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Abstract

Airlines Seek to minimise operating costs, in all aspect of business areas. Somé of these areas

are the aircraft maiiitenance and inventory coritrol policies associated.

Maintenance is one of the essential operations in aviation industry. Any shortcoming in

maintenance causes reducing in the income rate.

- In addition, tiiere is a direct relationship between maintenance and inventory department in
any company is a vital to guarantee the availability of spare parts to carry out the required
maintenance. |
Therefore, this research presents an integrated framework for mainténance.scheduiing and
inveiitory control policies in aviation industry, aiming té minimise the maintenan(ie cost by

~addressing a .modelvs for determining the optimum maintenénce si:heduling for aircraft
components and its inventory control policy. The interval between maintenance for the
components is optimised by minimising the total cost. This consists of labour cost, spare parts
cost and delay cost etc.

A decision to replacé a component must also be taken when a component cannot attain the -
minimum_ reliability.

Mathematical models are developed to calculate the expected costs based on the cost of
corrective, preventive maintenance and the probébility of failure. The maintenance
sbheduling mathematical model is developed to act as a maintenance decision making model
to determine the optimum preventive maintenance interval of the expensive aircraft
components. A decision making inventory cont_rol model to balance the C(ist of repair and
purchase cost is developed and will be intégrated with the scheduling maintenance to
guarantee the availability of the required cbmponerits and act as an integrated framework, this
would facilitate the decision making process in aviation industry in relation to scheduling and

inventory policies.
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Glossary

AC Airworthiness Certificate

AMM | Airplane Maintenance Manual

AOG Atrcrafi On Ground

APU Auxiliary Power Unit

ATA Air Transport Association of America
CM | Condition Moﬁitoring ,

DMI Deferred Maintenance Item ..

FAA o U.S Federal Aviation Administration
FH Flight Hours

GMM | General Maintenance Manual

GSE Ground Support Equipment

HMV " | Heavy Maintenance Visit

HT , Hard Time »

IATA International Air Transport Association
MCC Maintenance Control Centre

MEL ' Maintenancé Equipment List

MPD : Mailltenance Planning Data document
MTTF Mean Time To Failure

MTTR Méan Time To‘ Repair

NFF No Fault Found

oC On Condition

QA v Quality Assurance

QC ’ Quality Control

R&I Removal and Installation

R ’ - Reliability

SB - _ Service Bp]letin ,

SD Standard Deviation
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Chapter One

Introduction and Problem Definition

This chapter is divided into six sections. The first section presents an introduction to the
thesis, the second section deals with the historical background on aviation industry, the third
section presents the problem definition, the fourth gives thesis aims and objectives, and the

fifth section indicates the structure of the thesis, and sixth section summarises the conclusion.

. 1.1 Introduction

The goal of maintenance in the aviation industry is to provide a serviceable aircraft for airline
companies at minimum cost with a safety guarantee. There are many different problems
encounter the airline companies such as environmental, economical, political and operational

problems. The environment problem relates to aircraft pollutions of CO, emission and level

of noise. The ecdnomicél problem is when the air lines are affected by economic re‘cession
such as what is happening now days. The politic problems as embargo that imposed on Libya
between 1990 and 2000. The operationAproblemsv include airline companies' competitions,
weather conditions, management, and one important issue representeci by the aircraft
maintenance, and because the author has more than ten years experience working in Libyan
Arab Airlines Company in technical management. The author focused on how to minimise
the high maintenance costs considering to maintenance scheduling and inventory control
policy associated to guarantee effective operational environment for the aircraﬁs.

Moreover, modern aircraft consist' of many integrated systems, and every system includes
-many expensive components costing many thousands of pounds. Early detection of failure
and replacement or repair of a failed component will help to prevent further deterioration

which could become much more costly or even result in catastrophic failure. Often the
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system returhs into operat'ion during repair of a failed component by a used but operative one.
Such maintenance actions do not rénew the system completely but enable the system to
continug to operate. However, ovef time, the syst‘emrwill deteriorate with normal wear and
tear; therefore a major maintenance overhaul will be required.

The maintenance management for 'airliné- companies attempts to keep the aircraft serviceable
by maintaining all systems and components in good working condition.

Aircraft components can be classified into two types, 're_pairable and consumable (not
repairable); the life-time of most repairable components is determined by flying-hours. The
repairable components are very expensive, and neea an appropriate follow-up By écheduling
maintenance to determine the optimum life;time and its technical condition. Meaﬁwhile, the .
availability of existing alternétive spare-parts in stock is impbrtant,_ because when the.
operating parts on the aircraﬁ fail or reach their-life-span and is replaced or repaired, a
successful inventory-control policy is essential.

In order to identify a suitable sparé-par’c, the maintenance management have to také an
economic decision through their maintenance schedule and .inventory—contfol policy, taking
 into consideration the optimal time to perform a repair or replace the components to rﬁinimise

the excessive costs and guarantee safety.

1.2 Historical Background on Aviation Industry & Maintenance
1.2.1 Aviation Industry
Aviation industry requires Federal Avigtion Administration (FAA) regulations to lay
down maintenance requirements all of which must be met before releasing én aircraft
‘into -service. This is not the case with other commercial transﬁort modes. In aviation
we have a relationship with gravity, and temperature problems (e.g., very hot engines

and vefy cold air at high altitude). Aviation industry has an interactive group of
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: peoplé determined to make aviation a safe, efﬁnient, and pleasurable activity. Airline-
operators, industry trade-associations, regulatory authorities, flight-crews, and
maintenance-personnel all work together to ensure aviation safety from the design of
aircraft and its system.s, through the developmen't' of maintenance-programs and

modifications, and continuing throughout the lifetime of the aircraft.

1.2.2 Aviation Maintenance

In the early days of aviation, maintenance was performed “as necessary” and the
aircraft often required maintenance several tirnes for every hour of flying-time. Major
maintenance activities consisted of overhauling nearly everything on the aircraft.
Even though the airplanes and their systems were quite simple at first, maintenance
carried out became quite expensive with the increasing complexity of the aircraft and
their systems over the following years.

The modern approach to maintenance is more sophisticated. The aircraft are designed
for Safety, airworthiness, and maintainability, and a detailed maintenance-program is
developed along with very new aircraft or a derivative of an existing model. A
sophisticated apnroach to maintenance requires sophisticated management both at the
manufacturers in development of the initial maintenance-program and at the airlines
to accomplish all that is necessary to maintain the superior record of safety already
mentioned.

Conceming the technical management, it fak_es discipline to properly conduct the
maintenance activities in the airline companies. There is a need to define some terms:
Maintenance: the tools, equipment, spare-parts, and labour needed to accomplish the

actual work.
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Engineering: the design, analysis, and technical assistance required to support
maintenance work.
Management: the organization, control, and administration of the many facets of the

maintenance operation.

1.3 Problem Definition

‘To - perform the different maintenance-programs for an aircraﬁv such as 'preventive or
corrective maintenance, it needs careful consideratjon from the maintenance managerheﬁt
team and good coordination between maintenance and inventory ‘departments to guarantee
the availability of paﬁs needed fo complete maintenance tasks on time.

The maintenance schedule is the pfécess of identifying the optimum/hear—optimumtime at
which th¢ component/part should be maintained. In the aviation ihdustry, safety will take
pﬁorify over other issues’such as time, cost and resources etc. However, balanced decisions
need to be made in order to avoid costly maintenance-schedules. This is one of the prob]ems
that will be addressed in this project. |
Furthermore, many repairable components are very expensive. When the item fails, é |
déc_isioh has fo be made whether it is economical to repaif or replace the failed item with a *
new item from the cost povint, of view. This is also énother problem for consideration in this
research work.

Solving the above two pfoblems in an integrated environment is very important to ensure a
successful cooperation between the maintenance and inventory departments which is a real
challenge in the aviation industry. This represents the main aim of this research which is the

~ development of an integrated framework for these two problems.
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1.4 Aims and Objectives
1.4.1 Aim
To develop an integrated framework to combine ‘maintenance-scheduling and
invéntory-control policy in aviation industry to minimiéev the maintenance cost

without compromising the safety.

1.4.2 Objectives
The objéctives of this thesis are:
| 1. To develop avmaintenance decision-making model to determine the optimum
preventive-maintenance interval for expensive aircraft components.
2. To develop an inventory decision-making model to balance the cost of repair
and purchase-cost for expensive components.
3. To integrat¢ the maintenance-scheduling and the inventory-control models to
act as an integrated framework to guararitee the availébility of ti;e required
components to accomplish maintenance activities on time. |

4. To implement the proposed framework.

1.5 Structure of the Thesis

The first chapter gave a brief overview of the research objectives and the problem. The
second chapter contains a literature review of the research work i)erfonned in fhe areas of
_ maintenance-scheduling and inventory-control in aviation indusfry. The third chapter deals
with the thesis-framework and methodology. The fourth chapter. presents the maintenance-
scheduling mathematical-model. The fifth chapter presents the in\}entory mathematical-

model. The sixth chapter provides the integration between the two mathematical-models that
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concern maintenance-scheduling and inventory; and the seventh chapter summarises the

conclusion and recommendation for future work.

1.6 Conclusion
- In this chapter, the author introduced a historical background on aviation industry covering
majority bf the problems associated with this industry and maintenance and inventory were
drawn to be the main problems covered in this research work. Problem definition, aims and |
objectives of the thesis were stated and cleaﬂy the focus will be on .maintenal'lce and
inventbry of aviation industry. |
A literature review and the latest devélopmenfs in the field of this thésis Wiil be pres:en'ted iﬁ

the next chapter.
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Chapter Two
Literature Review

2.1 Introduction
The aim of this chapter is to present a concise feview of the mathematical models that are
used in maintenance-management in aviation industry. This will include the topics of:

. Aircraﬁ-maintenance.

e Maintenance-scheduling.

. Invenfory—contrbl policy.

¢ Reliability.

2.2 Aircraft-maintenance

Gupta et al. (2003) asserted that in the airline industry, the role of aircraﬁ-maintenance isto
provide safe, airworthy, on-time airéraft; every day. Aircraft-maintenance must be planned
and perfo‘rmed'according to prescribed procedures and standards. An airline generally ha’sb a
diverse fleet of | aircraft. Each fleet-type has a predetermined maintenance-programme
established by the manufacturer. Based on an airline’s experienc.e and mode of operation, an
original programme is adapted to meet Federal Aviation Administration (FAA) a‘lpprovali
Maintenance-task standards specify when each task is scheduled and how much time is spent
on each task. The author in this topic will delineate the different definitions and introduce the
basic principles related to aircraft-maintenance in the aviétion environment in order to let the
reader know and understand the aircrafi-maintenance management background. This
includes the definition of aircraft-maintenance, the kind of maintenance, the aircraft-
maintenance progfammes, the aircraﬁ-maintenénce process, aircraft-maintenance costs,
aircraﬁ-maintenaﬁce documentation, the aircraft-maintenance organization, aircraft-

L]
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maintenance activities and aircraft-components. In addition, the different mathematical
models will be described that are used to meet and accomplish the purpose of aircraft-
maintenance management. The latter is aimed at decreasing the adverse effects of breakdown

and increasing facility and availability at minimum cost.

Samaranayake et al. (2002) reﬁorted that the aircraft-maintenance is a high»cost activity, in
terms of both capital Ae(»:luipment, down-time aild spare-paris inventory. The airlines have
divided tha aircraft maintenance—process into distinct stages:

1. Inspection.

2. Disconnection and reinoval.

3. Rectification.

4. Component change.

5. Servicing, reconnection and reinstallation.

They affirmed that general commercial aircraft-maintenance consists of a number of

probleni-areas, such as: the hangar,scheduling; heavy-maintenance scheduling, maintenance-

planning at various levels and engine maintenance. .

221 Mai’nienance Resdu‘rceé .and Demands

Al-Sultan and Duffuaa (1995) indicated that the maintciiance-resources are:

1. Personnel, which are classified acccirding to the skills available.

2. Materiais, which include spare-parts.

3. Tools and equipmelit, which are necessary to perform various maintenance-functions.

- 4. Facilities, which are needed to perf_orrh the maintenance-tasks.

m
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Moreover, in maintenance-systems, demands can be classified into four categories:

1. Emergency repairs, which are the types of repairs that are not known with certainty in ;
advance.

2. General repairs, overhauls, and replacément_.

3. Prever_lti\}e Maintenance.

4. Routine maintenanée, which includes those maintenance-operations which are routine
in nature, such as inspection, lubrication, etc.

They proposed quantitaﬁve approacheé based on mathématical—programming for the

framework that will make it implemental, extended some of ‘the ideas on maintenance

control and defined requirements for a maintenance-control information-system (MCIS)

to be used for maintenance-control purposes.

Goh and Lim (1996) mentioned that an aircraft has an economic life of about 25 years and to
keep it in serviceable coﬁdition, regular checks .and repairs are conducted. Some of the repair
and overhaul work involves parts and components that can be removed from the plane. The
frequency of such répair activities depends on the manufacturer’s specification. For example,
the Boéing 737 aircraft requires maintenance every 40,000 to 45,000 hours of ﬂight.-time.i
They also developed the kTotél Qﬁality Management (TQM) approach and applied it to

1improve the re-work rate and repair turn-time of the blade section of the engine-turbine.

There is a need to develop new techniques for maintaining the airworthiness of aging aircraft
and for improving methods for the accurate prediction of the residual life of repaired
structures. Shhyur et al. (1996) have used an artificial neural-network model to develop

meaningful indicators that establish national air-operator profiles for comparison purposes.
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These provide guidelines for the efficient scheduling of FAA safety inspectors and identify
national service difficulties. The major objectives of this article are: |
1. To provide guidelines for the efficient scheduling of FAA safety inspectors.
2. To develop meaningful indicators_which establish national air-operator proﬁles for
comparison purposes.
- 3. To identify national Service Difficulty Reporting (SDR) trends and inputs to‘ improve

the Federal Aviation Administration (FAA) surveillance-system.

How to operate the aging aircraft safely and economically? Suyitno and Sutarmadji (1997)
recommended that a better maintenance-quality could be acﬁieved by implementing a
Corrosion Prevention and Control Programme (CPCP) earlier and more frequently to detect
the corrosion problems. 'Corrosion is related to exposure time and the environment is the
electrochemical deterioration of a metal because of its chemical reaction with the surrounding
corrosive environment. The industry has classified the conventional corrosion c‘ondition into
three levels. Level 1 corrosion, level 2 corrosion, and level 3 corrosion. Level 1, 2 discovered
on initial inspection, .or occurring between successive inspections, level 3 corrosion found
~ during first or. subsequent inspections. In addition, they asserted that | because aircraft
corrosion is unavoidable, a bal_anced, effective and efﬁcient CPCP must planned and worked
out from the initial design until the aircraft is out of service. In the case of CPCP the
following aspects should be taken into conSider_ation: design, manufacturing, operation and

maintenance.

Faﬁgue tests of components or the entire airframe are extremely valuable in the early life of
an aircraft. Goranson (1997) provided fundamental pdnciplés data behind the durability and

damage-tolerance technology standards and gave some examples of a more rational approach
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to the development of flexible maintenance-programs without compromising safety, which
permit efficient maintenance-planning to achieve the required fatigue-damage detection

- reliability-levels on aircraft.

Reliability-centred Maintenance (RCM) is a method for maintenance-planning developed
Within the aircraft industry to reduc.e the maintenance-cost. Rausand (1998) presented a
structured appro‘ach to Reliability-centred Maintenance (RCM), and discussed the various
steps in thé approach. The RCM method provides a framework for utilizing operating
‘experience Ain a more systematic way. The main objective of RCM is tob reduce the
maintenance-cost, by focusing on the most important functions of the system, and avoiding or

removing maintenance-actions that are not strictly necessary.

Labib et al (1998) deVeloped a model of maintenance decision-making using an Analytic
" Hierarchy Process (AHP) matilematical model. The proposed _model serves aé an approach to
monitor performance, and to provide focusedAfeedback to the pilot. A proposed model can be
described as a feedback mechanism which can be compared With aeroplane panel-indicators
that give the pilot a feedback on .perfo.rmance, location, altitude, pressure, and others.
The :authors in fhié article mentioned that the mathematical models as simulation, heuristic
(genetic algorithrﬁ), and inventory controlvmodel have been formulated for many typical
situations. These models can be useful in answering questions such as: how much
maintenance should be done on the machine? How frequently should the’part be replaced?

How many spares should be kept in stock and how should the shutdown be scheduled?

m
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Peck, JR et al. (1998) analysed the discretionary managerial strategies undertaken by airlines
with regard to aircraft maintenance and utilised the normative procedure of Data

Envelopment Analysis (DEA) to assess which of these strategies were relatively efficient.

Fede’ral aviation regulations require that all aifcraﬁ'undergo maintenance after flying a certain
number of hours. Airlines usuaily schedule routine-maintenance only at night to ‘avoid cuttipg
into aircraft utilisation, and most major U.S. éirlines observe the maintenance—regu‘lations by
requiring that aircraft spend a night at a maintenance—stafion after at most three or four days
of flying. Ta.lluri (1998) rﬁodelled thé maintenénce-routing problem as one of generating an
appfopriately—directe’d graph (called a line-of-flight graph) and ﬁnding the k-days of ﬂying
before an overnight stop at g maintenance-station and an opportunity for a balance-check.
Moreover, the Federal Aviétion 'Administration (FAA). requires several types of éircraﬂ
maintenance-checks, which are called A, B, C, and D andvary in their scope, duration, and

frequency.

It 1s difficuit fo predict the‘ progress in future in improving the levels of méintenance-free
operating period (MFOP) achievement. Cini and Griffith (1999) described how BAe Airbus
. is approaching the challeﬁge of understaﬁdihg the repercussions of the application of the
MFOP philosophy to Airbus aircraft that addresses the need fof supportability as an
integratedﬁsohition through the life cycle of the product. Supportability.ienables flexibility in
scheduled maintenance by increasing maintenanCe-check intervals through improved dgsign

processes.

Addressing the effectiveness of ‘maintenance, Crocker (1999) paid particular attention to

three areas for aircraft-safety: inspection-effectiveness, repair-effectiveness and maintenance-
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induced failures. He tried to understand how they may affect the overall operational-
effectiveness of a system, and what steps can be taken to avoid the failures. An example was

giving to support the study.

Mckone et al. (199.9) proposed a theoretical framework for understaﬁding the use of Total
Productive Maintenance (TPM) and how it depends on managerial fabtors such as Just in
Time, Total Quality Management (TQM) and Employee Environment (EE) as well as
environmental and organizational factors such as coun’try,‘ industry and company
characteristics. They tested this frémework using data from 97 plants in three different
countries to deteﬁnine what types o'f companies are most likely to aggressively pursue TPM

practices.

2.2.2 Types of Aircraft-maintenance

Every system and associated component hz;s a function to perform. ‘The primary objective
of maintenance is to keep the system serviceable and available to perform that function.
When the éystem fails, the maintenance-technician has to diagnose thé fault and rectify
the failure as quickly as possible to return it to a serviceable cdndition. Knotts (1999) and
Wu el al. (2004) afﬁrmed that the objective of aircraﬁ-maintenancé, civil or military, is to
pro’vide a fully-serviceable aircraft when it is required by the operator at minimum cost;
and they added that maintenance is those actions required for restoring an item to a
serviceable condition', including servicihg, repair, modification, overhaul, .inspection and

determination of condition. They divided the maintenance into two categories:

]
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2.2.2.1 Corrective Maintenance

These are all actions performed as a result of failure to restore an item to a satisfactory
condition by providing coﬁection of a kﬁown or suspected malfunction. Corrective
maintenance can include any of the following steps: defect-location, deféct-isolaﬁon,
disassembly, réplécément, reassembly, adjustment “and tésting. This type of

maintenance is known as unscheduled-maintenance.

2.2.2.2 Preven(ive Maintenance

~ These are all actions performed at defined intervals to retain an item ina serviceable
condition by systematic inspectién, detectién, replécement, adjustment, calibfation,
and cleaning. This type of maintenance is carried out_b at prescribéd points in an -

aircraft’s and equipment’s life and is termed scheduled-maintenance.

2.2.3 Aircraft-maintenance ProceSs'

Furthermore, Knotts (1999) and Kinnison (2004) reported that there are three pﬁmmy
maintenance-processes to accomplish the scheduled-mainte‘nance’. actions. Tﬁese}
processes are called Hard Time (HT), On-condition (OC), and Condition Monitoring

' (CM) as described 1n the following section:

2.2.3.1 The Hard T itﬁ_e (H T) 'proc;ess

Hard Tirﬁ¢ is a failure-prevéntion processwhiéh requires that the item be removed
fromvthe aircraft and either completely ovérhauled, pértially overhauled (restored), or
discarded before e);ceeding the speciﬁed interval. The Hard Time interval may be

specified by calendar-time, engine or airplane check-interval (engine-chahge , “C”
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check ), landing- or operating-cycles, flight hours, block hours, speéiﬁgd flights (over
water , terminating), or in conjunction with another process (OC). |
When HT ’is' specified, the component will ;be removed from the aircraft and
overhahled, restored, or discarded, whichever is appropriate. This will be done before
the component has exceeded the specified time-interval. Kinnison (2004) reported
that the component overhaul or restoration will restore the component to a condition
that will give reasonable assurance of satisfactory opérgltion until the next scheduled
removal. Ideally, Hard Time would be applied to a component. that always fails at x
hours of operation. This component would then be replaced at the last scheduled
maintenance-period priqr to the accumulation' of x hours; thus the operator would get
maximum hours out of the component and the componeﬁt would never fail in service
(ideally).
Hard Time is also applied to item;c, having a direct adverse effect on safety and items
subject to reliability-degradation with age but having no possible maintenance-check
for that condition. The former components are not eligible for condition—rﬁonitoring ‘
. because of the safety issue. For some components, Such’ as rubber products, it is

impossible to determine how much serviceability is remaining. .

The struqtural-inspection; landing-gear overhaul, and replaéément of life-limited
~engine parts are all controlled By Hard Time. Frequently, .che'cking mechanical
linkages and actuators, hydraulic pumps and motérs, electric mdtors and generators, -
and similar items subject to a definite wear-out‘vcycle will also be identified as Hard
‘Time. For items having clearly-defined wear-out periods; Hard Time is probably thé

most economical process. ,

m
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 2.2.3.2 The On-condition (0C) Process}

On-condition is a failure-prevention prodess that requires that the item be periodically
jnspected dr tested against some appropriate physical standard (wear- or deterioration-
limits) to determine whether or not the item can continue in service. After failing an
oC chedk, the component must be overhauled or restored to the extent of at least
replacing odt;of tdlerance paﬁs. Overhaul or repair must restore thé unit to a condition
that will give comprehensildlé assurance of satisfactory operation fof at least one
additional oC chéck—interval. If the item cannot be overhauled or restoréd, or if it
cannot be restored to a condition where it can o;derate for one‘ more OC che’ck period,
then it muét be discarded. On-condition must be restricfed to compdnent_s, equipment,
or systems on which a determination of continued airworthiness may be made by
rheasurements, tests, or other means without doing a tear-down inspection. These On- "
condition checks are to be performed within the time-limits (intervals) prescribed for

each OC check. Examples of components susceptible to the On-condition process are
as follows: Brake indicator pins, control cables, linkages, control robs, pulleys,

rollers, tracks, jack screws.

2.2.3.3 The Condition-monitoring (CM) process

The Condition-monitoring process js applied when neither the Hard Time nor the On-

condition process can be applied. The CM procesé involves the monitoring of the

faﬁure-rates and removals o'f individual components or systems that do not have a
" definite lifeﬁme or a visible wear-out period. CM is not a failure-prevention process
.as are HT and OCZ. There are no maintenance-tasks suitable for evaluatihg the life

expectancy of the CM item and there is ho requirement to ;eplace ’;he item before it

fails_. Neither time nor condition standards can be used to control CM items because
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these components do not have such attributes. Therefore, CM components are
operated until failure occurs and replacements of CM items are operated to failure.
The ATA states that these items must cdmply with the following conditions:
e A CM item has no direct adverse effect on safety when it fails: i.e. the aircraft
continues to fly to a safe landing.
e ACMitem must not have any “hidden function” (i.e., a malfunction that is not‘
evident tb the crew) whose failure niay have a direct adverse effect on safety.
e ACM itém must be included vin the operator’s condition-mbnitoﬁng or reliability
pfogramrrie: that is, there musf be some sort of data-collection and analysis for ihosé -
items for maintenance to get a better understanding of the nature of failure for those

components or systems. The maintenance-processes are summarised in Figure 2.1:-

[ Preventive J [ Predictive ] [ Corrective J
Hard  Condition
Tlme Condltlon : Monitpﬁng s

" Defect
Rectification

Inspect Test Collect data o Confirm Defect
Service and Replace Analysis Diagnosis
Interpret Isolate
tleed : Time, Based | . Service, Adjust, Repair :
, Replacement Overhaul Replace ‘

Figure 2.1 Maintenance Process. Knotts (1999).
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Alfares (1999) reported that the information on aircraft maintenance-proéesses and
policies waé obtained by:

1. Weekly flight-schedules.

2. We_ekly’maiﬁtenanée-planning schedules.

3. Weekend-work schedules. |

4. Yearly maintenantce-proj ections.

5. Employee time-sheets.

6. Maintenance-work log-books.

7. Company manuals on work-schedules.

2.2.4 Aircraft-maintenance Intervals (Checks)
Kinnison (2004) indicated that various maiﬁtenance-checks have been named and can

- identify their own named intervals as long\as they maintain the integrity of the original
maintenance-task reqﬁirements or receive approval for deviations. The standard intervals

are as follows:

' 2.2.4.1 Transit Checks
A transit check is performed’ after landing and before the nextAtake-off: that is, while
the airplane is 1n transit at the airport. It is alsopefformed before the first flight of the
day. The transit éhecks coﬁsists of Qil—level check and fill actions and a general visual
iﬁspection, called a walk-around, to check for any fluid leaks, open or loosg banels,
and damage to the ﬂight-control services. Although the oil check and fill requifes the
opening of the engine cowling, the remainder of the transit check is usually done Wifh
the minimuﬁq of stands or other tools and equipment. If a problem is found, however,

 the resulting action will be unscheduled maintenance. This check is often done jointly

e ————————————————————————————————————————————————————————
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by maintenance and flight-crew personnel. At stations where no maintenance is
available, the flight-crew will do a walk-around inspection: i.e. they will do

everything except open cowling and check oil-levels.

2.2.4.2 48-hour Check

The 48-hour Check is performed once évery 48 hours. This check includes taéks that
are more detailed than the transit checks, for example checking items such as wheels
and brakes as well as certain fluids such as oil-levels for the auxiliary-power unit

(APU), the integrated-drive generator (IDG), and the aircraft hydraulic-fluid level.

2.2.4.3 Hourly-limit Checks
Certain checks are determined by thé number of hours the unit or system has been -
operating: 100, 200, 250, and 300 hours, etc. This approach is used for engines,
airplahe flight-controls, and numerous other systems that are operating on a continual

basis during the flight or on the ground.

2.2.4.4 Operating-cycle-limit Checks
Other airplane systems are maintained on a schedule determined by the number of
operating-cycles they have endured. Items such as tyres, brakes, and landing-gear, for

instahce, are used only during take-offs and landings.

2.2.5 Aircraft-maintenance Regular Checks
Clarke et al. (1996), Talluri (1998), Alfares (1999), and Kinnison (2004) introduced the
idea that the periodic checks that have to be done on all aircraft after a certain period of

time or usage are usually referred to by the airlines as one of the following: A Check, B
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Check,.C' Check, or D Check. A and B checks are lighter checks, while C and D are
considered heavier checks. The Federal Aviation Administration mandated that each
aircraft has to undergo these four major types of checks, and they vary‘in scope, duration

and frequency as in the following section:

2.2.5.1 Type A Check
The first major check (denoted as Type A) actually mandated by the FAA occurs
at every 65 flight-hours, or about once a week. Type A checks involve inspection

of all major systems such as landing-gear, engine and control-surfaces.

2.2.5.2 Type B Check

Clarke et al. (1996), and Alfares (1999) reported thét. the ;écond major check
(designated as Type B) is performed every 300-60'0 flight-hours, and entail; a
thorough visual inspection plus lubrication of all moving parts such as the

horizontal stabilizer and ailerons.

2.2.5.3 Type C Check
This is performed approkimately every 12-18 months: This maintenance-check
takes the aircraft out of service and requires plenty of space, usually in a hangar at

a maintenance-base.

2.2.5.4 Type D Check
This is the heaviest check for the airplane, which occurs approximately every 4-5
years. This requires even more space and time than all-other checks, and must be

performed at a maintenance-base.
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The major checks, designated as Type C and D; requife takiné the aircraft out of service for
up to a month at a time. The principle concern of the airlines is in meeting the type A and B
checks’ requirements through their self-impbsed 4-day inspection and maintenance-policy.
Unless there are exceptional circumstances the repairs take place at night. The frequency of
these checks for an aircraft depends on the combination of:

1. Flight-hours. - |

2. Number of take-offs.

3. Landing-cycles.

Knotts (1999) devel,oped- an expert-system to evaluate all maintenance—activity times, which
estimates fault-diagnosis activity times using knowledge-based systems and offered a vision
for applying the technblogy and techniques to provide cost-effective and timely-fault
diégnosis. : |
Moreover, he reported tha;t scheduled flights are delayed mainly due to the following factors
with percentages:-

1. 33% air-traffic congestion.

2. 13% weather and flight-crew problems.

3. 17% passenger—prbblems.

4. 17% ramp-handling problems.

5. 20% technical problems.

L
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Figure 2.2 Aircraft-delay Factors. Knots (1999).

- As regards human factors in aviation safety, Mcfadden and Towell (1999) presented a survey

of the literature on human factors in airline-safety and built a conceptual framework for

designing future safety studies. They included recommendations for how data should be

collected and stored in order for researchers to analyze flight safety-data_more effectively.

What is the best method to present team skills-training? An answer was provided by Kraus

| and Gramopadhye (1999) who developed a computer-based multimedia tool, the Aircraft

Maintenance Team Training (AMTT) software. This aimed to determine and examine the

effectiveness and applicability of computer-based multimedia team-training for -aircraft-

maintenance technicians; and also to evaluate the use of computers in acquiring knowledge

on team-skills. The general objective of the study was to demonstrate the effectiveness of

advanced technology for team-training.

b ——— e ————
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2.2.6 Maintenance Costs |

Anderson and Rasumussen (1999) presented a modelling approach for maintenance-
decision support based on information about the technical condition of the items which
includes cost of fhe spare-parts, material, labour and the cost of downtime. They
classified the costs into three main categories: operation-costs, planned-maintenance costs )
and cbrrective-maintenance_costs.- Figure 2.2 provides a maintenance-costs structure in
which at a 1owef level of detail theyvlisted the maintenance-costs és energy costs, cost-
efficiency loss, minor—maintenance'costs, down-time éosts, person-hours costs and spare-

parts costs.

~ Operation ‘ Planned Corrective
Costs Maintenance Costs Maintenance Costs
L J

|
[ Indirect J | Direct e

Costs -

Costs '

‘Energy Efficiency | | Minor Downtime Man hours Spares
Costs Loss Maintenance ; 2 :

Figure 2.3 Cost breakdown structure, Anderson and Rasmussen (1999).

An oppoftunistic k-out-of n: G system with imperfect Preventive Maintenance (PM) is
studied by Pham and Wang (2000). They proposed two new opportunistic maintenance

models (z,T) with the consideration of reliability requirements. In those two models, only |

minimal repairs are -performed on failed components before time 7 and the corrective

maintenance (CM) of all failed components is combined with PM of all functionihg but

N. Matoss ‘ Page 23



deteriorated components after. this. If the system survives to time T without perfect

maintenance, it will be subject fo PM at time T.

Maintenance Resource Management (MRM) is the part of hﬁman maintenance-factoré which
addresses the jssues of management, organisation, communication, problem-solving, and -
decision-making. Taylor (ZOOOa)- defined Maintenance Resource Management as ’a
| collaboration and communication .for maintenance-safety which evolved from Aviatidn
Maintenance Technician (AMT) participation in safety improvemént. Two case-studies were
reviewed and as'sessed in terms of degrée of top-managem_ént- support, the quality of

‘intervention, and the extent of measurement and feedback.

Many airlines use surveys to understand the attitudes, opinions and perceptions of their
employees. It is important that surveys are scientifically ‘;good” measures. Taylor (2000b)
described and developed a test of the effectiveness of the Maintenance Rcsourcé
Management - Technical Operation Questionnaire MRM/TOQ. The MRI\/I/TOQ‘ihcludes

atfitude measures related to the reliability which were modified and devel&ped technical
operations and has become widely used for assessing communicationb and management

- improvement programs specifically for use in aviation maintenance.

Ina reviéw of human error in aviation maintenance and inspection, Latorélla and Prabhu
(2000) mentioned that a major airline showed the distribution of 1k22 maintenance errors over
a period of three years to be: omission (56%), iﬁcorrect installations (30%), Wfong parts
(8%), others (6%). The author réviewed reactive and prd-actiVe methods of error-detection
and seﬁferal intervention strategies for identifying, reporting, and managing humén-error in

aviation maintenance and inspection. The major categories of human-error in maintenance
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and inspection tasks are: defective component, missing component, wrong component,
incorrect configuration, incorrect assembly, functional defects, tactile defects, and procedural

defects.

In an application of the Analytic Hierarchy Process (AHP) for selecﬁng the best
maintenance- strategy, Bevilacqua and Braglia (2000) described an application of this prbcess

for selecting the best maintenance-strategy for an important Italian oil-refinery.

In an attempt to understand the human contribution to major accidents and disasters through
organisational and management factors, McDonald et al. (2000) proposed a self-regulatory
model to examing how different organisations manage safety, with particular emphasis on the
human and organisational aspects. The model was effective in analysing the salient featuies
of each organisation’s safety-management system, though it underestimated the roles of

planning and change.

To investigate the relationship between flight-schedule punctuality and aircraft tum-around
efficiency at airports, Wu and Caves (2000) applied a mathematical model to simulate afrcraft
tum-afound operations by consideri.ng the stochastic effects of schedule-punctuality as well
as aircraft turn—atound performance, in order to minimise system. operational-costs and to -
maintain a required level of schedule-punctuality. Thé aim was to investigate how the trade-
off situation between the ground-time of a turn-around aircraft and schedﬁle- punctuality

performance varies with the buffer-time allocated to the schedule.

In an investigation of the effect of team-training on aircraft maintenance technicians, Kraus .

and Grainopadhye (2001) used the Aircraft Maintenance Team Training (AMTT) software to
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examine the role of advanced technology, specifically computer-based multimedia
presentations, in adding team skills-training to aircraft maintenance techniques; and to
evaluate the transfer-effects of the computer-based training delivery-system to the operational -

environment.

Sandoh and Igaki (2001) proposed two types of model-inspection pol.icies for a scale which
weighs products in the final stage of manufacturing some specific products, such as chemical
products. Under model I, an inspection includes an adjustment activity. Under model II, the

inspection can only detect a scale malfunction.

Nakagawa and Hua (2002) asserted that the reliability of a series parallel system with the
~ same number of series and parallels tends to one as its number goes to infinity, and also is an
increasing function of its number if the failure-probability of a unit is lower than the golden

ratio. They mentioned that the system-reliability can be improved by redundancy of units.

In strat»egici maintenance-managément,‘ Murthy et al. (2002) discussed the - Strategic
Maiﬁtenance Management'(SMM) approach developed by the Reliability Engineering and
Risk Management Group (RERMG) at the University of Qﬁeehsland. It involved linking the
technical, opérational'and commercial issues in an integrated frarvnewo‘rk. The key features of
the approach are: |

1. An undetstanding of the science of degradétion.

2. Th¢ need for proper data-colleption and vanalysis.

3. The use of matherhatical models for evaluating alternate maintenance-strategies and

for selecting the optimal maintenance-étrategy.

4. Continuous improvement in business-performance.

e —————————————————————————
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The activities at the RERMG to help industry implernent the SMM approach were briefly
discussed and illustrated through three case-studies. They discussed the idea of reliability that
conveys the concept of dependability, successful operétion or performance and absence of

failures.

Hobbs and Williamson (2002) exﬁmined whether the three-way distinction (violations, skill—i
based errors and mistakes) of unsafe acts is' applicable in the context of aircraft-maintenance,
and whether involvement in maintenance Safety-océﬁrrences can be prgdicted on the basis of
self—réﬁorted unsafe acts. A Maintenance Behaviour Questionnaire (MBQ) was developed to

explore patterns.of unsafe acts committed by aircraft mechanics.

- Davidson and Labib (2003) proposed é new concept of dec;ision-analysis based on a Multiple
Criteria Decision-making (MCDM) proc’ess.’ The proposed model uses the Analytic
Hiérarchy Process ’(AHP) mathematical model as a backbone and integrates elements of a
modified Failure Model and Effects- Analysis (FMEA). A case-study déscribed th¢ Concord -

aircraft accident supported with ﬁgﬁres to show the best decision-making.

With reference to the new tools for aircraft-maintenance; Komorowski (2003) presented aﬁ
“overview of the advances in understanding the impactb of corrosion on structural-integrity and
the associated tooyls availéble for inspection, éssessment and repair. A comprehensive set of
tools includes: inspection-systems and methods, structﬁral-integﬁty_asseSsment codes, repair’

technologies and equipment, and maintenance-scheduling and risk-assessment codes.

Tsai et al (2004) presented a method of periodical Preventive Maintenance (PM) policy based

on availability consideration of multi-component systems. They gave an example and sets of
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figures following the proposed model of reliability, to show the relationship between the time

and the reliability for different time subsystems.

2.2.7 Goals and Objectives of the Aircraft-maintenance Programme

- Kinnison (2004) summarized the goals and objectives in the following steps:

2.2.7.1 Goals of an Airline-maintenance Programme

1.

To deliver airworthy aircraft to the ﬂight-department in time to meet the
flight-schedule.

To deliver aircraft with all necessary maintenance actions completed or

properly deferred.

2.2.7.2 Aircraft-maintenance Programme Objectives -

1.

To ensure the realization of the inherent safety- and reliability—levels of the .
equipment.

To restore safety and réliability to their inherent-'lyevels when deterioration has
occﬁrred.

To obtain»the information necessary for adjustment and optimisation of the
maintenance-programrﬁe when these inherent levels aré riot, met.

To obtain the information necessary for design-improvement of those items
whose inherent reliability proves inadequate.

To accomplish these objectives at a minimum total cost including the costs of

maintenance and cost of residual-failures.
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- 2.2.8 Aircraft-maintenance Documenfation
Documentation identiﬁes the aircraft, its systems, and the work to be done on them. Some
documents will be made-to-order for the operator byb the supplier, others will be generic.
Most of these documenté have standard revision-cycles and changes are distributed on a
regular basis by the .airframe manufacturer. Kinnison (2004) mentioned that some
docurhents are designated as “controlled” and some “none-controlled” docﬁments. Av
controlléd document is one that is used for opération and /or maiﬁtenance of the aircraft
in accordénce with FAA regulationis. Such documents have limited distribution within the
airline and require regular revision-cycles with a list of revisions, active and rescinded
page-numbers recorded in the documént. The operator is required to use only -up-to-date

documents.

2.2.8.1 Types of Documentation
There are three main types o-f documentation; each of them includes many documents
illustrated in the f;)llowing points:v
1. Manufacturer Documéntatiop |

a. Airplane maintenance manual (AMM).

b. Component and vendor manuals.

c. Fault isolation manual (F [M)

d. Fault reporting manual (FRM).

| e. Illustrated parts catalogue (IPC).-

f. Storage and recovery document (SRD).

g. Structural repair manual (SRM).

h. Mainteﬁance planning data document (MPD).

1. Schematic diagram manual (SDM).'

N. Matoss S Page 29



] Wiriﬁg diagram manual (WDM).

k. | Master minimum equipment list (MMEL). :
1. Dispatch deviationv guide (DDG).

m. Configuration deviation list (CDL).

n. Task cards (TC). |

o. Service bulletins, service letters, and maintenance tips.

2. Regulatory Documentation |
a. Federal aviation regulations (FARs).
 b. ‘Advisory circulars (ACs).
¢. Airworthiness directives (Ads).

d. Notice of proposed rulemaking (NPR).-

" 3. Airline Generating Documentation
a. Operation specifications.
b. Technical policies and procedures manual.
C. Inspection manual.
d. Quality assurance manual.
‘€. Reliability program manual.
f. Minimum equipment list.
g. Task cards.:

h. Engineering orders (EO).

.m
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2.2.8.2 ATA Document standards
Each system or system-type was assigned a chapter-number. For example, hydraulic

systems are in ATA Chapter 29 for all manufacturers, which is illustrated in Figure

2.4.
XXX XXX
»Page Block
> Subject
> Section
> Chapter

Figure 2.4 Document Standards.

Example:

52 Doors.
52-11 Passenger Doors.
52-11-02 Passenger Door Handle.

52-11-02-401  Rear Passenger -Door‘ Handle.

To reduce» the confusion in maintenance, the Air Transport Association of .America (ATA)
stepped in and Sfandardized the overall format of the maintenance-manuals so that all
manufactures’ documents would be more compatiblé. Each system was assigned a chapter
‘number; in the following Tables 2.1 and 2.2, Kinnison (2004) showed that the ATA Standard

Chapter-numbers and the Aircraft Maintenance-manual Page-block assignment are:

m——__m——__—_—*ﬂ_“_“
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Table 2.1 ATA Standard Chapter-numbers. (Kinnison, 2004).

ATA Subject ATA - Subject
5 Time-limits, Maintenance-checks 37 Vacuum
6 Dimensions and Access-panel 38 Water/Waste
7 Lifting and Shoring 45 Central Maintenance-centre |
8 Levelling and Shoring 49 Airborme Auxiliary-power
9 Towing and Taxi-ing 51 Standard Practices
10 Parking, Storage, and Retumn-to-service 52 Doors
11 ‘Placards and Markings 53 Fuselage
12 Servicing 54 Nacelles/Pylon
120 Standard Practices (Airframe) 55 Stabiliser
21 Air-conditioning 56 Windows
22 Auto-flight 57 Wings
23 Communications 170 Engine
24 Electrical-power 71 Power-plant
25 Equipment/Furnishing 72 Engine (Internals)
26 Fire-protection 73 Engine Fuel-control
27 Flight-controls 74 Ignition
28 Fuel 75 Air
29 Hydraulic-power 76 Engine-controls
30 Ice and Rain-protection 77 . Engine-indicating
31 Indicating/Recording System 78 Exhaust
32 Landing-gear 79 il
33 1 Lights 80 | Starting
34 Navigation 82 Water-injection
35 Oxygen 91 Charts (Miscellaneous)
36 Pneumatic

Table 2.2 Airplane Maintenance-manual Page-block Assignments. Kinnison (2004).

Block Title Description -

001-099 | Description and Operation Identifies the various operational modes of the system
and describes how the system and its essential
components work. v

101-199 | Fault Isolation Fault trees used to perform fault-lsola’uon for various
problems occurring within a system.

201-299 | Maintenance-practices An R/I procedure followed by a BITE test, a functional
test, an adjustment procedure, or servicing instructions

301-399 | Servicing All servicing-tasks: checks fill and replacement of oil,

' hydraulic fluid, water, fuel.
401-499 | Removal/Installation Detailed, step-by-step instructions on how to remove a
| ' Line Replaceable Unit (LRU) and replace it with a like
. item.

501-599 | Adjustment/Test Procedures for making adjustments or performing tests
to the systems whenever a component or system has
been replaced and such adjustments or tests are required. |

601-699 | Inspection/Checks Zone inspections of aircraft.

701-799 | Cleaning/Painting Procedures for cleaning and painting of the aircraft.

801-899 | Approved Repairs Repairs to structure and aircraft-skin approved by FAA

' : for airline-maintenance organizations.
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2.2.9 Thé Aircraft-maintenance Organisation

The structure for an effective mainténance organization will vary with the size and type of
organization. It also varies with the management philosophy of the company. But one
thing must be kept in mind: fhe organization-structure must allow the company to meet its
goals and 6bjective$, and each unit Within the company must be capable with sufﬁéient
personnel and authority to carry. out the objéctives and meet the goéls. Figure 2.5

illustrates the structure of the maintenance-organization:-

Maintenance

— Engineering. —Hangar —Engine — Purchasing — Qqality—assurance
— Planning | LLine ' | Avionic | — Stores L Quali@-conﬁol
- Tfaining L MCC ; L —Mechanical L Inventory L Reliability

L Publication : L_Structures __Receiving L_Safety

[ Computer

Figure (2.5) The Structure of a Typical Aircraft-maintenance Organizaﬁon. Kinnison (2004).

2.2.10 Aircraft-maintenance Activities
There are two types of maintenance: scheduled and un-scheduled maintenance. Kinnison
(2004) reported that the working maintenance- organization, however, is not divided in

that manner. For operational reasons, maintenance-activities are divided into ‘the

categories of on-aircraft maintenance and off-aircraft maintenance.

m
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On-aircraft maintenance is future divided into line and hangar-maintenance activities, and

the off-aircraft maintenance into maintenance overhaul-shops.

2.2.10.1 Line-maintenance
Depeﬁding on the size of the airline, the line maintenance organisatidh may take on
different structures. The vkind of work done by line-maintenance is any maintenance
that can be done on the aircraft in service without taking it out of s_ervice; i.e., without
removing it from the ﬂigﬁt-schedulc. This includes everytﬁing from daily checks .and
transit checks to the longer-term checks. The Mainfenance Contfol éentre MCC) is
| the heart of liﬁe- maintenance, which coordinates all maintenance activity, scheduled
or unscheduled, for the aircraft in servi>ce. Alfares (1999) indicated th.at the workload
of line- maintenance workers includg:s fhe 'fol]owing duties: pre-flight, through—ﬂight,
post-flight  checks, calendar and 50-hour inspection, A-checks, time-limited
component cﬁanges, supportin'g‘ special flights, ﬁxing pilot-.reported problems and

- maintenance discrepancies, and on-the-job training.

Gupta et al. (2003) reported that line-maintenance is called short routine-maintenance
and includes regular short inspections of an aircraft between arrival and departure at
an airport. Line-maintenance has the greatest effect on flight-schedules and

maintenance-delay rates.

2.2.10.2 Hangar Maintenance
This is the maintenance which is done on out-of-service aircraft. It includes any
major maintenance or modification on aircraft that have been temporarily removed

from the flight-schedule. Hobbs and Williamson (2003) mentioned that an aircraft
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hangar is a highly-regulated workplace and mechanics are expected to carry out their
duties while observihg legal requirefnents, ‘manufacturer’s maintenance-manuals,
company-procedures and unwritten norms of safe behaviour.

The h‘angér buildihg also provides spaée for numerous support-shops, overhaul-shopé
and ground-support equipment as well as office-space for the hangar maintenance-
staff. A do.ck-area should be provided to serve as the control-centre of the hangar

maintenance check-in process.

2.2.10.3 Maintenance Ol;erhaul-shops

There are two types of shop-maintenance activities in an airline maintenance-
organizétion. The support-shops include such special skills and activities kas’ welding,
sheet-metal working, composite-materials working, and aircraﬁ-interior maintenancAe.‘
‘These shops are usually part of thél hangar maintenance-organization. The work they
do is primarily in support of out-of-service aircraft, although some Support is given to

' line-maintenance as needed. |

The other type of maintenance-shops at an aiﬂine, the overhaul-shops, involves
support for the specialized equipment on the aircraft such as engines, avionics,

hydraulic, and pneumatic-systems.

In the industry of aircraft-maintenance, - the maintenaﬁce-personnel allocation is a
éomplicated and important issue. How to select a Suitab]e staff to perform a particular
maintenance-task at the right time is a critical factor for the success of a Maintenance Service
Company. Cheung et al. (2005) proposed and developed a method of a fuzzy Analytical
Hierarchy Process (AHP) approach to irnpfove staff allocation aﬁd to support of decision-

making process within the maintenance industry.
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A case-study was used to illustrate the selection of the most suitable engineer for a particular
maintenance-task usihg a fuzzy-judgement matrix. The purpose of this study in general was

to propose an approach to facilitate the allocation of labour- resources.

Chan et al. (2005) stﬁdigd the effectiveness and implementation of the Total Productive
Maintenance (TPM) programme for an electronic manufacturing—company. The goal of TPM
is to maximise equipment-effectiveness by mékirig the estimation of the maintenance-cost of

airframes easier and considering the need for reliability, using commercial software.

How to make easier the estimation of maintenance-coét of airfrémes, Salamanca and Quiroz
(2005) proposed a new method using cdmmercial reliability-software to evaluate the |
economic life of aircraft-structures. The calculated optimal stress-distribution function can be
used with commercial reliability-software to estimate the cfack-size population. They used an
example illustrated with a figure to show mainténanc_e-cost variation with the interval

inspections.

| Bertolipi and Bevilacqua (2006) prdposed a goal-programming approa'ch>to the selection of
maintenance-strategies for the éentrifugal pumps of oil-refinery plants, .and evaluated the‘
quélity control system seléction, information system project evaluation, and facility allocation
problems through an adequate application of the Analytic Hierarchy Process (AHP). Av Goal
Programming approach is proposed to minimise maintenance-costs and allows considering
multiple criteria to measure performance, multi-objectives/goals and constraints. The aim 6f
the analysis Waé fo ideﬁtify the optimal maintenance policy for ez;ch failure-type, taking into
account the feasibilify of the different alternatives. To accomplish the aim, a case-study was

introduced.

N. Matoss - : ) : Page 36



In relation io maintenance-management, there was an important research paper issued by

Gai'g and Deshm_ukh (2006) that introdueed and reviewed tlie literature on maintenance-

management. Their objectives were to: suggest a classiﬁcatien of available literature in the

field of maintenance-management; identify emerging trends in the field of maintenance |
management; identify critical observations on eacli classification; and consoiidate all

| available literature in the field. A total of 142 papers were collected and analysed. They
made a broad classification of the literatnre into six areas: 27 papers on maintenance
optiinisation models, 58 papers on maintenance techniques, 9 papers on maintenance-
schednling, 23 papers on maintenance-performance measurements, 6 papers on maintenance
information-systems and 19 papers on maintenance policies.

" In general, maintenance-optimisation models cover four' aspects: a description of a technical
system, its function and importance; a modelling of ’(he deterioration of the‘ system in time
and pbssible consequences for this system; a description of the available information about
‘the system and actions open te management; and an objective function and an optimisation
technique which helps in finding the best balance. The models have been classified according
to the vmodelling of the deterioration as deterministic or stochastic models. A sub-
classification of this area in to 12 sub-areas is as follows: Bayesian Approach; Mixed-integer
Linear-programming formulation; Areas 3 to 6: Mainfenance-approaches using fuzzy
inultiple-criteria decision-making -and linguistic approaches; Areas 7 to 8: simnlati’on and -
Markovian probabilistic models; Areas 9 to 11: Analytic Hierarchy Process (AHP); and Area
12: Miscellaneous. |
Maintenance-techniques: these techniques have been further sub-classified into ten areas as:
Preventive Maintenance (PM); Condition-based maintenance; Total Productive Maintenance

(TPM);‘ Computerized Maintenance Management Systems (CMMS); Reliability Centred
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Maintenance (RCM); Predictive Maintenance; Maintenance—outsourcing; Effectiveness-

centred Maintenance; Strategic Maintenance-management; and Risk-based Maintenance.

- Maintenance scheduling means bringing together with precise timing the six elements of the
successful maintenance-job such as tools, materials/parts, and the availabifity of the tmit to be
serviced, the information needed'to complete the job, and the necessary permissions.
Maintenance-performance .measurement:'this includes measurement-techniques and criteria,
e.g.: Overall Equipment/craft Effectiveness (OEE); Performance-measurement relationship
with maintenance-strategy§ the effect of ‘maintenance-induced failures on operational
effectitleness; and other miscellaneous measures.

Maintenance information-systems: these focus on information technology (IT) which can
help to improve maintenance-practices and create better competitivenesst |

Maintenance p'olicies: Thousands of maintenance and replacement models have been created
which cankrfall in to some categories of maintenance and- replacement policies ltke age-
replacement, random-age replacement policy, block—reptacement policy, periodic PM ‘policy,

'failure-limit policy, etc. Each kind of policy has different characteristics, advantages and
disadvantages. Bertolirli .and Bevilacqua have summarized, classified and compared various
existing maintenance-policies for Both single-unit and multi-unit systems with emphasis on
sihgle-‘unit systems; and optimal policies on imperfect maintenance with a few‘ important
results like maintenance-integration and emerging maintenance—concepts such as: Ecor10mic-
manufacturing Quantity-detenninatiorl in ‘an imperfect PM, Simulation in Maintenance,
Customized Maintenance and Object- oriented Maintenance Management.

Finally, a large number of papers in this field suggesting a classification into various areas
and sub-areas in the field of Maintenance-mar]agement were identified to help researchers

specify gaps in the literature and direct research-efforts suitably. - These will be useful to
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researchers, maintenance-professionals and others concerned with maintenance to help them

understand the importance of maintenance-management.

A component with deterioration and random failure is modelled by Jayakumar and
Asgarpoor (2006), using Markov processes while incorporating the concept of minor and

‘major Preventive Maintenance.

The service life of critical aerospace components is governed by the modes of degradation
and failure such és: fatigue, fracture, corrosion and wear. Gas—turbine discs are usually the
most cﬁtical engine—components, which must endure substantial mechanical énd thermal
loading. Witek (2006) performéd a fracture analysis to investigate the damage-mechanism of
the turbine-disc by using a geometrically-complicated Finite Element (FE) model with some

‘nonlinearity as contact and elastic plastic material was created.

2.3 Maintenance-scheduling

Scheduling plays a significant role in the ﬁeld of aviation and it is considc;red a key function,
| whicﬁ influences the utilization of aircraft-operation and maintenance. -

Some of the complex issues affecting operaﬁons-managemenf are: people, luggage, freight
and airéréft having to be moved over vast distances. Flights, crews, maintenance, cargo and -
even meals have to be scheduled. Fuel, spares, tools, training and pub]icatiéng have to be
provisioned. All of these factors have to be considered againstba background of tifnetables
| coupled with operating and maintenance costs: that is, ﬁme and money. |
The author will be focus iﬁ this sfudy on maintenance, which will try to determine the
optimum interval for doing the Preventive Maintenance that minimises the total maintenance

cost by deveioping and utilising a mathematical model.
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The fleet-assignment problem is to determine which aircraft-type should fly each flight
segment. Clarke et al. (1996) provided modelling—dévicés for including maintenance and
crew considerations into the basic model, while retaining its solvability to maximize revenue
minus operating costs. They aimed to minimize the number of crews used in the airline
subject to crew-rest requirements and the completion of all missions within the>speciﬁed

time-frame.

_ Rishel and Christy (1996) mentioned that the purpoSé of perfonﬁing scheduled maintenance
is to reduce the number of failures and bthey evaluated the impact of incorporating schedul‘ed—
maintenance policies in the pro‘duction-environment ahd predicted 'emergency activities into
the Material—ReQuirement Planning system (MRP) to minimize downtime during a failure,
and reduce disruptions fo the production-process. The operation-research community has
developed a number of computer-models to aid in the solution of airline-scheduling

problems. |

Mathaisel (1996) provided reports on the application of the integratioﬁ. of computer-science
ahd opération-research ina decisioﬁ-_support system for airline-system operation-control. The
application integrates real-timé, flight-following, aircraﬁ-routing, maintenance, Crew-
management and flight-planning with dynamic aircrqft-rescheduling’ and ﬂeet—rerouting

algorithms for irregular operations.

Susova and Petrov (1997) used the analytical model (Markov Model-Based Reliability and
Safety Evaluation for aircraft maintenance-system optimization) for solving a number of
practical tasks: fedundancy optimiiation, determining check-intervals, optimizing aircraft

minimum-equipment list in order to minimize operation-costs and ensure flight safety. Fleet

m__m__—w_m
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assignment determines the type of aircraft to operate each flight in a given schedule, subject
to a variety of side-constraints, due to marketing and operational-, maintenance- and crew-

restrictions.

Rushmeier and Kontogiorgis (1997) presented an adv'anced model for the formuiation and
_solution of large-scale fleet-assignment problems that arise in the scheduling of air-
transportation; Computational results on actual schedules showed that high quality
assigninents for one-déy problems can be obtained within an hour of computation. The use of
the model at Unedited State Air results in an annual benefit of at least $15 million. |
2.3.1 'fhe Objectives of Maintenance-scheduling and Its Constraints
_DuﬁJaa and Al-Sultan (1997) reported that the purpose of performing scheduled
maintenance is to reduce the number of failures and the objective of maintenance-
schéduling could be one of the following:
1. To minimize equipment and personnel idle-time.
- 2. To minimize total scheduling-time.
3. To minimize delay of cerfain jobs. -
4. To minimize the'shut-down costs. -
5. To minimize plant shut;down timé.
6. To maximize eqﬁipmeﬁt-évailability.
However, iﬁ maintenance-scheduling, cohstraints usually impose limits on:
1. Theavailability of various types of skills..
- 2. Equipment and tool availability.
3. The availability of spare-parts.
4. Arrival times and job-requirements of all incoming jobs.

5. The sequence of job-operations.
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Furthermore, Dﬁfuaa and Al-Sultan discussed the problem of the scheduling and planning of
maintenance, and two relevant mathematical-programming abproaches to this pfoblem were
" presented. An expansion to the state-of the-art maintenance-management information-system -
haé been proposed in order to utilize the mathematical-programming approach and to ilave
effective éontrol of the maintenance-scheduling problem. For many companies the

scheduling of job-shops proves very difficult. .

Gatland et al. (1997) developed a simulation model to provide a better understanding of the
available capacity of the engine-maintenance facility versus the current realized capacity. The
* model clearly demonstrates that the loading of engines into the repair-cycle has a great effect

on the capacity of the facility.

Keskinocak and Tayur (1998) developed the integer-programming formulation, provided the
problem description and'computational complexity, discussed special cases and described a

heuristic approach and the computational results.

Usher et al. ('1998)‘ presented a method for predicting a cost-optimal Preventive Maintenance
policy for a repairable system witﬁ an increasing Rate of Occurrence of Failure (ROCOF).A A
numerical bexamplei was illustrated and computétional results were offered so that a
comparison.could be made between three different approaches, nameiy, a genetic ‘algorithm,

a branch and bound approach and a random search.

Knapp and Mahajan (1998) developed a mathematical-model for optimizing Ihanpower-
allocation by maintenance-area, craft-type, training-level, and in-house versus sub-contracted

employees, as well as selecting between a centralized versus decentralized organizational
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structure. The system was designed to undergo the balance-check every day, and to solve the
fleet-assignment and aircraft-routing problems. The objective of the developed model was to
reduce the cost of the resources used in the maintenance-department. Maintenance-costs

include the cost of the spare parts, material, workers, and the cost of down-time.

Barnhaﬁ et al. (1998) used a string-based model and a branch-and-price solution approach
and provided computational results for the combined fleet-assignment and aircraft- rduting
problems, bdth without equal utilization requirement and for aircraft-routing problems
requiﬁhg equal aircraft-utilization. They preSénted the optional maintenance-strategies and
their relatiohship to aircraft-reliability, as measured by the pércentage of scheduled flights
delayed because of mathematical problems. The objective was to solve the ﬂeet-assignAmen‘t»

and aircraft-routing problems at the same time.

Wessels (1998) defined scheduled maintenance as a formal set of mai.ntenance-activi_ties
performed at regﬁlarly—schedul_ed intervals that diagnose and repair all degraded modes such
that the system ié restored. to full capacity. The intervals can take the form of scheduled
cycles (e.g. at every 100 hours), or times (e.g. at every week, month of operation). Because
the critical parameter of scheduled maintenance is the interval, if the interval is correctly
calculated, then no repair;bréakdowns will occur during the interval. He also offered an
” ana]yticai approach which enables a particular ofganization to evaluate the impact of
spheduled maintenance-intervals on the system-réliability model and maintainability-

parameters for machinery and equipment.

To help with aircraft-maintenance workforce-scheduling, Alfares (1999) presented a new

integer programming-formulation to obtain an optimum seven-day work-schedule with no
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increase in workforce-size. Tﬁe main recommendation of the study was to change from a
o five-day to a seven-day workforce for aircraft-maintenance wérkers. A real case-study was
applied at Saudi Aramco in Saudi Arabia, which in 1997 included 13 fixed-wing aircraft and
.19‘helicopters. The study objective was to determine the optimum maintenance-workforce

schedule to satisfy growing labour-requirements with minimum cost.

Duffuaa and Al-Sultan (1999) reviewed and developed a stochastic programming model; the :
model integrated the deterministic and the stochastic components of the scheduling problem.
An examplé illustrating the niodel has been given to demonstrate the utility 6f the model and
the value of the stochastic solution. They analyzed maintenance-scheduling problerhs such as:
1. Job-complefion times or job-standard -times.
2. Availability of equipment for performing maintenance-jobs.

3. Spare-parts delivery-times at job-sites.

Kumar et al. (1999) developed a procedure for adjusting Preventive Maintenance intervals -
after each inspection and maintenance activity; they considered either residual-lifé or the
required reliability of the engine after every inspection and maintenance task and used these

two measures to adjust the scheduled-maintenance frequency and hard time.

Lofsten (Al 999) developed a non-linear programfning model to determine whether to séhedule '
Preventive Maintenance and the model trades off the capital costs of Preventive Maintenance

and the sum of Corrective Maintenance and doWn—time co‘sts based on the productibn-line's :
. state. The model considers maintenance policies and determines economic values of

mainten.ance'po]icies based on their Net-Present-Values. It is used to calculate the expected
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costs when postponing Preventive Maintenance for an item that is soon to fail based on the

cost of Corrective and Preventive Maintenance and the probability of failure.

Airline-coordinators have to ﬁnd‘a minimal-cost re‘assignrnent of aircraft and crews that
satisfies all required;safety-rules, has little impact on passengers, and minimizes operational
difficulties for the airline. Lettovesky (2000) develbped a new solution-framework, which he
implémented, and testéd. This provides, in almost real-time, a recovery-plan for
- reassignment-crews to restore a disrupted crew-schedule. He sﬁpported this with a case-study
and the computational results demonstrate that the application of optimization-based solution-
techniques to ‘crew-rescheduling is possible énd the medium-sized disruptions to the érew-

schedule can be handled within én acceptable running-time.

Addressing the fleet-assignment problem, Akdeniz (2001) introduced and discussed' a
Corrosion Prevention and Control Program (CPCP) process for upgrading structural-
inspection programs for older airplanes and investigated sub-surface corrosion on principal

airplane-structures and its effects on airplane-safety.

Cordeau et al. (2001) proposed a solution-approach based on Bender’s decomposition
methodology for the simultaneous routing of aircraft and scheduling of crew to determine a
- minimum-cost set of aircraft routes and crew-pairingé_ such that each flight-leg is covered by
one aircraft and one crew, and side constraints are bsatisﬁed. The objective of the crew-
scheduling problem is to determine a minimum-cost set of pairings. The cost of pairing
depends not only on fhe total flight-time but also on the waiting-time during connections as

well related to accommodation-expenses.

e ———————— e ————————————————————————eeeeeeee L
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The successful completion of a manufacturing or maintenance project depends on the
availabiljty of an accurate and reliable schedule of activities and a list of expected material-
and r_esource-demands. Samaranayake et al. (2002) developed a unitary structuring approach,
composed of the Critical Path Method (CPM), Materials Requirement Pianning (MRP) and .
‘ Production Activity» Control (PAC) techniques, for assembly-scheduling to eﬁable.-the
development of a methodology for comprehensive management of projects and materials. for
~ the purpose of aircraft-maintenance. Airlines plan aircraft-routes and crew-schedules-in
advance and disruptions occﬁr every day. As a result, ﬂight-séhedules may become
unfeasible and will need to be updated. The results from the exarﬁpie used indicated potential
benefits in terms of improved forward-planning capability a_nd the potential for spare-parts-

inventory reduction.

Stojkovic et al. (2002) presented a model'_ that attempts to reinstate planﬁed airline-services
following an uhexpected disruption in airline operations without changes to aiféraﬁ-
itineraries and crew-rotations. The model extends prior-time:based models by considering not
only activity start-time variébles, but also activity—duration Vari.ables. The model re-opﬁmizes '
.departure-times to take into account the sequences of actiVities that have to lbe carried out
within all aircraft-routes and crew-rotations. The new'séhedule was obtained by reducing
flying, ground-service, maintenancé, or passenger-transfer time. The costs of time;reduction,
elements of the crew-costs and passenger-inconvenience were included in the objectivé

function.

Artana and Ishida (2002) developed a method for determining the maintenance-intervals for
c‘o‘mponents of a liquid?ring primer of a Aship's» bilge-system in the wear-out phase. A

spreadsheet technique was used for the model optimisation, and Microsoft Excel Solver was
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applied to solve for the optimal schedule with respect to minimum total cost. This method
demonstrates spreadsheet-modelling as one option which is easy to use and is readily

available.

Gupta et al. (2003) developed a computerized simulation-model for the aircraft line-
maintenance department in Continental Airlines. The model gave objective justification for
simple solutions like staggered shifts and part-time labour, which can meet resistance in a

workforce.

Yan et al. (2004) developed' the maintenance-manpower supply-planning model and flexible
strategic models that can help an airline to find an effective maintenance-manpower supply-
plan (manpower-scheduling), which aimed to minimise the total' maintenance-manpower

supply. A case-study was applied on six different types of aircraft, 51 aircraft in total.

To help with airline-schedule planning, Lohatepanont and Bamhart (2004) presented
integrated models and solution élgorithms that simultaneously optimize the selection of
flight-legs and the assignment of aircraft-types to the selected ﬂight-'legs‘to maximize

revenue and minimise operating-costs.

Wu et al. (2004) discovered and develobed a new method bésed on a Maintenance-free
| Operating Period (MFOP) in order tQ reduce the Direct Maihtenaﬁce Costs (DMC). They
iliustrated the formula for DMC, and introduced and defined the factors whicl‘a‘affect it.
Furthermore, they indicated the process of fault-diagnosis. Their ideas are being déveloped
for the A340-600, and a fault-diagnosis expert system has been incorporated in the central

maintenance computer-system of the Boeing 777. Moreover, they defined the direct
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maintenance cost (DMC) as the labour and material costs directly expended in performing the
‘maintenance of an aircraft or related equipment.' The factors which have an effect on DMC
“can be categorized as follows: design-factors, fault-diagnosis efficiency, organization-related

variables and environmental-factors.

To optimize tha utilization of ground-suppbrt vehicles and enhance the logistics of aircraft-
maintenance activities, Cheung et al. (2005) proposed a mathematical-model using Generic
Algorithms (GA). A geneyator provides an effegtive and efficient schedule for the aircraft-
maintenance services industry. The model was illustrated v;/ith a numerical case-study. The
aim of this study was to optimize the utilization of ground-support vehicles; to enhance‘the
logistics of aircraft-maintenance activities; and to solve the schedulingéproblem for aircraﬁ-

engine maintenance.

Kleeman and Lamont (2005) introduced a Multi-objective Genetic Algorithm (MOGA) for
solving the problem of minimizing the time needed to return engines to mission-capable
status, and to minimize the associated cost by limiting the number of times an engine has to

be taken from the active-inventory for maintenance.

Solving the ﬂeet-ass‘ignment problem has .always been a challeng‘ing.task for the airlines.
Sherali et al. (2006) presented a tutonal on the basic and enhanced models and approaches
that have been developed for the ﬂeet-a531gnment problem, including their mtegrat10n w1th
other airline-decision processes such as schedule-design, aircraft-maintenance routing, and
crew-sc;heduling. Thny propnsed solution-techniques that include additional considerations
in the traditional ﬂeeting-mndels. These coulci consider itinerary—baséd demand-forebasts and -

the recapture-effect, as well as investigating the effectiveness of alternative approaches such
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as randomized search-procedures and studying dynamic fleeting-mechanisms that update the
initial fleeting-solutions. - Departures-approach and more information regarding demand-
patterns are gathered, thus providing a more effective way to match the airline's supply with

demand.

Tam et al. (2006) proposed simple models to assist managers of small to medium production-
plants to determine the optimal maintenance-intervals for a multi-component system with
different managerial requiremenis, namely maximum reliability, maintenahce-budget
constraint, and the minimum total cost. The proposed models only required very few input-

parameters which can be obtained or estimated easily.

Heavy industry maintenance-facilities at aircraft service-centres or railroad-yards must
contend with scheduling Preventive Maintenance tasks to ensure critical equipment remains
available. Quan et al. (2007) presented a novel evolutionary algorithm to solve the Preventive

Maintenance scheduling-problem, which formulated as a multiple-objective problem.

Addressing the minimisation of total maintenance-cost for a set of identical machines, Khalil
et al. (2009) developed a mathematical-model as a combination of Corrective and Preventive
Maintenance for scheduling maintenance by optimising the interval between Preventive

‘Maintenance.

2.4 Inventory-control Policy
To keep the air.craﬂ‘ in a serviceable condition, regular checks and repairs are
~ necessary. Some of the repairs and overhaul-work involve parts and components that need to
be removed from the plane. This needs accurate inventory-control polivcy. The repair and

M
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replace policy is important to reduce the aircraft-maintenance costs by applying a

mathematical-model which helps in making decisions.

Al-Garni (1996) presented two policies for tyre-replacement and evaluated them by using
reliability- and cost-parameters in Saudi Arabia. He compared them to the international

standard using a reliability-model and cost-data.

2.4.1 Types of Inventory
Ghobbar and Friend (1996) mentioned that there are several types of inventory such

. as:-

1. Cycle.
2. Safety.
‘3. Stock.

4. Anticipation.

.5. Pipeline.
There are three types of inventory-measures represented by the average of supply,
weeks of supply, and i-nven‘tofy-‘turnover. The authors introduced the results of a
simple survey of the Re-order Point System (ROP) ip airline-operators and'
maintenance-service organizations. The survey covered 283 aviation companies, 62%

of whom replied and it was supported with tables and figures.

Considering the maintenance of aircraft engine components, Hopp and Kuo (1998) analyzed
the multi-component joint-replacement problem for systems with multiple non-safety-critical
components, and systems with one safety-critical component and multiple non-safety-critical

components. They proposed three heuristic approaches to find a good practical policy.
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Numerical tests indicated that the base-interval approach almost always yields the smallest

average system maintenance-cost among the three.

Winter et al. (1998) discussed and described a system aimed at enabling Bﬁtiéh Aerospace
Airbus Limited (BAAL) to reduce their fastener-in\?entory. Constraint satisfaction
- techniques were used to determine which fasteners are suitable for a particular application,
given a body of design-knowledge and an inventory of fasteners. In a(idition, knowledge-
refinement teéhniques are used to refine the design-knowledge if the domain-expert di‘sagrees

with the retrieved-fasteners.

Armstrong and Atkins (1998) introduced the note on joint-optimisation of maintenance and
inventory to devise a coordinated age-replacement and spare-ordering policy to operate the

system at the lowest possible long-run average-cost rate.

Das and Sarkar (1999) developéd a mathematical-model for a discrete production-inventory
system with fairly general characteristic. The primary objective of the study was to determine
when to perfoﬁn Preventive Maintenance. The mathematical-model of the system provided a

useful tool for deriving the expressions for system performance-measures.

Francis et al. (1999) examined the use of best-practice benchmarking as an approach‘to‘
performance-improvement in the airline-industry. The case-study draws upon

phenomenological evidence from the aircraft-maintenance section of Britannia Airways.

A ————
N. Matoss : Page 51



Nechval and Nechval (1999) investigated the effect of risk-estimation on the simplest of
inventory-problems. It was shown that when risk-estimation is ignored, stock-levels may be

incorrectly compiled and service-levels may be inadequate.

Xie'andHo (1999) showed that time-series models are very suitable for repairable-system

analysis for engineering decision-making as illustrated by examples and a comparative study.

Bahrami'-G.v et al (2000) de\}eloped methods and models for determining an optimal
replacement-time for equipment that deteriorétes with timé. The methods and models
deve_ioped contributed to ma_intenancé decision-making. Results were shown for a case whére
the equipment time-to-failure has avnormal di-stribution._Thes‘e results élso hold for a Weibull

distribution with known shape- and scale-parameters.

Xie et al. (2000) studied the calculation, and investigated the use, of average failure-rate for
maintained Weibull-distributed components. The average failure-rate was used as the failure-

rate of the exponential model. Tables

Love et al. (2000) proposed the use of a discrete Semi-Markov Decision Process (SMDP) to
determine optimal policies. The structure of the decision-model utilized two state-variables

(real age, number of failures incurred to date).

Tongshui et al. (2000) presented a control-model of a demand-pulled spare-parts inventory,
and conducted a case-study to support the model, which relied on maintenance-information
and reliability analysis. The philosophy of the model is to probe into the demand for parts at -

instalment-status and maintenance-status in order to control parts.
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Van Noortwijk (2000) propdsed and illustrated a maintenance-model to determine optimal
age-replacement repair- and lifecycle-costing policies, which optimally balance both the
failure-cost againstv the preventive-repair cost, and the initial cost against the future cost. The
model can be applied to solve decision-problems in maintenance-optimisation and life-cycle

costing.

Cassady et al (2001) developed a selective maintenance model for component life length,
repair, and replacement decision making by using the Weibull distribution to identify
‘maintenance activities that optimise system reliability while considering operational

requirements.

Feng and Xiao (2001) presented a stochastic control-model, illustrated by a numerical
example with related figures to show how their analysis works under the stated assumptions,
and developed optimal céntrol—rules. The basic model was subsequently extended to consider
multiple-fares on each route, time-dependent demands, and booking-control on an extended

network.

‘Jiang et al. (2001) studied a maintenance-model with general repairs and two types of
replacement: failure and preventive replacement. The objective was to find the

repair/replacement policy minimising the long-run expected average cost per unit time.

Salameh and Ghattas (2001) provided and presented a modification to the traditional lot-size
- square formulas by incorporating the time required to conduct Preventive Maintenance as a

parameter in the solution. This was by using a mathematical-model heuristic solution-

N. Matoss ’ s Page 53



procedure supported with a numerical example: The optimum just-in-time inventory buffer
level is found by trading off the holding-cost and the shortage-cost such that their sum is the

minimum.

- Beltran and Krass (2002) presented and analysed the Dynamic Lot Sizing (DLS) version of
the ’inventory-eontrol problem with saleable-returns and concave ordering, holding and
disposal costs where demands cao be positive and negative and disposal of exeess inventory
is ailowed. The proposed methodology appears to be quite adequate for dealing with

realistically-sized problems.

Farrero et al (2002) studied the distribution ‘of. failure in a manufacturing system, and then
examined the application of an appropriate maintenance-program to increase the reliability'of '

component equipment.

General discussions on maintenance-inventories have been presented by Kennedy et al. _
(2002). They updated the discussion of maintenance-inventories and a discussion of the -
future research needed, aod géve a method for calculating the optimum re-order point and re-
order quantitieé for maintenance-stores. They suggest using a re-order point equal to the
lead-time demand where the cumulative-distribution function is almost nearly.‘ They also

studied the impact of aircraft-spares provisioning-decisions on the availability of aircraft.

Cochran and Lewis (2002) developed tools and methods to assess the impact of logistics-
support on combat-capability, which was concerned with the impact of aircraft-spares .
provisioning-decisions on the availability of aircraft. In addition, they confirmed that

decisions concerning aircraft-spares support require a rapid response for safety reasons.

]
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Analyfical models have proven to provide a quicker response-time than corresponding
simulation-models. A ‘case-study demonstrated the improvement in computational accuracy
that is achieved by reflecting the impact of small numbers of aircraft on availability-

- projections.

Mabini and Christer (2002) presented a model for detérmining stock-levels of repairable
items supporting a fleet of commercial aircraft operated by a transportation-company in the
Philippines. The items are characterised by infrequent demand, high cost and a hierarchical
“(or indenture) structure.‘ The system has three re-supply sources of serviceable parts, namely;
the in-house repair-shop, the out-house repair-shops, and the .suppliers. Non-repairable items
are é_crapped and replaced with new items on a one-for one basis. The model considers two
levels of indenture prés’ented by modules and compoﬁents. The objective is to minimise the

total expected steady-state annual cost of holding inventories and of aircraft delays.

Batchoun et al. (2003) attempted to deténnine the optimal allocation of aircréﬁ-parts used as-
spares for the replacement of detective parts on board a.departing flight. In order to minimise
tﬁe cost of delay | caused by unexpected failure, Generic Algorithms (GAs) are used to
allocate the initial quantity of parts among the airports. The results were very encouraging,
showing the good performance of the Generic Algorithms in solving the spares problem and

dealing with techniques applicable to predicting spare-parts demand for airline-fleets.
Ghobbar and Friend (2003b) presented a model to airline-operators and other maintenance-

service organisations to select the appropriate forecasting method to meet their cyclic demand

for-parts. The main objectives were to develop a predictive model and analyse the behaviour
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of different forecasting-methods. when dealing with lumpy and uncertain demand. They used

a Microsoft Excel spreadsheet as a practical and efficient tool.

Mathew and Kennedy (2003) developed a Net Present Value (NPV) model for the optimal
replacement-policy of the entire equipment; the model accommodates a large number of
factors such as increasing maintenance-costs due to the aging of equipment, technological

change, and inflation.

Lin et al. (2003) integrated the Economic Production Quality (EPQ) models with the joint
effects of maintenance policy by inspection and the productio-n system, including raw
materials énd the cost of operating a single facility in order to minimize the expected total
cost for the system. .Numeri'cal examples were considered with the rele\%ant,data to support.

the study.

Qian et al. (2003) proposed the extended Cumulative-damage model with maintenance at each -
shock and minimal repair at failure, and replacement at scheduled time T or at N failure,
~whichever occurs first. They derived the expected cost, and then discussed the optimal

replacement-policy which minimizes it.

Shankar and Sahani (2003) studied the maintenance-float problem as a model to describe
both the catastrophic and/or wear-out failures. They made an attempt to study, thrbugh some
numerical calculations, the effect of wear-out preventive maintenance and repair on the float-

factor evaluation.
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Braglia et al. (2004) presented and developéd a new multi-attribute tec};nique decision- 4
support tool follbwed by a case;study to define the best strategies for spare-parts inventory
.management. This could be used by maintenance-managers or s;[aff as an internal structural
procedure of the company and adopted as a basic appfoach to revise and validate the

inventory policy used for each type of spare-part in an easy and fast way.

‘Castro and Alfa (2004) presented two different models of replacement-policy based on the
lifetime of the unit. The first approach, named Model I, is to replace the unit by a new one
when the unit attains a predetermined lifetime. The other approach, named Model 1L, is to

~ close the repair-facility when the lifetime of the unit attains a predetermined quantity.

Ghobbar (2004) conducted a study at one of the largest UK. airline-operators in their
c-omponent-overhaul workshop to find the best and most accurate forecasting-method on the
basis of demand-pattém fluctuation. The experimental results of 13 forecasting-methods,
including those used by aviation-companies, were examined and analysed in terfns of average
| mean absolute-percentage eﬁor to enable airline inventory-management 'practitioner's to

choose a forecasting-method for particular opefating—factors.

Juang and Anderson (2004) considered a Bayesian. theoretic_approach to determine an
optimal adaptive Preventive Maintenance policy with minimal repair. By incorporating
minimal repair, major repair, planned replacement, un-replacement ahd periodic scheauled
“maintenance in the model, the mathematical formulas of the expected cost per unit time are

obtained.
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Saranga (2004) attempted to usé Generic Algorithms for opportunistic rﬁaintenance in
complex systems. A. simple generic algorithm was applied to hypothetical data to test the
validity of fhe model. This paper tries to address the questions of how to decide whether a
particular item needs opportunistié maintena;ice, and if so, how cost-effective Athe
6pportunistic maintenance is in comparfson.to a later gounding. These questions play an .
importaht role; éspecially in the case vofA complex-systems containing Vexpensive itemé with
hard lives and condition-monitoring maintenance—strategies. Exémples with two case-studies

were included to support the study.

Sheu and Chien (2004) developed a general model for the average cost per unit time and this
is based on the stochastic behaviour of the assumed systém and reflects the cost of storing a
spare as well as the cost of system-downtime by considering a generalized age-replacement -

policy of a system subject to shocks with random lead-time.

Zequeira et al. (2004) presented and examined a model to determine the optimal length of".
continuous prqduction;periods between maintenance-actions, and the buffer-inventories to
satisfy demand during Preventive Maintenance or repair manufactuﬁng facility. They A
analysed'the joint-detcnnination by introducing numerical examples \;vith‘illustrations of
different ﬁgures such as the relation between the cost-rate and operational time in days as a
function of the buffer-inventory in units, the optimal operationa‘l-timel as a function of the
failure-rate, and the optimal buffer—ihventory asa ﬁmctioﬁ of the failure-rate. As a result they

considered that the time to shift to imperfect productidn has-an exponential distribution.

Chelbi and Ait-Kadi (2004) described a joint-strategy of buffer-stock production and

preventive maintenance for a randomly-failing production-unit, operating in an environment

.m
N. Matoss » . Page 58



whére repair and preventive maintenance duration are random. The ijective is to determine
simultaneously the optimal preventive maintenance period T and the size of the buffer-stock
S which minimize the total avérage cost per unit time unit. A mathematical-model has been
~ developed for this stArategy.vIt takes into account the probability-distributions associated withv :
lifetime, repair-time, preventive maintenance duration, as well as the renewal-process

associated with the operation repair-cycles of the production unit.

Park and Yoo (2004) coinpared three types of replacement policy fo;' a group of identical
units under minimal repair.bThe ﬁnits and grbup replacement-interval are divided into repair-
and waiting-intervals and each unit undergoes minimal repair at failure during the repair-
interval. The expected cost-rat¢ expressions. under each policy are derived and numerical

examples are given to demonstrate the results.

Lee (2005) mentioned that the inventory can be used to protect the manufacturer against the
randomness in production, to respond to variable customer-demand, and to keep highér
availability of goods to maintain high-quality customer-service. The amount of inventory
needed should depend on the safety-stock to protect against the demand-uncertainty and to
achieve é high service-level for' satisfying customers:-demand.” The inventory problem
determines the inventory-level “that balances the two extreme cases. Lee developed an
analytical cost/benefit model to quantify the effects of investment in preventive maintenance
and inventory projects on tangible performance-measures. The model can be solved by an

interactive process using the Sequential Quadratic Programming Method.

Voordijk and Meijboom (2005) answered the question as to what the dominant supply-chain

co-ordination strategies are in the Dutch aerospace industry, given the market environment of
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this industry by combining data from case-studies with the four co-ordination strategies
proposed by Galbraith: i.e. slack, self-contained tasks, lateral-relations, and number of
hierarchical levels. The case-studies show that lateral-relations and information-systems are

clearly present.

- Destombes et al. (2006) introduced component wear-out in a model for ,the trade-off between
spare-part inventories, repair-éapacity, and maintenance policy by using two methods and
- numerical examples to analyse the relationship between these control-variables and the

system-availability.

Kovélyov et al (2006) studied the problem of vo_ptimal testing and repairing a failed-series
system comprising of n components. The problem is to ﬁﬁd a sequence of tesﬁng and
repairing operations for the components such that the system is always repaired and the total
expected cost of testing and repairing the components is minimized. The‘objecti_ve was to

minimise the total expected cost of testing and repairing the system.

Ho and Silva (2006) presented: the bootstrap to correct biases in a maximum-likelihood =
estimator of Mean Time to Failure (MTTF) and perceﬁtiles ina Weibul] regression—model;
and introduced a simulation-study to compare and to compute the biases of estimators for

MTTF.

Lai and Chen (2006) developed an optimal periodic-replacement policy for a two-unit
system, subject to failure-rate interaction between units, by incorporating costs with respect‘
to replacement and minimal repair to minimize expected cost rate per unit time. A numerical -

example was giving to illustrate the method.
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P.Ji and Tsang (2006) developed-a preventive replacement model to help maintenance
engineers to know whether a system is aged or not, so that they can make a decision on

replacement.

24.2 Inventory Classification
Ramanathan (2006) asserted that inventory—cléssiﬁcation using ABC anélysis is one of the
most widely-employed techniques in organizations. Nonhally, the items are classified based
on theA annual ﬁse-value, which is the product of annual-demand and average unit-price:
1. Class A items are relatively few in ﬁumber and constitute a rglatively small use-

value.
2. Class C items are relatively large in number but coﬁstituté a relatively smglll

amount of annual use-value. |

3. Items between the above two classes constitute Class B.

ABC analysis is successful only when the inveﬁtbry being classified contains items
>more or less all the same and the main difference among the items is in its annual use-
value (computed from unit-price and demand-volume). In practice, an organization o;f
even moderate size has to control thousands of inventory-items and they need not be
very homogéneous. As more and more customers demand a wide-range of products, -
the need to increase the variety of inventory items is also increasing. |
Thus, it has been generally recognized that the traditional ABC analysis may not be
able to provide a good classification of invéntory-items in practice.

Ramanathan proposed and illustrated a weighted linear optimization model for

classifying inventory-items in the presence of multiple criteria. The model was similar |
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to linear-programming models employed in data-envelopment analysis. The

methodologies were illustrated usihg an example.

Deshpande and- Lyer (2006) used an application of operations-résearch techniques at the N
United States Coast Guard (USCG) Ato improve the performance of its aircraftjservice parts
supply-chain. They .developedv a part age-dependent supply-replenishment policy for
- managing the service-parts suppiy—chain at.the USCG. The impact of this policy was

evaluated based on actual-demand data for 41 critical 'par[s over a five-year period.

Saranga and Kumar (2006) developed a mathematical-model for Levél of Repair Analysis
b(L_ORA), which is an approach -used during the de_sign-stage of complex equipment for
analysis of the cost-effectiveness of computing maintenance-strategies, and propoéed a
solutioﬁ methodology based on Generic Algorithms. The concept was illustrated using a ..

hypotheticél aircraft-engine case-study.

Dimitrakos and Kyriakidis (2007) develdped an efficient special-purpose policy iteration' -
‘algorithm that generates a sequence of improving control-limit policies. The study was

supported with numerical examples.

Leung et al. (2007) introduced the Carrol-Hung (CH) method, an innovative reliability
~ analysis tool for bridging the industrial practice of Condition Monitoring (CM) alerts and the

process of identifying candidates for reliability improvement.

MacDonnell and Clegg (2007) mentioned that there are three major changes which should be

taken into account when considering how to manage an airline-fleet: business models, aircraft
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technology, and sui)porting infonnation-précessing technology to develop a system-strategy
for supply-chain management in aerospace maintenance, repair and overhaul (MRO). In
general their purpose is to promote the increased use of computer-based systems to automate,
' communicate, and optimise the business information process in-the aircraft-maintenance

industry.

Sun and Mathew (2007) developed a new Split-syétem Model (SSM) using probability theory:
based on the concept of separating repaired ‘and‘ unrepaired components within a systein
‘Vi’rtually when modelling the reliability of the sysfem after repairs. A case-study was
‘introduced to show the changes in reliability with prevenﬁve maintenance actions, and to |

quantify preventive maintenance intervals after imperfect repairs.

.Lee et al. (2008) presented a>multi-objective simulation optimization framework for the
aifcraft spare-parts allocaﬁon problem to provide a non-dominated Pareto set of solutions to
the decision-makers. Computational results showed that, for the aircraft spare-parts allocation
problem, the framework is capable of ﬁndihg | those non-domihated inventory' and
replacement policies with low average-cost and high service-levels. .

2.4.3 Material Support |
Kinninson (2004) wrote that materials are one of the key units within an airline’s
maintenance-organization that spends the most money. The materials directorate has

four management-positions:

m
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2.4.3.1 Inventory Control

Inventory Control is responsible‘for ensuring that all necéssary spare-parts. and
supplies are a?ailable to maintenance facilities throughout the organization.
its purpose is to support all maihtenance activities through the maintenance of
stock-levels in the ﬁght stores and to respond to demand in a..timely manner. It
is also responsible for the adaptation of the stock-levels as changes in fleet

make-up dictate.

2.4.3.2 Stores

Stores are responsible for issuing and exchanging parts with the engineers.
Stores are also respoﬁsible for the delivery ‘of parts to the work-centres, aﬁd
where appropriate, to ensure that supplies of any spare-parts which require
.special storage and handling are properly managed. The unit also stores the -

‘details of the appropriate methods of replacing parts for the maintenance—shdp.

2.4.3.3 Purchasing

Purchasing/Procurement is responsible for the purchase of all spére-parts and
supplies used by maintenance. Its me;in duty is to deal with suppliers and
rﬁanufacturers, attending to matters such as specifications, coét and delivery. It

purchases materials and exercises major control over the financial budget.

2.4.3.4 Shipping and Receiving
Shipping and Receiving will handle all packing and unpacking of parts and

supplies being shipped into and out of the airline.
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2.4.4 The Inventory-support Functions

The inventory-support functions can be stated briefly as:

N. Matoss

"~ 2.4.4.1 Ordering

The ihitial role of ordering includes the provision of new equipment, when the
systems becorﬁe part of the fleet. It also includes re-ordering of supplies on hand
whenever they drop Below a certain level. It has to provide the equipment on the
recommended spare-parts list prepared by the aircraft-manufactﬁrer. This list is
bésed on the manufacturer’s recommendations and the vast experience of the
fleet of airlbines that are already using such equipment in similar operations. The
qﬁanti,ty necessary for day-to-day operations is determined by a number of
variables, and these véry from one procesé to another. For example, the schedule
of flights and number of hours has flown the Iength of the journeys and the
environment, as well as the number of aircraft in the fleet, the rate of use of
components, and therefore fhé number of parts necessary for the support and

maintenance of operations.

2.4.4.2 Storing

The storing of parts is the next materials function to qonsider. There are two
categoi’ies: |

1. putting every part where it can be readily located and issued when needed;
ii. Storing certain parts under specified conditions. The latter categbry includes
proper storage of fuels, lubricants, paints, oils, and other flammable or perishable
items. Oxygen-bottles and the tools used on oxygen-syétéms require speéial

handling and storage.
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2.4.4.3 Issuing

Items such as screws, nuts, and other regularly-used parts and eqﬁipment are best
stored in the open, and should be stored near the work-sites for the engineers to
access them easily.vIt would be Bettér for all parties involved to be able to request
the physical énd mechanical parts, as needed, and to attend to, aﬁd deal with, the
proper parts and other important milestones such as the computer- and paper-

work.

2.4.4.4 Controlling
Control of the parts covers a variety of activities which are required to follow up
the ﬂyin'g-hours; flight-cycles and calendar: There are a number of systems which

require the removal of parts of the service before a specified interval has elapsed.

2.4.4.5 Handling of Parts and supplies

Dealipg with parts and supplies is sometimés referred to as "shipping and
receiving". Dealing with the rec.eipt of parts and supplies involves, inv lsome .
cases, incoming inspection and‘ quality-control to eﬁsure that 1t is (‘;‘orrect,
allocating a serial number if necessary, recording the situation and the service
and the expiration date. After receipt and»inspection of incoming.supplies, they
are -distributed to stores around the hangar to the right place, e.g. the

maintenance-line and work-shops, and computer records are updated accordingly.
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2.5 Reliability
Cini and Griffith (1999) reported that ieliability provides source-data for systems safety-
analysis. Nakagawa and Hua (2002) mentioned that the system-reliability can be improved by
redimdancy of units. Kinnison (2004) reported that there are two approaches to the concept of
reliability in the aviation industry: |
1. The first appr_oa‘chv is to look at the overall airline-reliability. This is measured
essentially by dispatch-reliability: that is, by how often the airline achieves an on-time
departure of its scheduled flights. |
2. The second approach is to consider reliability as a i)rogram specifically designed to -
address the problems of maintenancé, which provides analysis of, and corrective
actions for, items to improve the overail reliability of the equipment.
Xie and Ho (1999) indicatéd that repairable—system reliability analysis enables us to obtain
information such as whether to continue the test-modify cycle, terminate the operation, or
replace the system. The objective of repairable-system failure data-analysis is to describe the
failure phenomenon. This is usually done by fitting the failure daia with an appropriate model
such as the Duane model.
A non-repairable system can only fail once, and a l'ifetimei model such as the Weibull
distribution can be used to predict the time at Which such a sysiém fails. On the other hand,
since, for a reiaairable system, the failed itemé are repaired and placed back in service, which
is the case of maintenance engineering, the model chosen must allow for a sequence of
repea’;ed failures, and it must be capable of reflecting changes in reliability as the system
‘ages. |
A repairable system can be characterized in two ways, either by a counting process or in

terms of successive failure-times of the items.
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2.5.1 Typesi of Reliability

Kinnison (2004) reported that there are four types of reliability related to maintenance
activity:

1. Statistical reliability.

2. Historical reliability.

3. Event-oriented reliability.

4. Dispatch reliability.

2.552 Elements of a Reliability Program |
Kinnison (2004) mentioned that a good reliability programme consists of seven elements:‘
1. Data-collection. |
2. Problem-area alf;rting.
3. Data-display.
4. Data-analysis.
5. Corrective actions.
6. Follow-up analysis.
7. Monthly report.
Xie and Goh (2000), and Tam et al. (20006) mentioned' that the Weibullv distribution was -

" invented by Waloddi Weibull in 1937, and the reliability function is given by: .

oo (3]

Where:

tis fhe time.

B Is the shape-parameter.
- 77 Is the characteristic life.
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Crockér (1999)‘mentio.n'ed that if | failures are age-related, ﬁsually as a result of wear or
accumulated stress, then the Mean Time betwéen Faiiures (MTBF) for the component will
decreasé 'as the number of times .the component is repaired increases. Many componeﬁts
subject to wear shoW that their tirﬁés-to-failure can be described by a Weibull Distribution.
Ho and Silva (2006) indicated that the Weibull distribution is Qﬁen used to model failure-
times in engineering. Its hazard function can assume different shépes and this proberty makes
this probabilistic distribution attractive to be employed to model failure-times of eqﬁipment.
Furthermore, Kong and Goh (2000) showed that the Weibull distribution is usually a better

~ model for component life-time.

Rishel and Christy (1996) mentioned that the shape-parameter for the Weibull distribution
indicates the type of failure-rate characterizing each rﬁachine. A shape-parameter equal to
1.0 indicates that the machine experiences a constant-rate failure. If the Weibull distribution
is characterized by a shape-parameter less than 1.0, the machine experiénces a declining rate
- of failures with the highest probability for failure occurring early in the machine’s life. This
probability of failure declines as the machine ages. Altemétively, a Shape—para'rneter greater

than 1.0 indicates that the machine has an increasing failure-rate.
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2.6 Key finding summary and Conclusions

Table 2.3 shows the key findings in the previous literature review stating the problem(s)

covered as well as the methods employed to solve the problem in the mentioned references.

Table 2.3 Literature review key findings for aircraft maintenance.

the turbine-disk.

No. Author Year Issue or Problem Method-
Aircraft Maintenance
1 Al-Sultan and Duffuaa 1995 Maimenar;ce control. Artificial neural-network model.
2 - Goh and Lim 1996 | Re-work rate and repair tum-time. Total Qualjty Management approach.
3 Shhyur et al 1996 Prediction of the residual life. Artificial n'eufa]-neﬁavork model. v
4 Suyitno and Sutarmadji 1997 | How to operate the aging aircraft safely. | Corrosion Prevention and control -
. programme.
5 “Goranson 1997 | Fatigue-damage detection. Damage-to]era‘nc; technology.b
6 Rausaﬁd 1998 | Reduce the maintenance cést, Reliability-centre_d maintenance.
7 Labib et al. 1998 | Maintenance decision making. Analytic hierarchy process. ‘
8 Peck et al. 1998 | Aircraft maintenance. Data envelopment analysis.
9 Tg]]uri 1998 | Maintenance —routing problem. Line-of-flight graph.
10 Mckone et al 1999 | The use of total productive maintenance. | Proposed a tileoretical framework.
11 Knots 1999 | Evaluate the maintenance-activity times. | Expert-system.
12 Mcfadden and Towell 1999 | Human factors in aviation safety. Sur;/ey.
13 Kraué and Gramopadﬁye 1999 | Team skills-training. Computer-based multimedia t.ool.
14 Anderson and Rasumussen 1999 | Maintenance-decision support. Modelling approach.
15 Bevilacqua and Braglia 2000 | Selecting the best nwintenaﬁce-stratpgy. Analytic Hierarchy Process.
16 Daviston and Labiﬁ 2003 | The best decision-making. Analytic Hierarchy Process.
17 Salamanca and Quiroz 2005 | Evaluate the economic life aircraft- Commercial reliability-software.
structure.
718 Jayakumar and Asgarpoor ) 2006 | Concept of minor and major preyentive Markov processes.
' ‘ maintenance. v
19 Bertolini and Bevlacqua 2006 | The selection of maintenance-strategies. | Goal-programming approach.
20 Witek 2006 | Investigate the damage-mechanism of | Geometrically-complicated finite

element model.

M
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No. Author Year Issue or Problem - Method
Maintenance Scheduling
21 Clarke 1996 | Fleet-assi gnment problem. Modelling-devices.
22 Susova and Petrov 1997 '| Minimise operating-costs. Markov model-based reliability.
23 Gatland et al 1997 | Availability capacity of the engine- Simulation model.
maintenance facility.
24 Knapp and Mahaj;m 1998 | Optimising manpower-allocation. Mathematical model.
25 Alfares -1999 | Aircraft-maintenance workforce- - Integer programming-formulation;
scheduling.
26 Lofsten 1999 | Preventive ﬁaintenance scheduling. Non-]inear pr(_)gramming model.
27 | Lettovesky 2000 | Finda minirr_lal-cost reassignment of New solution-framework.
aircraft and crews.
28 | Guptaetal 2003 | Aircraft line-maintenance. Computerised simulation-model.
29 Lohatepanont and Barnhart 2004 | Airline-schedule planning Integrated and algorithms models
30 Wu et al. 2004 | Reduce the direct maintenance costs. Maintenance-free operating period.
31 Cheung e;t al. 2005 | Optimize the utilization of ground- Mathematical-model using Generic |
. support Algorithms (GA).
32 Kleeman and Lamont 2005 | Aircraft engine maintenanc.e scheduling. | Multi objective evolutionary
algorithm.
33 Quant et al. 2007 | Preventive maintenance scheduling. Novel evolutionary algorithm
34 Khalil et al. 2009 | Minimisation of the total maintenance- Mathcmatical-modél '
cost
Inventory control policy
35 Das and Sarkar 1999 | Discrete produclion-invenvtory. Mathematical-model.
36 Love et al. 2000 | Determine optimal policies. Semi-Markov Decision Process.
37 Van Noortwijk 2000 | Determine ﬁptimal age=teplacement Maintenance-model.
repair. '
38 Mabini and Christer 2002 | Determine stock-]éve]s of rebairable Mathematical-model.
items. A
39 Batchoun et al 2003 | Determine the optimal allocation of Generic Algorithms (Gas).
aircraft-parts. '
40. Mathew and Kennédy 2003 | Optimal replacement-policy. Net Present Value (NPV) model.
41 p.Jiand Tsang ‘ 2006 | A systemis aged or not Preventive replacement model.
42 Leeetal. 2008 | Aircraft sparc-parts allocatfon. A multi-objective simulation.

B et ———————————————————————————————— e ————
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Based on the literature review and above mentioned literature review analysis. The
- following facts can be drawn:
‘1. In aviation industry, there is a neéd for a maintenance-management system that can be
used to provide the opt}im.um interval at which maintenance should be carried out.

2. Also, 'it was very unusual to find an inventory policy that balanced the cost of repair

and purchase in fnaking décisio’ns, in. particular for expensive components.

3. Moreover, the literature review provided no availability of an integrated framework to \

integrate the above two problems in an aircraft en\.fironmeﬁt. It is expected that this
| will provide a decision-making tool by which the cost incurred in maintenance andA
inventory, as weil as the time needed for maintenance, will be reduced. Therefdre, the
above three points represent the main éim é.nd obj ¢ctives of this thesis.
In this chapter, the researcher introduced the literature review which included three sections
as follows: | |
e Aircraft maintenance.
' Scheduling maintenance.

e Inventory.

The literature reView in this chapter provided and introduced different models such as
Simulation, linear-programming,  integer-programming, mathematical-pro gramming,
heuristics and algorithms-programming to solve different problems related to the subject of
the thesis. In the next chapter, the proposed methodologies to be used in this research wjll be

discussed and introduced.
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Chapter Three

Research Methodologies and Proposed Integrated Framework

3.1 Introduction

The problems associated with maintenance and inirentory control policy in the aviaﬁon
induvstry were introduced in the li;te'rature review in Chapter Two. Many approaches are
available for maintenance-scheduling and inventory control policy problems. Most of these
approaches are operation-research management-science teéhniques. The choipe of which
approach to use depends on the scope of the problem, i.e. the obj ectives, constraints and type
of data available. |
Duffiaa and Al-Sultan (1997) summarized these approaches as: Deterministic Optimization
Techniques, Markov Dec‘;isi‘on Theory, PERT, Game Theory, Queuing, Simulation, Inventory
Mode]é, Reliability Theory and Decision Theory, Work Study and Analytical Hierarchy
' Process. They have added stochastic prégramming with a'c.:ertain objective in fnind,' and when
a set of constraints aré given.
In brief, some approaches introduced in this field exist in the literature review in Chapter
Two such’ as: Susova and Pétrove (1997) used Markov model-based reliability and safety
evaluation fof airéraft-maintenance system-optimisation. Gupta et al. (1997) used
- computerised-simulation maintenance for aircraft line-maintenance planning in Continental
Airlines. Gatland et al. (1997) solved éngine-maintenance capacity problems with simulation.
| Labib et al. (1998) used an Analytical Hierarchy Process (AHP) model as a maintenance
decision-xﬁaking tool. Alfares (1999) used integer program formulation to obtain an
optimum seven-day work-schedule with no increase in workfdrce-size. Artana and Ishida
(2002) used spreadsheet-modelling of optimal maintenance-scheduling for components in the

wear-out phase.
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Lohatepanont and Barnhart (2004) used integrated and algorithms models for schedule-
design and ﬂeet-assigmﬁent. Cheang .et al. (2005) developed an aircraft-service scheduling
model by using generic algorifhms to maximise the utilisation of ground-support vehicles and
‘énhance the logistics of aircraft-maintenanée activities. Jayakumarv_and Asgarpoor (2006)
used‘ linear-programming for maintenance-optimisation of equipment. Bertolini ‘and |
Bevilacqua (2006) used a combined goal-programming - AHP approach to the maintenance
seleqtion problem.. Linear-programming deals with only one single objective to be minimized
or ma){imized,v and ‘subject to some constraint; it, therefore, has limitations in solving a
pfoblem with multif)le-objectives. Goal-programming, instead, can be used as an effective

~ approach to handle a decision-concerning multiple and conflicting goals.

iThe life-limit of all aircraft co_fnpoﬁents follows the manufacturer’s recommendatiron, and.
becaus¢ fhére are different operating conditions in different countries, this may lead to a
change in the life-limit for different reasons such as:

' The weather: for example (Libya) is a desert country, that means the aircraft and its systems
‘and components are subjept to high temperature. Aléo there are the effects of dust on the oil
and fuel systems and components like engines, pux.hps'and joints which use lubrication for'.
their movement. Another airport is near to the Mediterranean Sea where an aircraft and its
systems and components are subject to high humidity and salinity or brininess.‘ This causes
conosion and has a big impact on the life of an aircraﬁ and its systems and componénts.
From the author’s experience of more .ten years in Libyan‘ Arab Airlines. in t_echnical
management, there were a percentage of repairable components which failed eariier. or

- technical problems happening before pafts reached the end of their expected life-time.

For the reasons explained previously, the author focuses on how to calculate and minimise

'the maintenance-cost by using a mathematical-model to determine the new life-limit that
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helps to avoid technical problems and early failure by optimising the interval for maintaining

the different components in the aircraft.

The components may difficult to repair in-hquse out-house or its high cost, which may lead to
purchasing a new components. This situation is not considered at the moment in Libyan Arab
Airlines. Also, the repair—price was high and greater than the cost of purchasing new
components. For this reason the author focpsés on how to solve that problem in this study.
Table 3.1 shows the comparison beﬁ:veén the component-price and the real repair-cost data -

taken from Libyaﬁ Arab Airlines.

Table 3.'1 Real Purchase and Repair-costs for Some Combonents (Libyan Arab Airlines C.).

Component Name Part Numbe£ Purchase Cost (£) Repair Cost (£) Year‘
Fuel Pump , 24361 - 16120 : 18500.8 2004
Pressurising and Pump Valve | 714810 ' ' 1860 : 1968.5 2004
Fuel Heater 522649 3100 900.24 2001
Fuel Control Unit (FCU) 720050 15500 16740 2003 |
Ignition Unit : - | 42074 2480 2449 .| 2004
Starter Valve 979078 . | 1860 4299.7 -| 2000

| Starter : 383152-16-1 6820 | 1 1786 2003
Refuelling Tsolation Valve | 6362 4340 5115 2004

In this study two mathematical-programming approaches are utilised to determine the optimal

solution for maintenance-scheduling and inventory-control policy in the aviation industfy.
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The models will be developed on the principle that the objective of any maintenance and
inventory problem is to balance the cost with an optimal.time to perform a repair or replace
the components, to rﬁinimisé the eicessive costs and guaranteé safety.

This Chaptér will introduce and explain the two main subjects related to study, which are

optimisation and mathematical models, and proposed operational ffaniework.

3.2 Optimization

In mathematics, thé term optimization, or mathematical-programming, refers to the study of
prpblems which seeks to minimize or maximize a real f’unbction by éystematically choosing
the values of réaI or integer variables from within an allowed set. |

Optimisatibn problems cbns_ist of the following three basic components:

1. An objective function to maximize or to minifnize. F(;r example, in the
manufactﬁring process, we might want to maximize fhe profit or reduce cost. The
installation of empirical data to thé user-defined rﬁodel may reduce the total
deviatiéns of the observed data from the model predictions.

2. The variables could include using different amounts of resources or time spent on
each activity. In the installation of data problems, unknowns are determined by the

| parameters of the model. Wofking oh the design problem, variables are uéed to
determine the form and dimensions of thé design-team. |

3. A set of restrictions that will allow for unknowns to take certain values, but
excluding others. Working on the design-problem, we would probably limit the
weight of the product and this constitutes a form of constraint.

Thus, the optimisation problem is to find the values of the variables to minimize or maximize

the objective function with the fulfilment of the restrictions.

e 1]
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3.2.1 Objective Function
" Almobst all optimization problems have one objective, which is to fimction.

e The goal. In some cases, for example in the graphic design of integrated
circuits, the goal is to find a set of variables that satisfy the constraints of the

| model. This type of problem is usually called the feasibility of the problem.
. Multiple-objecti\}e tasks. In many cases, itv would be helpful to use the
. maximum number of diffefent objectives at the same time. For example, in the
aircraft-design problem, it would be nice to re(iuce weight and achieve
maximum power at the same time. Usualiy, different objectiveé are not
bcompatible; variables to achieve the optimum goal may be far from op.timal
for vothér objbectives. In practice, problems with multiple—objectives may
require the reformulation or teplacement of some goals béfore deciding on any

of a range of different objectives.

3.2.2 Variables
These are essential. If there are no changes we cannot determine the purpose and

function of the problem and constraints.

3.2.3 Constraints

In fact, the field of unrestricted iﬁlprovement is a large and important one for many of
the algorithms and software avaiiable. In pracfice, the logical answers in term's of the
underlying physical or economic problem can often be obtained without réstrictions
on the variables;

Here are some examples of using optimisation. Rushmeier and Kbntogiorgis (1997)

presented an advanced model in the optimisation of airline-fleet assignment. Knapp
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and Mahajan (1998) developed a model for optimising labour-allocation by
maintenance-area, craft-type, traihing—'level and in-house versus sub-contracted
-employees. Stojkovic et al. (2002) proposed an optimisation model for a real-time

flight-scheduling problem.

3.3 Mathematical Models

Al-sultan and Duffuaa (1997) used mathematical-programreing models  to develep a plan
vehile considering the objective aﬂd constraiﬁts at the same ‘time. Kraus and Gramopadhye
(1999) asserted that the decision4makieg sub-module has three main topic areas: The‘ﬁrs't area
is problem-identification, the secon& area is the generation of ideas, and the third area is
decision-making tools. Labib et al; (1998) mentioned that mathematical-models have been
’formulated for many ’;ypical situations. These models can be useful inAanswerinAg questions
such as:

e How much maintenance should be done on the item?

e How frequently shou‘ld this item be replaced?

e How many spares should be scheduled? v
Taha (2003) showed that a cornerstone of operétion research (OR) is the mathematical model,
which provides a basis for making decisions (MD) and ihdicated til.at to solve the decision

making problem we have to identify the following three steps:

1. Definition of fhe Problem

This involves defining the scope of the problem under investigation. The end-result of -

the investigation is to identify three pﬁncipal elements of the decision problem namely:
e Description of the decisvion-alterna.tives.

¢ Determination of the objective of the study. -
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~® Specification of the limitations under which the modelled system operates.

2. Construction of the Model

This entails translating the problem-deﬁnition into mathematical relationships.

3. Solution of the Model

An important aspect of the model-solution is sensitivity—anélysis. This deals with
obtaining additional information about the behaviour of the optimum solution when the
model undergoes some parameter-changes. Sensitivity-analysis is particularly needed

when the parameters of the model cannot be estimated.

4. Validation of the Model
This checks whether or not the proposed model doeg what it is supposed to do, that is:
. | Does the model predict adequately the behaviour of the system under study?
¢ Dose the solution make sense?
e Are the results acceptable?
A common method for checking the validity of model is to compare its output with the
historical data.

The model is valid if, under similar input-conditions, it reproduces past performance.

5. Implementation of the Solution
The implementation of a validated model involves the translation of the results into an

operating construction.
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In maintenance-optimization, a huge number of maintenance-optimization models have been
published and many of the articles were written by statisticians and scientists in operation-
research. A general problem with most of the models is that the necessary input-data is not

often available or not in the format required by the models.

Many authors reported that different mathematical-programming were used in maintenance-
modelling such as: Linear-programming, Integer-programming, Quadratic-programming,

Non-linear- programming, and Stochastic-prograrnming.

Al-Sultan and Duffuaa (1995) considered the maintenance-control system propose_:d by
mathematical-programming; and Duffuaa and Al-sultan (1997) discussed the problem of

scheduling and planning maintenance.

3.4 The proposed methodologies:-

It has beenv found that mathematical-programming is the most suitable tool to nﬁodel and
' solve thev problems under investigation due to it's-ai)ility to provide the optimum soluﬁon not
like heuristics which may provide near optimum solution or not like simulation which offers
alternative solutions to choose from. In addition, mathematical programming was chosen dué
to the nature of the problems under investigation which are most suits to the use of
mathematics in térms of. obvious objectives e;.nd cleér vaﬁables and constraints with less
complexity problems than those required simulation tool as a methdd to handle not only the
compiexity involved but also the interaction betwéen Variables. The broblems considered to
be solved in this thesis are niaintenance-scheduling and inveﬁtofy—control bpolicies'as well as

 their integration.
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3.4.1 Maintenance-scheduling

A mathematical model for maintenance-scheduling tasks will be developed. The total -
| maintenanc‘e-cost is based on a balance between the costs of failure of a component

(corrective maintenance) during operation and the cost of planned maintenance

(preventive maintenance). This can be considered as a distinctive feature of an
' optimal replacement-policy. The proposed model wili’provide an optimum_interval at

which the preventive maintenance should be carried out.

3.4.2 Inventory

A decision-making process represented by a mathematical-model of an inventory will
be developed, which strives for the best balance’ between the cost of repair and the
cost of replacing a new item on an aircraft. The objective is. to minimise the total

expected maintenance-cost.

_ 3.5 Proposed Integrated Framework
Khalil et al. (2009) mentioned that a key question for researchers and practitioners concerned
about preventive maintenance is what is the optimum preventive maintenance interval? In
reality, many parameters affect thé intervals, such as correction and prévention costs. In fact,
intervals that are too long or too short, or include novpreventiv'e maiiitenance, would all be
costly. |

e Intervals ivhich are too long would result in both inconveniences, as they will involve

| preventive maintenance actions and lead to uncontrolled breakdowns. |

e Intervals which are too short would lead to greater prevention costs than needed

S —
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e No preventive maintenance would leadl to breakddwn, which would affect thé
operation of the aircraft and might lead to a tragedy.
3.5.i Information
There are five kinds of information Which should be combined in the Technical
Planning Department to determine and prepare the list of all items or components that
should be rethoved from the aircraft in the next maintenance-check. The sources of
this information are:
1. The Logbook: this is the crew-book on the aircraft thé.t bftollows the flying
" hours aﬁd the technical problems which occurred during the ﬂighf and is
completed by the aircraft crew.

2. MCC is the Maintenance Control Centre that coordinates all maintenance-
work with other departments such as eﬁgineering, planning, warehouse and
maintenance. |

3. COASL means Component Operating and Storage Limit, which is issued by

~ the aircraﬁ-manﬁfacturer» | and gives vinform‘a’tion relating to repairable
cbmponents such as: part number, denomination, the repair-ihtervais and
Storage limit.

4. Thé warehouse is responsible for the availability of all kinds of repairable énd.
consumable parts and items for all the aircraft ﬂeef.

5. The Hangar provides the information about the availablé space, personnevl,.
facilities and tools. |

In addition, the technical plaming deals with the day-to-day activities of maintenance,
which involves daily, 48-hours, and transit checks. The technical planning déals with
th¢ la_tter checké and modiﬁcations. dué to airworthiness-directives, service-bulletins,

and engineering-orders; it also involves the planning and Scheduling of all aspects of
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these checks including labour, parts, and facilities. Coordination with the warehouse

is an important task to provide all that the aircraft need for different checks and

services by following and determining the life-limit for the fepairable_ components.

The decision to remove any component on the aircraft for the maintenance process is

usually made by the Planning Departmeﬁt.

The movement of components has four main activity-locations:

1. The Planning Deparfment follows all repairable components on the aircraft by

using the COASL,; all the life-limits of the cbmponents' are checked by ﬂying—
hours and cycles. The team of engineers in the Technical Planning Department
prepare the list including any repairable component which ié due for a coming
maintenance check according to its life-limit. The list moves to the store
before the check-time to provide the hangar with the spare-parts on check-

time.

. The removal from an aircraft of failed components or the components which

have reached their life-limit occurs at the hangar during any regular

maintenance-check or sometimes during the line-maintenance.

. A defective component that has been removed from an aircraft in the hangar

will be sent to the in-house repair shop e.g. engine-shop, sheet-metal shop,
cable-shop, or avionic-shop for i;lspection and possible repair. Some
components may require special repair-services beyond the capability of in-
ho’usé repair. They will be sent to-the appropriate out-house repair-shop. A
failed component is found to be in one of three states:

¢ In-house repairable.

e Out-house repairable or

e Non-repairable.
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Non-rep'airable components wbill be scrapped;

4. The warehouse (store) is responsible for the availability and supply of what
the aircraft-maintenanqe needs in terms of different equipment and parts and
components. Thé part is back-ordered if not available. Mabini andehrister, »

- (2002) reported that any aviation company requires at least a 96% service-
level on requisition at .the store: this means that the probability that a
component can be supplied on demand mus.t‘not be lower than 0.96. The
repair‘or purchase of a new item will be decided aﬁer the removal inspection'

and the condition of any repairable item has been tested.

3.5.2. Components-list Preparation
This section introduces the components that must be removed from the aircraft when
they arrive at their life-limit for maintenance, and may be need to be replaced or

repaired for a continuing life-cycle on the aircraft.

3.5.3 Mathematical-models
In this section, the author will present and develop the two mathematical models for
maintenance-scheduling and inventory-control policy which deal with the different

components that will be valid for any system on the aircraft.

| 3.5.4 Integration
The two inathematical-models cohceming the maintenance-scheduling and inventory
will be combined and integrated. Because of the complex and very long calculation
for both models and to give the réader information easily, the author will develop the

software programme by using the Visual Basic 6.0 version that includes many
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facilities. It is considered a positive and constructive tool for calculating and it has an

excellent output-show.

3.5.5 Output
The output and integration results will be obtained from implementation' of the Visual
Basic software program directly or as reports issued by an integrated-database

proAgram.

N. Matoss » Page 85



l Logbook I l MCC l I COASL . I
A \ 4

Y

_DC Collection of Aircraft Information and Technical Data (Planning Department) ><—

A 4

Maintenance Model

To Determine and Request of Components J

Not Availabl Y :
ot Avarlable. ( ] Available )
Warehouse - > Hanger
\ J \ J
A A
\ 4
Inspection
New or Repaired Components No ¢ Yes
' ' Fully
functioning
/ . Y -
- Removed . \ 4
1 v components Fix
) again
on
aircraft

Possibility to Yes
Tepair in-
house

Possibility
to repair
out-house

vy v \ 4
Order Out- In-
for house house
purchasing . Repair _ Repair
. Inventory Model
'd

Implementation and Application of the Proposed ]

»i
l

\ 4

Integrated Framework
Software Development. J

\ A8

Maintenance Scheduling
Inventory Control Policy
Reports
Performance Measures

| e

Figure 3.1 Operational framework

~ N. Matoss ' ' ' Page 86



3.6 Conclusions

" The methodology is based on two instruments. Fif_st]y, the -nature of the problems under
investigatibn prox;e’d that mathematical-programming is a suitable applica'tion. Secondly, it
- was decided to utilise optimization in order to calculate the optimum interval or range within
which the maintenaﬁce-task should be carried out to minimize the maintenance-cost.
Furthermore; these instruments.were used to solve the decision on inventory-control policy
for determining the balance point to repair or replace any item on the aircraft in order td

minimize thé total maintenance cost.

In the next two Chapters, Four and Five, the two decision-making models related to the
maintenance scheduling and inventory control poliby will be developed. The two proposed
mathematical models will be applied and calculations will be carried out manually to

demonstrate the application of the models.
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| Chapter Four
‘Development of the Proposed Mathematical Model for Decision-
’ making‘ in Mainténance-Scheduling

4.1 Introduction

_ Chaﬁter T&ee discussed"‘[he methodology and the ﬂamewor’k of the thesis, which focuses on
the use_of mathematical models in ai_rcraﬁ—maintenance management. In the literature review
in Chapter Two, it was stated that Khalil et al. (2009) developed a mathematical model of
maintenance—scheduling as a decision-support model to minimise maintenance-jcosts in
industry. Theyvemphasis.ed the interval of preventive maintenance as being the focus of
attention for the maintenance-modeller. The critical parameter of scheduled maintenance is
the interval. The application of scheduled maintenance-intervals should seryé to rhinimise ’;he‘
occurrence of repair-breakdowns between intervals. Therefore, the need is for an optimisation
technique which identifies the optimum time-interval of preventive ;actions in respect of the -
safety of the aircraft; but the level of fault-prevention is alsp a critical point to consider before-
thé_ development of a preventive maintenance system.

In this chapter the mathematical model mentioned in the previous chapter will be used and ‘
applied in the aviation industry instead of industry field without compromising the .saféty.
The méthematical model will be developed to identify the optimum intervéi at which a part
shOuld be maintained. The bélance of the costs of failure of the component for aircraft-
operation, taking into consideratioh safety as the highest priority, versus the cost of planned
maintenanc¢ is the main feature of the proposed model. This chapter will be divided into two
parts:

e Proposed rﬁathematical model for maintenance-scheduling.

e (Case-studies and manual calculation.
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4.2 Proposed Decision-making Model for Maintenance

Khalil et al. (2009) mentioned that the cost of different types of maintenance can be evaluated
‘by considering changes in the §alue of the actuation-time. If the actuation-time is increased,
preventive tasks are carried out with less frequency and the level of preventive I_ﬁaintenance
s 1ower. As a result the costs associated with preventive maintenance (PM) and actuation-
time will decrease as the intervals between scheduled PM increases. However, the increase in
the actuation-time also increases the prébability of failure in a component and therefore the

relative level of corrective maintenance will grow.

Therefore, the costs associated with’ corrective mainténance increases with the incréasing :
actuation time, while the costs associated with preventive maintenance decrease with the
increasing actuation-time. There should be an optimum value for the time of actuation, that
. 1s, a combination of preventive maintenénce and corrective maintenance, at which the total
cost of maintenance, has a minimum value. Within the following section the development of

fhe proposed'cost function will be discussed.

4.2.1 Objective Function
The objective function is a formula that expresses exactly what the optimization is. In
this part of study the total maintenance cost of an aircraft will be optimized. Then, the

~ objective function is to minimize the total maintenance cost.
Min. ZTmc
i=1

Where

n Number of aircraft repairable-components
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4.2.2 Variables

Variables are called decisions and through the stqdy of the available liferature that
discusses mainténance-bptimisation models, a list of the most relevant variables that
affect the total maintenance operation cost were identified and the different
mainténance-parameters were _reviewed.’ A key point for ‘the success of any
mathematical ‘modél in reflecting reality is‘ its validity. The validit'y of a model
consists of its accuracy in reﬂecting reality. The model presented in this research is
composed of time, probabilities of failure and survival, and costs of correction and

prevention.

The vé'riables in the first model that concerned maintenance-scheduling are presented
in table 4.1, where three groups of factors are identified.
1. The probabilities of failure and survival of the component at a giveﬁ point in
time. |
2. The time spent by maintenam‘:-e personnel in carfying out corrective and
preventive actiéns.
3. The absolute costs of carrying out corrective and preventive actions for the

same component.
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Table 4.1 Maintenance-scheduling Variables

Notation Description : : Unit
Probability
P The probability of failure.
P | The probability of survival.
Time
C, The time spent by maintenance personnel in carrying Flying hour
out a corrective action. :
P The time spent by maintenance personnel in carrying |  Flying hour
out a preventive action.
T Time (Interval by flying hours). ' Flying hour
| Cost
S, Spare-part cost. | £
C, Cost of failure. : £
C, Cost of failure-prevention. : ' £
I, The maintenance (in-house labour) cost. £/h
A Delay cost. £/h
> Corrective Maintenance Cost. £/h
> Preventive Maintenance Cost. ‘ £/h
- Total Maintenance Cost. ‘ £/h

m
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4.2.3 Cost-variables Identification
To calculate the total maintenance cost, there is a group of factors to be considered in

the calculation. The key factors are identified as follows:

4231 The Identification of the jntervals of Majér Aircraft Maintenance-
checks (T) "
The time-interval depends on the type of maintenance-checks (A, B‘, C, and D) as
mentioned in Chapter Two, Section 2.2.4. Let ué consider that we carry out the
- type B’ check. Kimonos (2004) reported that an airline takes on average 300
flying hours before entering an aircraﬁ. to 'the hangar éﬁd this is considered as a
removal time for components. This is considered because, once the thimal time-
inferval for carrying out fhe maintenancé of a particular part is identified, a group
of such similar parts which need maintenance at similar intervals are idAentiﬁ»ed
and; depending on thosé inteﬁals, the maintenance scheduling of those parts
would be economical. - |
T Optimum is € {300, 600, 900, 1200, 1500, 1800 ...} ......c..ee Y. . (A1)
| Where 300 ﬂying—hours is the average for dbing the B maintenance regﬁlaf check
or once every month whichei/er comes first. This ié the recommendation from

ATA.

4.2.3.2 The Identification of the Distribution of the .Probability of Failure
against Time | |

In order to calculat¢ the probébility of a failure before a certain timeA using
statistical tables, the distribution must first be converted to the standard normal
distribution. The formula for conversion of any normal distribution to the standard
distribution is as follows:

e ————————————————— e e —————
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A U 4.2)
o

Where: |

Z  Isthe parameter of the standard normal distribution.

T Is the parameter at which the probability is aiméd to be calculated.

U Is the distribution mean.

o Is the distribution standard deviation.

All the Normal Distn'bution'Functioﬁs are dependent mainly on:

1. The Mean of the Distribution represented by the component life-time ( ).

2. The Standard Deviation of the Distribution (o).

3. The real parameter at which the probability is aimed to be calculated (T').

In order to predict the failure 'of the component, probability will be used in these
cases and there are many available probability—distributions. The normal
distribution vis the most commonly used. The principle reasons aré:
1. Normality is important in statistical implication.
2. Normality arises naturally in many physical, biological and social
measurement situations. | |
The actual normal probability distribution f(x) is given by the formula:

_-p?
.

1 202 ) '
x) = U e 4.3
/¢ ) o N2 , (43)
Where the value of c=1,and f(x) represent the probability of failure P,

W
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4.2.3.3 The Corrective Maintenance Cost
The cost of corrective action involves finding the defect lécation? disassembly,
replacement; reassembly, alignment/adjustment, and testing. In this case, the only
costs that should be considered are the cost of spare p‘arts and the delay costs, i.e.:
1. Cost 6f spare parts ('S, ). |
2. Delay costs (D, ), because the aircraft does not operate while the problem

is beirig corrected ( C).

" Then, the total cost of corrective action is:-

Cr=8,4 (D, X C,) eorrieiiiiiniiciiieeccce e ceeessiiesnne (B.4)

" Then the cost of corrective maintenance will be c'alculated‘ as a result of .
multiplying the cost of failure by the probability of _failuré as in the following

equation:

4.2.3.4 The Preventive Maintenance Cost

- As mentioned in the earlier chapters, preventive maintehance in an aircraft
environment is caﬁ‘ied out at regular intervals by doing the systematic inspection,
detection and replacement of worn-out items, adjustment, calibration and cleaning
as the major tasks. |

 Hence the cost of this type bf maintenance involves the cost of ihe spare parts and
the cost of the maintenance labour involved i.e.:

1. Cost of spare parts (S, ).

M
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2. The maintenance in-house labour cost per hour (I,) during the time to
carry out a preventive task (F).
Then, the total cost of preventive action is:-

Co=S,+ (LeX B Yoot (4.6)

~Then the cost of preventive maintenance will be calculated as a result of
multiplying the cost of failure-prevention by the probability of survival as in the
- following equation:

Po=C, % P oeerreennn. e e e e (4.7)

4.2.3.5 Total Maiiztenance Cost

The mathematical formulation that continuously calculates the total cost of
maintenance for a system conﬂpo_nent at successive intervals of time is Khalil et al
(2009):-

_ C,xP.+C,x(1-P))
" Tx(1-P;)

The numerator consists qf:
The first term is the risk of failure,‘and the cost of ‘failure is constant, but the whole
risk increases with time, as the probébility of failure increases.

~ The 'sec,o_nd term is a financial expression of prevention, which is the product of the
cost of prevention by the probability of a‘ non-failure (probability of survival of the
component). Again, the cost of prevention is constant, but the term decreases with

time, as an early prevention costs more than a late check, (if the cost of the risk of
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failure is ignored). The summation of both terms in the numerator gives a full

financial expression of the maintenance cost of component at a given point of time.

| The denominatqr consists of:

1. The lifetime of which the probabilities are calculated.

2. The probability of survival at the given lifetime.
The division by the lifetime returns an output per unit of time (hour), while the
division by the probability of survival is the total cost of maintenance, which is =
inveraely proportional to the probabilityb of survival. This division aclds a reliability
parameter to the cost-functiorl, which is boosted at low survival-probabilities.
Otherwise, it might mislead thb decision—rriaker, as a lower cost would have appeared
to occur at extremely long lifetirrie. However, in reality, there is a very low chance:
that the part would survive this long. Therefore, the multiplication of the lifetime at
which the model is worked by the probability of survival in the denominator, returns

the realistic lifetime by which the numerator should be divided.

4.3‘ Case-studies and Manual Calculation
In order tb ilhistrate the applicability of the proposed model, three real case-studies from the
‘aviation environmerit will be discussed. The three cases under consideration are shown in
’l’able 4.2. These cases focus on the fuel-system combonents in the jet aircraft, type Boeing

737.

4.3.1 Case-studies
Gatland et al. (1997) indicated that engine-removals occur for a variety of reasons.

First, the engine has parts that are time-restricted either by the manufacturer or the
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FAA. These parts mﬁst be removed, inspected, and repaired before their time expires.
Second, the engine is boroscope-inspected (a tube is inserted into the engine for
viewing its inner parts by either video or eye) on given-intervals to determine wear. If
the wearb of particular parts is beyond limits, the engine is removed and overhauled to
prevent a failure. The goal is to rémove the engine before a féilure. Engine-removals
are classified by the amount of hours or cycles the engine has flown. The engine- |
maintenance goal is to meet the flying needs of the airline and have a replacement

- engine available at the tirﬁe of .removal.

"~ In order to illustrate the content of this work, three case-studies from the aviation

| ehvironmenf will be discusged. These case-studies represent three real items in the
fuel-system in the aircraft jet-engine as below:- |

Table 4.2 Case-studies

Case-study | Description Part No. Life-limit (Flying Hours) vSpare-part
Costv ®)
Case One Starter 383152-16 6000 7700
| Case Two | Fuel Heater 522649 7500 3500
Case Three | Fuel Pump 24361 11000 18200
Assumptions

In order to adopt a mathematical-model a set of assumptions is proposed in order to
detefminé the problem within boundaries .';IS follows:

1. The kind of aircraft is Boeing737.

2. The prices are considered in sterling (£). |

3. Maintenance-personnel are well-qualified and capable of carrying out any sort -

of maintenance actions.
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4. Resources, tools aﬁd spare parts are always available and adequate to carry out
any recommended job.

5. The Méthematical-model’s calculation will bé considered as hourly rate per
' person.

6. The distribution ‘V of the proBability of failure againvst' time ‘is normal
distribution. |

7. The components probability of survival is an important issue that affects
aircraft safety. Because it is difficult to find histoﬁcal data tob.calculate: the
standard deviation value for the aircraft engine-componénts, the standard
deviation is assumed and equals 11% of life-lirriit, which was found to be
appropriate, since, when thev staﬁdard deviation increase beyond this level, thé :

probability of survival decrease:

403.2' Manual Calculation

The manual calculation will be related to the three case-studies mentioned above, and
- will use the previous equations from (4.1) to (4.8) in Section 4V.2.3. In the following

section,‘ the ménual calculation‘ Will be applied on-the single first interval only: that

equals 300 flying-hours. The rest of the intervals will be calculated by implementing

" the Visual Basic program in Chapter Six.

4.3.2.1 The Calculation of the Standard Normal Distribution (Z)

To calculate the probability of failure, we should firstly find out the standard

normal distribution, as in the following equation:
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Where:

T'Is the real parameter at which the probability is aimed to be calculated, which
refers to the regular aircraft maintenance-checké every 300 ﬂying.-hours.

u Is the distribution mean, which representé the engine-compoﬁents’ life-time in
flying-hours.

o Is the distribution standard deviation, and because the data relating to repair
times between two preventive maintenance times from the Libyan Arab Airlines
Company were not available, the distribution standard deviation will be assumed
to be 11% of the engine-cofnponents’- life-time by flying hours. This is because,
at this peréentage and from the calculation, the compohent probabilityvof survival
was high and the component probability of failure was very low where o ig
‘equi\}alent to 1200 flying-hours for Case One, 820 flying-hours for Case Two an(i
660 flying-hours for Case Three. The following calculation will deal with Case

One and the reniaining cases will be calculated by the software programmie.

T-u
o

is obtained as:

Therefore the value of Z from the formulé Z =

Case One:

_300-6000
660

VA

Z=-8.64

Case Two:

_300-7500
820

Z

Z=-8.78

E_._----ee————— ]
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Case Three:

7= 300-11000
1200
Z=-8916

4.3.2.2 The Calculation of the Probability of Component Failure Using the
Standard Normal Distribution Function:
The actual normal probability distribution f(x) is given by the formula:

_O-p?
202

1
A iy -

.e

Applying the above equation to find out the failure-probability in all cases:
P=0
Therefore, the probability of the module not failing is obtained for aﬂ cases:

1-P, ~1

4.3.2.3The Cost of Failure (C, ) of the Component:

This is obtained as:

- C, = Spare part cost + (Delay-cost x Corrective Time)

C,=S.+(D,xC)

Knotts (1999) reported that the delay-cost for aircraft B737 is about
£150/minute, and because technical delays represent 20% of the total délay—cost,

the delay-cost will be multiplied by 0.2.
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Case One:

C,=7700 +(150x0.2x 60 x 1)

C,=9500 £/h

Crase Two:

C,=3500 +(150x0.2x 60 x 1)

C,=5300 £/h

Case Three:

€, =18200 + (150x0.2x 60 x 1)

C,=20000 £/h

4.3.2.4 The Cost of Preventive Maintenance of the Above Component |
According to the Formula:

This is obtained as:
CP=SC+( IIc x Pt )
Case Ohe:

C, =7700+(2.5x 1)

C,=7702.5 £/h

Case Two:

C, =3500+(2.5x 1)

C,=3502.5 £/h
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Case Three:

C, = 18200+ (2.5x 1)

C,=18002.5 £/h

4.3.2.5 The Corrective Maintenance Cost Calculation
Cone :Cf x Py
Case One:
- C,.=9500x0

C,.=0 £/h

Case Two:

C,.=5300x0

C,.=0 £/h

Case Three:
C.=20000x0

C, =0 £/h

4.3.2.6 The Preventive Maintenarnce Cost Calculation_
Case One:

P._=7702.5 x (1-0)
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mc

P _=7702.5£/h

Case Two:

P, =3502.5 x (1-0)

P,_=3502.5¢/h

Case Three:

P,.=18002.5 x (1-0)

P_=18002.5 £/h

4.3.2.7 Total Maintenance Cost Calculation

_ C;xP,+C,x(1-P))
" Tx(1-P,)

Case One:

_9500%0+7702.5% (1 - 0)

me 300 (1-0)
T =25.68 £/h

mec

Case Two: -

_ 5300%0+3502.5% (1 0)
e 300%(1-0)
T =11.68 £/h

mc

Case Three:

_ 20000x0+18002.5% (1-0)

me 300 (1- 0)
T =60.68 £/h

mc
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Table 4.3 shows the manually-calculated results for fhe first interval that is
represeﬁted by 300 ﬂying-hoﬁrs for Case One that include the entry-data such as:
sérvice,-interval, life-limit, and standard deviation; and the outputs suéh as: prébability
of féiluré, probability of survival, failure-cost, corrective-maintenance cost,

preventive-maintenance cost, and total maintenance cost.

" Table 4.3 Total Maintenance Cost at 300 Flying-hours for Case-studies 1, 2, and 3

Cas | T U o Z p, |1-p, | C | G | Coe | Cop | Tne
e | M | (0 ' » e | € | emy | o@m | em
One 300 6000 660 -8.64 0.0 1.0 | 950O 7702.5 0 7702.5 25.68
Two 300 7500 820 . -8.78 ‘ 0.0 1.0 5300 3502.5 0 3502.5 11.68
Three 300 11000 1200 -8;912 .0.0 1.0 - 20000 18002.5 0 18002.5 60.68

The rest of the calculation will be repeated with the remaining interVals, 1.e.

T Optimum is € {300, 600, 900, 1200, 1500, 1800 ...} flying-hours;

and this will be validated by using the Visual Basic Microsoft in Chapter Six.

4.4 Conclusion

A mathematical model fér maintenance—scheauling activities was developed. The total

cost was calculated using the proposed model and based on a balaﬁce between the cost
of failure of an item during operation and the coét of planned maintenance to determine

the optimum interval at whiéh preventive-maintenénqe should be carried out. Three case-

studies were provided to‘ facilitate understanding the applicability of the proposed

scheduiing model.

In the next chapter, a mathematical-model for inventory-control policy will be illustrated

and developed.
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Chapter Five
Development of the Proposed Inventory Decision-making
Mathematical Model

5.1 Introduction
Inventory is primarily concerned with the problem of controlling the repairable componénts
supporting a fleet of édmmercial aircraft. The scheduled-maintenance decision—making model
was de&eloping in Chapter Four and applied to different components that are characteriscd by
their low demand, high cost in the jet-engine unit. |
The purpose of the invenfory mbdel is to determine the balance-'decision between the repair
and puréhase of components, which leads to minimizing the total expected érmual cost of
‘inventory.
This chapter will be divided into two sections:

e The proposed Inventory Mathematical Model

e (ase-studies and Manual Calculation

5.2 The Proposed Inventory Mathematical Model
Mabini and AChrister (2002) developed and presented a model for detennining stock-levels of
repairable items supporting a fleet of commerciai aircraﬁ that minimizes the total expectéd
annual cost. In this regard, there will be four cost-factofs to be considered: the cost of holding
serviceable and non-scrviceabie components; the purchése-cost; the repair-cost and the
| aircraft—delay cost due to shortage of components. The m'odei strove for the best balance
between the cost of holding inventories and that of aircraft service delays. The author will
apply the model here to determine thé decision-making concerning the balance between the

repair and purchase of a new component to minimize the total inventory cost.
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5.2.1 The Inventory Objective Function

The objective function is to minimise the total inventory cost (7ic ) which leads to

minimizing the technical administration costs Mabini and Christer (2002).
Minimize Tic=Dc+ Hc+ Pc+ Rc

Subject to:

e Probability of components availability > 0.96 -

Where:

Dc is the delay-cost.

Dc =365(F,.z.1)

Hec is the holding-cost.

He= H[i (S, —2).p(x,AT) + (1 - p,,MT,]

x=0
Pc is the purchase-cost.
Pc=365(1p,S.)

Rc is the repair-cost.
Re=365(u,C, + yoéo) »

All symbols will be illustrated in the following section.

5.2.2 Inventory Variables
In Table 5.1 the inventory variables will be illustrated and ordered as: demand,
probability, costs, and time, delay and Weibull distribution parameters to enable the

reader to know easily all the related variables.
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Table 5.1 Inventory Variables Definition

Notation ' Description A | Unit
beﬁland
A Avérage number of components demanded per‘day fof the fleet.
yn Average number of components repaired in-house per day.
4, Average number of components repaired out-house per day.
Probability
D Probability thgt componenf is in-house repailfable.
p, | Probability that component is out-house repairable.
D, Probability that component is non-repairable.
Time
T, Total in-house repai;—time. ' ' , Déy
T Expected ré-supply-time. : ' Day :
T, | Out-house rebair-time. , | Day
T, Purchase lead-time. - , ' ' Day |
S, ‘ Stock-leve.lv.
Delay
r | Expected amount of aircraft-delay time due to. compdnent failure. : .D.ay
Weibull distribution parameters
P(w,z) Poissdn probab'ility that wunits are deménded within a givgn
period when ihe average demand within the same period is z |
F (x). Cumulative Density Function (CDF) for the Weibull distribution.
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R Reliability.

o . | Scale parametef of the Weibull distﬁbution.

yij Shape parameter of the Weibull distribution.

‘ - Cost

F, Fine (Penalty) cost per non-operatioﬁal aircraft. £/day

o In-house repair cost. v £/day
- C, Out-house repair cost. A » B o £/day

H Inventory holding cost per unit time. : | £/year

S, Spare cost. . : ' £

Hc Holding cost of serviceable and non-serviceable components. | A£/yevar

Dc | Delaycost. = | ‘ £/year

Pc Purchase cost. ' ' , £/year

Rc Repair cost. ' . £/yéar

L In-house labour cést. v | £/hour |

L, Out-house labour cost. . £/hour
Tic Total inventory cost. ' f£/year

To find the optimum-time for the replacement of the components, this model is
applied where the repair-cost is very high. The mathematical expression could be .
're'presented as:

PurchaseCost Re pairCost
Reliability Reliability (5.1)

..........................................................
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The numerator on the left-hand side i.e. total puréhase—cost includes purchase-cost,
holding-post and delay-cost; whereas the right-hand side i.e. total repair-cost includes
Tepair-cost, holding-cost of the serviceable item and delay-cost ‘due to item-
unavailability in stock.
The decision should be made on the basis that:

| If

PurchaseCo st < Re pairCost
Reliability ~ Reliability

- Replace it..
If

PurchaseCost S Re pairCost
Reliability — Reliability

Repair it.
5.2.3 Variable Relationships
To calculate the expected annual cost of the inventory-system, there are a set of

factors to be considered in the calculation. The key factors are identified as follows: -

5.2.3.1 The Re-supply Time:
This is calculated as the purchase lead-time of the new component. In all

those cases mentioned above, the re-supply time is calculated as Mabini and

Christer (2002):
F e Y N R N P (5.2)

More-over, the componeht back-order due to out of stock is related to
components required to repair the failed componeﬁt. The expected re-supply

depends on the type of failure, which determines whether the component is
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repaired in-house or out-house. If the component completely failed or, in other
words, cannot be repaired to work at the desired level of reliability, those
components are scrapped.

For the component calculation:

pi+p,+p, =1

5.2.3.2 Holding-cost
The holding-cost relates to both the warehouse and the repair-shop. Taking
into consideration the Ware,housbe capacity and the capital investment, the

holding-cost also includes the components which are sent for out-house repair.

S ) .
Hc=H[Z(S, —x).p(x,AT) +(1- pn)/lT,] .................................... (5.3)

x=0
5.2.3.3 Purchase-cost
Purchase-cost is calculated per year and includes variables like demand for the
components,v the probability that it is non-repairable and the purchase-price
Mabini and Christer (2002).

PC=365(AD, 5. ) vt (5.4)

5.2.3.4 Repair-cost

Repaif-cost is the sum of the in-house repair-cost multiplied by the average
numbvér of components reciuired in-house per day, and the out-house repair-
cost multiplied by the average number of components required out-house per

day Mabini and Christer (2002).

RC=365(14C, 4 14,C,) «ovvvveeaneeeeeeeeeieee e, (5.5)
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5.2.3.5 Delay-cost

.Delay-cost is calculated with the following formula. Delay-cost is directly

related to the number and duration. of components’ back-orders Mabini and

Christer (2002).

De=365(F0d) e e TR ... (5.6)

'5.2.3.6 Reliability

Reliability of the component at any given time is calculated using Weibull

Distributidn, which is Widely-used to pfesent the life-time of a device. Tobias
and David (1995) repdrted that the Wéibull distribution has préved to be
suécéssful for many product-faiiure mechanisms because it is a flexible
distribution Wifh a wide variety of possible failure-rate curves. In addition, the
Weibull distribution also has a derivation as a so-called “éxtreme -véllue”

distribution, which suggests its theoretical applicability when failure is due to

~a “weakest link” of may possible failure-points. The Cumulative Density

Function (CDF) of the Weibull distribution is given by the equation:

Fl) =1t

Where o and B are scale and shape parameter of the Weibull distribution

respectively.

5.2.3.7 Estimation of Weibull parameters
Tobias and Trindade (1995) and Rausand (1998) mentioned that ‘l‘)oth scale

and shape parameters are dependent on two constraints. The first constraint is
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the Removal Time or Failure Time (RT) and the second éonstraint is the
|  Cumulative Failure Rate (CFR)..

The Removal Time or Failure Time of aﬁy aircraft component is dependent on
the preventive maintenance périod, which is either specified by the

rﬁanufactu;er or identified by specific checks. The different checks and tﬁe '

maintenance-schedules are specified iﬁ the literature review in Chapier 2.

These identify the intervals of major aircraft maintenance-checks.

The time—interval depends on the type of méintenance-checks (A, B, C or D)

as mentioned above.

Let us consider that we carry out the type "B’ check; an aircraft takes 300

flying-hours before getting to the hangar.

T Optimum is € {300, 600, 900, 1200, 1500, 1800, 2100 ...}, where 300

flying-hours is the average for .doing the (B) regular maintenance check or
| once every month whichever comes first. These rembval times or jnterva]s are

considered as the RT or Failure Time.

The Cumulative Failure Rate is obtained from the different checks performed

on the components. For calculation purposes, the Cumulative Failure Rate is

assumed to be constant. But in a real aircraft-environment the maintenance-

engineers pmvide these data.

For a new component the Cumulative Failure Rate is assumed as 0.0001 and

for a rcpaired éompo_nent is assumed as 0.001. From these data we are now

able to estimate the Weibull parameters by the method of least square or

regression analysis.

Regression analysis can be used to find the best-fitting curve for given

variables Mabini and Christer (2002).
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Where:

A

H (¢) is the Cumulative Failure Rate (regression equation).
,(at)ﬂ is the exponential constant failure rate.
We arrive at the following equation to get the regression line (Lawrence L.

Lapin, 1990): .

A7 ()|= pin(e)+pnl) o SUNUUR (5.9)

5.3 Case-studies

The same three case-studies introduced in Chapter Four, section 4.3, will be used here to

demonstrate the applicatioh of the proposed inventory-model. The case-studies and entry-data

are illustrated in table 5.2:

Table 5.2 Case-studies and the Entry-data

Entry-data
Life-time Price Demand Prolsability Time

Case- | (Flying-hours) | (£) (Per day) = ~ (days)

e T S| %2 |~ |»n 2w |4 |1 |1,
C 76000 7700 0.00164 075 | 020 | 005 7 35_ 45
c, 7500 3500 | 000315 | 075 | 020 | 003 6 30 | 45
G, 11000 18200 | 0.0009 070 | 025 | 005 8 50 40
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5.3.1 Assumptions

- To apply a mathematical-model, a set of assumptions is necessary in order to
determine the problem within boundarie.:s,’as follows:
o Fine (Penalty) cost per non-operational aircraft per day is' £2500 and the
.'prices are considered in Stirling (£).
o The mathematical-fnodel repair;cost calculation will be considered per
person pef hour.
o Demand for components is calculated using a Poisson process.
o The avérage rate of demand relates to a Component’s life-time.
o Non—repairable components are scrapp’ed .and replenished through
purchases.
o There is sufficient in-house fepair capacity for components for in-house
repair to commence immediately subject to spares-availability.
"o Components sent to out-house repair-shops are repaired and returned to the
company warehouse in a serviceable state.‘ | |
o A one-for-one inventory-policy is applied for purchéses. This ‘is
appropriate for high-cost, low-demand.
o The holding-cost is the same for both serviceable and non-serviceable
components.
o The avefage number of servjceable components delivered‘ to the
~warehouse per unit-time is fixed.
o The majority of componenfs are repaired in-house with relatively short
repair-periods compared to out-house and new-purchase lead-times. |

o The demand-rates and the stock-levels for these components are low.

. ]
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5.3.2 Manual Calculation
Case-study One will be illustrated manually in this section to show how to accomplish
the calculation. Table 5.2 includes the entry-data. and, using the equations (5.1) to

(5.9), are as shown in the following steps:

5.3.2.1 The Delay-cost will be calculated from the following equation:. E

Dc =365(F..x.1) |

Where:

F,=£2500 per day

A =0.001641843

7 Is the expected amount of aircraft-delay time due to component-failure and, -

from the author’s experience, the average is 2 days.
Then: .

Dc =365(2500 x 2 x 0.001641843)

Thus De=3000 £/day
The rest of the calculations will be repeated with the rerﬁaining intervals: 900,
1200, 1500..., and will be calculated by using the Visual Basic Microsoft in

the next chapter.

5.3.2.2 The Holding-cost Calculation

To calculate the holding-cost, the éxpected re-supply time for component 7;

- should be calculated first.

]
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Whe're:

I =pli+ pﬂi +p,T,

The sum of the component probability is:
Pitp,+p, =1

0.75+0.2+0.05 = 1

T = 0.75x7+0.2x30+0.0,5x45

Thus 7,=14.5 days

=H [i (S, —x).p(x,AT) +(1- p,,)ﬂT,}

x=0
.Where:

H is the aﬁnual holding-cost per unit and-équal to 25% of the unit price
H=025S,

H =0.25x 7700

H =£1925

AT, =0.00164 x 14.5

AT =0.0238 day

(xo’ AT)= (AT, ) ° x exp(-—lT )
Fact(xo)
(0.0238)° x exp(—0.0238)

0,0.0238) =
P ) Fact(0)

Then, p(0,0.0238) =0.9764
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(AT,)" x exp(~AT,)
Fact(x))

p(x,,AT) =

(0.0238)" x exp(~0.0238)

1,0.0238) =
p( ) Fact(l)

Then, p(1,0.0238)=0.02327

(S; —x,) % p(xo,ZT,)= (2-0) * (0.9764) = 1.9528924
(S, —x,) % p(x,, AT.) = (2-1) * (0.02327) = 0.0232742
By applying equation 5.3

He=1925[(1.9528 +0.023227) + (1-0.05) * 0.0238]

Hc=£3847.71

5.3.2.3 Purcltase—éost Calculation

Pc= 365(/1.p".Sc)

Pc =365(0.00164 x 0.05 x 7700)

Pc=£231

Tc;tal purchase-coét = purchase-cost + holding-cost + delay-cost
Tptal purchase-cost = 231 + 3847.6 + 3000

Total purchase-cost = £7078.6

5.3.2.4 Repair-cost Calculation

Re=365(uC;+1,C,)

o

S —
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Assumptions:

Table 5.3 Repair-cost Assumptions

In-house average hourly rate - 25%£/h
Out-house average hourly rate | ' 10 £/h
One shift per day in hours in'-house. | 8h

One shift per day in hours out-house | 8h
Total in-house salary for one worker per day - 40 £/h
_Total out-house salary for éne worker per day | 200 £/h
yiié the average number of components repaired in—ﬁouse per day 0.00_Ol A
4, 1s the average number of components repaired ouf-house per day | 0.0001 A4

The ¢omponent in-house repair-cost:
Whefe:
C,= Spare Cost + (Salary/day x no. of workers x no. of days required to repair
component in—hou;e) :
C = Sc+(LT)
- C=7700+ (20x 7)

C,= £7840

The cbmponent out-house repair-cost:

~ C,=Spare Cost + (Salary/day X né. of workers x no. of days requiréd to repair
component out-house)

C= S+ (LT
C,=7700 + (80 x 35)

e ]
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C,=£10500
By applying the equation

1

Re=365(uC, + u.C,)

Rc=365x [0..012887 +.017260]

Re=£11.004

Total repaif cost = repair cost + holding cost +delay cost
‘Total repair cost = 11.004 + 3847.6 + 3000 |

Total repair cost = £6858.604

5.3.2.5 Reliabilitjr Cdlculation and Estimation of Weibull Parameters
Cumulative Density Function (CDF) of the Weibull distribution is given by

the equation:

' B
F (t) =1- e‘(é)
The reliability is:
"R=1-F(1)
_Wher-e a and B ére scale and shape pararﬁeters of the Weibull distribution
respectively, >Which can be calculated by using the method of least square or
regression analysis. In regréssion analysis. we find the best-fitting curve for
given variables. If we btake the natural logarithm of Weibull failure-time
Distribution: |
()= s
We get thé following equation:

nf1(t)] = () + p1n)
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The following Table shows intervals (T), (CFR) and the natural logarithm of

the assumed data.

* Table 5.4 Natural Logarithm"

Ln(CFR 1)

T CFR 1 CFR 2 Ln(CFR 2)
300 0.0001 0.001 -9.21034 -6.90776
600 0.0002 0.002 -8.51719 -6.21461
900 0.0003 0.003 -8.11173 -5.80914
1200 0.0004 0.004 -7.82405 -5.52146
1500 0.0005 0.005 -7.6009 -5.29832
1800 0.0006 0.006 -7.41858 -5.116
2100 0.0007 0.007 -7.26443 -4.96185
2400 0.0008 0.008 -7.1309 - -4.82831
2700 0.0009 0.009 ~-7.01312 - -4.71053
3000 0.001 -0.01 -6.90776 -4.60517
3300 0.0011 0.011 -6.81245 -4.50986
3600 0.0012 0.012 -6.72543 -4.42285
3900 | 0.0013 0.013 -6.64539 -4.34281
4200 | 0.0014 0.014 -6.57128 -4.2687
4500 0.0015 0.015 -6.50229 -4.19971
4800 0.0016 0.016 -6.43775 -4.13517
5100 0.0017 0.017 -6.37713 -4.07454
5400 0.0018 0.018 - -6.31997 -4.01738
5700 0.0019 0.019 -6.2659 -3.96332
6000 0.002 0.02 -6.21461 -3.91202
6300 0.0021 0.021 -6.16582 -3.86323
6600 0.0022 0.022 -6.1193 -3.81671
6900 0.0023 0.023 -6.07485 -3.77226
7200 0.0024 0.024 - -6.03229 -3.7297
7500 |  0.0025 0.025 -5.99146 -3.68888
7800 |  0.0026 0.026 -5.95224 -3.64966
8100 0.0027 0.027 -5.9145 -3.61192
8400 0.0028 0.028 -5.87814 -3.57555
8700 | 0.0029 0.029 . -5.84304 -3.54046
9000 |  0.003 0.03 -5.80914 -3.50656
9300 0.0031 0.031 -5.77635 -3.47377
9600 | 0.0032 0.032 -5.7446 -3.44202
9900 0.0033 0.033 -5.71383 -3.41125
10200 | 0.0034 0.034 -5.68398 -3.38139
10500 | 0.0035 0.035 -5.65499 -3.35241
10800 | 0.0036 0.036 -5.62682 -3.32424
11100 | 0.0037 0.037 -5.59942 -3.29684

" The regression equation is calculated by using the statistical package mistakes

Minitab 15.
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Two regression equations are obtained, one for In RT vs. In CFR 0.0001, and another |
one for In RT vs. CFR with 0.001.

By applying the Minitab software that is showed in Appendix A, the foilowing
equations will be obtained:- |

e When the Cumulative Failuré R‘ep’air (CFRI) is 0.001, the 'regrevssion equation is: |
C1=12.6 + 1.00C2

B =1 (shape parameter)

- (12.6)
a=expT

@ =296558 (Scale parameter) -

e When the Cumulative Failure Repair (CFR2) is 0.0001, the regression equétion_is:
C1=14.9 +1.00C2

B =1 (shape parameter)

(14.9)
a = exp T

‘0‘ = 2957929 (sqale parameter)b '
| Substituting these values in the Weibull CDF, we get tﬁe probability of failure at any
giVén point of time. The reliability of the module at any given point of time is:
Reliability = 1—F(t). L
Therefore the proposed expression to calculate the ~optimal replacemenf-time will be:

Pc+Dc+ He Rc+ Dc+ He
>
1-F(x) 1-F(x)

e ——————————————————
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Where the left-hand side‘ denominator represents the reliability of the new component;
and the right-hand side denominator represents th.e reliability of the repaired
component. (Lapin, 1990)

For tﬂe positive values of the expression, which means purchase-cost is more than the
rebair-cost, the repair option is best. When the expression turns from é positive value>
to negative, it suggests that the repair-cost is higher than the purchase-cost; the failed

component is replaced with new component.

5.4 Conclusidn,

A Mathematical model for the inventory was developed in this chapter, where the total cost
of repair or replacement of é component was based on a balance between the costs of repair
and purchaéing components. In the next chapter the framework for integrating ﬁaaintenance—

- scheduling and inventory-control using the Visual Basic programme will be explofed and -
used to faﬁilitate the long and complicated calculations. In addition, the results will be
discussed and analysed to take the best decision concerning the repair or purchase of a new

component.

m‘
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Chapter Six

Imp_lementation and Application of the Proposed Integrated

Framework

6.1 Introduction

The proposed mathematical models concerning the maintenance-scheduling and inventory

were applied manually and separately. In this chapter, Visual Basic 6.0 (VB) programming

- language is used to develop and implement the proposed integrated framework. The program

will be established and validated using the three case-studies introduced in chapters 4 and 5.

The soﬂWare develdpment and application of the proposed integrated framework will be

illustrated in appendix A. This chapter includes:

' Implement_ation' of the proposed integrated framework

Analysis of the Visual Basic 6.0 (VB) programme results

Conclusion

6.2 Implementationv of the proposed integrated framework

Figure 6.1 illustrated bellow shows the proposed integrated framework, which made of five

components:

1.

2.

Source Data represented by logbook, MCC, COASL, Hanger, and Warehouse.
Input Data that includes Spare part cbsts, Interval, Component Live limit, Standard.
Maintenance. Model. | |

Inventory Model.

Output Data concerning maintenance scheduling and inventory control policy.
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' Source of data
Logbook, MCC, COASL, Hanger, and Warchouse

Y

Input Data
- Spare part costs, Interval, Component Live limit, Standard deviation

Maintenance W< ;( Inventory

Model J 'L_ Model

\ 4

" Output Data
Maintenance Scheduling
Inventory Control Policy

- Figure 6.1 Proposed Integrated Framework

S —
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6.3 Analysis of the Visual Basic (VB) Progi‘am Results
The output results are presented by:

o Output tables c_reated by lihking database software

* Excel software graphs |

In the following sections the above outputs will be analysed separately:

6.3.1 Output Tables Issued by Linked Database Software
| The three tables 6.1,»'6.2, and 6.3 present the results from the three Casg-studies that
are covered in this research. Théy are issued and printed as a report by database
software linked with the Visual Basic 6.0 soﬁware; These tables indicate and
introduce the integration results that were obtained when the mathematical-models
Wéré appvlie_d.‘ They combine the maintenance-schedulingv outputs énd the ihventory
“outputs iﬁ one table. The resﬁlts include the importaht results such as: ‘Probabili.ty of
| Survival (PS), Repair Reliability (RR), New Reliability (RN), Corrective Maintenance
Cost (CMC), Preventive Maintenance C‘ost (PMC), Total Maintenance Cost (TMO),
aﬁd Total Repair Cost (TRC) And Total Purchase Cost (TPC). |
From the Tables of putput—results in general we notice in éll three case-studies:
o The intervals (I) present the regular (B) maintenance checks and they were
started from 300 fh and raised by 300 fh. That mean the intervals are 300,
-'600, 900, 1200, 1500 ...

o Both Cost of Failure (CF) and Cost: of Failure—pre\./ention‘ (CP) are constant in
all -differeﬁt intervals, because the Spares-cost, Labour-cost, Corrective Time
and Preventive Time are constant for each éése-sﬁudy.

o Standard Normal Distribution (Z) was increasing with the rising of the

intervals.
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o Corrective Maintenance Cost (CMC) started very small and equalled zero,
because the Probability of Failure equalled zero in the first few intervals,
which means the component was still new or was repaired as a new.

o Preventive Maintenance Cost (PMC) decreased inversely} with the risihg _
intervéls, because the Probability of Survival equalled one in the first few
intervals.

o Total Maintenance Cost (TMC) was decreasing with the increasing intefvals,
and then at a unique interval it begins increasing againj

o Total Repair Cost (TRC) and Total Purchase Cost (TPC) both increase as the
intervals inérease, but at a unique interval fh_e Total Repair Cost was less than
the Total Purchase Cost ﬁntil at a unique interval the Totai Repair Cost. (TRC)

becomes greater than the Total Purchase Cost.

| The following sec;tion will explain and analyse each cése-study individually:
6.3.1.1 Case One Integratiorlt-output Table
* Table 6.1 is reiated to Case One (a starter for the B737 aircraft jet-engine).
The manufacturer’s life-time fo; this component was 6000fh and the spares-
cost is £3500, which was obtained from using the Visual Basic 6.0 and linked
database Isoﬁware. |
'fhe table mentioned above contains inform‘ation about the interval at which
the maintenanc‘e-task should be carried out. In addition, the probability
associated with this interval and the expected Preventive, ’Corrective aﬁd Total
Costs are shown. For example, the optimum interval for preventive
maintenance should be at 4800 flying hours at which the expected

maintenance cost is £ 1.77/h.
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The minimum Total Maintenénce Cost was £1.7684/h at the interval 4800fh
instead of 6000ﬂ1 and at this interval the Total Repair Cdst was £6970.63, less
than the Total Purchase Cost (£7090;21);‘ and that means it is befter to repair
this component if it was damaged at this ihterval than to pu;chase a new
component. |
, Iﬂ addition, at this interval the‘ probability of survival and reliability were high:
the probability of survival was 0.924; and the reliability wés 0.98 for repairing
and 0.998 for a new component.
Furthermore, thé decision-mpdel gave ﬁs a range of intervals at which to do'.
bthe mvaintex.lance at a minimum maintenance—cpst: the intervals were 4200fh,
4500fh and 4800fh. This enabled the practitioners to choose the first available

chance to do the maintenance at minimum cost.

e e e e —————— PP et ——————o—————————————————
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Table 6.1 Case One Integration Results
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6.3.1.2 Case Two Integratioh Table Results

Table 6.2 shows Case 2 results for a fuel pump for the same kind of afrcraft.
The life-time givéh by' the manufacturer was 7500fh anvd the spares-cost is -
£7700. Moreover, and from Table 6.7, the minimum Total Maintenance Cost
is £0.650 at the inter\}a] »5700f; the Total Repair Cost at this interval is £4230.2
and the Total Purchasé Cost at this interval is £4241.4. The Repair Cost is less
than the Total Purchase Cost. ’fhat means that vin this case also it is better to
repéir the component than to purchase a r.16w one if tﬁe component has failed.
The Probability .of Survival is 0.963 and the Repair Reliability is 0.981 and the
reliability of a new one is 0.998. In addition, thé mathematical-model gave us
a range of best intervalé to do the mainténénce: at 5400ﬂ1, 5700fh and 6000fh.
At these intervals the total maintenénce costs were the miﬁimum values:

respectively, £0.664, £0.65 and £0.657.
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Table 6.2 Case Two Integration Results
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6.3.1.3 Case T Irree Integration Table Results
Table 6.3 displays Case Three ‘results for the: je‘r-engine of the B737 aircraft.
The manufacturer’s life-time till removal and maintenance of this component
was 11000fh. The spares-eost is £ISZOQ and the niinimurn Total Mainterrance‘
Cost was £2 .2534 at the interval 8700fb The Total Repair Cost is £1 1065 3
and the Total Purchase Cost is £11062.6. At thls interval the Total Repair
Cost is greater than the Total Purchase Cost.  That means that it is better to
purchase a new component than to repair the failed one; the Probability of
Survival is 0.96, Repalr Reliability is s 0.972 and New Reliability Is 0.9972.
All these values are high. Moreover, the model gave us the range of best
| intervals to do the maintenance; these intervals are: 8400th, 8700th and
9(_)00ﬂ1. But at 9000fh the Probability of Survival. is less than 0.9 and at this

interval the Probability of Survival is 0.89.

. . ’
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Table 6.3 Case Three integration results
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6.3.2 Graphical Presentation of the Results
The outputs and results in the tables 6.4, 6.5, and 6.6 were pfovided in a form of
figures; and to make the results clearer they are gréphically presented to help the

reader understand them easily and quickly.

6.3.2.1 Maintenance- scheduling Graphs
Figures ,6‘2; 6.3, and 6.4 présent the relationship between the Total -
Maiﬁ;tenance Cost (£) in the vertical axis and the intervals (flying hours) in the
horizontal axis. The cufves in all cases were approximately the same in shape;
that meéns fhe curves were decreasing and dropping gradually near the
horizontal axis to reach the minimum Total Maintenance Cost point. From the
curves in all the case-studies we notice the range of lowest points near to the
‘minimum pbint and after then the pointé risé grédually again.

- Figure 6.2 presents the relationship between the Total Maintenance Costs and
time (intervais by flying hours) for Case One. As can be seen, this curve
decreases and droops sharply at the first few intervals; and after that, it 'dr>ovops
st’eadily until it reaches the lowest point which represents the minimum Total
Méintcnance Cost. After this point the curve_starté rising steadily again. In
Case One the lowest poir}t was at the interval 4800th with a cost of £1.76/h.
Beside this point there is a range of points on the curve which are nearly the
same in terms of cost, but different in the time-interval. This is an importanf
benefit and one of the great advaﬁtages of the proposed model which will

provide flexibility in carrying out preventive-maintenance.
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Figure' 6.2 Total Maintenance Cost against Time for Case One

Cases Two and Three have different. amounts in the costs and different

intervals. In Figure 6.3 which represents Case Two, the lowest point on the

‘curve, which shows the minimum Total Cost, was at 5700th with £0.65/h .
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Figure 6.3 Total Maintenance Cost against Time for Case Two
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In Figure 6.4 which represents Case Three, the minimum Total Maintenance

Cost represented by the lowest point on the curve was at 8400th with £2.26/h.
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Figure 6.4 Total Maintenance Cost against Time for Case Three

The above graphs displayed the interval with the minimum cost. However, the
graphs show the flexibility that can be provided by using the proposéd model,
- as it gives a range rather than exact point to carry out the maintenziﬁce task.
For example, for these pérticular componénts, the maintenance can in féét be
carried out at a range of intervals measured by flying hours and the cost is:still
at an acceptable level. This model was applied to the other components under

investigation.
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6.3.2.2 Inveﬁtory Graphs

The Inventory Output Graphs présent the reiationship between the Total
Repair Cost and the Totél Pur(;hase Cost. The horizontal axis represents the
intervals in flying hours; and the vertical axis represents the cost of the total
repair and total pﬁrchase. The relationship between the Total Repair Coét and
Total Purchase Cost are represeﬁfed by two crossing lines and the liﬁés are
. nearly straight. The two lines are rising with the inére‘asing' number of
~ intervals; the purchase line incfeases steadily and the repair line increases
. sharply. The three case-studies’ inventory graphs are nearly the same in shape
las well. The Crossing-point between two lines is the decision-point for
repairing or purchasing the component: that fne‘ans that, before the crossing-
pbint, the Total Repair Cost is less than the Total Purchase Cost. In this case
the decision-maker will decide to repair the failed component; and after this
point the decision is to .change or replace the component with a used or new
| component because of the difference in the cost. The following section
inqludes‘in brief the analysis of the three case- studies relating to the above

figures. |
Figures 6.5, 6.6, and 6.7 in the following section show and illustrate the
crossing-point between the Total Repair Cost and Total Purchase Cost. In
Case One, the crossing-point was at 10200 ﬂying-hours; in Case Two it was at
-6300 flying-hours; and, in Case Three, it was at 8700 flying-hours. That
means before these points, the Total Repair Cost in the three case-studies was

lower than the Total Purchase Cost. Then, in these conditions the decision is to
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Repair the components rather than purchase new ones, because the cost is

lower.
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Figure 6.5 Relationship between the Total Repair Cost and the Total Purchase

Cost for Casel.
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6.4 Conclusion

The Visual Basic 6.0 program was developed and linked with Database and Excel programs,
and this helped the author to develop and integrate the two mathematical-models concerning
the maintenahce-scheduling and inVento’ry—framework. Moréover, this will ﬁelp the reader to
ﬁnderstand and know the author’s point of view easily. The outputs were supported by Tables
and Figures for three different reél case-studies relating to three different repzﬁrable jet
components on the B737 aircraft. The integration ‘soﬁvware linking the maintenance-
scheduling and inventory m aviation industry detérmined the minimum maintenance- cost
and the decision-point between repairing and purchasing a repairable;component; This will
enable the aircraft-technicians to identify the best interval for carrying out the maiﬁtenance
-and to take a good decision for repairing or replacing a faiied component. This will optimise
' the mainfenance and inventory- costs, which will result in saving money and time. The next
chapter will discuss the general conclusion and introduce recommendations and the future

work.

m
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Chapter Seven
Conclusions, Recommendations, and Future Work

7.1 Introduction

Two vmathematical models for scheduling mairitenance and inventory tasks in the
aviation industry were vdeveloped within the integrated framework using Visual Basic
software, database software and the Excel software. Tlie Total Maintenance Cost and the
repair-or-purchase decision were decided based on a balance between the cost of failure of an
item during operation against thé cost of planned maintenance in the first model; and, in the
second model, this decision was based on the balance between the cost of repairing an iterri or
purchasing a new one after the removal time. This c;cm be considered as a distinctive feature
of an optimal replacement-policy.

The matheniatical models WCi’C applied in three case-studies represented by three reél B737
aircraft-components in the jet-fuel system with different parameters such és price, life-time
and the probability of failure and survival. The cost-calcuiation Was done manually and using
. customised software developed using Visual Basic for verification purposes. The obtained
results showed the optimum mainténance—interval 1n terms of minimum maintenance-i:ost.
An aircraft includes many components in different systems estimated to cost th(iusands of
pounds, and by applying the integrated ffamework proposed in this thesis, it is expected that a
massive_ saving for the airline companies will occur. The author concluded the work in the

next sections.

7.1.1 Proposed Mainfenance-scheduling Model
A formulation for the calculation of the cost of the optimum life-limit for every

component was developed. The cost was calculated from the proposed mathematical
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~ model, and was based on a balance bétween the cost of failure of a component during -
operation and the cost of planned maintenance. The model not only provides an
optimum interval at which the preifentive m‘aintenancé Should be carried out, but it
provides an optimuin range within which the maintenaﬁce team may have flexibility

to decide the time that suits the company production-load.

7.1.2 Proposed Inventory Model

 The objective of thi; study was the development of a mathematical mvodeln to
determine and ‘to obtain the optimum replacement time and to minimise the total
expecfed a_nnual cost of repairable aircréﬁ-comppnents .with infrequent demand and
high cost. Repaif or replace is the critical decision in aviation because if involves both
cost and safety issues. Many investigationé and studies have been carried out with
'respect to repair, replace and reliability which Weré discussed in the'Iiterafure review.
‘An inventory mathematical model was developed based on the cost and reliability of
the component using Visual Basic 6.0. Then the model was implemented and applied
in three realvcases. This iﬁqluded Holding-cost, Deléy—cost, Repairfcost, and Purchase
Cost. Holding- and Delay-cost_ calculations were based on the stock-level in the
warehouse. In the proposed inventory model, the deﬁand-process for the c’omponént
was assumed to be following a Poisson distribution. Any other appropriate demand
process could have been used. The reliability of the component at any given time was
calculated using Weibull' distribution. There are many distribution-processes which
could have been used to calcula't’e the reliabiiity. It is assumed that the Cumulative
.AFailure Rate (CFR) increases constantly with the time. This makes Weibull
distributi‘o.n almost similar to exponential distribution. Hence exponential distribution

also could be used to calculate the reliability of the system at any given time.
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Refnoval Time (RT) or Failure-ra‘te is based on the preventive maintenance plan that
is at the fixed interval time.
The proposed mathematical model is best.suited for those components which have a -
~ high purchase-price and repair costs, and where the difference between repair-cost
and purchase-cost is small. As the difference. between the purchase- -and repair-cost
increases, the replacement-time. also increases in other words they. are direcﬂy
proportional. |
In general, the required reliability in an engineering envirenment should be in the
region of 95%. | However, in aviation reliability is the prime concern; keeping that in
.kmind, replacenieni of the component is pyroposed at 97% fel’iability or higher. For
calculaﬁon purposes; the cumulative failgre-rate_was assumed, but in the real world it
is the responsibility of the maintenance-engineers to find the exact value of the
cumulative failure-rate.
Least square and regression method were used to estimate the Weibull distribution. It
is also possible to estimate the scale and shape parameters of the Weibull distribution
by using a graphical method. To obtain the regression equation Minitab 15 soﬁare

was used to estimate the Weibull parameters.

| 7.1.3 Proposed Integrated Framework
In Chapters Four and Five, the models concerning maintenance and inventory were
developed separetely and epplied manually. In Chapter Six, therfwo models were
_integrated to form the proposed framework by developing a Visual Basic program
linked with a databasé program to save and print out the results as a report at any

time. The integrated framework can be used as a maintenance model or as an
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inventory model or as an integration of both. Tﬁe ﬂexibility of the integrated
framework enables the users to folldw any repairable component on the aircraft.

The ihtegrated framework output consists of important information such as
Probability of Survival, Reliability of new and repaired components, Corrective
: Mainténancc Cost, Prevénﬁve :.Maintenance Cost, Total Maintenance Cost, Total

Repair Cost, and Total Purchase Cost.‘

7.2 Research Contributions to Knowledge

The contributions to knowledge from this study can be summarised in. the . following
developments:-

‘o | A maintenance deciSion-making model to determine the optimum preventive
maintenance interval for expensive aircraft-compbnents. |

¢ A decision-making ihventory model to balance the.cost of fepair and purchase
for expensive components.

o An integrated framework to combine maintenance-schedulingvand inventory
‘control policy in an aircraft environmeﬁt to minimise the maintenance-éost
without compromising the safety.

In addition to above:

e The proposed framework can form the basis for a decision suppdrt-tdol that
could be used by airlines technical management to check the economic .and
operational conditions for all repairable components on an aircraft.

e The proposed framework can be applied to all repairable components at any

stage of their life-time.
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o The proposed framework could be used for different aircraft-systems, not just
engine-components; and for different types of aircraft, not just the B737

aircraft.

7.3 Limitations and Future Work

In this research, the 'author found it difficult to collect information concerning the
components’ historicél data from the Libyan Arab Airlines Company. Fortunately, the life-
limit and spares-cost were avaiiable and real values were used in the case-studies. The
standard deviation value haé been assumed to be 11% of the componenté’ life-iimit, which
was found to be appropriate, since, when the standard deviation increases, the probability of
survival decreasés. The cpmpOnents’ probability of survival is an important issue that affects
aircraft-safety. That is why reiiabi_lity maintenance-centres definitely should be used in such
an environment, as safety comes first.

Regarding the inventory model, the data concerning the demand and the average number of
component-repairs in-house and out-house were not available, and tﬁis affected the
information about the repair-cost signiﬁcantly. The author‘ assumed these data and because
the repair-cost is a function of the Total Repair Cost value, this will affect its crossing-point
with the Total Purchase Cost. In this case the author assumed the aVerage number of repaired
components alike in-house and out-house as 0.001 of demand, and, When this assurhption
changed up or down, the crossing-point changed and this affected the binterval value. In

| addition the Weibull distribution-parameters, shape-parameter, and scale-parameter were
calculated by assuming the Cumulative Density Function because of the absence of the
components’ historical data.

The limitations of the proposed work in this thesis can be summarised as follows:-

S —
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In the aviation industry, the availability of data conceming the reliability of the aircraft
components is vital to guarantee that the results are reliable. Thus tﬁe proposéd framework
may be. used under not only a cost-centred maintenance but also a reliability-centred
maintenance strategy.

. In the proposed framework, two probability distributions have been u.sed:lnamely norfnal
distribution was used in the maintenance-schedule model and Poisson distribution was used
in the inventpry model. However, different probability. distributions could be added to the
framework to handle special cases that Iﬁéy follo§v different distributions from those whi(‘;h

were considered in the framework.

 ——— . . ___________________|
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Appendix A
Software Develbpment and Application of the Proposed Integrated

Framework

In order to implement the proposed framework, four main tasks were being considered
nafnely, data-entry, maintenance-scheduling outputs, inventory outputs and the integration of
maintenance and inventory.

Each task will be presented By a form and the four forms will be integrated in one project. In
addition, the ;four forms will be linked with database software.

The design for each form is based on the type of data and its size included in the form:

e Form View includes the window-design that Will be discussed and illustrated in
this part. Each form used in this .software is composed of different controls such
as: frames, textboxes, labels, commands, data, date and time. All of these controls
are created by using Control Box. The colours and font are created by using the
'Properties window and all forms are linked with each other.

e Form Code includes the Visual Basic language statements that execute the
program-application. The language statfaments here include some of the main
rules, such as the If rule statement and Select Case rule statement for choosing the
available right solutiohs; and the For Next rule statement for looping.

In the.use of any soﬁware, there are two kinds of data involved: entry-data and output-data. |
- Every pro grém has independent data which is related to the nature of the subject that the user

is interested in.
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A.1 Form View

Table A.l includes the entry-data variables ahd symbols for both the

maintenance-scheduling and inventory entry-data that are used in the Visual Basic 6.0

~ software.
Table A.1 Software Entry-data
: Eptry—data Symbol
Case Stﬁdy CS
Aircraft Type AT
| Interval 1
Life Time LT
| Spares Cost SC |
Corrective time CT
Preventivé time PT
In-house Lai)our Number ILN
| Ouf—house,Labour Number OLN
In-house Labour Cost ILC
- Out-hoﬁse Labour cost .OLC
Stock Level “SL
In-house Repair Probability IRP
~ Out-house Repair Probability ORP
Nor_xARepair Probability NRP
In-house Repair Tiﬁe IRT
Out-hoﬁse Repair Time ORT
PLT

Purchase Lead Time
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The symbols used in the software will be as indicated in chapters four and five.
The Form View includes the entry-data window and the output-data windows that
were designed and created by the Visual Basic software for using the program easily,

- and to enable users to use this program for general calculation or for each case-study
separately to avoid delay in entering all input-data. In the following sections the

entry- data window and the output-data windows are illustrated.
A.1.1 Entry-data Window
The entry-data Window created in Form One is composed of three frames (see - |
F igufe A.l).
1. Frame one include six différént entry-data such as: Case- study (CS),
Aircraft-type (AT), Interval (I), Technical-delay Cosf (TDC), Life-time
(LT) and Spares-cost (SC).
2. Frame Two is coﬁceming with “the maintenance ‘ehtry-data”, include
six texts and six labels such as: Corrective Time (CT), Preventive Time
(PT), In-house Labour Number (ILN), Out-house Labour Number
(OLN), In-house Labour Cost (ILC), ana Out-house Lébour Cost
(OLC). . |
3. Frame Three is ‘eriltitled “inventory entry-data”, made of seven texts
with seven labels such as: Stock-level (SL), In-house Repair
Probability (IRP), Out-house Repair Probability (ORP), and Non-
house Repair Probability NRP), In;house Repair Time (IRT), Out-
house Repair Time (ORT), and Purchas¢ Lead-time (PLT).
Moreover, each frame has two commands for entering data, the first command
for entering data without saving them; and the other command for entering

data to save them in the Database programme.
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The remaining commands in Form One were created to perform different

tasks such as;v

o The “Show the Maintenance Result” command enables the user to
show the maintenance-output in Form Two relates to the maintenance-
scheduling model as a single interval.

. ‘The “Show the Inventory Result” command enableé the user .to show

' the inventqry—output in F orm3 is concerned with the inventory model
asa single_interval.

* The “Show ?he Integration Result” command enables the user to show
the integration-output for all intervals together (300, 600, 900, 1200. .".)
iﬁ Form four; and in Form Five the user can show the integratioh-
output for each inferval as a single interval simiiar to the first interval
(306 ﬂying-hours). |

. The “New” command to clear and delete previous unrequired data in
the Database programme. |

e The ‘fPrint” command to print the entry data window.

e The “Exit” command to stop the running of the program.

. Three data-controls (Data One, .Data Two and Data Three) to 11nk the
Visual Basic programme with the Databas§: pro gramfne.

e Date and time labels and texts to show the date and time when the user
runs tﬁe programme. | |

The prdgram enables the user to run it for each case-study separately and for

general application as illustrated in the Figures A.1, A.2, A.3,and A 4.
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A.1.2 Output-data Windows

The second type of data is output-data that show the program results in

executed windows concerning the maintenance-scheduling model, the

inventory model, and the integration of the two models. The user in this

program can save a projéct by clicking on the Save Project button from the

File menu and by connecting the Visual Basic program with a database

program from data buttons that exist in the control-box. The output variables

and symbols that are used in the Visual Basic software program are shown in

tables A.2 and A.3 in the following sectioﬁ:

Table A.2 Maintenance-scheduling Variables and Output Symbols Data

Maintenance-scheduling Output-data Symbol
-Interval ' ‘ I
Life-time - LT
'Spares-cost SC
Normal Distribution Function Z
Probability of Failure PF
Probability of Survival PS
Cost of Failure CF
Cost of Failﬁre-prevention Cp
Corrective Maintenance Cost CMC
Preventive Maintenance Cost PMC
Techm;cal-delay Cost TDC
Total Maintenance Cost T™C
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Table A.3 Inventory Output-data Variables and Symbols

Inventory Outp.u‘t-data : Symbol

Interval - | I
'Life-timé V - | . LT
Spéres-cost ' : E SC
Stock-level A _ SL
In-house Repair Cost | | IRC
Out-house Repair Cost ORC
Repair Reliability RR
New Reliability | : 1 NR
Re-suply Tirﬁe ' ; | RT.
Holding Cost | T ‘HC
Repair Cost | — E ‘RC
Purchase Cost - | ~ ~PC
Delay cost _ V DC
TotalvRepair Cogt ’ : TRC
Total Purchase Cost B . TPC

Outpu't'Windows from Visual Basic software results consist of Form Two,
Form Three, Form Four, and Form Five. Form Two belongs to the
maintenance-scheduling output, Form Three is for the inventory output, and -

Form Four and Form Five relate to the integration output.
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A.1.3 Maintenance-scheduling Output Window
‘The mdintenance—schgduling output-wihdow is represented in Form Two (see
Figure A.5) and consists of: |
1. Frame One. This contains twélve text—bbxes for displaying texts and
figures and twelve labels to display the model output-text that include
information such as: Case-study (CS), Interval (I), Life-time (LT),
Spares-cost (SC) and the results of calculations such as: Standard
Normal Distribution (Z), Probability of Failuré (PF), Probability of
Survival (PS), Cost of Failure (CF), Cost of Failure-prevention (CP),
Corrective Maintenance Cosf (CMC), Preventive Maintenance Cost
(PMC) and the Total Maintenance Cost (TMC).
2. Ten command buttons enable the ﬁser to executev and initiate different
actions as follows: |
e Two command buttons: the first one is for displaying the
maintenance results withbut saving them; and another
command button for displaying‘ and saving the resﬁlts in the
connected datab.ase program.
e A command button to go back to the entry-data in Form One.
¢ A command button to display and sa\;e the inventory resuité in
Form Three.
e A command bﬁtton to just show the integration results in Form
Four. |
e A command button to show and. save the integration result.

. " A “New” command button to clear all texts.
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A “Print” command - button to print ‘the Total Cost of
| Maintenance results window. |
e . An “Exit” command button to stop running fhe program.
e Date and tilme to show date and time of running the program.
e Four Data buttons to connect the program to .a database for |

saving the output.

Figure A.5 below illustrates the Total Cost of Maintenance output window

‘created by the Visual Basic software:
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Figure A.5 Total Maintenance Cost Output Window
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A.1.4 Inventory Output Window

‘The inventory output designed window represented by Form Three consists of:

1.

Frame One. This contains fifteen text-buttons to display the texts and
numbers and fifteen labels to display the model output-text-that include
information such as: Case-study‘ (CS), Intervals (I), Life-time (LT),
Spares-cost (SC), Stock-level (SL) andb the results of calculations such
as: In-house Repair Cost (IRC), Out-house Répair Cost (ORC), Repair
Reliability (RR), New Reliability (RN), Re-supply Time (RT), Holding
Cost (HC), Repair Cost (RC), Purchase Cost (PC), Délay Cost (DC),
Totél Repair Cost (TRC), and Total Purchase Cost (TPC).

Ten command buttons enable the user to execute and initiate different
actions as follows:

e Two command buttons: the first one for displaying, without
saving, the maintenance results and the other command button
for displaying the results and saving them ih the connected
database program. -

e A comrriand button to go back to the entry-d»atarin Form One.

e A cér’nmand button to go 5ack to the maintenance résults in’
Form Two.

e A command button to just show the integration results in Form
Four.

e A command button to show and save the integration result.

e A “New” command button to clear all texts.

e A “Print” command Button to print the Total Cost of

Maintenance results window.

N. Matoss

Page X1



e An “Exit” command button to stop running the program.

e Date and time to show date and time of running the program.

e Four Data buttons to connect the program to a database for

saving the output.

Figure A.6 below illustrates the Total Cost of Maintenance window created by the

Visual Basic software:
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Figure A.6 Ihventory Output Window
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A.1.5 Integration Output Windows
There are two integration outnut ‘Windows:

1. The first window is jqu for showing the looping output for all intervals
and it is represented in Form Four. The second window is for showing
and saving the output that is connecte'dA to a database and is represented
in Form Five. The first integration output window in Form Four is
composed of:

e Five labels and fourteen text-buttons for displaying texts and
- numbers and to display the ‘model output-texfs thnt include
information such as: Case-study (CS), Life-time (LT), Spares-
cost (SC), énd six command buttons as follqws:
o A“‘Go back to Form One entfy—data” command button.
o A“Go back to Form Two maintenance output data” command
_button.
o A “Go back to Form Three inventory outpﬁt data” command
button. | | |
o A “Go to Form Five for showing the integration output data”
command button. |
o An “Initiate the calculation” command button.
o - An “Exit” command button.
o Nine picture-box buttons serve as a container.
o Date and time to display the date and time during running the
progranl. |

Fignres A.7 and A.8 below illustrate the integration output window:
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 Figure A.7 Tllustration of'the Integration Output Window

2. The second integration output window is represenied by Form:Five and
is made of: |
. Fourtejen labels and fourtéen text-buttons to display the
‘ deécr'iption and output-figures for the intcérat_ion of two models
that include information such as: Interval (I), Case-study (CS),
Life-time (LT), and eight command buttons as follows:
o A “Go back to Form One enfry—data” command button.
o A “Go back to Form Two maintenénce output-data” commana
button.
o A “Go back to Form Three inventofy output-data” command
button;
o A “Go to Form Four for showing the integration output data”
comménd button.

o An “Initiate the calculation” command button.
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o An “Exit” command button.

o

(o]

A “Print” command button.
A “New” comm'and button.

Four data buttons.

Date and time to display the date and time during running the

' progra_rri.

2 Frojectl Merosoft Vua B o]

Eile £dt Yiew Broject Fgrmat Debug Bun

Dw Jools Add-Ins Yfindew .

Ly

A NEPAYREN D smen  flmsas

H: 4iData

A T
2l

Aphabetc | Cotegorixd |
T

Capbion £
| Retunsjses e text diployec i an cbject's

e ber o below an chiects k.

Figure A.8 Illustration of the Integration Output Window

A2 Form Code

The first step was planning and designing the different view windows such ras the

entry-data windows and output-data windows. Moreover, because there are different

studies or subjects and different users' ideas, every program has an independent

design and application.

All program codes concerning Form One, Form Two, Fdrm Three, Form Four and

Form Five including the Visual Basic language and statements will be shown at the

end of this Appendix. The code window appears when the user double clicks any
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command button such as‘ the “Exit” command buttoh fby entering (End) between the

private sub and End sub-statement as below:

Private Sub cmd Exit_click

(End)

End Sub

The app'lication is executed after finishing the codg by clicking the start buttdn from

the Run menu or by clicking the arrow or by pressing the F5 button. The execution

: screén for entry—da’;a and output-data appears bélow.

A.2.1 Data-entry Execution-window
Figure A.9 shows the éxecution—window for éntry-data as a general calcuiatic)n,
which enables the user to enter any dat’a for any compohent on the aircfaft. There
are threé entry-data commapd-buttons not qonnectéd to a database program and
theré are three entry-data command-buttons connected to a database program in -

order to store the entry-data. The design of this window and the different control

buttons are described in the form-view section.

v Main Entry Dals :
- . New
Case Study {CS) ‘cuse 1 s Aiicralt Type (AT) ’Combol v‘
. . ) . Show the
Interval (i} l | Technical Delay Cost (TDC} I—'——_ Maintenance
Result
Life Time (LT} I Spate Cost (SC} l
e ¥ . i PR Show the
Enter the Marm Entyy Dala i Save the Main Entry Data Inventory Result
|- Marmtenance Enty Data ——
Conective Time [CT} l ] ) Preventive Time (PT) l 'lg‘howan‘pe
egration
’ : Result
tn-House Labour Numbet (ILN) ’ : Qut-House Labour Number [BLN) |
. S S’!I\ow and save
T the int: i
In-House Labour Cost (lLClv I E Outhouse Labour Cost {OLE) l_________ e a:l;ﬁra ion

Enter the Maintenance Entry Data E Save the Maitenance Entry Data Date

- lnvenlory Enlry Data
4 oy iy Stock Level (SL) l—-————-— | 13/0672009
) i ‘ Timo
In-House Repait Probabifity (1RP) r———'— In-House Repair Time (IRT) I . [ YRR

Out-House Repair Probability (BRP) I Out-House Repai Time (ORT} " b Print I
Non-House Repau Probability [NhP) ‘ Puschase Lead Time {PLT) l '

Exit

Enter the Inventory Entry Dala Save the Inventorny: Epty Dala

Figure A.9 General Entry-data Exécution-win_dow
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A.2.2 Case-studies Entry-data Execution-windows

Figure 6.10 ;hows the entry-data execution-window related to Case One, includes
three kinds of data: main entry-data, .maintevnan'ce entry-data, and inventory entry- |
data. In addition, this appliés to Case—studies two and three that are illustrated 1n

Figures A.11and A.12.

[t

T Aiain Enty Data —

Case Study (CS)

Aircraft Type (AT) - 13737 ’-] H New

Interval {1} . . Technical Detay Cost (TDC} l——" Maintenance
. 30 : 1800 Result
Life Time (LT} Spare Cost (SC) . 7700 -
- . e X Show the
Enter the Marn Entry Date § Save the Maimnr Entry Data i Inventory Aesult

Maintenance Entry Dals

Conective Time {CT} i Preventive Time (PT) I 1 Show the’

Integration

i ) - Resuilt
In-House Labour Number (LN} [ 1 : Dut-House Labour Number (OLN) ]“*1 T | e—

: Show and save

teHouse Labour Cost ULCY . [T 25 | Outhouse Labowr Cost (OLC) [T 7g e
: Enter the Mantenance Enty Dala | Save the Maintenance Entry Dala Date
|- inventor Enty Data - 13/06/2009 |
| aventon Enly Stock Level (SL) rz [ 130672 :
X Time
In-House Repair Probability {IRP) 0.75 In-House Repair Time (IRT) I 7 t I‘ 01:47:17 T

Dut House Repair Probability (ORP) OutHouse Repait Time [ORT] e
82z £ Print

Non-House Ropair Probability {[NRP) . P'mdmm Laad Time (PLT) I——_ZS_, - s I

R — . - et e e o Exit
ELnter the Inventon: Enty Data 'j Save the inventorn: Enly Dala

Figure A.10 Case One Entry-data Execution-window
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Life Time {LY} Spare Cost [SC) I 3500
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V- Mamienance Entry Dala

Conectlive Time [CT) 1 1 Plevcntwe. Time (PT} Show the

Integration

esult
tn-House Laboui Numbes [ILN) l ] 1 ) Qut-House Labour Number [OLN) r.___.?__
Show and save
K the i i
In-ttouse Labour Cost {ILC) I ) 25 But-house Labour Cost {OLE) i 70 e ntogrs
i Enter the Masntenance Eptry Data E Save the Maintenance Enty Data Date
- frventory Entry Dala: 13/06/2009
3 > e Stock Level (SL) | 2 i /0672
Time
In-House Repair Probability (IRP) 0.75 in-tiouze Repair Time [IRT) l B l 01:48:11
Out-Houte Repair Probability (ONP) ! 0.2 Qut-House Repair Time (DAT) I 30 Piint ] '
Mon-House Repair Probability (NAP) 0.05 Purchase Lead Time (PLT) =
£Enter the Inventory Entry Data | Save the Inventon: Entry Data

Figure A.11 Case Two Entry-data Execution-window
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=E
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Purchase Lead Time (PLT) [ E
e Exit

Figure A.12 Case Three Entry-data Execution-window

A.2.3 Output-data Execution-windows

"The user executes the application by clicking the start-button from the Run menu

or by pressing the F5 button. The execution-screen for entry-data appears at first

to enable the user to enter data in general or for each case-study individually. By

clicking on command-buttons related to the output-data execution-windows, the

output-data execution-windows will appear directly such as the Total Cost of

Maintenance execution-window, Inventory execution-window, or Integration

execution-windows.

1. Total Cost of Maintenance Output-data Execution-window for _Cdse

One:

Figure A.13 shows the Total Cost of Maintenance output-data execution-

window for Case One, which indicates the different maintenance output-data -

like Interval (I), Life-time (LT), Spares-cost (SC), Standard Normal

N. Matoss

Page XVIII



‘

Distribution (Z), Probability of Failure (PF), Probability of Survival (PS),
Corrective Maintenance Cost (CMC), Preventive Maintenance Cost (PMC),
‘and Total Maintenance Cost (TMC). In this window there are two command-
buttons conceming the output-data: the ﬁrst button is just to show the data
without saving ft; the sécbnd command-button is for showing énd saving the
output-data in a database program. From the Case One output-data execution-
window, by clicking on other output-command buttons, the user can move to
any output-data execuﬁon-window to show the output-data, or 'baqk to the
entry-data execution-window. In addition, the usef can show the date and time
of executing the program and print the windéw by clicking on the print
command-buttoﬂ. Finally, the user clears the window by clicking on the
“New” command-button and stops running the program by clicking on the

“Exit” command-button.

£ Q Mﬁnzena:rxex Sched lin

. e . Case study ICase 1
- Jolal Cost of Mainfenance ,
Interval (1) o LeTmedn 6000
Spare Cost(SC) l 7700 Standard Normal Distribution (Z) l—8.6383631
| Probability of Falure (PF) 75306185  Probability of Survival (PS) [
.| Costof Falure {CF) | vgsou ; » Cast of Falure Prevention (CP) [»»7702}_5}» f : f

| Corrective Maintenance Caost (CMC) ;2.4115375 Preventive Maintenance Cost (PMC) ! 77025 e

' | Technical Delay Cost (TDC) [ 1800 Jotal Mainlenance Cost {TMC) [ 725675

| Show without saving the Mainienance Resuits__}| Show and Save the Maintenance Results ’

Show and save | - ) : B
; , : . e in/os/zuua
| GoBack to] ~ Showand Show the Integration Delete the Print e
save the Intearal: Result Result

| Entry Data

Inventory . .
Form1 Result Result New I Data Exit l Time ] 015813

‘Figure A.13 Maintenance Output-data Execution-window for Case One
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2. Inventory Output-data Execution-window for Case One
The user can move to, and show directly, the Inventoryéoutput Execution- -
- window from the Entry-data Execution-window or from any output-data
execution-window by clicking the Inventory Output-data command-button in
all windows.
Figure A.14 illustrates the Inventory Output—data Execution-window that is
composed Qf Intgrval (D, Life-time (LT), Spares-cost (SC), Stock-level (SL),
In—House Repair Cost (IRC), Out-House Repair Cost (ORC), Repair
- Reliability (RR), New Reliability (NR),» Re-Supply Time (RT), Holding Cost
(HC), Repair Cost (RC), Purchase Cost (PC), Delay Cost (DC), Total Repair
Cost, And Total Purchase Cost (TPC). The output—daté which appears in the -
execution-window is concerning the interval 300fh. |
Corhm_and-buttoﬁs enable the user to execute the folldwihg: '
o Show just the Invenfory output-data.
o Show éﬁd sav.e' the Inventory output-data in a database program. -
o Go to another execution-window.-
o Clear and delete the included output-data from the window.
o Show fhe date and time during the mﬁning of the ‘program.
o Print the output-data windo_w. |

o Stop running the pro grzim.
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Q Inventory A by ,u" i of@ .,,-.S,& =,
' = . Case stu Y':'jCase 1

- lnventory Result o
Interval {1} 300 Life Time (LT} I 6000 Spare Cost {SC) l 7700 ‘;

Stock Level (SL) l 2 In-House Repair Cost {IRC) ’ 7840 - Out-House Repair Cost [UBC]‘ 10500 -

Repair Reliability (RR) 0.99898890 HNew Reliability (NR) !0.99985358 Expected Be-Suply Time [RT) ’ 145 :

Holding Cost { HC) l38'!7-71_01 1 Repair Cost {RC) l 11.004 Purchase Cost {PC) 231

Delay Cost {DC) l 3000 ./} Total Repair Cost {TRC) |68557~85593 Total Purchase Cost {TPC) |7D79-42803:
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.-Show and Save the Inventory Result Data

Go Back To ; Go Back To Go to the Now :‘ pfiﬂf i ”’Dalé’ ]21 3772158
| the Entiy Data | | Mainl‘::am:e i Integration - [ e e S
: Forml "1 Result Form2 | Result Form4 o result Delote ‘ - Exit ' { 01:58:58

Figure A.14 Inventory Output-data Execution-window for Case One

3. | Integratioﬁ Output-data Execution-windows for Case One

There are two Integration Output-data Execution-windows as shown in
Figures A.15, A.16 that are created and represented by Form Four and Form
Five.

The first Integration Output-data Executiqn-window is just‘ for showingrthe
Integration Output-data concerning the maintenance and invéniory—models for
all intervals from 300fh to 12000fh. The.’user can go directly to these
windows from the Entry-data Execution-window or from the other execution-
windows such as the Maintenance Output-data Execution-window and
Inventory Output-data Exeéution-window by clicking on the command-

buttons to activate the Integration Output-data Execution-windows.
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Both Integration Output-data Executioﬁ-windows contain the results such as
Case-study (CS), Life-time (LT), Spéres-cost (SC), Interval (1), Probability of
Survival (PS), Corrective Maintenance Cost (CMC), Preventive Maintenance
Cost (PMC), Total Maintenance Cost (TMC), Repair Reliability (RR), New
Reliabiﬁty (NR), Total Repair Cost (TRC), and Total Purchase Cost (TPC).
. A set of command-buitons to activate the other windows includes: |

o A “Go back to Form1 entry-data” comfnand-buttbn.

o A “Go back to Form 2 maintvenance output-data” command-button.

o . A “Go back to Form 3 inventdry output;data” command-button.

o A}“Go to Form 5 infegration oﬁtput-data” command-button.

o An “Execute the integration output-data” command-button. |

o A “Print the integration output-daté” command-button.

o An “Exit” command-button.

o The user can show the date and time while the program is running. -
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. . . ta B
0.99 ..
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€300 0.6010 3071.8! 46296 2.1355. 0.9799 0.9979 6398.8 7093.0:
6600 0.6402 2770.3' 4931.2. 1.9094: 0.9789; 0.9978 7005.9 7093.8¢
6900 0.7360 2032.0 5669.71 1.5853. . 9779 0.8977 7013.00 7094.5.
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Figure A.15 Integration Output-data Execution-window for Case One
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The second Integration Output-data window is for showing and saving output-
data for a single interval that starts at 300th in a database program. In addition,
the window includes the same contents as the previous Integration Output-data

execution-window.

Life Time (LT) S 6000

I'"_1_
‘ :

Interval (1)

Spare Cost

Probability of Survival (PS)

[

Reliability Repair (RA} 0.3989889 :  pefiability New (RN} 0.9998986

) 12.411888511 ife Mai 77025
Corrective Maintenance Cost (CMC} o Ple\'renhle Maintenance Cost (PMC) e
' 25675 . lssss.sssns
Total Maintenance Cost (TMC) ” . Total Repiar Cost (TRC] . ‘

| Total Purchase Cost {TPC) 17073"27350, Case study ’ Casel1
| 6ot the Ervr Dt ! ”"’"’”’:‘m | B0 to inventory ovgper | G 1 integration ouipet 1

pate |15/w2m9 Tme lo&u:ao‘ " show calcula I

Figure A.16 Integration Output-data Execution-window for Case One
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Appendix B
Definitions

Management: the organisation, control, and administration of the many facets of the

maintenance operation.

Maintenance: Is every task carried out on the system or its components to assure that the

aircraft or system is working properly according to predetermined needs or dern}ands.'

The common goal of maintenance: is to provide a fully serviceable aircraft when it is

required by an airline at minimum cost.

The purpose of maintenance: is to extend the component life time or at least the mean time

until the next failure.

Preventive maintenance (PM): Preventive (or scheduled maintenance) is done at predefined
| ages of the system in order to reduce the probability of (potentially expensive). failures of the
system. Preventive maintenance is widely used to avoid unscheduled failures and the loss of -

production.

Corrective maintenance (CM): Corrective maintenance is performed to restore a system to -

state of functioning after the system has entered a state of failure.

Aircraft maintenance: Is an action that can restore an item to a serviceable condition, and
consists of servicing, repair, modification, overhaul, inspection and determination of

condition.
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Maintenance zone: identified area on an aircraft where visual inspections are performed on

all elements within the zone.

Planned maintenance: Work performed according to a scheduled plan, as in preventive

maintenance.

Unplanned maintenance: Work performed promptly in order to avoid serious consequences

on the resources and system performance and/or to keep the system safe.

Scheduled maintenance: including pre-flight, post-flight, daily and phase checks, calendar
time changes, time limited component changes, in addition to A, B, C, and D checks

(periodic aircraft PM/inspection programs of increasing intensity)

Unscheduled maintenance: to handle unplanned problems reported by flight or maintenance
crews. As a rule of thumb, aviation department estimates unscheduled maintenance workload

to be 50% of scheduled maintenance workload.

Special maintenance: as required to satisfy special instructions or directives by the

manufacture, Federal Aviation Administration (FAA), or aviation management.

Optimization of maintenance plans and schedules: helps to preserve a stable production
and low maintenance costs during a given time period by using mathematical models and

algorithms.

Direct maintenance costs (DMCs): The labour and material costs directly expended in
performing maintenance of an aircraft or related equipment (ATA, IATA and ICCAIO,

1992). The costs do not include the labour and material expenditures which contribute to
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activities such as administration, supervision, tooling, test equipment, facilities, and record

keeping.,

Maintenance Labour cost: That part of the cost of services attributable to maintenance team

wages.
Crew Labour cost: That part of the cost of services attributable to operation team wages.
Purchasing cost: Is based on the price per unit of the item it may be constant or it may be

offered at a discount. .

| Sétup cost: Represents the fixed charge incurred when an order is placed it is independent of

the order quantity.

Holding cost: Represents the cost of maintaining inventory in stock it includes the interest on

capital and the cost of storage, maintenance and handling.
Shortage cost: Is the penalty incurred when we run out of stock it includes potential loss of
income and the more subjective cost of loss in customer goodwill.

The actuation time: is the pre-determined period of time between two consecutive

' preventative actions.

Downtime: is the period of time when something, such as a system or aircraft, is not .in

operation, especially as the result of a malfunction.

Breakdown: is the act or process of failing a component or a system to its function.
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Non linear system: systems in which the ’relationships between various variables and

‘parameters are not linear in nature.

Delay: Is an event that causes the change in schedule of a flight and/or aircraft's planned

departure or arrival.

Module: Is the majof assembly that can be removed and replaced from the aircraft as a whole

unit.
Component: Is the module sub-assembly one that is removed and replaced in the module.

Operational check: a task to determine if an item is fulfilling its intended purpose. This is a

failure finding task and does not require quantitative tolerance.

Functional check: a quantitative check to determine if each function of an item performed

within specified limits.
“A” check: A maintenance check performed approximately every month.

“C” check: a maintenance check performed approximately every 12 to 18 months or every

about 4000 flight hours.

Airworthiness directive: A document issued by the FAA whenever an unsafe condition
exists in an aviation product. AD may prescribe inspections, modifications, conditions or
limitations under which the product may continue in operation. Incorporation of an AD is
mandatory. |
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Aircraft on ground: an aircraft that is out of service (i.e., _grounded) waiting for a part or

parts before it can be returned to service.

Condition monitoring: a primary maintenance process for items that do not have
characteristics that would allow the establishment of hard time or on condition intervals to
determine serviceability. Condition monitoring items operated to failure.

Failure effect: the effect that a specific failure has on the operation of system.

Failure mode: the manner in which a system or component can fail.

Flight hours: actual flight time measured from takeoff (wheels up) to landing (touchdowh).

Hard time: a primary maintenance process that requires replacement of component at a

specific intervals (lifetime).

Inspection: an examination of an item and comparison against a specific standard.
Lubrication: an act of replenishing oil, grass, or other substances used for purpose of
maintaining the inherent design capabilities of a unit or system by reducing friction and/or

conducting away heat.

On condition: primary maintenance process that schedules periodic inspections or tests to

determine remaining serviceability of a component or system.
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Operating cycle: take off, flight, and landing of an aircraft.

Quality assurance: the maintenance organization responsible for setting standards of

operation and for monitoring the operator units to ensure that such standards are met.

Quality control: the maintenance organisation responsible for conducting inspection of .

maintenance work (Whén required) and for calibration of tools and test equipment

Reliability: the probability that an item will perform a required function, under specified

conditions without failure, for a specified amount of time.

Reliability program: a set of rules and practices for managing maintenance and controlling

the maintenance program.

Dispatch reliability: dispatch reliability is a measure of the overall effectiveness of the

airline operation with respect to on time departure.

Statistical reliability: Statistical reliability is based upon collection and analysis of failure,

removal, and repair rates of systems or components.

Historical reliability: Historical reliability is a comparison of current event rates with those

of past experience.

N. Matoss » ' Page VI



Event oriented reliability: Event oriented reliability is concerned with onetime events such

as bird strikes, hard landing, in flight shutdowns, lightning strikes, or other accidents.

Reliability Centred Maintenance (RCM) approach: is designed to minimise maintenance
costs by balancing the costs of different maintenance strategy taking into account the loss of

pbtential life.

Restoration: the work necessary to return an item to a specific standard and it may vary from

cleaning the unit or replacing a single paft'up to and including a complete overhaul.

Standard deviation: a statistical parameter identifying the relative dispersal of data points

about a mean value.

Service letter: document issued by the manufacturer to identify a maintenance tip or new

procedure.

System: a collection of components designed to work . together to efficiently perform a

‘certain function.

Transit check: a maintenance check performed prior to each flight (i.e., at aircraft turn

around).-

Troubléshooting: the process of studding and analysing a problem in order to pinpoint the

cause and resolve the trouble.
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Validation: accepting a test procedure after actually performing it successfully.

Verification: accepting a test procedure based on knowledge of the unit under test and

understanding of the procedure.
Visual check: an observation to determine if an item is fluffing its intended purpose.

Zoned inspection: several visual inspection tasks performed in a specific area (zone) of the

aircraft.

Engineering: is defined by the Engineers “profession in which knowledge of the
mathematical and natural sciences gained by study, experience, and practice is applied with
judgment to develop ways to utilize economically the materials and forces of nature for the

benefit of mankind.

.- Engineer: is one who applies mathematical and scientific principles to the effort of resolving
practical problems. Engineers are usually identified by some specialty: civil, mechanical,

electrical, aeronautical, transportation, nuclear.

Goal: is a point in time or space where you want to be; a level of accomplishment you want

to achieve.

Objective: 1s the action or activity you employ in order to help you achieve a specific goal.

The definition of the preventive maintenance.
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Aircraft spare parts: Means are the spare parts stored to ensure normal, safe flights for

~ aircraft as well as engine ground maintenance.

Replacement: means any maintenance activity such as physical replacement or overhaul,

which returns the age of the unit to zero.

Linear programming: it is designed for models with strict linear objective and constraint

functions.
Integer programming: in which the variables assume integer values.

Dynamic programming: in which the original model can be decomposed into.smaller sub

problems.

Network programming: in which the functions of the modelled as a network.

Nonlinear programming: in which the prbblem can model are non linear.

Span of control: A supervisor or manager can effectively supervise or control three to seven
people. Any less than three would be ineffective use of time and labour and any more seven
would spread the boss to thin.

Cycle: Is the portion of total inventory that varies directly with size.

Anticipation: Is the inventory used to absorb uneven rates of demand or supply
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Residual life: of the item, that is, the expected time to a failure or to reach an unacceptable

condition, is a very important parameter in the condition based decision problem.

AHP Analytic Hierarchy Process: is a decision making procedure originally developed by

Saaty in the 1970s.

Maintenance Free Operating Period (MFOP): is a period of time during which there is no

need for scheduled or unscheduled maintenance.

Maintenance Recovery Period (MRP): is required to restore all aircraft systems to their
fully serviceable state. The objective of the MRP is to ensure the aircraft can complete all the

mission and mission types during the next MFOP

Residual life of the item: the expected time to a failure or to reach an unacceptable

~condition.
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