting training.
Work in SOCBI began in the aviation maintenance aionm the late 1970's. SOCBI
provides students with a two-dimensional, intekectepiction of the particular system or
component that they are learning to troubleshoot.

If the component is small enough, an SOCBI modateactually show a picture of its
controls and displays,

Students use the working controls and displaysdotjge diagnosing a number of faults built
into the simulation, which are usually randomly areig. SOCBI modules also contain
diagrammatic, i.e., logical, representations ofsy@em being taught. These
functional/logical diagrams teach students howstesy is functionally connected and allow
them to use logical troubleshooting algorithms saglnalf-splits.
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Effective SOCBI allows students to acquire diagnostic informatiamf the same sources
available in the work environment. Students musitile to observe indications, such as
lights and gauges; to perform specific tests orsffs¢em; to receive verbal reports from
flight crew members, etc.

A number ofSOCBI systems have been compared with more traditioaalitg methods
such as classroom instruction and demonstratioastafl equipment. In these studies,
SOCBI produces troubleshooting performance as g@spdr better than, that produced by
less-efficient techniques

6.4 Practice

That "practice makes perfect" has been proverréableshooting tasks. The major factor
distinguishing expert troubleshooters from novisesxperience, i.e., practice.

Troubleshooting is a complex skill with cognitivedamanual elements. As is true of all such
skills, troubleshooting proficiency cannot be atéal simply by reading books or by listening
to someone explain what to do. Providing opportesitor meaningful practice is a valid,
relatively inexpensive method to reduce troublesingcerrors.

Regardless of which training method, or combinatbmethods, one uses to teach
troubleshooting skills, students must be given goootunity for practice. To be meaningful,
troubleshooting practice should:

- Pertain to the equipment that will actually be nt@imed on the job

- Be done using mock-ups that provide the same tgpegormation as the real
system

- Allow students to gather information from the sasoarces as in the actual work
environment

- Provide feedback regarding the outcome of varieststand other actions

- Allow students to know how long their actions wotaéte in the actual work
environment

However, troubleshooting practice does not haveeton real equipment; in fact, real
equipment is often an inefficient practice mediuithwhe following drawbacks:

e ltis difficult to know the precise nature of faiks embedded in real equipment

* Experts often disagree as to the appropriate teshioloting path(s) for failures in real
equipment

* Using real equipment as practice aids preventedagment from being used to
support operations

e Errors made while troubleshooting real equipmentltave safety implications

* For failures to be intentionally embedded in replipment, someone has to embed
the failures, check the equipment when practicgtieshooting is complete, and
ensure that only controlled failures are present.

6.5 Context-specific knowledge

Many maintenance skills are generalisable fromdoreain to another. For example, skill in
the use of tools for repairing automobile engirsediiectly applicable to using tools to repair
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turbine engines. However, troubleshooting skilteltéo be context-specific. The ability to
identify problems with a television set does noedily transfer to troubleshooting avionics
modules. When teaching troubleshooting knowledgs,important to provide specific
information, which should be:

* Simple - Students will not be able to remember long, imedltroubleshooting
procedures. Break these procedures into simplie| séeps. If there is no easy way to
decompose a troubleshooting process, then supphttan procedure.

» Specific- Relate troubleshooting steps to the componeat(syhich students will be
working. For example, don't tell students how tdqren a general half-split test. Tell
them how to do a half-split on the antiskid coréol

* Explicit - Tell students how you expect them to use thermétion you are
providing. Don't rely on them to guess how it slublog used.

* Heuristic - There are almost always rules-of-thumb for treshboting specific
components or subsystems. Describe them for tliests.

7. Conclusions

The purpose of a paper is to address the troubiéisigo an activity performed by
maintainers to identify a failed component or medals a mechanism of the motion of a
maintainable system through the Mirce spacetimeeHRective maintenance
troubleshooting, as one of the main drivers of‘ieed” of moving through negative
functionability state, is essential element of angyrective maintenance task. To successfully
perform troubleshooting tasks maintainers mustgssboth the knowledge and skills to find
and fix problems efficiently

Troubleshooting is a form of problem solving, apglto the motion of maintainable systems
through Mirce Spacetime. Itis a logical, systemsg¢arch for the source of a problem in
order to solve it, and so the product or proceasbeamade operational again.
Troubleshooting is needed to the symptoms. Detengiitme most likely cause is a process
of elimination — eliminating potential causes gfrablem. Finally, troubleshooting requires
confirmation that the solution applied has retusystem into positive functionability state.

In general, troubleshooting is the identificatidritoouble” in the system caused by a failure
of some kind. The problem is initially describedsgsptoms of malfunction, and
troubleshooting is the process of determining amdedying the causes of these symptoms.

Many years of research, on-the-job observation$,cammon experience have
demonstrated that it is much easier to teach ard imanual skills than troubleshooting
skills. The paper clearly demonstrates that traatmeting is a complex subject as it is
driven by both sides of the equation, namely sysiesigners that conceive
troubleshooting processes and maintenance manhgersanage them during the life of
a maintainable system.

As it is true of all skills, troubleshooting profiency cannot be attained simply by reading
books or by listening to someone explain what toatavatching a video.
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This paper is dedicated to the memory of Jack Heg91934-2013), whose unique
experience in aviation made him the “king” of tréaghooting, on both sides of the equation.
As an in-service engineer with a degree in Airckddfintenance Engineering he learned his
troubleshooting skill in day-to-day operations wofiaes, worldwide. As Chief Mechanic on
the development of the Boeing 777, with a degredeachanical Engineering, he was
responsible for the design of troubleshooting pssdiat is “friendly” to the gate mechanic,
whose responsibility it is that “airplanes go andiand never crash.” [2]
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Behaviour of swarm of bees, birds, fish and otmemals is frequently used to illustrate the
behaviour of complex systems. Unique property of tlehaviour is an emerging
performance and power of the swarm resulting froenstrong interactions of a large number
of contributing elements. This book is the besinegle of that type of behaviour. It is
consists of 19 chapters, each of which standingeal® inadequate to represents the beauty,
power and necessity of understanding and managimglex systems. However, all

together .nicely interwoven, represent a beautidk that tells the unique story created by
two talented researches and entrepreneurs.

The book is a product of the new way of looking anderstanding the behaviour of the
systems around humans that, up to now, have beeaatkrised as either deterministic or
probabilistic. Authors, in the opening chapteeatly delineated the existence of the large
number of systems in domains of banking, naturairenment, politics, technology,
communication, transportation, engineering andrsthieat shape our lives, in the manner
where the future is neither uniquely and precisigliermined, nor is “totally unpredictable”,
which is defined as the random behaviour. Thiig&i@on ignited a curiosity spark that
guided both authors towards research focused oantierstanding of this complex
behaviour of surrounding systems. The researclopeed culminated in the creation of the
new body of knowledge, necessary to assist hunmadayi to day living in and being
subjective to the emerging behaviour of these syst&even criteria of complexity,
identified by the authors, clearly defined uniqed@viour of complex systems that led them
to the conclusion that their emerging behaviouncate controlled, but it could be managed
“by coping with external complexity and tuning inedrcomplexity.

Methods for managing complexity, according to ththars, should be focused on the
creation of the adaptive properties of complexesyst The process of “engineering”
adaptability of complex systems has been cleadggmted in this book, through seven
interrelated and integrated steps. This uniquealytdethe creation of multi-agent technology,
which is a software technology dedicated to thatova of the virtual world in computers
where agents communicate, collaborate and creferiation that is used in the real world
for decision-making under constrains like budgetdight, time, volume, distance or
combination of them.

Finally, the large number of real commercial apgtiens, developed and applied by the
authors and their team of programmers, which useithods and “tools” presented in the
book, clearly demonstrate their befits to theydles of humans. The examples presented
are related to the process of managing complexitpnanufacturing systems, space station
operation, aircraft wing design, London taxies skthieg, high-speed railway planning,
adaptive management of service teams, to mentiew,aall of which have delivered the
monetary savings, increased safety and relialwfityperations, better utilisations of
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resources available, higher customers satisfacfiather measure of the key performance of
complex systems considered.

At the end of the book, authors clearly have presktheir view of the future that is
continuous increase in complexity of systems, witiehild be managed only by extensive,
internet based, connectivity of “things” within tbemplex systems, which will start
communicating and managing the system complexitlyaut involving humans. Hence, in
the view of authors, cars, trucks, railways caeggairplanes, plants, shops, warehouses,
spare parts, assemblies pallets and “million” othargs will drive complex systems of the
future through exchange of information in real tjirakk the time, leading to autonomous
decision-making.

In summary, this book represents the new view efsiystems that drive business world
whose complexity has exceeded the capability ofdansnhowever experienced and
motivated, to manage it in the manner that impitowginess outputs regarding any criteria
that is consider important. It is original, it esfreshing, it is brave and it will benefit all tieos
who are able to change their minds, based on thierduwell established and hardly ever
challenged, believe that future is predictable eontrollable.
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