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Enhanced Aircraft Platform Availability  
Through Advanced Maintenance  

Concepts and Technologies 
(RTO-MP-AVT-144) 

Executive Summary 
Immense changes in aircraft maintenance/support have been introduced over the past forty years in some 
NATO Nations with the objectives of reducing costs and improving aircraft platform availability. It is likely 
that comparable changes have been introduced to varying degrees in most NATO and partner countries.  
The importance and scope of the changes have challenged the minds of many capable individuals from heads 
of governments downwards. Therefore, there is considerable knowledge and experience throughout NATO 
on the use of advanced maintenance concepts and advanced technologies to improve aircraft availability and 
reduce life-cycle costs. The AVT-144 Technical Team has attempted to capture this collective experience 
and present information and conclusions on what maintenance/support concepts and technologies are likely 
to be particularly effective in improving aircraft platform availability.  

In accordance with the task issued by the AVT Panel, a Workshop of invited specialists was held and a 
report has been written. The current document is the Workshop Proceedings. It includes some supplementary 
papers invited after the Workshop to fill important gaps in information. The final report of the AVT-144 
Technical Team includes a substantial amount of edited information from the Workshop. It also contains 
additional material from separate research, and proposes managerial and technical goals and strategies for 
improving aircraft availability and mission reliability. It is being published as a separate document  
(RTO-TR-AVT-144). 

The Workshop was held in Vilnius, Lithuania, from 3 to 5 October 2006. It was attended by over eighty 
invited specialists from thirteen NATO Nations and two partner Nations (Sweden and Australia). Participation 
was by invitation only. Most of the participants were senior engineers and managers with relevant hands-on 
experience from industry, the Armed Forces, and other government organisations. Thirty-four invited authors 
made formal presentations, and most of them submitted manuscript papers for these Workshop Proceedings. 
The papers in these proceedings are unedited except for formatting. The Workshop was larger and wider in 
scope than is normally envisaged for RTO workshops; nevertheless, it included considerable time for 
discussions and the sharing of ideas and experience. In view of the wide scope, the Workshop was organised 
into four sessions and the topics addressed by the invited authors were pre-arranged. The sessions were as 
follows:  

• National perspectives on the evolution of aircraft maintenance/support concepts with particular 
reference to their relevance to aircraft availability. 

• Metrics, key performance indicators, and modelling of aircraft availability. 

• Maintenance/support management concepts and technologies for improving aircraft availability 
and mission reliability. 

• Aircraft, support equipment, and supply system technologies for improving aircraft availability and 
mission reliability. 
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Amélioration de la disponibilité des plateformes 
d’aéronefs au moyen de concepts de  

maintenance et de technologies évolués 
(RTO-MP-AVT-144) 

Synthèse 
D’immenses modifications dans la maintenance et le soutien des aéronefs ont été entreprises ces quarante 
dernières années par certaines nations de l’OTAN avec pour objectifs de réduire les coûts et d’améliorer la 
disponibilité des plateformes aériennes. Il est probable que des modifications comparables ont été introduites 
à différents degrés dans la plupart des pays de l’OTAN et de ses partenaires. L’importance et l’étendue des 
modifications ont frappé l’esprit de nombreux individus éclairés depuis les chefs de gouvernement jusqu’aux 
plus humbles. En conséquence, il existe une connaissance et une expérience considérables au sein de 
l’OTAN concernant l’utilisation des concepts de maintenance et des technologies avancées pour améliorer la 
disponibilité des aéronefs et réduire le coût du cycle de vie. L’équipe technique AVT-144 a tenté de capter 
cette expérience collective et de présenter les informations et les conclusions sur ce en quoi les concepts et 
les technologies de maintenance et de soutien sont susceptibles d’être particulièrement efficaces pour 
améliorer la disponibilité des plateformes aériennes.  

Dans la ligne du travail fourni par la commission AVT, un atelier de spécialistes invités a été organisé et un 
rapport a été rédigé. Le document actuel est le compte rendu de l’atelier. Il inclut quelques documents 
supplémentaires ajoutés après l’atelier pour combler d’importantes lacunes d’informations. Le rapport final 
de l’équipe technique AVT-144 inclut un nombre substantiel de publications issues de l’atelier. Il contient 
aussi des éléments complémentaires provenant de recherches indépendantes, et propose des objectifs et des 
stratégies pour améliorer la disponibilité des aéronefs et la fiabilité des missions. Il est publié dans un 
document séparé (RTO-TR-AVT-144). 

L’atelier s’est tenu à Vilnius, Lituanie du 3 au 5 octobre 2006. Plus de quatre-vingt spécialistes invités de 
treize nations de l’OTAN et de deux nations partenaires (la Suède et l’Australie) y ont participé.  
La participation s’est faite uniquement sur invitation. De nombreux participants étaient des ingénieurs 
cadres supérieurs et des responsables ayant une expérience pratique importante dans l’industrie, dans les 
forces armées et dans d’autres organismes gouvernementaux. Trente-quatre auteurs invités ont fait des 
présentations officielles et la plupart d’entre eux ont proposé des documents manuscrits pour ces comptes 
rendus ateliers. Les articles de ces comptes rendus n’ont pas été modifiés, exception faite de leurs formatages. 
Le champ couvert par l’atelier a été plus important et plus large que celui normalement prévu pour un atelier 
RTO ; néanmoins, cet atelier a consacré un temps considérable aux débats et aux échanges d’idées et 
d’expériences. Compte tenu de cette largeur de champ, l’atelier a été organisé en quatre sessions et les sujets 
traités par les auteurs invités ont été fixés à l’avance. Les sessions ont été organisées de la manière suivante :  

• Perspectives nationales sur l’évolution des concepts de maintenance/soutien des aéronefs avec des 
références particulières à leur pertinence concernant la disponibilité avion. 

• Systèmes de mesure, indicateurs des performances clés et modélisation de la disponibilité avion. 

• Concepts et technologies de gestion de la maintenance/du soutien pour l’amélioration de la 
disponibilité avion et de la fiabilité des missions. 

• Technologies des aéronefs, des équipements de soutien et des systèmes d’approvisionnement pour 
l’amélioration de la disponibilité avion et de la fiabilité des missions.  
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The Research and Technology  
Organisation (RTO) of NATO 

RTO is the single focus in NATO for Defence Research and Technology activities. Its mission is to conduct and promote 
co-operative research and information exchange. The objective is to support the development and effective use of 
national defence research and technology and to meet the military needs of the Alliance, to maintain a technological 
lead, and to provide advice to NATO and national decision makers. The RTO performs its mission with the support of an 
extensive network of national experts. It also ensures effective co-ordination with other NATO bodies involved in R&T 
activities. 

RTO reports both to the Military Committee of NATO and to the Conference of National Armament Directors.  
It comprises a Research and Technology Board (RTB) as the highest level of national representation and the Research 
and Technology Agency (RTA), a dedicated staff with its headquarters in Neuilly, near Paris, France. In order to 
facilitate contacts with the military users and other NATO activities, a small part of the RTA staff is located in NATO 
Headquarters in Brussels. The Brussels staff also co-ordinates RTO’s co-operation with nations in Middle and Eastern 
Europe, to which RTO attaches particular importance especially as working together in the field of research is one of the 
more promising areas of co-operation. 

The total spectrum of R&T activities is covered by the following 7 bodies: 

• AVT Applied Vehicle Technology Panel  

• HFM Human Factors and Medicine Panel  

• IST Information Systems Technology Panel  

• NMSG NATO Modelling and Simulation Group  

• SAS System Analysis and Studies Panel  

• SCI Systems Concepts and Integration Panel  

• SET Sensors and Electronics Technology Panel  

These bodies are made up of national representatives as well as generally recognised ‘world class’ scientists. They also 
provide a communication link to military users and other NATO bodies. RTO’s scientific and technological work is 
carried out by Technical Teams, created for specific activities and with a specific duration. Such Technical Teams can 
organise workshops, symposia, field trials, lecture series and training courses. An important function of these Technical 
Teams is to ensure the continuity of the expert networks.  

RTO builds upon earlier co-operation in defence research and technology as set-up under the Advisory Group for 
Aerospace Research and Development (AGARD) and the Defence Research Group (DRG). AGARD and the DRG share 
common roots in that they were both established at the initiative of Dr Theodore von Kármán, a leading aerospace 
scientist, who early on recognised the importance of scientific support for the Allied Armed Forces. RTO is capitalising 
on these common roots in order to provide the Alliance and the NATO nations with a strong scientific and technological 
basis that will guarantee a solid base for the future. 

The content of this publication has been reproduced  
directly from material supplied by RTO or the authors. 

Published June 2011 

Copyright © RTO/NATO 2011 
All Rights Reserved 
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Single copies of this publication or of a part of it may be made for individual use only. The approval of the RTA 
Information Management Systems Branch is required for more than one copy to be made or an extract included in 
another publication. Requests to do so should be sent to the address on the back cover. 
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aircraft availability. It was attended by over eighty invited specialists from thirteen NATO Nations 
and two partner Nations. The topics of the papers were individually prearranged to ensure the  
widest possible coverage of this large topic, and fell into four main categories: national perspectives; 
metrics and key performance indicators; maintenance/support management concepts and 
technologies; and aircraft and support equipment technologies. Most speakers provided manuscript 
papers, which are contained in these proceedings. The AVT-144 Technical Team has also prepared 
a report which blends information from the Workshop with additional research. This has been 
published separately as RTO-TR-AVT-144. 
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ABSTRACT 


For aircraft engineers and maintainers, the risk of faults and failures within the mechanical assembly of a 
helicopter has always been a major concern. It is the nature of a rotary-wing aircraft to have major 
components such as gearboxes, synchronising shafts and rotors in an unavoidably single load-path 
configuration. This means that the consequence of mechanical failure is often catastrophic. In recognition of 
this, the scheduled maintenance practices for helicopters contain large safety margins; minimising the risk of 
failures at the expense of over-maintenance. 


Since the late 1990s, the UK MOD has embarked on an ambitious programme to fit HUMS to its helicopters, 
with the RAF Chinook Mk2 and Mk2a programme being in the vanguard; the only fleets currently fully 
implemented. These sophisticated monitoring tools provide an accurate measurement of the immediate state 
of mechanical health for individual helicopters and a real-time measurement of the usage those aircraft 
experience. From these two sources of information a projection (prognosis) of the trend of mechanical health 
may be devised and continuously monitored and the need for most forms of mechanical maintenance can be 
predicted. 


A reliable estimation of current and future condition should allow operators to address and reduce both of the 
maintenance cost burdens it bears. It should enable the safety margins set in scheduled maintenance intervals 
to be reduced and allow maintainers to predict unscheduled spares requirement days or even weeks in 
advance of the actual maintenance event. Such advance notice of maintenance requirement would allow lean 
efficiencies in the supply chain to be achieved. 


A mathematical model presented here predicts ~5% availability improvements for the RAF Chinook fleet 
through prediction of unscheduled maintenance requirement. 


1.0 INTRODUCTION 


Since the late 1990s, the UK Ministry of Defence (MOD) has embarked on an ambitious programme to fit 
Health and Usage Monitoring Systems (HUMS) to its helicopters, with the Chinook Mk2/2a programme being 
in the vanguard; the only fleets fully implemented. These sophisticated monitoring tools provide an accurate 
measurement of the immediate state of mechanical health for individual helicopters and a real-time 
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measurement of the usage those aircraft experience. From these two sources of information a projection 
(prognosis) of the trend of mechanical health may be devised and continuously monitored and the need for 
most forms of mechanical maintenance can be predicted. This should allow operators to reduce both of the 
maintenance cost burdens it bears. It should enable the broad safety margins set in scheduled maintenance 
intervals to be reduced and allow maintainers to predict unscheduled spares requirement in advance of the 
actual maintenance event. Such advance notice of maintenance requirement would enable lean efficiencies in 
the supply chain to be achieved. 


The MOD has a conflict of interest in maintaining its helicopter fleets such as the Royal Air Force (RAF) 
Chinook Mk2/2A. These valuable assets are in constant demand for training, military and peace-keeping 
commitments. This has led many senior officers to conclude that maintaining a high level of aircraft 
availability is the over-riding priority for the engineering function. In contrast, budget holders wish to reduce 
the frequency and cost of maintenance and to minimise stock holding. The third dimension in this triangle of 
competing priorities, illustrated in Figure 1, is airworthiness, or safety. Airworthiness is defined in the MOD 
(Anon., 1999(1)) as ‘the ability of an aircraft or other airborne equipment to operate without significant 
hazard’. 


Airworthiness 
(Safety)


Cost of 
Ownership


Availability


 


Figure 1: Safety / cost / availability balance for helicopter ownership. 


The RAF maintenance policy (Anon., 1999(2)) contains the 6 objectives shown below, each of which are 
identified in parentheses as relating to availability, cost, or safety. 


1) To minimise faults that would unacceptably reduce operational capability (availability). 


2) To minimise faults that would cause lengthy downtimes (availability). 


3) To minimise the resources required for maintenance (cost). 


4) To minimise faults that would be expensive to repair (cost). 


5) To minimise faults that would be hazardous to aircraft or personnel (safety). 


6) To identify means of improving reliability and maintainability (safety). 
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Health and Usage Monitoring Systems (HUMS) could provide a means of simultaneously increasing safety 
and availability whilst reducing the cost of aircraft ownership. Larder et al. wrote that ‘there is now another 
clear driver of HUMS. This is the requirement for an effective tool to streamline maintenance, make this more 
cost effective, reduce an aircraft’s logistics footprint, and improve aircraft availability’ (Larder et al., 2000). 
Cook wrote that ‘even a few days of prognostic notice can allow great lean efficiency in a supply chain and 
reduce aircraft down-time’ (Cook, 2005). Due to the relative immaturity of the currently fielded HUMS, the 
MOD has not yet exploited this potential contribution to maintenance logistics. 


2.0 MATHEMATICAL MODELLING 


In both military and commercial business management, managers need to understand how fundamental 
aspects of their operation such as supply, production, distribution and equipment maintenance affect the Key 
Performance Indicators (KPIs) for the business. Experimenting directly with these business parameters is a 
risky and time-consuming way of gaining an understanding and is unlikely to discover an optimum solution. 
As a result, mathematical models of varying complexity and detail are used to statistically represent these 
operations. In these simulations, managers can quickly explore the effects of various potential business 
decisions without the delay, cost or risk of altering the business itself. Figure 2 illustrates the role of 
simulation in MOD decision-making. 
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Figure 2: Role of simulation in MOD decision-making. 


In this project, Discrete Event Simulation (DES) models were developed to estimate the improvements 
possible through: 


1) Providing maintenance time-windows in which Corrective Maintenance (CM) could be safely 
performed, enabling resource levelling. 


2) Predicting CM requirement to allow maintenance stockholding to be minimised. 
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Current supply chain data is used to define: 


• Major components fitted; 


• International deployments; 


• Stockholding levels; 


• Component transport times; 


• Component failure rates; 


• Component replacement durations; 


• Mechanical engineers required for maintenance types; and 


• Mechanical engineer availability. 


Where possible, the data has been cross-checked against other supply chain information to verify the integrity 
of the information being used to define the simulation parameters. The outputs from the DES models have 
also been assessed against expected model results in order to verify the integrity of the simulations. Sensitivity 
analyses were then conducted against the prognostic interval and the mechanical engineer availability; two 
essential model parameters for which no definitive value exists. Finally, some degree of model validation was 
achieved by comparing supply chain parameter predictions from the simulation with independently measured 
values from the real supply chain. 


3.0 ACTIVITY CYCLE DIAGRAMS (ACDS) 


ACDs are a useful way of defining the structure and elements required for DES modelling. They are 
constructed from alternating queues and activities and arrows show the flow of entities such as aircraft and 
stock through the diagram. The ACD in Figure 3 illustrates the activities, queues and entity flows in major-
component CM without use of HUMS data for a single Chinook deployment. This diagram shows the system 
as two cycles – one for aircraft and one for stock – intersecting at the point of CM activity. The diagram 
highlights important points for the mathematical modelling process, some of which are listed below. 


• The limited availability of mechanical engineers due to non-CM tasks. 


• The call for stock at component failure, which is defined here as the point at which the aircraft 
becomes unserviceable due to component damage. 


• The division of the queue for CM into aircraft waiting for engineers and D state aircraft (aircraft 
grounded whilst waiting for spares). 


• The simplifications introduced (grey elements in ACD) in not modelling the stock sources other than 
repair and overhaul through the Defence Aviation Repair Agency (DARA), the full cycle of 
component rejection and repair and the possibility of urgent 1-day supply of components through 
dedicated military transport. 
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Figure 3: ACD for single-deployment non-HUMS model. 


The ACD in Figure 4 illustrates the activities, queues and entity flows in major-component CM with the 
benefit of HUMS data for a single Chinook deployment. There are two improvements in the maintenance and 
supply processes. Firstly, replacement components (if not in deployed stock) can be called for at the point of 
fault detection rather than when the aircraft becomes unserviceable. Secondly, a Predictive Maintenance 
Window (PMW) can be defined from the point of detection to the point of compulsory aircraft grounding. 
This ‘prognostic interval’ allows required CM to be scheduled around constraints such as engineer 
availability, stock availability and other maintenance activity. 
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Figure 4: ACD for single-deployment HUMS model. 


For the full models used in this project, the 11 major component types listed in Table 1 were considered, each 
with characteristic replacement duration and requirement for mechanical engineers based on operational data. 
The full models also considered 6 simultaneous deployments as shown in Table 2. These data are based on 
annual statistics, thus there has been some rounding and interpretation to define an integer number of aircraft 
at each location in the model.  
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 Table 1: Major components monitored / tracked on RAF Chinooks. 


Component NATO Stock Number 


2 x engines (T55-L-712F) - 


2 x engine transmissions 1615-01-3956839 


2 x cross shafts 1615-01-3162661 


Aft transmission 1615-01-3154071 


Forward transmission 1615-01-3176446 


Combiner transmission 1615-01-3352689 


Synchronising shaft 1 1615-01-1130248 


5 x synchronising shafts 2-6 1615-01-1125897 


Synchronising shaft 7 1615-01-1125895 


Synchronising shaft 8 1615-01-1130292 


Synchronising shaft 9 1615-01-1193359 


Table 2: Deployment of RAF Chinooks. 


Deployment Location Number 


Operation Herrick Afghanistan 1 


Operation Telic / Crichton Iraq 3 


Detachments Various 4 


Falklands Falklands 1 


UK Base RAF Odiham 23 


UK Maintenance DARA Fleetlands 8 


Total 40 
 


The DES models produced in this work were developed in the Simul8TM modeling package, which was found 
to be suitable for the requirements of the simulation. Jones reported on a Simul8TM model of airline engine 
maintenance management and also found that this package is effective for DES modelling of maintenance 
flow (Jones, 2005). In a Simul8TM model, there are six main elements: 


1) Work items. These are the elements that are individually tracked through the model to determine the 
system behaviour. Work items are defined here for helicopters, stock items and component failure 
events (virtual work items). 


2) Work entry points. These are the elements through which work items arrive in the system with pre-
determined stochastic (sampled from a statistical distribution) distributions. Work items are also 
defined to exist in models prior to start-up, such as the helicopters themselves and the known stock 
held on deployments. 
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3) Work centres. These are the elements in which work is performed on individual work items. The 
duration of the work can be deterministic (zero or fixed duration) or stochastic and the item can be 
routed out from the centre on paths determined by work item labels or by the ‘visual logic’ 
programming language within Simul8TM. In the models used here there are numerous work centres, 
including maintenance, HUMS fault detection and transport routing.  


4) Queues. These are the elements in which work items are held while waiting to be processed. These 
can hold any number of work items simultaneously, for a pre-determined duration or until requested. 
Queues are used here for several purposes including aircraft awaiting maintenance and stock being 
transported from the UK to deployed operations. 


5) Resources. These are mobile elements that are required by work centres in order to complete their 
tasks. In order to provide some simulation value, resources must be scarce to some extent, which may 
be due to work centre competition or to the defined availability of the resources. In the models used 
here, the only resource considered is mechanical engineers; a genuine constraint on maintenance 
activity. 


6) Work Exit Points. These elements are used to allow work items to leave the system. 


4.0 MATHEMATICAL MODELS 


A single-deployment simulation of the Chinook major component maintenance supply chain without HUMS 
and prognostics is shown in Figure 5. In this figure the cycles of aircraft and stock are illustrated, connected 
through the CM activity, which has been modelled as 11 separate work centres. The 57 individual elements in 
this model are described in Table 3. 
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Figure 5: Single deployment mathematical model without prognostics. 
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Table 3: Single-deployment non-HUMS simulation elements. 


Model 
Element(s) 


Element 
Type 


Description 


1 Queue Operational aircraft. Pre-populated with the number of aircraft on 
this deployment. From current operational data. 


2 Resource Engineers. A required resource and constraint for CM activity, with 
limited availability due to other commitments such as PM activity, 
shift patterns and guard duties. Average availability of engineers is 
12%.  


3-13 Work entry 
point 


Failure events. Deployment-specific inter-arrival times from 
operational data. Stochastic exponential distribution of arrivals. 


14 Queue Damage propagation. Models the (fixed) time between damage 
initiation and failure. 


15 Work centre Component failure. Pulls in both an operational aircraft and a failure 
event. Routes out both a check-stock request and a grounded aircraft 
requiring maintenance. 


16 Work centre Check stock. Using Simul8TM visual logic, this element checks 
deployed stockholding for the relevant component. If stock is held, it 
requests a replenishment (14-day) replacement. If not, it requests a 
quick (5-day) supply. 


17 Queue CM queue. Grounded aircraft await maintenance here. 


18-28 Work centres CM. In these 11 component-specific deterministic processes, with 
durations and engineer requirements defined from operational data, 
aircraft are repaired and returned to operational duty. 


29-39 Queues Deployed stockholding. These 11 queues hold pre-defined levels of 
deployed stock (based on current data) and collect UK-supplied 
components. 


40 Work exit 
point 


CM completed. Records successfully completed maintenance actions 
and removes them from the model. 


41 Work centre Transport. Allocates stock to CM queued according to a work item 
label ‘component’ numbered 1-11. 


42-52 Work entry 
points 


DARA. 11 deterministic stock feeds set to ensure that sufficient 
components are available on demand. The work item label 
‘component’ is set to the appropriate number 1-11. 


53 Queue UK store. Collects and stores all UK components for request by 
deployed maintenance. 


54-55 Queues Kanban queues. Stores stock requests from deployments.  


56-57 Work centres Transport delay. Unites component requests with appropriate 
components and holds them for 5 or 14 days. 
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The single-deployment HUMS model is shown in Figure 6, and the 4 elements that differ from Figure 5 and 
create the prognostic improvements are highlighted and described in Table 4. 


1.


2.
3.


4.


 


Figure 6: Single deployment HUMS model. 
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Table 4: HUMS elements in single deployment mathematical model. 


Model 
Element(s) 


Element 
Type 


Description 


1 Work centre HUMS fault detection. This element calls for a stock check and 
component supply if required prior to component failure. 


2 Queue Predictive maintenance queue. In this queue, aircraft with known 
faults can continue to operate pending maintenance.  


3 Work centre Prognostics. This centre uses Simul8TM visual logic to determine 
whether there are stock, engineers and work centre available for the 
relevant CM action. If so, the fault is routed to CM and maintenance 
is performed. If the fault has become critical (i.e. the prognostic 
interval has elapsed), the aircraft is grounded. If neither of these are 
true, the pending fault is routed to the predictive maintenance queue. 


4 Queue Aircraft grounding queue. In this zero-duration queue, faults are held 
for allocation to operational aircraft. This is necessary to avoid 
problems associated with direct work-centre to work-centre 
connections. 


 


Figure 7 shows the multiple-deployment model without HUMS and Figure 8 shows the multiple-deployment 
model with HUMS. In these models, an additional label is set for each stock request that ensures that the 
correct stock replacement route is taken, i.e. that replacement parts required in Iraq don’t accidentally get sent 
to the Falklands. On each of the 6 deployments the aircraft numbers, major component stockholding, engineer 
numbers and characteristic failure rates for each of the 11 components are configured from operational data. 
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Fleetlands UK Supply RAF Odiham


Falklands Detachments


Iraq Afghanistan  


Figure 7: Multiple deployment model without HUMS. 
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Fleetlands UK Supply RAF Odiham


Falklands Detachments


Iraq Afghanistan  


Figure 8: Multiple deployment HUMS model. 


5.0 MATHEMATICAL MODEL RESULTS 


In the Simul8TM mathematical models, there is not a separate queue for D state aircraft to distinguish them 
from other aircraft awaiting CM. Trials conducted with the engineer constraints removed and CM work centre 
durations set to zero provided simulation results for queues caused by D states alone. 


Based on discussion with MOD HUMS engineers, a conservative prognostic interval of 10 days was assumed 
for the results shown here. Examples were cited in which faults were visible in the HUMS record for 10 to 
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100 days prior to failure or maintenance, but these were insufficient in number to take a statistical approach so 
a worst-case assumption was made.  


In the results presented here, multiple-run trials have been used in which 100 runs of the simulation are 
performed to obtain statistical results. Each run within a trial has a warm-up period of 20 days and a data 
collection period of 1 year. The trial results are then analysed to determine the mean and 95% confidence 
intervals for key parameters. 95% confidence intervals are shown in the figures as error bars or dashed 
boundary lines. 


The simulations were run to produce a comparison between the normal and prognostic cases and between the 
zero-stock and current-stock scenarios. Figure 9 shows that the HUMS model predicts zero D state aircraft 
across all six deployments for major components whether stock is held on deployment or not. This is partly 
due to the simplifications of the model in which the 10-day fixed prognostic interval is invariably greater than 
the 5-day fixed transport duration and there is always a sufficient supply of components from the UK store. 
True D state levels would depend on how well the supply chain can be managed to meet these fixed 
assumptions, but it is certain that HUMS should have its most pronounced effect in reduction of D states. 
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Figure 9: Prediction of loss to D states – all deployments. 


Figure 10 illustrates the predicted reduction in operating days lost to CM across all six deployments through 
the use of HUMS and prognostics. This includes the effect of pre-emptive stock requests and the PMW. This 
figure shows that HUMS could potentially reduce the CM loss from 11.0% to 6.2% under current 
stockholding levels, or to 7.0% with no deployed stockholding and a completely lean deployed supply process 
for major components. 
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Figure 10: Prediction of loss to CM – all deployments. 


6.0 VERIFICATION OF THE MATHEMATICAL MODEL 


To gain confidence in the integrity of the simulation results, tests are performed to verify that the models 
produce the results that they are designed to produce. This does not prove the validity of the results; it simply 
indicates whether there are any errors introduced in the modelling process. The simulations in this project 
were formally verified with two tests: 


1) It was shown that the stock transported from UK stores to all deployments in order to meet the 
stochastic demand of component failures is (within 95% confidence limits) equal to the expected 
number of replacements in the entire model. 


2) The HUMS model with prognostic interval set to zero results in availability and CM queue results 
equal to the non-HUMS model (within 95% confidence limits). 


7.0 SENSITIVITY ANALYSIS 


Two fixed parameters key to the model output were the prognostic interval and the mechanical engineer 
availability. These two were subjected to sensitivity analysis, as described below. 


The prognostic interval was varied from 0-30 days in 2-day increments and the zero-stock HUMS model trial 
was replicated for each. The results showed that for larger deployments, 10 days’ prognostic notice is 
sufficient to gain most of the maintenance planning benefit from HUMS. For smaller deployments such as the 
Falklands and Afghanistan with limited number of aircraft and mechanical engineers, the benefit of greater 
notice is significant all the way to the 30-day maximum considered. This is because mechanical engineer 
availability is a serious limiting constraint for these deployments, thus the flexibility of a broader predictive 
maintenance window is important. This analysis does demonstrate a clear dependence of the model output on 
the prognostic interval. Figure 11 shows the effect of prognostic interval on aircraft availability for all 6 
deployments. 
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 Figure 11: Prognostic interval sensitivity analysis. 


The availability of the mechanical engineers was varied from 2%-20% in 2% increments and the zero-stock 
HUMS model was trialled for each. The results showed that for all deployments other than Afghanistan, the 
standard of 4 mechanical engineers per aircraft with 12% availability is well-judged and sufficient to minimise 
the effect of this constraint with minimum waste. Afghanistan, with a high number of engine replacements (8) 
in the year considered, continues to show significant maintenance improvements with mechanical engineer 
availability increases all the way up to 20%. Figure 12 shows the engineer availability sensitivity analysis 
results. In this analysis, the only unavailability considered is that due to unscheduled CM events, hence the 
apparently high availability levels. 
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Figure 12: Mechanical engineer availability sensitivity analysis. 
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8.0 VALIDATION OF THE MATHEMATICAL MODEL 


To provide confidence in the integrity of a mathematical simulation, we use the model to simulate aspects of 
the system performance that are actually measurable independently. By examining the correlation between 
prediction and reality, the validity of the model output can be assessed. 


The Chinook Integrated Project Team (IPT) Customer Supplier Agreement (CSA) with Joint Helicopter 
Commend (JHC) (Anon., 2005) discussed the performance indicators defined for the fleets and the targets set 
for performance against those targets over the 2005/2006 period. The IPT has confirmed that these targets 
were achieved, despite the operational tempo during that period. The CSA stated that the proportion of 
operating time lost to D states for the Mk 2/2a fleet would be 3% and that the proportion of operating time lost 
to CM would be 14%. 


Figure 13 shows that the non-HUMS model has over-estimated the time currently lost to D states by 0.6%. 
This is an expected result due to the simplifications introduced by disregarding component robbery 
(components removed from one aircraft to fit to another). This can quickly recover aircraft from D states 
despite limited or tardy supply, but has not been modelled due to limited data. 
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Figure 13: Model validation – prediction of operating time lost to D states. 


Figure 14 shows that the non-HUMS model has under-estimated the time currently lost to CM activity by 
3.0%. This is an expected result due to the simplifications introduced in limiting the simulation scope to 11 
major component replacement types. Although these do represent a large proportion of the CM work 
undertaken, there are also many lesser unscheduled maintenance activities that contribute to the overall 
parameter measured by the IPT. 
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Figure 14: Model validation - prediction of operating days lost due to CM. 
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9.0 CONCLUSIONS 


In this paper, HUMS and non-HUMS Simul8TM DES multiple-deployment models for the Chinook fleet have 
been developed and described in detail. These models have been defined as far as possible from genuine 
operational data, but a number of assumptions and simplifications were introduced during the modelling 
process; these have also been listed and discussed. Two key parameters for the models were the availability of 
mechanical engineers and the potential prognostic interval from HUMS. Although expert estimates of these 
parameters have been obtained and used, sensitivity analyses conducted here show that there is a significant 
dependence of the model output on these parameters. 


Model verification and validation results demonstrate sufficient agreement between simulation and 
expectation and between simulation and reality to provide confidence in the veracity and validity of the model 
results. 


The simulation results have shown that the D state levels for the RAF Chinook fleet could be greatly reduced 
through predicting CM and calling for replacements prior to failure. They have also demonstrated that the 
time lost to CM could be significantly reduced by ensuring that appropriate replacement stock is available and 
allowing a PMW to schedule CM around maintenance constraints. The results have also shown that a 
maintenance prediction capability would minimise the effect of reduced or zero deployed stock. This would 
allow operators to balance the benefits of lean stockless agility for non-war deployments with the increased 
availability and agility of HUMS and deployed stock combined for war operations. 
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1.0 INTRODUCTION 


As a background to dehumidification of aircrafts in use, I will first give you information about our earlier 
experiences which got the Defence to start with tests and developing of dehumidification of materiel in use.  


The Swedish army has used the dry air technique since 1958. Until 1984 only for materiel in depots 
(mobilization storage). The aim was that all materiel could be stored during four years without any 
maintenance inspections or measures. For all materiel which contains electronic components it was necessary 
to use dehumidification. 


The reason why the materiel should be stored during four years, was that the military units, such us parts of a 
brigade make refresher courses every fourth years. 


In Sweden we use some different ways for store the materiel in a dry air environment such as: 


• Dehumidification of the entire storage building. 


• Dehumidification of some part of a building – “dry air box”. 


• In a plastic bag. 


• By a duct system from a dehumidifier let dry air inside a vehicle or into a staff cabin. 


2.0 INVESTIGATION ON MATERIEL IN MOBILIZATION STORAGE 


In Sweden we have done comprehensive investigations of the materiel in mobilization storages. The aim of the 
investigations was to see how storage affected the materiel over longer periods of time. With the experiences we 
got, we now have the possibility to recommend the best choice of material when we developing new equipment, 
in order to keep a high availability and low costs. Between 1972 and 1986 we made comprehensive 
measurements of the environment by continuously measuring following subjects on three places in the country: 


• Relative humidity. 


• Sulphur oxide. 


• Hydrosulphuric acid. 


• Nitrogen dioxide. 
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• Ozone. 


• Intensity of the sun. 


• Gliding ashes. 


• Falling ashes. 


• Direction of the wind. 


We stored the materiel in 4 different environments: 


• Outdoor. 


• On an open shelf in the storage. 


• In a dry air box. 


• In a dry air box with filtered air. 


Following materiel have been investigated: 


• Tanks. 


• Cross country trucks. 


• Radio transmitters. 


• Spare parts. 


• Packing of rubber and plastic. 


• Textiles. 


• Medical articles. 


Following material are followed up: 


• Sheet of steel, unprepared and zincified. 


• Sheet of aluminium, unprepared. 


• Sheet of silver, unprepared. 


• Sheet of copper, unprepared. 


• Rubber, 14 different kinds. 


• Plastic, 7 different kinds. 


We made these investigations in cooperation with Swedish industries. 


3.0 EXPERIENCES FROM THE STORAGE TEST PROJECT  


3.1 Components Showing Some Changes 


3.1.1 Rubber Details 


It is important to choose the right quality of rubber when new equipment is purchased. If one looks at price 
and quality from a short term angle, when the material is new, this may lead to expensive repairs and 
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equipment with low readiness in the future. One has to consider how sensitive the materiel is from an 
environmental point of view.  


• More or less important changes of quality have taken place in the exposed specimens outdoors and 
inside storage-rooms with untreated air.  


• Rubber, i.e., tyre-rubber, were seriously attacked outdoors as well as in a storage-room with non 
treated air. In other environments however, attacks have not been observed. 


From the results you can draw the conclusion that a storage-environment of dry air of 50 % is favourable to all 
the tested qualities of rubber.  


3.1.2 Plastic Material 
A number of plastic bars have been part of the test. Only polypropene showed a lower tensile strength in all 
environments while other plastics passed without any remarks. 


3.1.3 Printed Circuit Cards and Contact Instruments 
On printed circuit cards no significant changes due to different storage conditions have been observed. 


3.2 Components Showing Little or No Change 
After eight years of storage the following components show no or slight changes. 


3.2.1 Condensers 
The attacks of corrosion on the metal-enclosed condensers were the most serious outdoors.  


The test result shows that no alarming interruptions have occurred. However, when using condensers in 
equipment attacked by corrosion and exposed to mechanical strain, such as from vibrations or outdoors 
environment, it is to be feared that this corrosion might cause a break on some connection. 


3.2.2 Packings 
Nitrile rubber is the most common material when it comes to different kinds of packings. Research has shown 
that, in short time, nitrile rubber is affected by the ozone of the atmosphere.  


The material that showed the best result after storage was fluorinerubber. 


3.3 Conclusion of Storage Tests 
The dehumidification technique gives: 


• Long term storage with high preparedness. 
• Limited maintenance activities during storage. 


4.0 DEHUMIDIFICATION OF AIRPLANES IN DUTY 
FMV started 1980 a test activity aiming at an examination whether the dry air improves the environment 
within the aircraft to such an extent that the number of failures of instruments and components will decrease 
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in the different systems. An improvement of the environment should, except for decreased maintenance costs, 
also mean increased reliability and availability. The corrosion attacks on the engine as well as on other parts 
of the aircraft were also assumed to decrease.  


23 airplanes were used as reference group and 10 were connected to dry air as soon as they have finished their 
daily flights. These planes have been connected with dry air, when placed in hangars. The airplanes in both 
groups was chosen at random. The dry air have been provided with dry air both through one air intake to the 
engine and through ground connections for cold air in the rear instrument space to radar and wing electronics. 
Air has punched through into the cabin and through the outlet valve also to the front apparatus room. 
Measurements of the distribution of the dry air within the airplanes were carried out. These measurements 
show that dry air pushes through to several other spaces than anticipated and this causes a much drier 
environment for other instruments within the airplane. 


In Figure 1 you can see the Relative Humidity at several places in the aircraft. In the reference aircrafts the 
values of RH were over the critical limit - 50% is where you will start to get problem in the electronic 
equipment. By our follow-up system and information from services in the workshops, we got knowledge of all 
failures for an individual airplane so we could compare with its number of failures during the latest three 
years. 
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Figure 1: Effect of dehumidification on the number of failures in 2,300 flying hours. 


In Figure 2 you can see values for calculation of MTBF; remember that it was 10 dehumidified airplanes and 
23 reference airplanes. Because of that, the number are higher for the reference aircrafts. The graph shows that 
the MTBF values are much better for the dry air aircrafts. If you compare MTBF you can see that MTBF have 
increased much. If you do a calculation of failures at 2.300 flying hours - it was the flying time for the 
reference aircrafts, the difference is very high. For the entire aircrafts the MTBF- improvement increased with 
26 %. The security will thus be improved by 26 % meaning that the availability will increase by 5 % in 
absolute figures. On an average this means that further one aircraft can be “put on the line”, based on a 20 
planes/division. 
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Figure 2: Effect of dehumidification on MTBF. 


In order to be sure that the earlier mentioned improvements have not been caused by other factors, e.g., 
modifications with positive effect on the MTBF-values, both groups of aircrafts have been compared to each 
other during three years. This comparison shows that the reference aircrafts have deteriorated somewhat each 
year. The dry aircrafts show the same result during the first two years - before the dehumidification test - 
while an improvement can be seen during the last year. 


The total number of failures have also been calculated for the entire aircraft giving 787 failures for dry air 
planes and 991 for reference planes at 2.300 flying hours. 156 failures can be referred to as improvements in 
radar and cabin instruments, while 48 failures can be referred to other systems. 


If you look at the maintenance costs, these give a yearly saving of 100.000 US dollar in the monetary value of 
today at 2.300 flying hours. 


As mentioned earlier it was not possible to judge decreased corrosion damages on engines during the test 
period, because the test period were to short, but we know now, after using the dry air technique even in 
engines, that we have got positive effects on aircrafts in duty. 


Heated hangars might not be needed when no other activity is required in those facilities and thus certain 
hangars can be used only to stable “fresh airplanes” if they have been provided with dry air. 


The installation costs per division are calculated to 80,000 US dollar and the operating costs to 4,000 US 
dollar per year. In addition, certain equipment, as for instance special covers and connections at 5,000 US 
dollar per division, might be required. Summarizing, it shows that the cost for installation and equipment can 
be saved already after about half a year!  


The financial savings are as you can see rather great. This might not, however, be the most important thing, 
but an increased reliability and availability is probably the strongest argument for dehumidification of 
airplanes in duty! Now most of the airplanes and helicopters in duty are dehumidified in the Swedish defence. 
We are just working with a dehumidification system for the new fighting aircraft – Gripen. 
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Modern aircrafts have a lot of electronic equipment and other high tech materiel. These are very sensitive for 
humidity, pressure, changes of temperature. To protect the aircrafts you have to dehumidify them. FMV has 
developed a system for dehumidification which we can use during peace keeping operations. It means that 
each aircraft has its own dehumidifier (Figure 3). 
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Figure 3: A dehumidifier for aircraft. 


The aircrafts have also a system, which you call On Board Oxygen Generator. This have a material, which are 
very sensitive for humidity. Until now you have not had a good system to dry these units. FMV have 
developed a method, so you can dry them in the aircrafts, which save a lot of time and costs (Figure 4). 
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Figure 4: Dehumidification of the On-Board Oxygen Generator System (OBOGS). 


The Air Force will use this equipment on special maintenance places for international missions (Figure 5). 
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Figure 5: Maintenance during international missions. 


We also use dry air in this Hercules cargo airplane. Tests showed that we very fast got a good dry 
environment in airplane. MTBF increased. As mentioned earlier, the avionics reliability increased, but we got 
also an environment in the cargo area, which prevent corrosion in the cargo. 


FMV is also studying an application for dehumidification of an aircraft during flying. A Swedish company – 
CTT – has developed a dehumidification system which dry the ground of the aircraft and between the skin and 
the insulation (Figure 6). The system reduces the amount of water, which reduces the fuel costs, but more 
important is that it also reduces the maintenance costs. CTT install this system in all the new Airbus A380 and 
Boeing Dreamliner. 
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Figure 6: Condensation absorbed by the insulation blankets  
on the interior surface of an aircraft skin. 
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Appendix: Copy of Swedish Defence Forces Brochure on Dehumidification 


 
DRY AIR – has saved tens of millions for the Armed Forces since the sixties! 


The Swedish defence has been using dehumidification, 
commonly known as dry air, since 1958. But until the 
1980s it has only been used for long-term storage of 
equipment. Thanks to good results obtained with dry air 
during storage, it started to be used as well for 
equipment in use for training purposes, etc.  


Until the 1990s, Sweden had thousands of mobilisation 
depots spread throughout the country. These were often 
barns that the armed forces rented. As these depots were 
often situated far from the regiments, it was necessary 
to construct a maintenance system so that it wasn’t 
necessary to visit the depots as often.  


To begin with, the objective was to store equipment in 
the mobilisation depots for 4 years without any 
maintenance being carried out. There was also another 
reason for this period between maintenance occasions. 
Before, soldiers went on refresher training every four 
years and then often used the equipment that had been 
stored in “their own” mobilisation depots. This meant 
that the 4-year inspection of the mobilisation depot 
wasn’t required.  


In the mid-fifties, Carl Munter, a world-famous 
Swedish inventor, started to construct a dehumidifier.  


(Carl Munter and Baltzar von Platen also invented the 
refrigerator, a product on which the Electrolux company 
was founded.)  


FMV – then called the Royal Army Administration or 
KATF – was early to take part in the development of 
the dehumidifier as they considered it to be important 
technology in modern storage methods. In this way, the 
Swedish Armed Forces became Carl Munter’s first 
customer.  


There are many negative factors in our environment that 
must be taken into consideration when storing 
equipment.  


Surface deposits on equipment – increased risk of 
corrosion  


• Metallic powder wear material in engines and 
gearboxes  


• Sand from roads and terrain  
• Old lubricant engine oil  
• Grease old gun grease 
• Salt seawater, agricultural land, sweat  
• Acids forest, agriculture  


 
Damp – water and water vapour  


• Corrosion 
• Impaired properties of some explosive substances 


The important term to know is Relative Humidity (RH), 
which is the ratio between the amount of water vapour 
in the air at a certain temperature and the maximum 
amount the air can contain (%RH).  


 


The figure shows that Relative Humidity (RH) is below 
50% only for a few hours around midday in May and 
June.  


RH is higher than 80% during most of the day and 
night. These values are the same in almost all of 
Europe.  


As temperatures change between night and day 
condensation will form, which increases the risk of 
corrosion.  
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This variation is even greater in warm countries, 
making it even more important to dehumidify 
equipment when the Swedish Armed Forces are on 
international assignments, such as in Kosovo, 
Afghanistan, the Congo and Liberia!  


Steel will start to corrode -- rust -- when the relative 
humidity is higher than 50%.  


  


Other metals start to corrode at slightly higher relative 
humidity but still far below 80% RH.  


Electronic equipment contains insulation, which is often 
sensitive to moisture. If the relative humidity is above 
50%, its insulating properties will be impaired and 
consequently also the function of the electronic 
equipment.  


  


Mould is a problem for both people and equipment. 
Mould starts to form at about 70% RH and is 
accompanied by severe health risks, which is why it is 
extremely important to minimise the risk of mould. 
Once mould has got a grip on the equipment, it is very 
expensive to clean.  


Leather and fabric are often susceptible to mould. 
Mould can also separate grease, making it unusable.  


  


Hot and cold  
Temperature variations increase the risk of corrosion.  


Partly, this may be due to rapid variations, hot nights 
and cold days for example, giving condensation 
resulting in problems with moisture as described earlier. 
This is a problem that arises especially when the Armed 
Forces are on peacekeeping duty in hot countries. 
Temperatures in the desert can be up to 40° during the 
day and only a few degrees above freezing at night.  


Temperature variations can also be slower. After a long 
cold winter, the temperature of the steel in an armoured 
car or a container will be much lower than the 
surrounding air until late into the spring. This causes 
condensation both inside the armoured car and outside 
it that can subsequently cause damage to the 
electronics.  


Ammunition is also very sensitive to high humidity and 
rapid variations in temperature. There is a risk that the 
ammunition will “self-ignite”, with disastrous results.  
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Electronic equipment affected - set values 
can change  
When there are rapid changes in temperature, the 
trimming of electronic equipment can be lost.  


Amongst other things, frequencies in radio equipment 
can be lost so that all the settings must be redone.  


Cold is detrimental to lubricants and oils  
At low temperatures, lubricants can be reduced and 
consequently lose their lubricating properties. At high 
temperatures, there is an increased risk of mould.  


Ozone  
Can damage rubber, plastic and fabric.  


We humans need the ozone layer encircling the earth to 
protect us from ultraviolet light. We also “create” ozone 
through electric generators, transformer stations and the 
like.  


The problem with ozone is that it is detrimental to many 
plastics and rubber materials.  


Ultraviolet light  
Ultraviolet radiation causes chemical reactions, which 
can increase the risk of equipment starting to oxidise.  


Methods of dehumidification  
To reduce the risk of damage and meanwhile increases 
the accessibility of the equipment, FMV has developed 
different methods of storage.  


The most important method is to dehumidify the 
equipment. In everyday terms this is called the dry air 
method.  


This method is to store equipment in low relative 
humidity or to create an environment with low relative 
humidity directly inside the equipment.  


This can be achieved in two different ways. One is 
static dehumidification. This uses an absorbent material, 
a desiccant, in the area where the equipment is stored or 
the equipment itself has desiccant cartridges inside. 
Small bags of desiccant can also be placed inside the 
box in which the equipment is stored. The problem with 
using desiccant is that it becomes “saturated” with 
moisture relatively quickly and is no longer effective. 
At that stage they must be replaced with new ones. 
You’ve probably seen small bags inside boxes 


containing a new camera or a new telephone. These 
bags can be saturated after just a few days and won’t be 
any good after that!  


A much better and reliable method of dehumidification 
is dynamic dehumidification with a sorption 
dehumidifier. Put simply, this is a dehumidifier with a 
moisture absorbent rotor that removes the moisture 
from the air. The sorption rotor is impregnated with a 
hygroscopic substance and contains a number of small 
passages through which the air flows.  


The rotor moves at 10 revolutions per hour and is 
normally divided into two zones.  


• A working zone, where the rotor takes out 
moisture from the air – process air – and blows it 
out as dry air.  


• A regenerating zone, where heated air – 
regenerating air – takes up the moisture from the 
rotor and blows it out as warm – damp air.  


 
The sorption humidifier works excellently from -40° C 
up to +40° C.  


  


Another method of dynamic dehumidification is 
condensing dehumidification or refrigeration 
dehumidification. This method is not suitable for use in 
our climate has there is a risk of the condensation 
freezing already at + 8° C and preventing the 
dehumidification process. Suitable applications are in 
spaces with high humidity over 80% RH in combination 
with high temperatures in excess of 20° C.  


Relative humidity can also be reduced by heating the 
air. This method is very expensive and inefficient as it 
only reduces the relative humidity and not the physical 
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water content in the air, nor does it lower the dew point. 
To maintain 50% relative humidity in a storage room 
through heating, the indoor air must be heated on 
average at least 7° C above the outdoor temperature 
throughout the year.  


Dehumidification of equipment in storage  
Until the 1980s, the Armed Forces dehumidified only a 
small proportion of equipment in storage. This 
equipment was often stored in old boxes, which were 
unsealed and could not be dehumidified entirely.  


  


Dry air was delivered to the equipment through a 
system of pipes. Quite simply, dry air boxes were 
constructed from a simple wooden frame and plastic. 
The boxes held radio sets, binoculars, small generators, 
spare parts and maps. The dry air boxes were also 
supplied with dry air through a system of pipes.  


Something called a hygrostat sensed the relative 
humidity - RH - and started the dehumidifier when it 
rose above 50%. The dehumidifier was stopped when 
RH dropped below 50%.  


Nowadays, equipment is no longer stored in these 
simple boxes and the number of stores has been 
reduced. The stores are now fully dehumidified, i.e. the 
whole storage facility is dehumidified. The figure 
shows a storage facility with a volume of around 50,000 
cubic metres. It is supplied with dry air from 11 
dehumidifiers, which remove 2 tons of water from the 
storage facility in everyday!  


  


The Armed Forces also use other methods of storage  
• Refrigeration Food, medicines  
• Freezing Dry batteries  
• Frost free storage Heating cabinets – Acid for dry 


lead batteries  
 
Thanks to dry air we now have a rational system for 
long-term storage. The methodology is illustrated in the 
figure below.  


  


Through these measures for storage and a good 
environment, equipment can be kept for many years 
without the need for maintenance, see the examples 
below.  
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Dehumidification of equipment in use  
With our good experience of dry air for long-term 
storage of equipment, we began to think about also 
dehumidifying equipment that is used every day for 
training. We began to conduct trials on ground 
equipment containing lots of electronics and on 
airborne equipment.  


Trials on ground equipment were conducted at S1, Lv6 
and P4. The equipment was connected to dry air 
overnight, at weekends and during other stops in 
training. The equipment was fitted with connections for 
dry air supply so that the hose with dry air could be 
connected and disconnected quickly. We conducted 
comparative trials for a whole year with half of the 
qualified equipment connected to dry air while the other 
half was parked without dry air.  


We soon saw the advantages:  


• The maintenance costs for electronic equipment 
were cut by 25%!  


• The reduction in faults meant there was more time 
for training.  


• The equipment worked more reliably.  
• The troops also noticed some marked changes.  
• At Lv6, the battalion commander claimed “we’re 


shooting better with dry air”. The radar and other 
electronic equipment were working faster so that 
the targets were pinpointed in a shorter time.  


• At P4, they quickly noticed a pleasant effect that 
might not have been so important technically but 
was good for the soldiers’ well-being. When the 
soldier took his place inside the tank, he didn’t get 
his backside wet any more – 50 tons of steel can 
give lots of condensation! This experience says 


more than that the relative humidity was at such a 
level that the tank’s electronics would not be 
damaged through corrosion and oxidation.  


• Most units now have canopies under which tanks, 
staff huts, radar stations, telecommunication 
containers, etc. are parked.  


 


  


The illustration shows a combat vehicle 90, the first 
combat vehicle in the world that has been designed with 
a view to dehumidifying. Dry air is distributed easily 
throughout the vehicle and there are also connections 
for the dry air hose directly in the chassis.  


Defence forces are taking part increasingly often in 
peacekeeping operations abroad. This often takes place 
in countries with hot days and cold nights. This is a 
good basis for condensation, which accordingly causes 
problems for the electronics and ammunition.  


FMV has therefore developed a system for 
dehumidifying equipment while on assignments abroad.  
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The kit contains a dehumidifier, hygrostat, pipes and all 
other components needed to construct a simple 
dehumidification installation.  


  


The trials conducted on training aircraft used the same 
principles as the ground equipment. The aircraft was 
connected to a dehumidifier as soon as it was standing 
on the ground. With all the electronics onboard, an 
aircraft operates in the most difficult of environments. 
This can be -50° C at a height of 10 000 meters and + 
40° C while standing in the sun on the ground, while the 
systems in the aircraft can be very hot after the flight. 
This causes high humidity and condensation.  


A positive result was quickly obtained. The mean time 
between faults - MTBF - increased dramatically, while 
maintenance costs were cut!  


 


FV invested 3 MSEK in dehumidifying installations, a 
cost that was paid off after three months of flying 
thanks to the lower maintenance costs.  


FV has now been using the dry air technology on the 
Draken, Viggen, Hercules and radar planes with very 
good results. Sweden has been the forerunner for other 
countries with regard to dehumidifying aircraft.  


The development of a dehumidifying method for 
Gripen has now started.  


  


Ships and boats are also dehumidified. This applies to 
boats in dock as well as boats in use.  


In marine environments around ships, relative humidity 
in the air and in the ships is high.  


Not least on the bridge and in the wheelhouse, where 
there is plenty of electronic equipment. Moisture is also 
a problem in the hold, where equipment and 
ammunition is stored. Corrosion and mould will soon 
take its grip in these areas because of the condensation 
unless dehumidification is provided for.  


Storage trials  
FMV has conducted three extensive storage trials, the 
first for a period of eight years and the two subsequent 
ones for four years each.  
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The objectives with these storage trials are as follows:  


• Can equipment be stored for long periods with 
maintained accessibility?  


• The difference between storage with and without 
dry air.  


• What materials, e.g. rubber, plastic, metal, are the 
most suitable to use for military purposes?  


• Do modern electronics and new materials put 
other demands on storage?  


• Particulars for designing methods of storing 
equipment.  


• How is equipment affected by the environment, 
such as humidity, pollution from industry and 
agriculture?  


• Investigate how gases in the air, ozone and radon, 
affect the equipment.  


 
Trials are often conducted in cooperation with Swedish 
industry, which takes part in evaluation and analysis.  


Economy  
The Swedish defence can save large amounts of money 
through the use of dry air for equipment in storage and 
in use. Maintenance activities before and after storage 
have been reduced while it has been possible to extend 
maintenance intervals. Analyses that have been carried 
out over the years show that the annual saving has been 
between 200 MSEK and 400 MSEK.  


Summary  
Using dehumidification technology gives the following 
positive effects. 


 


 


International interest  
As Sweden started using “dry air” more than 50 years 
ago, we have the experience and the expertise that an 
increasing number of countries wish to study. Over the 
years, FMV has been in touch with around 40 different 
countries all over the world.  


We all have the same environmental problems or even 
worse!  
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ABSTRACT 


There is an increasing trend for aircraft operators to address through-life issues and attempt to reduce the 
operational costs of support. Corrosion is an important consideration here since it can lead to material loss 
and is often the precursor of fatigue cracking. Whilst these are issues for ageing aircraft that might be kept in 
service well beyond their original design life there is also a move to make new airframes less costly to support 
and operate. The ability to monitor and predict the corrosion or remaining corrosion life in an airframe 
would have a major impact on the cost of through-life support. Corrosion sensors have often been proposed 
for monitoring the degradation of civil and military airframes. There are many types of possible sensors and 
several different approaches to using them. The maturity of the technology of each type of sensor is different. 
This leads to the consideration of near term and future system options. In this paper, two methodologies based 
on corrosion sensors and the combined use of sensors and predictive modelling are proposed, based mainly 
on sensors designed and fabricated at BAE Systems. Corrosion sensor designs and results from laboratory 
and field trials are presented along with a discussion on how corrosion sensors might be deployed for 
operational benefit. 


1.0 INTRODUCTION 


There is an increasing trend for aircraft operators to address through-life issues and attempt to reduce the 
operational costs of support and improve aircraft availability. Corrosion is an important consideration here 
since it can lead to material loss and is often the precursor of fatigue cracking. Whilst these are issues for 
ageing aircraft that might be kept in service well beyond their original design life there is also a move to make 
new airframes less costly to support and operate.  


Corrosion sensors have often been proposed for monitoring the degradation of civil and military airframes. 
There are many types of possible sensors and several different approaches to using them but there is little 
information available that allows sensor outputs to be simply related to the state of the surrounding structure. 
Sensors for corrosion and perhaps other forms of environmentally-induced degradation can only be used for 
managing and supporting aircraft in service if there is a way to interpret the sensor information into an easily 
understood message of what actions, if any, are required for the maintenance support engineers. 


With the trend for customers to force the risks associated with operational service onto the supplier, reliable 
quantitative information that describes corrosion and other degradation may well be useful. Such quantitative 
information can also be used to support estimates of residual value if assets need to be moved on. In addition, 
legislation will force operators and manufacturers to use new corrosion protection schemes such as non-
chromate treatments and paints that may perform differently to their “traditional” predecessors. Michelin 
(2003) [1] has described some of the requirements of chromate-free primers and Kinzie (2003) [2] discusses 
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the cost of corrosion for military aircraft which, for the USAF, exceeded $1B in 2001 with some aircraft types 
costing more than $200, 000 per year per airframe in direct corrosion costs. 


2.0 THE PROCESS OF ENVIRONMENTAL DEGRADATION 


A typical aerospace structure is commonly fabricated from aerospace qualified aluminium alloys with metal 
fasteners. The structure is generally protected from the elements by treating the aluminium surface through 
anodising or conversion coating with a chromate containing primer overlaying the surface. Finally a top coat 
is applied. Around the fasteners and fastener holes there is often applied a high quality sealant. It is generally 
hoped that the protective surface is perfectly flawless but on a large structure undergoing the rigours of 
everyday service this cannot be the case. Impact damage, in flight, during landing and take - off or on the 
ground is a common occurrence. Damage during maintenance (tools and spilt fluids) can occur as well as 
paint cracking at high stress points around joints and at fasteners. Paint can also crack due to high thermal 
cycles and fatigue [3, 4]. The progress of the degradation of the structure from operational degradation is 
illustrated in Figure 1. A typical flaw structure is shown in Figure 2. 


 


Figure 1: Progress of degradation in a protection scheme. 
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Figure 2: Structure of a flaw in a standard protection scheme illustrating  
environmental factors in chromate exhaustion and metal degradation. 


3.0 GENERAL APPROACHES TO CORROSION SENSING 


Corrosion sensors are not new but they have mainly been applied to large fixed installations such as pipelines 
and offshore structures. These applications are not usually weight-sensitive and much of the sensor technology 
has not been directed towards aerospace needs in terms of low mass, operating conditions, sensitivity and 
materials. In recent years, however, the potential benefits of corrosion monitoring, often as part of a larger 
strategy on corrosion management, have generated a substantial body of research for aircraft use. 
Additionally, changes in the business environment and advances in fabrication methods and datalogging have 
now made aircraft corrosion sensors a viable technology that is being closely examined. 


There are four basic approaches to corrosion monitoring using discrete sensors: direct measurement of 
corrosion effects, measurement of corrosivity by relating the degradation of the sensor itself to the degradation 
of an adjacent structure, measurement of corrosion products and measurement of climate (or microclimate) to 
input into a predictive model. These are described briefly below.  


3.1 Direct Measurement of Corrosion Effects 
It is possible to measure corrosion effects directly using electrochemical sensors such as EIS (Electrochemical 
Impedance Spectroscopy) or MEMS-based sensors that have been postulated. This approach may be suitable 
for monitoring localised areas but is unlikely to offer large area coverage without using many sensors. 
Another approach would be to use corrosion-indicating paints whose optical signature changes when the pH 
of the underlying structure changes due to corrosion.  


3.2 Measurement of Corrosivity of Environment 
The term corrosivity sensors can be used to describe several types of sensor whose response to corrosive 
conditions may be correlated to the corrosion of an underlying structure. For example, galvanic sensors might 
indicate time of wetness or the corrosion of metallic elements in a sensor can be monitored via their change in 
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electric resistance. The output of corrosivity sensors needs to be related to the underlying structure by 
calibration, and it is this aspect, especially when dealing with complex painted structures, that needs careful 
attention. Some corrosivity sensors can incorporate analogues of the underlying structure and can also be 
painted and treated in the same way as the structure so that their response to the environment and 
contaminants is similar to that of the structure they are monitoring. 


3.3 Measurement of Climate (or Microclimate) to Input into a Predictive Model 
For general in-service degradation based on the environmental and service history of the aircraft it is possible 
to construct an entirely non-invasive model to predict the onset and progress of corrosion. To overcome the 
difficulties of modelling pollution accretion, UV damage, and unexpected atmospheric circumstances a 
predictive model could be supplied with data from environmental sensors which measure the climate or 
microclimate of a components or group of components. Unfortunately, the modelling and sensor technologies 
are not yet ready for operational deployment on aircraft.  


3.4 Measurement of Corrosion Products 
Chemical sensors can indicate the presence of specific ions that would arise from a corroding structure. These 
could be located in bilges or in locations where corrosion products might accumulate and would therefore, in 
effect, be able to indirectly monitor large areas. To date, however, such sensors cannot demonstrate stable 
longevity or resistance to poisoning by contaminants. Some corrosion indicating paints can also change their 
fluorescent properties when they react with certain corrosion products. 


4.0 TYPES OF SENSOR 


Categories of corrosion sensors are listed in Table 1. The various stages of corrosion and the availability of 
sensors to detect the physical phenomena associated with each stage are illustrated in Figure 3.  


Table 1: Several types of corrosion sensor, principally aimed at aircraft structures. 


SENSOR TYPE COMMENT 


Corrosion Coupons  Corrosion rate is determined by weight-loss measurements. Coupons can 
be used as witness plates for calibrating other sensors.  


Electrical Resistance  The resistance of a metallic track is measured. Loss of metal due to 
corrosion changes the electrical resistance.  


Galvanic  
The galvanic current or voltage generated by separated electrodes made of 
dissimilar metals can be used to measure the presence of a conducting, 
and hence corrosive, environment. 


Electrochemical 
Impedance 
Spectroscopy (EIS)  


Electrochemical Impedance Spectroscopy (EIS) can be used to assess the 
degradation of coatings. Portable systems are available. Also, it may be 
possible to embed electrodes beneath the coating. Such systems model the 
coating, substrate and electrolyte as elements in an AC circuit. The 
resistance and capacitance of each circuit element is inferred from 
observations of changes in impedance with the frequency of a small 
applied potential. The inferred values indicate the state of the coating.  
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SENSOR TYPE COMMENT 


Electrochemical Noise 
(EN)  


Electrochemical Noise (EN) sensors measure the rapid fluctuations in 
corrosion current and voltage between electrodes. Corrosion potential 
fluctuations can indicate the onset of events such as pitting, exfoliation, 
and stress corrosion cracking (SCC).  


Acoustic Emission (AE) Laboratory tests indicate that Acoustic Emission (AE) can be used to 
monitor the propagation of corrosion and stress corrosion cracking.  


Chemical sensors  


Chemical sensors measure corrosive chemical species or corrosion 
products. There are many different technologies, including Ion Selective 
Electrodes (ISEs), Ion-Selective Field Effect Transistors (ISFETS), and 
optical sensors (see below). Lack of long term stability and vulnerability 
to poisoning may be issues.  


Corrosion-Indicating 
Paint 


Corrosion-indicating paints are under development. The paint responds to 
chemical changes associated with corrosion by changing colour or 
fluorescence. Examples of relevant chemical changes are, change in pH; 
oxidation, and complexing with metal cations. 


pH sensors  ISE-based pH sensors are likely to be the best technology but the issue of 
long-term calibrated performance remains.  


Biological sensors  
Biologically-induced corrosion, or “biocorrosion”, can be monitored using 
electrochemical sensors. In general, biosensors have limited lifetimes and 
at present are unsuitable for long term exposure.  


MEMS-based sensors  


Micro-Electromechanical (MEMS) devices are usually fabricated in 
silicon and have been proposed for corrosion sensors. Micro-cantilever 
systems whose vibration characteristics change according to the mass of 
the beam can form the basis of a range of sensors. 


Ultrasonic  


Active ultrasonic sensors comparable to those currently used in NDE can 
measure thickness loss directly under a sensing head. Guided ultrasonic 
waves that propagate along surfaces and interfaces might detect corrosion 
over larger areas. SAW (Surface Acoustic Wave) devices are in theory 
much more sensitive.  


Optical sensors  


An optical fibre with Bragg gratings can be coated with an 
electrochemically active species that changes colour as a result of the 
corrosion reaction. These sensors can be embedded in sealant and can 
monitor long lengths of structure. Lack of long term stability and 
vulnerability to poisoning may be issues. 
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Figure 3: The various stages of corrosion and the availability  
of sensors to detect the associated physical phenomena. 


Corrosion sensor systems and corrosion modelling are emerging technologies. In the short term, simple, 
passive sensor systems are achievable. These require no continuous power or real time datalogging, carry their 
history of degradation with them, and react almost exactly as the surrounding structure would react. Such 
systems are currently being flight tested. They could be used for usage monitoring, i.e. to provide a record of 
the environments experienced to date. They could also be used as an inspection surrogate, such that 
degradation of a sensor would indicate that comparable degradation had occurred in an inaccessible 
component. Both functions could help in minimising the need for inspection and the associated downtime.  


An example of a simple, unpowered, passive system is the BAE Systems Sentinel (Figure 4). This indicates 
the breakdown of the protection scheme, the onset of corrosion, and the progress of corrosion. The 
degradation rate is measured using a multimeter or by existing onboard systems. No additional 
instrumentation is necessary. There is no requirement for additional software, modelling, or maintenance 
activities to handle data or change batteries. The result is in the single reading. Sentinel has been installed on 
the Tornado aircraft and various land-based assets, and has been selected for the F-35 JSF. 
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Figure 4: Sentinel coating degradation sensor by BAE Systems. Indicates breakdown of  
protection scheme, onset of corrosion, and progress of corrosion. Fitted to  


Tornado, selected by JSF, fitted onto MOD UK land based assets. 


Monitoring of basic environmental parameters can be performed with commercial off-the-shelf (COTS) 
systems such as the datalogger by Zeta-tec illustrated in Figure 5. COTS dataloggers are available for 
temperature, voltage, resistance, temperature and humidity, event times, etc. 
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Figure 5: Illustration of a multi-channel/higher performance COTS datalogger systems.  
COTS dataloggers are available for temperature, voltage, resistance,  


temperature and humidity, event times, etc. 


Future development in corrosion sensor systems could streamline and improve the accuracy of the “usage” 
and “inspection” functions mentioned above and make it possible to apply them to a larger range of 
components. The integration of different types of sensor and advanced corrosion modelling could result in 
further increases in accuracy and scope of application. It could also provide prognostics (estimates of 
remaining useful life) for corrosion and corrosion/fatigue interaction that would allow corrective action to be 
planned in advance for efficiency or deferred indefinitely. Groups of sensors can be manufactured on a single 
chip (Figure 6) and multiplexed for area coverage. 


 


Figure 6: Multifunctional sensor (MuFCS) by BAE Systems -  
different environmental sensors on a single chip.  


No sensor system has yet been able to demonstrate adequate reliability for longer than ten years. There are 
credible strategies to address this, but it is likely that considerable development will be needed before on-
board corrosion sensors can completely replace ground-based inspections for corrosion.  


Sensors may not be cost-effective where corrosion can be measured directly and unambiguously, or where 
very simple indictors only are needed. Also, simple indicators may suffice if combined with a predictive 
capability and improved knowledge of degradation mechanisms. 
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ABSTRACT 


With the ever increasing cost of aircraft and aircraft operations, significant effort is being expended to reduce 
the total cost of ownership whilst increasing aircraft availability. A significant method for achieving this 
objective is through vehicle health management. New commercial and military aircraft (namely the Boeing 
787 and the Joint Strike Fighter, respectively) are integrating vehicle health management technologies that 
incorporate, extend, and go beyond the traditional engine and exceedance monitoring systems in place on 
many conventional aircraft. Not only are the new aircraft incorporating new systems, but also new monitoring 
systems to aid in line maintenance, diagnostics, and prognostics. 


The development of systems to provide diagnostics, prognostics, and health management is a continuing 
endeavour. This paper will highlight some of the methods and techniques both currently employed and in 
development that can aid in improving aircraft availability. 


1.0 INTRODUCTION 


There are a variety of methods to improve the diagnosis of mechanical systems. Many of these methods can 
be applied to aircraft already in service, while others require the diagnostic tools and sensors to be designed-in 
at the beginning stages of the system development. These diagnostic tools and techniques fall into essentially 
three categories: data fusion methods, retrofittable troubleshooting systems, and fully integrated sensor suites. 
The objective of each system is slightly different, but the overall thrust is to increase the availability of the 
aircraft, and to reduce the amount of maintenance time required to keep the aircraft in a ready state. 


2.0 DATA FUSION 


Data fusion methods, or statistical fleet monitoring approaches involved using software and database systems 
to archive and analyse recorded data from each aircraft in a specific fleet. These concepts are currently applied 
in the civil aviation arena as FOQA (Flight Operations Quality Assurance) and MOQA (Maintenance 
Operations Quality Assurance). Data from the aircraft flight data recorder or quick access recorder is 
downloaded, stored and analysed by a central system. Historical trends can be produced and exceedences can 
be captured. There are a variety of companies offering systems to perform this analysis. Among the leaders in 
this market is Sagem Defense/Securite with their Analysis Ground Station (AGS) suite of products. The AGS 
system handles the downloading, archiving, analysis, and reporting on a fleet of aircraft. Using technology 
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developed through a NASA research effort, the AGS is capable of running complex heuristic analyses on data 
to highlight not just pre-set limits, but also to spot anomalies. This functionality is called the ‘morning report’ 
and it is an important tool to spot early warning signs of impending system failures. 


An alternative system is offered by SAAB Avitronics (formerly Aerospace Monitoring Systems Pty.). Their 
ground station is uniquely configurable to work with a variety of data recording devices. While the Sagem DS 
offering is aimed at FOQA and MOQA, the Avitronics ground station incorporates the capability to perform 
structural analyses and fatigue damage counting. Their ground station (and associated data recorders) are in 
service with a variety of BAe Hawk fleets. 


Ground analysis systems can be put in place for aircraft that have some form of downloadable recorder. The 
usefulness of the resulting data analysis will, of course, depend heavily on the measurement parameters 
available. Retrofit data recording systems are available that record information present on aircraft data busses 
(MIL-STD-1553, ARINC-429, etc.) These vary from the Aircraft Condition Monitoring System (ACMS) by 
Sagem DS which offers a full suite of measurement capabilities to the Avionica miniQAR, which is a palm 
sized data bus recorder. 


Trending and analysis of existing data can provide significant maintenance benefits. In the civil aviation 
world, Federal Express was able to reduce maintenance costs on their fleet of A300 aircraft by using an 
ACMS system to detect slat system mis-rigging. Highlighting the mis-rigged configuration early on allowed a 
savings on the order of millions of dollars per year. 


Innovative analysis techniques looking at the large quantities of data already generated on aircraft can lead to 
signature detection, and the ability to identify failing components before they compromise flight safety and 
mission availability. The National Research Council of Canada has performed work in this area. In addition, 
the Morning Report analyses developed by NASA and exploited by Sagem in their ACMS include some 
aspects of this functionality. 


However, some systems may not have appropriate sensors currently installed on the aircraft. In some 
instances, it may be helpful to retrofit sensor systems to allow for improved maintenance. 


3.0 RETROFITABLE TROUBLESHOOTING SYSTEMS 


There are two sub categories of retrofitable systems: those that meet an ongoing maintenance need, and those 
that are employed to solve a short term problem. 


One area where a recurrent, ongoing maintenance need can be alleviated through a retrofit system is the 
landing gear shock strut. Most aircraft employ an oleo-pneumatic shock strut (air spring and oil damping). 
These systems require frequent pressure checks with manual comparison against a servicing chart. These 
single point checks (so-called because they involve simply checking the air pressure at one shock strut 
position) do not reveal if oil has been lost in the shock strut. To complete a full servicing check, the aircraft 
must be jacked, and measurements be taken at two positions of the shock strut. This is a time consuming 
approach. The addition of shock strut measurements – pressure, temperature, and position, and a recording 
system to take measurements both in flight and on the ground, can alleviate the requirement to perform any 
manual inspections on the shock struts. 


The changing economic environment for operators, one where there is significant pressure to reduce total cost 
of ownership, and to reduce lifecycle costs, presents an opportunity for service state monitoring systems to be 
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designed into landing gear offerings. The airframe manufacturers are beginning to see the benefits of this 
concept – the Airbus A380 has some shock strut monitoring capability and Airbus intends to include full 
monitoring capability on its new widebody airliner. 


Internal studies conducted at Messier-Dowty Inc. have indicated that an operator of a regional aircraft could 
expect to save 180 hours over the life of the aircraft just by eliminating the need to perform annual dual point 
servicing checks. Significantly more regular maintenance is reduced by automating line pressure servicing 
checks. 


Technically, there are several approaches that could be followed to determine the shock strut service state. For 
any oleo pneumatic, single state shock strut, there are four important parameters – nitrogen pressure, oil 
volume, temperature, and shock strut position. Mathematically, the simplest approach would be to measure all 
four parameters. This would allow an instantaneous assessment to be made as to the appropriate servicing 
state. However, there are several design considerations that make this approach less than ideal. Having four 
sensors means high cost. The oil volume sensor, by design, must be internal to the shock strut – making field 
repair impossible, and requiring an additional hole to be drilled in the shock strut wall (for the extraction of 
the measurement wires). 


An alternative approach is to include the element of time in the measurement. In this system, the oil volume 
sensor is not included, and two measurements (at different shock strut positions) are made. The simplest 
approach is to make one of these measurements prior to landing, and the second once the shock strut has 
settled (potentially at the gate). 


This “two-point” method allows the shock strut state to be determined reliably with conventionally available 
sensors. Particular attention needs to be paid to the maintainability of these systems – if the system is not 
rapidly repairable, or requires the aircraft to be removed from service, then the value to the operator is 
significantly reduced. 


Monitoring systems analogous to the shock strut servicing system can be applied to aircraft hydraulic systems, 
accumulators, and compensators. 


There are often occasions when a short term, or unexpected problem occurs that necessitates an on-going 
inspection, such as a structural inspection. These inspections may be of a crack detection nature, employing 
eddy current probes, ultrasonic inspection, or other non-destructive inspection techniques. In order to alleviate 
the inspection requirements somewhat, it may be possible to permanently attach the NDT probe in the 
problem location. Alternatively, newer NDT methods such as Jentek Sensors Inc. MWM sensor technology 
may lend itself well to permanent mounting. 


When cracks occur in service, it may be desirable, as part of an aircraft structural integrity programme, to 
determine what the actual fatigue loads on the structure are, and to relief the part accordingly. This can be 
done using existing HUMS or data recorders if the channels of interest are already recorded, or if spare 
channels exist that can be added to the recorder. 


In those cases where additional channels cannot be added, it may be desirable to use a stand-alone data logger 
to collect data from the area of interest. Messier-Dowty’s Strainlogger technology, a battery powered, flight 
qualified data logger is designed for exactly such an occurrence. The Strainlogger is useful where no 
connection to the aircraft electrical system is desired (for ease of installation, and deinstallation) and where 
short term (on the order of months) recording is required across a sample of the fleet. Features in the 
Strainlogger systems, such as removable battery/memory modules allow rapid servicing of the recorder unit 
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by minimally trained personnel. Output from the Strainlogger is a strain vs. time history for each channel 
measured.  


Where longer term structural life monitoring is required, an aircraft powered recorder is recommended. 


In moving aircraft structure from an intensive maintenance inspection regime to a monitored, on-condition 
regime, the certification basis of the structure needs to be considered. Older airframes, and major components 
of new aircraft (such as the landing gear) are certified using safe life criteria. New aircraft are predominantly 
design using damage tolerant approaches. In the former, no cracks are permitted in the structure. Structural 
monitoring of safe life structure is essentially limited to measuring strains or loads in the components and then 
performing fatigue life computations. Monitoring of damage tolerant structure offers a multitude of 
possibilities all geared towards the measuring of crack length. 


There exist several crack detection technologies, both flyable and ground inspection based non destructive test 
means. Recent developments in NDT technologies has improved the probability of detection of small cracks 
and corrosion. 


Jentek Sensors Inc. of the United States is actively marketing and developing a ground based NDT system 
utilizing an array of meandering winding magnetomers (MWM). Significant modeling capability and 
sophisticated software allow portions of airframe and equipment to be scanned with the MWM arrays to 
measure material conductivity (or permeability in permeable materials). The system can rapidly display full 
colour two dimensional plots of scanned areas, highlighting discontinuities – crack locations. Jentek is 
involved in a research program to develop their technology for in-flight use. The technology is already in use 
for specific inspections with United States forces. 


For in-service determination of crack growth, the comparative vacuum monitoring (CVM) system offered by 
Structural Monitoring Systems Ltd. Of Australia is both an innovative and attractive solution. A moulded 
silicon patch is placed over a crack (or suspected crack) location. Small alternating channels moulded into the 
silicon patch are connected to either atmosphere or an accurate, metering, vacuum pump. The existence of a 
crack will allow air to flow from the atmospheric channel to the vacuum channel. Larger cracks allow more 
airflow, so by tracking the flow rate from a given patch, one can determine the crack size and crack growth 
with time. The system has the advantage that the patches are essentially inert, that the tubing to each patch is 
relatively small and light and may be easily routed. CVM systems would not normally be monitored in flight, 
but would be used to alleviate a more intrusive NDT inspection. 


Significant quantities of work has been conducted with the field of ultrasonics – both for direct inspection of a 
component, or to monitor the behaviour of an entire assembly. Direct signal/echo methods are routinely used 
for crack or inclusion detection. More advanced ultrasonic technologies, still predominantly a research topic, 
investigate the behaviour of surface waves on complex assemblies. This technology is of significant interest 
for airframe structure as it has the promise of detecting not just fatigue cracking, but battle damage as well. 


4.0 FULLY INTEGRATED SENSOR SUITES 


The concept of fully integrated sensor suites is now coming to fruition in aircraft like the Joint Strike Fighter. 
Disparate sensors, each suited to their specific task, are connected to the aircraft data bus and a central 
diagnostic system. The aircraft is able to assess damage, faults, and inconsistencies. In addition, it is able to 
recommend to the pilot or maintenance technician an appropriate course of action to either operate the weapon 
system in a reduced capability mode or how best to solve the problem. 
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To provide this diagnosis ability, algorithms are being developed that both exploit existing sensors in new 
ways, and interpret data from new sensors. New sensors are employed where there is a specific need. New 
sensors may include new sensor technologies – ultrasonic sensors deposited directly to the vehicle structure, 
or may simply mean existing sensors added to non-traditional locations. In all cases, the decision to include a 
new sensor has to be based on a cost-benefit analysis. 


The provision of diagnostics and prognostics is not only limited to on-aircraft systems. Indeed, the full 
capability of most systems only comes to bear when the appropriate infrastructure is provided to compare and 
contrast data across a fleet, or when timely and correct information is provided to maintenance personnel. 
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ABSTRACT 


The paper presents the results of a probabilistic creep life study on RRA 501 KB turbine blades and 
demonstrates the importance of using physics based probabilistic damage modeling techniques to deal with 
life prediction uncertainty in cast equiaxed components. It is shown that physics based damage analysis yields 
accurate results and considerably less mechanical properties data is needed for life prediction of cast 
components. In physics based damage analysis, it is also easy to quickly assess the life limiting damage modes 
and to establish fracture critical locations in components. In physics based modeling, the influence of 
individual microstructural or thermal-mechanical loading factors on metallurgical crack nucleation can also 
be studied with relative ease. Residual life of service exposed parts and effectiveness of life extension 
techniques can also be predicted because the state of microstructure due to prior service and repair can be 
taken into account. 


In this study, Life Prediction Technologies Inc.’s (LPTi’s) prognosis tool known as XactLIFETM was 
successfully used to establish the fracture critical location of RRA 501KB first stage gas turbine blades under 
steady state loads. Deterministic analysis was first used to compute the lower bound airfoil nodal creep life of 
the various finite element nodes and this was followed by probabilistic creep life analysis to take into account 
the variability of microstructure from one blade to another. The analysis used typical engine operating data 
from the field in terms of engine speed and average turbine inlet temperature (TIT). The primary objectives of 
the case study are to show how prognosis can allow a user to predict component fracture critical locations, 
establish inspection intervals to avoid failures and establish fleet reliability for engine specific operating 
conditions. 


1.0 INTRODUCTION 


The ability to forecast remaining life of equipment appears simple enough, particularly if a log of usage in 
hours is kept which can be compared to a ceiling number of hours, or if a graph of operating characteristics 
can be compared to threshold values. But this is simplistic, and invokes certain questionable assumptions. One 
assumption is that the components fail according to a wear-out schedule, e.g., at x hours of usage. This may 
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not be the case. A ceiling usage based on hours does not factor in stresses that can prevent realization of these 
hours. The notion of stresses that significantly diminish mean time between failures (MTBF) is not new. 
Professional logistics, maintenance and manufacturing engineers are familiar with the distinction between 
calculated MTBF and operational MTBF (actual usage with real operating data), in which operational MTBF 
may be a factor of 20 different to the calculated MTBF [1]. 


The determination of predicted MTBF requires the development of prognosis expert systems that consider the 
specific stress and temperature histories of each major component on an individual basis and factor them into the 
physics based damage accumulation models formulated at the microstructural/nanostructural level. A schematic 
of a typical prognosis system for analyzing hot section components is presented in Figure 1. The solution 
integrates combustor modeling, off design engine modeling, thermodynamic analysis, and finite element 
modeling including a non-linear finite element solver, operational data filter and microstructural damage models 
on a single platform. The system provides a choice of damage models, for steam as well as gas turbine 
applications such as creep, Low Cycle Fatigue (LCF), stress corrosion, corrosion fatigue, cyclic oxidation and 
Thermal Mechanical Fatigue (TMF) analysis. The XactLIFETM is also capable of predicting safe inspection 
intervals (SIIs) for other critical parts such as discs, spacers, cooling plates and shafts. The system flow diagram 
further indicates that the expert system is capable of anticipating the risk of future failures, based on variability 
of microstructure and assumed operating conditions, using probabilistic analysis techniques.  


D ata  An alysis  an d  F ilte rin g


E n g in e O p eratio n a l D ata


C o m p o n en t G eo m etry


F in ite  E lem en t M o del


U ser In p u t


S o ftw are  P ro cess


L eg en d


E n g in e  D es ig n  P aram eters


M ateria l In fo rm atio n


P ro bab ilis tic  An a lysis


X actL IF E


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


T M


F in ite  E lem en t S o lver


M icro stru ctu ra l D am ag e M o d el


C o m b u sto r M o d el


O utput 
R esu lts


G U I
R E M AIN IN G  


L IFE  
O V E R H AU L &  
IN S P E C T IO N  
IN TE R V AL S  


S U R F AC E  
C O N D IT IO N


D IS TO R TIO N  
&  C R AC K IN G  


D ata  An alysis  an d  F ilte rin g


E n g in e O p eratio n a l D ata


C o m p o n en t G eo m etry


F in ite  E lem en t M o del


U ser In p u t


S o ftw are  P ro cess


L eg en d


E n g in e  D es ig n  P aram eters


M ateria l In fo rm atio n


P ro bab ilis tic  An a lysis


X actL IF E


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


T M


F in ite  E lem en t S o lver


M icro stru ctu ra l D am ag e M o d el


C o m b u sto r M o d el


D ata  An alysis  an d  F ilte rin gD ata  An alysis  an d  F ilte rin g


E n g in e O p eratio n a l D ataE n g in e O p eratio n a l D ata


C o m p o n en t G eo m etry


F in ite  E lem en t M o del


U ser In p u t


S o ftw are  P ro cess


L eg en d


E n g in e  D es ig n  P aram eters


M ateria l In fo rm atio n


P ro bab ilis tic  An a lysis


X actL IF E


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


T M


F in ite  E lem en t S o lver


M icro stru ctu ra l D am ag e M o d el


C o m p o n en t G eo m etry


F in ite  E lem en t M o del


U ser In p u t


S o ftw are  P ro cess


L eg en d


E n g in e  D es ig n  P aram eters


M ateria l In fo rm atio n


P ro bab ilis tic  An a lysis


X actL IF E


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g
C o m p o n en t G eo m etry


F in ite  E lem en t M o del


C o m p o n en t G eo m etryC o m p o n en t G eo m etry


F in ite  E lem en t M o delF in ite  E lem en t M o del


U ser In p u t


S o ftw are  P ro cess


L eg en d


U ser In p u t


S o ftw are  P ro cess


L eg en d


E n g in e  D es ig n  P aram eters


M ateria l In fo rm atio n


P ro bab ilis tic  An a lysis


E n g in e  D es ig n  P aram etersE n g in e  D es ig n  P aram eters


M ateria l In fo rm atio nM ateria l In fo rm atio n


P ro bab ilis tic  An a lysisP ro bab ilis tic  An a lysis


X actL IF EX actL IF E


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


Th erm o d ynam ic  A n alysis


E n g in e  M od elin g


T M


F in ite  E lem en t S o lver


M icro stru ctu ra l D am ag e M o d el


T M


F in ite  E lem en t S o lverF in ite  E lem en t S o lver


M icro stru ctu ra l D am ag e M o d elM icro stru ctu ra l D am ag e M o d el


C o m b u sto r M o d elC o m b u sto r M o d el


O utput 
R esu lts


G U I
R E M AIN IN G  


L IFE  
O V E R H AU L &  
IN S P E C T IO N  
IN TE R V AL S  


S U R F AC E  
C O N D IT IO N


D IS TO R TIO N  
&  C R AC K IN G  


  


Figure 1: Engineering flow diagram for the prognosis system designed and  
implemented by Life Predictions Technology Inc. (Patent Pending). 


At present, the original equipment manufacturers (OEMs), users as well as repair and overhaul (R&O) 
communities use failure modes effects criticality analysis (FMECA) to assess the engine fleet reliability. 
However, OEMs, R&Os and users continually end up revising their reliability predictions based on actual 
operating experience as it is accumulated. This is because statistically significant amount of service 
experience is required to make reliability predictions and obviously such experience is always missing when 
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new engine designs are introduced to the market. Often OEMs use past experience with similar engine designs 
to make reliability predictions and users must wait a few years before enough failure data is accumulated to 
make reliable predictions. It is precisely this ambiguity in FMECA type technologies that can be easily 
addressed by physics based prognosis technology. 


This paper presents the result of a probabilistic case study carried out in collaboration with Standard Aero 
Limited, on the Rolls Royce Allison (RRA) 501KB first stage gas turbine blades, where the value proposition 
of using prognosis in conjunction with physics based microstructural damage analysis for reliability 
assessment is clearly demonstrated.  


2.0 TURBINE BLADE CASE STUDY 


In this study, the prognosis system was used to conduct probabilistic blade creep life analysis of RRA 501KB 
first stage turbine blades under steady state conditions. Typical engine operating data from the field in terms 
of engine speed and average turbine inlet temperature (TIT) was used in the analysis, Figure 2. The subject 
RRA 501KB blades is made out of conventionally cast Mar-M246 material and the airfoil is internally 
convection cooled using compressor discharge air. 
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Figure 2: Typical engine profile in terms of turbine inlet temperature and speed. 


2.1 Mechanical Structural Analysis Requirements 
The first step involved in the prognosis is the creation of the blade geometry using the geometry analyzer 
software and this is followed by the creation of a fully meshed finite element model of the blade, Figure 3. 
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The temperature dependent material properties data such as elastic modulus, Poisson ratio, yield strength and 
work hardening coefficients are also required for non-linear finite element analysis. These data were also 
collected prior to performing the thermal-mechanical stress analysis [2], Table 1 and Table 2. A constant 
Poisson ratio of 0.28 was assumed. 


 


Figure 3: Finite element model of the blade with some life-limiting nodes displayed.  
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Table 1: Dynamic modulus of elasticity and shear modulus for Mar M246 alloy [2]. 


Temperature (K) Elastic Modulus 
(GPa) 


Shear Modulus 
(GPa) 


288 210 82 
317 208 81.4 
995 168 65.7 


1,020 166 64.8 
1,053 163 63.7 
1,083 160 62.6 
1,116 157 61.2 
1,258 139 54.2 
1,269 137 53.5 


Table 2: Tensile properties of Mar M246 alloy [2]. 


Temperature (K) 351 473 569 1073 
Yield Strength 


(MPa) 844 845 841 748 


UT Strength (MPa) 986 990 994 986 
Elongation (%) 4.3 4.23 4.23 4.36 


 


2.2 Engine Modeling and Thermal Boundary Conditions 
The prognosis system uses the actual average TIT or exit gas temperature (EGT) or power for the specific 
engine. Known on-design engine parameters such as rpm, mass flow, exhaust pressure ratio, generator 
efficiency, mechanical efficiency, etc are used to compute the pitch line airfoil temperatures at different stages of 
the turbine under off-design (changing ambient temperature and pressure) engine operating conditions. To 
account for off-design engine parameters, compressor and turbine maps were generated for the RRA 501KB 
engine and these maps form a standard input into the prognosis system. Convection cooling effects are also 
considered in the thermodynamic analysis of the blade airfoil. Another important input into the system is the TIT 
profile and this profile is computed using the average TIT or EGT in conjunction with semi-empirical or 
computational fluid dynamics (CFD) combustor modeling procedures. The computed TIT profile is shown in 
Figure 4. These inputs are used in the advanced thermodynamic module to compute the blade metal temperatures 
in both the radial as well as the chord-wise directions. The metal surface temperatures are then estimated along 
each cross section of the blade including the leading and trailing edges, Figure 5, and this output of the 
thermodynamic module defines the temperature boundary conditions for thermal-mechanical stress analysis. 
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Figure 4: Computed leading and trailing edge temperature distributions.  


 


Figure 5: Temperature profile for RRA 501 KB. 


2.3 Thermal Mechanical Stress Analysis 
The built-in FEA solver in the prognosis system automatically carries out the thermal-mechanical stress 
analysis using the nodal temperature distributions and the maximum engine rotational speed as boundary 
conditions for FEA. It is noteworthy that the 501KB blade is shrouded and the mass of the blade shroud was 
taken into consideration while calculating the centrifugal loads on the blade airfoil by adjusting the density of 
the blade tip nodes. The computed thermal-mechanical stress distributions along the blade are shown in  
Figure 6. The non-linear FEA revealed that none of the blade airfoil regions had undergone any plastic 
deformation under the influence of the loading conditions examined. This is significant, because only time 
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dependent deformation would thus be expected to occur during service. The stress distribution was generally 
quite uniform along the airfoil although, as expected, higher stresses were prevalent in the blade root section. 


 


Figure 6: Von Mises stress profile of the blade.  


2.4  Probabilistic Creep Damage Analysis 
Prior to conducting a detailed probabilistic analysis, a deterministic analysis was carried out to establish the 
probabilistic analysis of the critical nodes by introducing microstructural variability. Deterministic life depicts 
the lower bound nodal life and details of the methodology used can be found elsewhere [3]. Essentially, 
deterministic nodal life is computed by assuming worst case assumptions for all variables. In deterministic 
analysis, a combined creep deformation model that considers deformation along grain boundaries and within 
the grain interiors together with the oxidation damage accumulation along the boundaries was used to take the 
FEA solver input at maximum rotational speeds to compute the creep lives of all nodes and to establish the 
primary fracture critical location of the blade. The fracture critical location of the blade was defined as the 
lowest creep life location in the airfoil. The quantitative microstructural information required to execute the 
damage analysis was collected up-front and this included microstructural variables such as the grain size, 
grain boundary microstructural parameters, intragranular microstructural parameters etc. A combination of 
deformation mechanisms such as the intragranular dislocation movement and multiplication, grain boundary 
sliding accommodated by a number of deformation processes, creep cavitation and a variety of dislocation-
precipitate interactions including the evolution of microstructure due to deformation are considered in the 
overall creep deformation process.  


In keeping with the bulk material deformation rationale, the nodal creep strain at failure was set at 5%. It is 
recognized that the failure strain in the case of cast alloys is dependent on the soundness and the size of a casting.  


Table 3 provides the creep life of four life limiting nodes in the airfoil section along with the respective 
temperatures and stresses operating at these locations. It is evident that the primary fracture critical location 
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lies along one third of the airfoil height on the suction side of the blade (see FEM model in Figure 3). The 
average blade creep life of blades is then calculated by averaging the lives of nodes in the immediate vicinity 
of the fracture critical location within a finite volume of the material. This life is in the range of 70,000 hours. 
According to this analysis, conventionally cast Mar-M246 blades should be inspected after 35,000 hours, the 
MTBF interval was predicted by using a safety factor of 2 [3]. The untwist data available for service exposed 
subject blades indicate that the blades start bulk creep deformation at approximately 60,000 operating hours. 
Some internal oxidation of cooling passages is also observed during service. If this effect is taken into account 
in prognostics analysis, then the predicted usable life of blades would be slightly lower than 70,000 hours. 
Prognosis based numbers thus match favorably with the field experience. 


Table 3: Nodal creep life prediction results of subject RRA 501KB turbine blade. 


Node Stress (MPa) Temp 
(K) 


Life 
(Hrs) 


13236 367.4 855 53,297 


10217 173.5 950 45,097 


12048 151.2 945 61,496 


1713 166.7 975 33,823 
 


In the case of cast equiaxed blades, grain boundary deformation and oxidation plays a dominant role in the 
creep crack initiation process. As a result, grain size (d), grain boundary precipitate size (r) and interparticle 
spacing (λ) also play a major role in the creep deformation process. Typical probabilistic distributions of these 
microstructural features, that take into account the variability of these features from one blade to another, are 
shown in Figure 7, Figure 8, and Figure 9. Most microstructural features possess a lognormal probabilistic 
distribution, [4, 5, 6] that can be written as: 


 Log (d, r, λ) = Gau (μ’(d,r,λ), s(d,r,λ))  (1) 


 


Figure 7: Grain size variation in MAR M246 blades.  
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Figure 8: Grain boundary carbide particle dradius variation in MAR M246 blades.  


 


Figure 9: Grain boundary carbide interparticle spacing variation in MAR M246 blades.  


Where μ’ depicts the mean of the microstructural feature and s is the standard deviation of the variable. Upon 
randomizing these microstructural variables, probabilistic life calculations were carried out under steady state 
operating conditions. Two parameter Weibull creep life distributions were computed for the four critical 
airfoil nodes given in Table 3. A two parameter Weibull distribution is described by: 


 F(t) = 1 – exp –(t/η)β  (2) 


Where F(t) is the cumulative probability of failure, t is the creep life, η is the characteristic life and β is the 
Weibull modulus. The probabilistic distribution of creep life of node number 10217 (see Figure 3) is plotted in 
Figure 10(a) in the form of two-parameter Weibull distribution. It is evident from Figure 10(a) that a threshold 
value of creep life exists and a three-parameter Weibull distribution, that uses t0 correction to account for the 
threshold life, is required for accurate representation of the probabilistic creep life data. The three-parameter 
Weibull distribution is represented by: 


 F(t) = 1 – exp – [(t-t0)/η)]β  (3) 
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(a) Two-parameter Weibull distribution.  


 


(b) Three-parameter Weibull distribution.  


Figure 10: Weibull distributions of creep life for node number 10217. 
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Where t0 is the threshold value obtained from the two-parameter Weibull plots. All four critical nodes 
analyzed revealed a similar life pattern. The t0 corrections were thus applied to all four cases and the resultant 
creep life distributions of the four nodes were plotted. The corrected Weibull distribution for node number 
10217 is shown in Figure 10(b). A correlation coefficient of greater than 0.99 indicates was obtained in all 
cases. 


The creep lives of all four nodes at a cumulative probability of failure of 0.1%F (approximately 1 in 1000 
chance of crack nucleation at the node) are shown in Table 4. Deterministic nodal life values are also 
presented for comparison with the 0.1% F probabilistic analysis results in Table 4. In all cases, the lower 
bound deterministic values match favorably with the 0.1% F probabilistic data. These data indicate that the 
deterministic crack initiation life values or microstructural variability based 0.1% F probabilistic analysis 
results can be used as a guide for predicting MTBF for new blades. Therefore, in light of these findings, 
FMECA-based reliability predictions are not necessary for fleet maintenance if prognostics tools are available 
for life prediction. However, it is necessary to conduct physics based prognosis for accurate MTBF prediction. 
Previous investigations have shown that empirical creep life prediction approaches such the Larson-Miller 
parameter based calculations can be off by as much as a factor of 20 relative to observed field experience [7]. 


Table 4: Probabilistic distribution of nodal creep life. 


Node 


Two 
parameter 


Weibull 
life (hr) 


Three 
parameter 


Weibull 
life (hr) 


Deterministic 
life (hr) 


10217 7,719 46,732 45,097 


13236 13,133 57,323 53,297 


12048 19,144 59,595 61,496 


1713 4,870 33,643 33,823 


 


The microstructure based prognostics analysis can also be used to assess the effects of repairs and 
refurbishment processes simply by assessing any changes in the key microstructural features such as the grain 
size, precipitate size etc. to quantify the MTBF of repaired or refurbished parts rather than waiting for field 
experience to accumulate to judge the reliability of repairs. The microstructural information is easy to 
generate and once the case is set in the XactLIFETM system, scenario analysis can also be carried out to assess 
the cost effectiveness of the repairs from a usage perspective.  


3.0 CONCLUSION 


Prognosis based deterministic and probabilistic creep life analysis was carried out on the subject RRA 501 KB 
first stage turbine blades at maximum operational speeds and turbine inlet temperature. The deterministic 
analysis was used to predict the fracture critical location in these blades and the primary fracture critical 
location was predicted to lie along one third of the airfoil height on the suction side.  


Probabilistic creep life analysis was carried out on the four fracture critical nodes in the airfoil section by 
taking into account the variability of grain size and grain boundary microstructural features such as the grain 
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boundary precipitate size and inter-particle spacing. The average blade creep life of conventionally cast Mar-
M246 blades was computed to be over 70,000 hours yielding a lower bound deterministic MTBF of over 
35,000 hours. Internal oxidation effects were not considered in the present analysis and this would reduce the 
predicted creep life and MTBF for the blade. 


At 0.1%F, the probabilistic nodal creep life values match favorably with the deterministic nodal creep life 
values. These data can be used to establish blade reliability and to make decisions about MTBF for fleet 
maintenance. Microstructure based prognosis can also be used to establish the reliability of repairs by 
generating the relevant microstructural information and conducting future usage based scenario analysis.  
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1.0 INTRODUCTION 


The EADS, Military Air Systems is one of the biggest aircraft manufacturer and service provider for military 
aircraft in Germany. Some of the important tasks at Manching plant are the repair and overhaul of the German 
Air force fleet as well as the final assembly of new generation fighter aircraft. The tasks of the NDI-
department reach from crack and corrosion detection in metallic structures to delaminations and disbonds in 
composite materials like CFRP.  


The aircraft fleets of all NATO air forces have to be maintained to assure mission reliability. With the 
proceeding age of some aircraft types the part of NDI during maintenance terms will grow up permanently 
and so the NDI-part of cost and time during maintenance increases more and more. This is in contrast to the 
main goal of the NATO partner “improving the availability of aircraft fleet during maintenance”. This paper 
shows some examples how to tackle this general problem. 


2.0 AIRCRAFT STRUCTURAL PROBLEMS 


With the rising age of the aircraft fleet the structural problems like: 


• corrosion, 


• fatigue cracks, 


• delaminations / Impacts, 


which have to be examined with NDI methods increases significantly. To assure mission reliability life cycle 
extension arrangements has to be implemented. Such arrangements are mostly: 


• additional non destructive inspections or  


• shortened intervals of tests.  


This means the volume of NDI will be grown up in the future but this is in contrast to the main goal 
“Reduction of downtime during maintenance”. So the role of NDI for saving arrangements during 
maintenance becomes more and more important. But where are the saving potentials inside NDI? 
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3.0 IMPROVED NDI METHODS 


Before improving NDI methods two essential questions has to be answered: 


1) What is about the spare part availability?  


Especially for aging aircrafts spare parts (mostly metallic) are barely available or cost intensive to 
provide (single part manufacturing). 


2) How can we reduce the inspection program or inspection time during maintenance? 


Using improved NDI methods defects can be found in an earlier stadium. This means the structure reliability 
would be increased but the costs and time for repair or part exchange and thus aircraft downtime rise. This is 
in contrast to our main goal. To solve this problem we have to leak the ball to the structure people for 
discussing the following questions: 


• Is it really necessary to improve the sensibility of inspection methods to find smallest defects?  


• Can we enlarge allowable defect sizes without endanger the flight safety of aircraft to extend inspection 
interval? 


This paper emphasise more the answer of the second question, “Reduction of inspection time”. 


Regarding the inspection method and its performance without data treatment and documentation three 
essential items come to the fore: 


1) Reduction or avoiding of preparation: 


a) Surface treatment. 


b) Disassembly. 


2) Reduction of testing time: 


a) Test speed. 


b) Building up of the test systems in situ. 


c) Analysing test results. 


3) Reduction or avoiding of post-processing: 


a) Surface cleaning. 


b) Surface treatment (e.g. corrosion prevention). 


c) Reassembly. 


These items has to be consider while development of new NDI techniques. 


4.0 CASE STUDIES 


Application of improved NDI methods during inspection terms of aircraft maintenance offers a great potential 
of time saving effects. The following case studies should show possibilities where improved NDI methods can 
be successfully applied. 
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4.1 Mission Aircraft AWACS E3A (Corrosion Detection at Wing Fixed Skin) 


 


Figure 1: Mission Aircraft AWACS E3A (Corrosion Detection at Wing Fixed Skin). 


The test procedure for this inspection envisages a visual inspection of areas around the fasteners. Corrosion 
has to be worked out and the repair has to be evaluated by a wall thickness measurement by means of a dial 
gage. Using an ultrasound scanning system the measurement time can be reduced significantly (it aggregates 
up to 50%) and besides the whole area can be mapped. This provides more information about the structure 
behind the surface and the wall thickness of each point inside the test area. Especially for corrosion detection 
based on wall thickness measurement at large areas ultrasound scanning systems has to be the first choice. 
Before using such a system some qualification work has to be done. 
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4.2 Mission Aircraft AWACS E3A (Detection for Debonds in ROTODOME Structure) 


 


Figure 2: Mission Aircraft AWACS E3A (Detection for Debonds in ROTODOME Structure). 


This case study deals with the application of a new optical measurement system (shearography) in the military 
aviation to detect debondings in the double honeycomb structure of the rotodome. The technical order 
prescribed a resonance inspection technique with multiple sensors. This is a quick inspection with a moderate 
defect resolution. But applying an optical test system which works contactless has special charm and the 
testing time can be reduced over again.  


At the moment shearography is not qualified for such an inspection yet. Further more the free of failure of the 
coverage paint caused by the vacuum excitation has to be verified. Due to this presently some examinations 
will start at Manching site. 
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4.3 Fighter Aircraft F4-F Phantom (Detection of Fatigue Cracks in Wing Stiffener at Lower 
and Upper Skin) 


 


 
Cross Section of a Wing Stiffener 


crack
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Bore holes
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Figure 3: Fighter Aircraft F4-F Phantom (Detection of Fatigue  
Cracks in Wing Stiffener at Lower and Upper Skin). 


According to the technical order the wing stiffener has to be checked for cracks periodically. The actual 
approved NDI method is manual ultrasound. The inspection consists out of three steps: 


1) Locate the stiffener position and marking. 


2) Ultrasound test in longitudinal mode. 


3) Ultrasound test in transversal mode. 
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This is very time consuming and the long work overhead is very strenuous for the inspector. 


All this work can be done by ultrasound phased array in on step. The phased array probe provides a c-scan of 
the test area. The test can be done in a few second per stiffener and the evaluation of the data can be done to a 
later point of time at a desk. Further more the circumstantially marking and particularly the removal of the 
marks can slipped: The estimate time savings amount about 50%. 


4.4 Fighter Aircraft TORNADO (Detection of Corrosion at the Wing Diffusion Joint) 


 


 


Figure 4: Fighter Aircraft TORNADO (Detection of corrosion at the wing diffusion joint). 
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Similar to the first case study corrosion detection at the diffusion joint of the fighter aircraft TORNADO 
should be performed at the back wall of the structure. This inspection will be performed by means of 
endoscope yet. The problem of this inspection is that the corrosion cannot be removed. So the complete wing 
has to be changed by severe indications of corrosion. 


Using ultrasound scan equipment on the basis of a wall thickness measurement from the lower side of the 
skin, corrosion can be detected earlier. The C-scan images out of the ultrasound scan provide the possibility of 
a mapping and so the comparison between result images out of prior inspections is possible. This will help to 
monitor the corrosion growth. 


4.5  Mission Aircraft Breguet Atlantic (Detection of Debondings in Honeycomb Structure) 


 


Figure 5: Mission Aircraft Breguet Atlantic (Detection of debondings in honeycomb structure). 
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In a European technical project named INCA a shearography demonstrator has been developed. The main 
goal was to exchange the actual Inspection methods (manual ultrasound and resonance inspection at the 
fuselage and wings) with shearography. In this study it was demonstrated that shearography can be applied at 
aircraft under maintenance conditions. Only suspect areas have to be examined closer with manual ultrasound 
or resonance inspection. The time savings were estimate to 50%. 


Such test systems are available on the market now. But there are many things to improve before the system 
can be applied for such tasks. 


5.0  SUMMARY 


All case studies shown before are a choice of many possibilities where the application of new NDI methods 
and concepts can improve mission availability.  


To advance the activities in improvement of NDI methods the following items have to be regarded: 


• Qualification and approval of new NDI methods for maintenance work of NATO aircrafts.  


• Reconsider defect tolerances for a better prevention or avoidance of useless works. 


• Reconsider the spare part supply to make critical decisions easier (Changing of the part or not). 


• Improvement of repair processes of new materials like composite to make assessments of the repair 
easier. 


• Improvement of the reporting (fill in data semi automatic). 


 
 





		The Use of Advanced NDI to Reduce the Duration and/or Frequency of Preventative Maintenance – German Air Force Experience  

		1.0  INTRODUCTION

		2.0  AIRCRAFT STRUCTURAL PROBLEMS

		3.0  IMPROVED NDI METHODS

		4.0  CASE STUDIES

		4.1  Mission Aircraft AWACS E3A (Corrosion Detection at Wing Fixed Skin)

		4.2  Mission Aircraft AWACS E3A (Detection for Debonds in ROTODOME Structure)

		4.3  Fighter Aircraft F4-F Phantom (Detection of Fatigue Cracks in Wing Stiffener at Lower and Upper Skin)

		4.4  Fighter Aircraft TORNADO (Detection of Corrosion at the Wing Diffusion Joint)

		4.5  Mission Aircraft Breguet Atlantic (Detection of Debondings in Honeycomb Structure)



		5.0  SUMMARY








 


RTO-MP-AVT-144 4 - 1 


 


 


Improvements of Aircraft Availability Within  
the Royal Netherlands Air Force  


Drs. Ing. C. Andela 
National Aerospace Laboratory NLR 


P.O. 153 
8300 AD EMMELOORD 


NETHERLANDS 


andelac@nlr.nl 


ABSTRACT  


Improvements in aircraft availability allow better assignment of aircrafts to specific missions. Aircraft 
Availability is important to reach the organisational goals like ‘air power’ and mission availability. The 
performance indicator Aircraft Availability gives insight of the contribution to the mission capability of the 
fleet. 


Depending on the goal, there are different ways to calculate Aircraft Availability. In one definition of 
Availability the performance parameter depends on the Mean Time Between Failures and the Mean Time To 
Repair (corrective maintenance after a failure has occurred).  


Improvements of Aircraft Availability are not always performed on the same level of the performance 
indicator itself, but on a more detailed level. In the above mentioned definition of Availability, a higher 
availability is reached by increasing the MTBF and/or decreasing the MTTR.  


Within the RNLAF, Aircraft Availability is not monitored stand alone but in conjunction with other logistic 
indicators. All is embedded in the business policy “Integral Weapon System Management”. 


Defining the right indicators to control the availability is not easy; the indicators must be carefully tuned 
between business goals on the one hand and (maintenance and supply) processes on the other hand. 
Additionally, also norms, measurement band width and organisational requirements must be defined.  


In this report an oversight is given of the used indicators of Aircraft Availability, and a start of the discussion 
of “What is a right indicator” is made.  


1.0 INTRODUCTION 


Aircraft Availability (AA) is a global performance indicator that is useful for management to control the fleet 
and the MOB. The RNLAF has incorporated a managerial control concept: Integral Weapon System 
Management (IWSM). The purpose of IWSM is to guarantee availability and exploitation of the system 
during the whole life cycle of the system. The intention is to seamlessly integrate supporting processes of the 
(weapon) system, by introducing standards and norms for logistics. The implementation of these logistics 
processes should be cost-efficient and minimising life cycle cost. This, however, may not influence 
airworthiness.  



mailto:andelac@nlr.nl





Improvements of Aircraft Availability 
Within the Royal Netherlands Air Force 


4 - 2 RTO-MP-AVT-144 


 


 


IWSM comprises the following function scopes: 


• Product Management: determines the requirements of a weapon system, to during the whole life cycle 
meets the operational needs. 


• Configuration management: identifies and controls configurations and changes in configurations.  


• Integrated Logistics Support management: integrated logistics support of a weapon system, during the 
whole life cycle appropriate logistics support against controllable costs.  


• Contract Management: set up of agreements with suppliers of products and services. 


• Financial management: planning and realisation of cash flow. 


• Quality management: organising and guaranteeing of quality, by a quality system according 
determined requirements of products, services, and processes. 


• Administration: facilitates managerial information for IWSM. 


The responsibility for each weapon system, such as F-16, Chinook, and Apache, is dedicated to the weapon 
system manager, who reports long term enhancements and periodically evaluation of the performance 
indicators. The weapon system manager is responsible for the managerial process of norms, requirements, and 
directives to control the underlying executing process.  


In this IWSM management concept the emphasis is the realisation of employability of the weapon system. 
This employability or system effectiveness is divided into: 


• Operational availability: 


 System reliability. 


 Maintainability. 


• Mission reliability. 


• Conformity of design. 


These are the roots/fundamentals of the interest of the RNLAF in availability. 


In the next section different kinds of availability will be explained, including their goal and definition. In 
section 3 some of the basic routines of working with indicators are described, supported with daily practices. 
Since aircraft availability is a too broad indicator to manage solutions of logistic processes, is section 4 
looking for more appropriate indicators. The implementation of new performance indicators is pointed out in 
section 5. Finally in section 6 the conclusions are given. 


2.0 AIRCRAFT AVAILABILITY 


Availability is defined (according to NATO ARMP-7):  


“the ability of an item to be in a state to perform a required function under given conditions  
at a given instant of time or over a given time interval, assuming that  


the required external resources are provided.” 
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In the broadest sense, Aircraft Availability (AA) is defined as the portion of time the weapon system can fulfil 
the dedicated function. Availability is also dependent of reliability and maintainability of the system. 


RNLAF divides AA into: 
• Inherent. 
• Operational. 
• Scheduled. 
• Unscheduled. 


All four indicators are used by the RNLAF and have their own formula.  


2.1 Inherent Availability 
Inherent availability is a performance parameter that depends on the Mean Time Between Failures and the 
Mean Time To Repair (corrective maintenance after a failure has occurred). In mathematical terms, it can be 
defined as:  


MTBF 
MTTR + MTBF 


Ai = 


  


Inherent Availability (Ai) is defined as the availability that does not take delay times into account like: 
• Waiting for support capacity. 
• Internal transport. 
• Waiting time on spares. 


Given the formula, it is obvious that a higher availability is reached by increasing the MTBF and/or 
decreasing the MTTR. The latter applies to corrective maintenance, whereas the first can be done by using 
high-reliability parts or by implementing preventive maintenance.  


The Ai generates the highest possible upper limit of the availability of the system. The amount and the 
influence of any delays in the processes are depending on the way the logistic support has been implemented 
and is recognisable in operational availability (see Section 2.2).  


Ai is a good indicator to evaluate the influence of the values of MTBF and MTTR of each of the (sub) 
components on the system as a whole.  


2.2 Operational Availability 
Operational Availability (Ao) in the contrary does include delay times, corrective and preventive maintenance. 
This is a more ‘realistic’ approach, since losses in processes are hard to prevent. 


 
MTBMA


MTBMA + MMT + MLDT
Ao 
=   


Legend: 
MTBMA= Mean Time Between Maintenance Actions 
MMT= Mean Maintenance Time  
MLDT= Mean Logistic Delay Time 


Legend: 
MTBF= Mean Time Between Failure 
MTTR= Mean Time To Repair 
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The difference between MTTR (in Ai) and MMT is that MTTR only calculates an average of corrective 
maintenance activities and MMT involves both preventive and corrective maintenance actions.  


The Ao is the indicator for employability and is dependent on the ratio of preventive and corrective 
maintenance and the accompanying delays, against the total active time of the system. This quantitative 
indicator gives insight in the areas (for example delivery delays or lead time of a maintenance example) in 
which the most successful improvements could be made.  


Also Ao can be expressed as a ratio of the time in which the weapon system is available, over the total time 
that is to be taken into account.  


2.3 Scheduled Availability 
Next implementation of AA is scheduled availability, which calculates availability in a slightly different way. 
It is based on the time the aircraft is ready (fully or partially) for a mission and the time spent on scheduled 
maintenance. The formula for Scheduled Availability (As) is: 


   


As is defined as the portion of time, in which a weapon system fulfils the needed function. In this definition 
only scheduled maintenance is ‘planned’. Pre condition is that unscheduled maintenance is not calculated. The 
availability is calculated only to take into account preventive maintenance action.  


2.4 Unscheduled Availability 
Unscheduled Availability (Au) is defined as the portion of time that a weapon system fulfils the required 
function, assuming there is no scheduled maintenance. The availability is calculated by corrective 
maintenance.  


  


The RNLAF is interested in the availability of the F-16 minus time spent on scheduled and unscheduled 
maintenance. The goal is to reduce the unscheduled maintenance part. The causes of a high value of Au is 
investigated.  


2.5 Results 
Monthly, management is reported on availability of the total fleet and per unit. The units are the MOBs of the 
Netherlands, the training, and out of area locations. The reports give insight in NMCM due to modification, 
preventive and corrective maintenance.  


Legend: 
FMC= Full Mission Capable 
PMC= Partly Mission Capable  
NMC= Not Mission Capable due to unscheduled maintenance  


Legend: 
FMC= Full Mission Capable 
PMC= Partly Mission Capable  
NMC= Not Mission Capable due to scheduled maintenance 


FMC + PMC 
FMC + PMC + NMCscheduled 


As = 


FMC + PMC 


FMC + PMC + NMCunscheduled 
Au = 
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Table 1: Figures of Aircraft Availability. 


Aircraft Availability 
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%
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Inherent ? C 


Operational 38 C 


Scheduled ? C 


Unscheduled ? C 


Norms of inherent, scheduled and unscheduled availability are not defined yet. Ai is not measured, which 
doesn’t mean there is no interest to deliver and control these figures, but at the moment there is no clearly 
defined method to measure the indicators. 


These indicators, however, do not provide enough insight regarding system performance for management 
controlling the execution of the involved processes. Just indicating that the MTTR of component x is too long, 
is not enough to improve the MTBF. A detailed research is necessary, to explore the cause of the high MTTR. 
Is it because the delivery times of a new component or the old fashioned way to remove the component, or a 
sick maintainer?  


To control the logistics and maintenance activities in more detail, the RNLAF has defined several 
performance indicators. 


Table 2: Figures of other performance indicators. 


System effectiveness Maintenance Logistics  
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FH per tail 189  MTTR ?  Reliability of supply 80  


FH per range ?  MMH/FH ?     


Sorties ?  MMH ?     


Landings   ...   ...   


The table gives insight in which PIs are reported. The real figures are confidential. Also norms are hard to find 
due to the variance in circumstances in different periods. Also some logistic indicators are still under 
development.  


In the next section more clarity about the difficulties with performance indicators are given.  







Improvements of Aircraft Availability 
Within the Royal Netherlands Air Force 


4 - 6 RTO-MP-AVT-144 


 


 


3.0 PERFORMANCE INDICATORS 


3.1 Introduction 
A whole set of performance indicators is necessary to manage underlying processes. Starting at the highest 
level, with AA and further explored to e.g. number of landings. Currently, more attention is paid in defining 
the right indicator for a specific goal. The goal could be: 


“Improve the availability of system x with 20%.” 


Since several delays are caused by the logistic support process, this process analysed and a start is made to 
define the right indicators to control the process.  


Defining a performance indicator is not easy. A ‘good’ indicator is: 


• Specific (What exactly is measured?). Availability as in Ao. 


• Measurable Quantifiable (express in numbers). Ao is hours (working days).  


• Acceptable (by owners and performers). Ao + 5%. 


• Realistic. Increase of Ao in 2005 was 3%. 


• Timely. To be achieved at 01/05/2007. 


A performance indicator is expressed in a number and is related to a norm. A norm is determined on forehand 
and there must be a certain competition to reach the norm. On forehand is needed because otherwise it is 
possible to manipulate the outcome. When a norm is ‘too low’, people do not get motivated by reaching the 
norm and they get disinterested. Striving towards a goal, gets the people motivated and willing to reach the goal.  


Periodically the indicator is evaluated, and based on that information the process is adjusted or maybe new 
improvements are introduced. After a while, it is noticed that the norm is easy to reach. Then the norm is re-
adjusted. The Plan-Do-Check-Act cycle is incorporated.  


 


Figure 1: Deming PDCA cycle. 


PLAN 


DO 


CHECK 


ACT 
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3.2 Goal 
The Ao is divided into reliability of the system, and maintainability with the accompanying maintenance 
concept. These characteristics are geared to the logistic support organisation. The Ao of a system is subtracted 
from the operational demand (the total number of required flight hours). The goal of the RNLAF is to gain 
airpower. This is not possible without the necessary logistics support to system effectiveness.  


The quantitative performance indicators of the RNLAF are set up to attain the goal of the indicator. Within the 
RNLAF, availability is addressed from a ‘logistic’ point of view and aims in particular for a lower MTTR. 
Repair processes may lead to a high MTTR due to inefficiencies. The supporting processes and available 
resources are decisive for the execution of the maintenance process. 


Also, according to the IWSM concept, it is necessary to guarantee the airworthiness by improving processes 
against lowest possible life cycle cost (LLC). Nowadays, the LLC of the F-16 are approximately 23 billion 
Euros (see [1]). That gives a good reason to constantly improve the supporting processes and to keep control 
of the efficiency of the activities. 


3.3 Level of Detail 
The AA is calculated to the total fleet and this is a global indicator. Also AA is reported per MOB, which is a 
dedicated figure of the total availability of the F-16’s of that MOB. The figures are influenced by some 
management/business priorities: 


1) Out of area operations. 


2) Training. 


3) MOB flying. 


Decisions sometimes are made to shift aircrafts from MOB flying in favour of an Out of Area operation. This 
influences the total availability of a unit.  


The level of detail of the measured indicator is very important. For management at the highest level, like the 
head of the Department of Defence, it is sufficient, but at the shop floor, it is a very poor indicator of what is 
happening at the squadron.  


Obviously, aircraft availability does not say a thing about the lead-times of a pre-flight inspection. The 
indicator must be tuned to the organisation level and the goal of the measurements.  


Since the availability of the F-16 is decreased to 30 %, some extra countermeasures on logistic support were 
taken, like: 


• Implementation of integral supply chain management. 


• Training of personnel. 


• Administration of war readiness kits. 


These measurements are all aiming to remove the delays from the maintenance actions. The challenge in this 
area is to predict the expected demand of spare parts, and the date on which the parts are needed. Too often, 
modules or parts are sent to the supplier for repair and the expected return date is unknown.  
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3.4 Defining Norm 
Mostly, the norm is defined as a result of expectations of the involved people. As soon as the first results are 
reported, a feeling whether it is good or bad, will come up.  


Performing below the specified norm is (often) not immediately ‘wrong’. There is a bandwidth that gives the 
playground in which the results can vary. The band width could be determined by the norm plus or minus 
10%. Results within this band width are ‘good’, below the band width, actions of the action plan should be 
taken to improve the results.  


Sometimes results are very fluctuating, and then it is hard to determine an appropriate norm (like “East” in 
Figure 2). The defined norm plus or minus 10% no longer persists. Taking the right actions is even harder, 
since the next period the indicator is performing well. The indicator is not chosen well, and a new indicator 
should be defined.  
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Figure 2: Results and norms. 


3.4.1 Units of Indicators  


Defining the unit for an indicator is also important. Questions like “Should the unit of this indicator be flight 
hours or ‘normal’ hours or can it be a day, 24 hours, or should it be 8 hours (a working day)” are central in 
this discussion. This should be determined on forehand.  


In relevant cases, also the measuring instruments must be defined, e.g. a stopwatch or a wall clock. For 
maintenance actions of the F-16, the information system CAMS is in use. In CAMS, several maintenance 
parameters are registered. The information is used for the monthly reports. Indicators can be distracted from 
the CAMS database. The quality of the input is decisive of the calculation of the indicators. Everyone has to 
register the same information in the same database field, because otherwise comparison is impossible.  
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3.4.2 Plan of Action 


There should be a plan behind this principle, which describes the actions that should be taken in case of results 
under or above the norm. In the plan, the possible causes of (for example) delays are described and which 
solutions for the causes are available. When the results are below the norm, the corresponding actions are taken.  


Improvements are made when the target is adjusted in upwards direction. In that situation, a new norm with a 
new band with is defined.  


4.0 NEW PERFORMANCE INDICATORS 


Defining a ‘good’ indicator looks simple, but to define the sufficient set of indicators on each organisation 
level is not an easy job and requires dedicated precision. The challenge is to guarantee the relationship 
between strategic goals and the mutual influence of each indicator. For example, the goal is ‘airpower’. This is 
delivered by weapon systems. These weapon systems have, amongst other, a certain ‘system effectiveness’, 
which can be divided into: 


• Operational availability. 


• Mission reliability. 


• Conformity of design. 


The AA is too ‘global’ a parameter to control the process at MOB level. A specification (or breakdown 
structure), like above in more detail is necessary.  


A well-defined indicator represents a thorough knowledge of the processes and its activities. Aircraft 
availability supposes knowledge of the aircraft, but also of the logistics processes. When the right set of 
indicators is chosen, the process is managed and improvements could be implemented following the plan (see 
Section 3.4.2). 


4.1 Relevant Research 
Research can be helpful in defining new performance indicators.  


The National Aerospace Laboratory, NLR, is specialised in research on health and usage monitoring of 
aircraft. Airframe and engines are the main topics, for which parameters are identified that can help managing 
the supply and maintenance process. NLR is specialised in dedicated in depth research, where it for a ‘normal’ 
organisation not cost efficient is to hire a researcher. 


Also, the RNLAF conducts several studies internally to investigate the main causes of a relatively low score 
on availability.  


4.1.1 Engine Life Management Plan 


The Engine Life Management Plan (ELMP) studies the Scheduled Depot Visits of the F-100 engine of the F-
16, during the remaining life time of the F-16. The goal of this research was to make a model of a cost 
efficient method to phase out the F-16, with a sufficient fleet size of F-100 engines and without loss of 
airworthiness. Also, choices of upgrading, buying new modules, or repairing, are seen in the perspective of 
ageing. 
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The outcome of the study was a model which gives a prognosis of future maintenance actions. Several 
simulated time intervals to phase-out the engines were examined. The model calculates the most cost effective 
time interval for phasing out the engine.  


Used parameters were start and end of the phase-out interval, usage (cycle rate), and fleet flight hours per 
year. The cycle rate is a good indicator for expected maintenance.  


4.1.2 Module Matching 


Maintenance of the engine is based on the consumption of engine cycles. After 2.000 or 4.000 cycles 
(depending on the module) an overhaul is planned. The goal is to select modules within one engine which 
match with respect to remaining life. This way scheduled maintenance will be in phase for the modules 
involved which will increase the engine availability. 


In practice the feasibility of matching is limited. Swapping modules between MOBs in order to assemble 
engines with matching modules will (initially) give an (unacceptable) availability decrease. In addition, major 
module modifications may ‘zero’ the lifetime of a module inventory and thereby excluding matching 
opportunities.  


4.1.3 Flight Regime Recognition 
A ‘regime’ is considered as a combination of flight conditions, manoeuvres, and specific events such as rotor-
start-stop-events. These regimes can be identified and classified according to their effect on fatigue damage. 
Regimes may also be combined with a distinctive parameter that indicates loads severity.  


 


Figure 3: Chinook with load. 


By flying a specific regime, the damage on the system can be predicted, and Life Cycle Management 
implemented. For example, hovering with a Chinook is less damaging to the airframe then transporting heavy 
loads. A sort of ‘damage indicator’ (Chinook Damage Indicator, CDI) can be defined, which gives an idea of 
the maintenance loads, and gives recommendation to the pilots. 


During the study the tool “PROUD” (PROjected Usage Damage tool) was built. This is a simple and 
straightforward Chinook damage prediction tool in an Excel spreadsheet calculation, based on usage 
information. It is able to predict the relative severity of certain usage scenario’s and OOA operations. The tool 
may support fleet managers, maintainers, operators, and planners in logistics decisions connected to future 
Chinook operations.  
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The proposed CDI is a useful parameter, but yet is not implemented in the ‘normal’ reporting cycle of the 
RNLAF. 


4.1.4 Reliability Centred Maintenance  
In this study, some ‘new’ maintenance performance indicators were defined. Goal of the research is to have 
insight in the reliability of engine maintenance and the (cost) drivers of maintenance. Indicators like 
Maintenance Manhours, shop visit rate, LRU rate are input to manage the logistic process on a regular basis. 


This study will be finished by the end of this year, but is very promising regarding new appropriate and well-
defined performance indicators. 


4.1.5 Prognostic Health Monitoring 


Recently, more attention is given towards ‘on-condition’ maintenance. The concept is summarised in the term 
Prognostic Health Monitoring (PHM). PHM is based on the consumption of the (remaining) lifetime of parts 
that is predicted by sensors. PHM has the ability to predict the future health status, and the ability to anticipate 
on problems and required maintenance actions. Thus, failing of parts is predicted and the accompanied 
maintenance actions are planned.  


 


 


Figure 4: Tools of PHM. 


This is achieved via the following pillars: 


• Diagnostics – the process of determining the state of a component to perform its function(s). 


• Prognostics – prediction of the remaining life or time span of proper operation of a component. 


• Health Management – the capability to make appropriate decisions about maintenance actions based 
on diagnostics/prognostics information, available resources and operational demand. 


PHM is one of the ‘new’ concepts of the JSF, but is also useful for legacy systems. By using PHM it is 
possible to extend the normal interval of inspections (e.g. from 150 to 200 FH). The concept uses many 
performance indicators to calculate the health of the system. 
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4.2 Control of Supply Chain Management 
Supply Chain Management is the process of planning, implementing, and controlling the operations of the 
supply chain with the purpose to satisfy customer requirements as efficiently as possible. Supply chain 
management spans all movement and storage of raw materials, work-in-process inventory, and finished goods 
from point-of-origin to point-of-consumption. 


The whole supply chain management organisation should be ‘lean and mean’. Enhancing just a part of the chain 
leads to a partially optimised process, since the total chain stays as strong as the weakest link. Another advantage 
to of ‘chain management’ is that users are aware of their influence on the next step/activity of the chain.  


A reorganisation within the RNLAF established article-, and SCM managers with an obvious role accompanied 
with responsibilities and competences. Besides that, internally are Service Level Agreements (SLA) installed to 
between partners in the supply chain: customers, suppliers, technical, and logistical departments. 


4.3 Contracting Availability 
Where possible, the RNLAF establishes Public Private Partnerships (PPP) to outsource dedicated activities. 
This influences the responsibility of a specific part of the process and that provide continuity in the process to 
reduce risks and that improve cohesion in maintenance activities.  


Subcontracting the availability of spares, components, or systems based on operational availability is difficult, 
because the responsibility of delays can not assigned to the supplier, unless all maintenance is contracted by 
one supplier. On the other hand, subcontracting based on inherent availability also has its disadvantages since 
the supplier hardly can be appealed to delays in the process. 


Contracting of availability is a discussion between measurements and responsibilities. 


4.4 Supporting the Process 
The RNLAF is preparing its organisation towards implementation of an Enterprise Resource Planning (ERP) 
tool. In this tool, not only personnel, planning and finances are incorporated, but also the above discussed 
indicators are included. The supply chain, with all its surrounding disciplines (Human Capital Management, 
Customer Relationship Management, Financial Management etc.) is controlled in more detail. 


The ERP system is implemented at all armed forces, by a special project team Strategic & Process ERP 
Enabled Reengineering (SPEER). The team tunes the business processes to the ERP system. Diversity 
between armed forces is less possible, but maybe also reduces the benefits of a dedicated optimal 
measurements system.  


5.0 IMPLEMENTATION ISSUES 


The challenge is defining the right indicator, with the right norm, implemented by the right organisation.  


5.1 Quality of Personnel 
The most important production factor is human capital, but it is probably the one with mostly uncontrollable 
external circumstances. The RNLAF invest in their human capital with training and employees benefits. 
Unfortunately there are some (demographical) changes in the populations which are hard to restructure.  



http://en.wikipedia.org/wiki/Supply_chain

http://en.wikipedia.org/wiki/Management

http://en.wikipedia.org/wiki/Raw_material
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In the Netherlands, relatively a few students choose a career in technical jobs. Besides that, the RNLAF 
mainly offers short term contracts, so after three or four years, the technicians have to leave the building. The 
RNLAF had a tradition of life time employment, but that philosophy is left.  


The Dutch government has made some drastic cut-backs in the defence budgets, and has defined a personnel 
maximum per function.  


Also, RNLAF wants to play a role in Out of Area missions and these missions always comes first, which 
leaves people at the MOBs with high pressure of work.  


The conclusion is that in this area, although this is very needed, improvements are not realistic. 


5.2 Organisation 
‘The’ organisation is responsible for implementing the right indicators. That is: not only defining it, but also 
evaluating and taking countermeasures. In an idealistic situation, the norms are being defined by another 
department then the department responsible for the measurements. This principle is called (in Dutch) 
“controle technische functie scheiding”, which separates the executing process from the control processes.  


5.3 Logistic Indicators 
Several investigations lead to new insights on how weapon systems could be managed best. Measuring all 
parameters and indicators, is time consuming and inefficient, and, hence, a choice must be made. A new 
valuable indicator for logistics is the reliability of lead times. Goal is not only to plan maintenance better, but 
also to plan a Bill of Material with dedicated delivery times. The suppliers are ‘forced’ to give a planned 
delivery date and the technicians are ‘forced’ to plan their work.  


5.4 Improvements of the Process 
Controlling the supply chain from begin to end is not completely implemented yet. For example, when parts 
are sent to the repairing party, it is unknown when they will return.  


The following (but not limited) improvements are possible:  


• Smoothing of the procurement process to improve the availability of spare parts. This aims at having 
the right spare part, at the right time at the flight line.  


• Reducing the time spent on corrective and preventive maintenance by having a closer look at the 
maintenance activities themselves.  


6.0 CONCLUSION 


AA looks a good indicator to have insight the availability of the fleet, but is not dedicated to the job of 
improving the availability. Therefore more dedicated and detailed indicators are necessary. Defining a good 
indicator is not easy. Experiences of other air forces are a welcome completion in this process.  
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ABSTRACT 


This paper describes the Czech approach and experience gained during development of the Czech Subsonic 
Advanced Light Combat Aircraft L-159 (ALCA), from the point of view of maintenance concept and logistic 
support in general. 


The L-159 is the first aircraft developed and produced in the Czech Republic after the year 1989 according to 
MIL-STDs. Prior to the L-159 aircraft, which was designed with respect to the requirements of “On-condition 
Maintenance”, the Czech Air Force fleet inventory consisted Russian production combat type aircraft and 
Czech production training aircraft with maintenance concept based on Scheduled Maintenance and aircraft 
and engine Overhauls. This paper presents the differences between the two maintenance concepts and 
describes the results that have been observed in the field. 


According to the operational plan to develop a light combat aircraft, which was initiated in the year 1992, the 
decisive requirements on combat usage were defined. The plan also described the main milestones of the 
project including the aircraft fielding demonstration, short project lead-time and issues related to logistic 
support.  


This paper describes the aircraft design and its impact to the proposed and implemented logistic support. The 
entire logistic support has been prepared according to MIL-STD-1388-1A and the individual tasks are 
described, including the methods of fulfilment of selected subtasks, as well as the issued of preparation of 
logistic support analyses (LSA) according to MIL-STD-1388-2B under the conditions of international project 
while participation of the companies from USA, Italy, France, and UK. 


The process of application of customer requirements from the Use Study prepared in the year 1996, until 
determination of optimum maintenance concept and implementation of changes of the organizational 
structure at the user (CzAF) side is described in the next part of the paper. The paper mentions the main 
stages of creation of the logistic support system and the set of technical publications for the Czech Air Forces. 
The paper further analyzes the impacts of the aircraft fleet reduction, decrease of the number of air bases and 
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decrease of the annual flight hours per aircraft unit to the entire logistic support system, and the LCC. From 
the point of difficulty and fulfilment of deadlines, the most critical element of the logistic support evaluated is 
the preparation, verification, and delivery of technical publications. 


The paper describes HW and SW means for monitoring of condition and service life of the aircraft and its 
systems and their influence to the maintenance concept, which was originally requested as the “on-condition” 
type. The paper also specifies the influence of the requested time schedule of completion of development and 
of the issues of the own maintenance system development process from the “On-Condition” to the “Combined 
Maintenance System”. It means that for engine, avionics and airframe structure is on-condition maintenance 
applied and airframe systems have scheduled maintenance concept. 


The paper discusses the methods of fulfilment of the individual parameters of reliability, availability, and 
maintainability in the process of realization of the project until the current operation of the modified fleet of 
the L-159 aircraft. Fulfilment of the required values of parameters is documented by evaluation of operational 
data from practical proof during operational usage of the aircraft during deployments and exercises of allied 
forces. 


In the context of the necessity of further improvements, simplification and price reduction of the support 
concept, the paper analyzes the necessity to ensure the mutual exchange of operational data. Therefore, the 
paper describes in the end the system of data exchange between the user and the manufacturer, which 
includes the data from the aircraft operation, provided analyses and measures proposed to decrease LCC. 


In the end, the paper contains the experience gained during the transition from one maintenance system 
(Scheduled Maintenance Period) to another (On-Condition) for the aircraft category of “Subsonic Light 
Combat Aircraft” – the CzAF L-159. 


1.0 INTRODUCTION 


With the retirement of the last Mig-21 aircraft units in the year 2005 the decades-long period of utilizing 
Soviet jet technology in the Czech Air Forces (CzAF) came to an end. The CzAF operated the following 
aircraft types during the 1980’s and 1990’s: Su-7, Su-22, Su-25, Mig-21, Mig-23, and Mig-29. These aircraft 
came to the CzAF inventory as established and operated types including full logistic support. They were 
purchased from the USSR, where these aircraft were developed, qualified and already in service for several 
years prior to delivery to the CzAF. Their implementation into service also meant to manage the 
corresponding system of operation and maintenance. 


The Czechoslovak production jet aircraft L-29 and L-39 were used as trainers. They were delivered from the 
beginning of the 1960’s or 1970’s. These aircraft were designed according to NP CAGI standards (design 
standards for military aircraft of USSR). 


The situation changed after 2005. Today, the CzAF operates two types of tactical aircraft the JAS-39 Gripen 
(12 a/c of C-version and 2 a/c of D-version) and L-159 (24 a/c). The JAS-39 Gripens are operated using a 
lease agreement between the Kingdom of Sweden and Czech Republic signed 2005. The Czech made L-159 
aircraft has been in operation since 2000. 


In this paper, we will focus on the L-159 aircraft as a representative of a complex military aircraft system, 
where NATO compatibility requirements were implemented for the first time in the Czech Republic as well as 
the requirements for an on-condition maintenance concept. 
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Since the time of L-39 trainer development, the L-159 was - after a certain period of time - the first domestic 
development of a light combat aircraft. This was major international project with participation of the Czech 
industry and foreign subcontractors. Based on the specific customer requirements, the development 
procedures were according to standards and specifications never before used in the Czech Republic (US Mil-
specs and STANAGs). It was necessary to adopt these standards and determine the appropriate ways to work 
according to them. 


2.0 L-159 PROJECT 
The L-159 aircraft project was originated based on a detailed analysis of actual situations and needs of the 
CzAF at the beginning of the millennium. With respect to political orientation of the Czech Republic in the 
beginning of 1990’s and based on military - technical and economical analyses, the decision was adopted to 
gradually re-equip the obsolete aircraft technology with the NATO compatible technology using production 
and development capacities of the Czech aircraft industry. After the analysis, both from time and economic 
aspects, the decision was made to select a light multi-role sub-sonic tactical combat aircraft called the L-159 
(ALCA - Advanced Light Combat Aircraft). The concept of the aircraft was based on the utilization of 
advantages and heritage from the L-39/59 aircraft family, with the integration of a state-of-the-art propulsion 
power unit, avionics and armament systems for reasonable price compromise. 


Approval of tactical – technical requirements (further referred to as TTP) for the L-159 system was 
accomplished at the end of 1993. The L-159 project development officially started in April 1994 with the 
signature of the development contract between the Ministry of Defence of the Czech Republic and the company 
AERO Vodochody a.s. 


2.1 L-159 Project Milestones 
The main project milestones are listed below to illustrate time period for the L-159 development: 


• 1992 Operational intent of light attack aircraft 
• 6/1993 Feasibility Study 
• 11/1994 Preliminary Project 
• 4/1995 Development Contract 
• 6/1996 L-159 Final Project approval 
• 7/1997 Contract for delivery of 72 L-159 aircraft signed between Czech MOD and Aero Vodochody 
• 9/1997 Logistic Guidance Conference 
• 12/2000 first two aircraft delivered to Caslav AFB 
• Deliveries: 2000 – 2 a/c, 2001 – 34 a/c, 2002 – 22 a/c, 2003 – 13 a/c, 2004 – 1 a/c 
• 12/2001 Initial Operational Capability 
• 7/2003 Type certificate 


2.2 Tactical – Technical Requirements 
Definition of the basic TTP for development of the L-159 aircraft system was a demanding process of 
iteration to fulfil the basic economical and scheduled constraints and to fulfil the requirements of the user to 
reach the minimum lifecycle costs (LCC) goals for the aircraft. 
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The documents “Prognosis of relative L-159 aircraft service spectra in the CzAF” and the “Use Study” formed 
the basis for completion of TTP during the development process and during verification of the product.  
In addition, integrated logistic support and its related elements were applied for the first time on an Aerospace 
project of this size in the Czech Republic. 


In accordance with requirements of the CzAF, the L-159 aircraft was designed to be a light multi-role single-
seat subsonic combat aircraft which can fulfil the following tasks under normal and adverse meteorological 
conditions during both the day and night: 


• Tactical reconnaissance; 


• Fights against air targets to short and medium distance within and behind the visual range; 


• Destruction of ground targets with guided and unguided weapons; and 


• Training and condition flying. 


2.3 Principles Applied During L-159 Project 
After detailed analysis, the decision was made that some instruments and aggregates developed and applied in 
the L-39/59 aircraft would be used without any changes, some would be modified, and some would require 
new development. Based on this principle, all the instruments and aggregates in the L-159 were divided into 
the following groups: 


• Imported from foreign suppliers; 


• Newly developed in the Czech Republic for the L-159; 


• Modified for the L-159; and 


• Adopted from the L-39/59 family. 


Using this principle, the development schedule and acquisition costs were able to be significantly decreased. 


The L-159 airframe structure is based on the L-39/59, where the load was defined in accordance with strength 
requirements of the USSR design standards – NP (Normy Procnosti) CAGI. It also fully utilizes all performed 
tests of the airframes of the L-39/59 aircraft family. These results were verified according to MIL-A-1530 and 
MIL-A-83444 standards. 


Fatigue tests were performed using the Safe Life method. The results fully demonstrated that the airframe 
fulfilled the required 8,000 flight hours service life and that it has additional reserve. The service life can be 
increased upon application of fleet management system (FRAME159). Service life of the individual aircraft 
units, if their loads would differ from the design spectrum, can be determined by re-calculation. During a final 
part of the full-scale fatigue tests, the artificial cracks were evaluated, with following residual strength test. 
For a majority of the structure locations, the “limited damage tolerance” was proven using slow crack growth 
methods. 


Aero-elasticity tests were performed in accordance with requirements of MIL-A-8870C. The airframe 
provides sufficient reserve to allow for available upgrades in the future. 


Therefore, for operation monitoring and for efficient control of “life utilization” of the individual aircraft unit, 
a system of operational parameter collection from the Aircraft Monitoring System (AMOS) was developed. 
Evaluation of the airframe critical parameters (vertical load factor, pylon loads, maximum, take-off and 
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landing weights, power unit temperature cycles, etc.) serves as the basis for decision making and effective 
fleet management. 


The advantages and heritage of the L-39/59 aircraft family with the reliability and availability values applied 
to L-159 are shown in the following table. 


Table 1: L-39 MTBF and Availability. 


Year Number of 
Flight Hours Failures Failures in 


Flight MTBF MTBFFLIGHT Ai 


74 520 88 18 5,91 28,9 0,4324 
75 2534 160 39 15,8 65 0,716 
76             
77 3522 307 47 11,5 75   
78 3709 238 13 15,6 285   
79 759 32 5 23,7 152   
80 2087 108 6 19,3 348   
81 388 17 2 22,8 194 0,8211 
82 1066 53 10 30,1 107 0,8535 
83 6447 268 52 24,1 124 0,8376 
84 6171 248 22 24,9 281 0,8953 
85 8481 303 22 27,3 395 0,8621 
86 6560 246 15 26,7 437 0,9124 
87 5742 262 48 21,9 120 0,8859 
88 5847 300 58 19,5 104 0,8738 
89 7348 441 69 16,7 106 0,9048 
90 6847 371 48 18,5 143 0,8482 
91 3937 298 32 13,2 123 0,8301 
92 3728 188 22 19,8 169 0,8945 
93 2058 88 25 25,7 82 0,8684 
94 1923 52 8 37 240 0,8715 
95 1325 63 10 21 133 0,8511 
96 901 38 7 23,7 129 0,8527 
97 543 40 16 13,6 34 0,778 
98 1492 67 30 22,3 54 0,8643 
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Figure 1: L-39 MTBF. 


2.4 Standards Applied 
Early on, it was agreed that the Czech standards (CSN, CSVN and CSN ISO), the USSR standards (ENLGS, 
NP CAGI), the US Mil-specs and RTCA standards would be applied to the process of development, design 
and testing of the L-159. Important standards with respect to the logistic support are listed below: 


• Airframe structure according to NP CAGI (USSR standard). 


• Aircraft structural integrity program according to MIL-STD-1530A. 


• Reliability program according to MIL-STD-785B. 


• Reliability predictions of electronic equipment according to MIL-STD-217E. 


• Reliability design qualification and production acceptance tests according to MIL-HDBK-781A. 


• Safety program according to MIL-STD-882B. 


• FMEA/FMECA analysis performed according to MIL-STD-1629A. 


• LSA according to MIL-STD-1388-1A. 
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• LSAR according to MIL-STD-1388-2B. 


• Technical manuals according to MIL-M-38784B. 


2.5 L-159 Introductions 
The L-159 is a single-seat light multi-role combat aircraft designed for a variety of Air-to-Air, Air-to-Ground 
and Reconnaissance missions. The aircraft is equipped with state-of-the-art multi-mode radar for all-weather, 
day and night operations and it can carry a wide range of NATO standard stores including air-to-air (AIM-9) 
and air-to-ground (AGM-65) missiles and laser guided bombs. 


2.5.1 L-159 Main Features 


Despite the L-159 and L-39 have an external shape similarity at the first glance, it must be highlighted that the 
L-159 is an aircraft of new generation. Therefore, the L-159 main features are introduced below: 


• Multi-Mode Pulse Doppler Radar. 
• Advanced Human/Machine Interface wit Head-Up Display (HUD), Multi-Function Color Display 


(MFCD) and Hands-On-Throttle-And-Stick (HOTAS) controls. 
• Avionics Integration based on MIL-STD-1553 databus. 
• Accurate and autonomous navigation system with laser gyro based Inertial Navigation System (INS) 


and Global Positioning System (GPS). 
• Extensive in-flight recording and debriefing capability for video, audio, self-protection system, engine 


and aircraft parameters (AMOS). 
• On-condition maintenance and fatigue monitoring system for low operational cost and optimum use 


of aircraft service life (FRAME159). 
• On-Board Oxygen Generating System (OBOGS), On-Board Inert Gas Generating System (OBIGGS) 


and Auxiliary Power Unit (APU) for self-contained operation with minimum support. 
• Seven pylons for various stores. 
• Ability to operate from semi-prepared airfields. 
• Two-shaft, non-afterburning turbofan engine, controlled by dual FADEC with Engine Monitoring 


System (EMS). 
• Self-protection system installation and use of redundant systems for high level of survivability and 


flight safety. 
• Zero height and zero speed ejection seat. 


2.5.2 L-159 Basic Data  


• Wing span    9.54 m  31 ft 3 in 


• Overall length   12.73 m 41 ft 9 in 


• Overall height   4.8 m  15.8 ft 


• Basic weight   4,300 kg 9,500 pounds 


• Maximum ramp weight  8,000 kg 17,640 pounds 
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• Airspeed limitations   0.82 Mach 520 KIAS 


• Maximum level speed at SL  963 km/h 505 KTAS 


• Max structural limit   +8g  -4g 


 


Figure 2: L-159 general arrangement. 
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Figure 3: The CzAF L-159. 
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Figure 4: L-159 cockpit layout. 


2.6 Use Study 
The CzAF and MOD prepared the Use Study to identify and define the intended use, supportability factors, 
operational assumptions and the CzAF operating environment and mission. This document was beneficial to 
the aircraft producer and the various subcontractors and allowed the team to meet the requirements of the L-
159 Technical Specification, including the logistic support requirements. The structure and content of the Use 
Study was developed according to MIL-STD-1388-1A, Task 201.2.4. 


2.6.1 Use Study Logistics Requirements 


Requirements related to the logistic support and maintenance are listed: 


• On-condition maintenance with three level maintenance concept (“Aircraft operation and maintenance 
shall enable – both from technical and legislation aspect – the maintenance according to actual condition 
– on-condition maintenance”). 
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• Monitoring systems: 
 Aircraft and systems – Aircraft Monitoring System (AMOS). 
 Engine – Engine Monitoring System (EMS). 
 Airframe structure – FRAME159. 


• Low LCC (value unspecified). 


• Total MTBF = 10 (MTBFF = 40 – in flight), assumed AOR = 250 flight hours/aircraft/year. 


• Simple Pre-flight, Thru-flight and Post-flight maintenance. (Thru-flight inspection for repeated 
combat take-off shall not take more than 20 minutes (Air-to-Air mission). 


• Total service life of the aircraft shall not be less than 8,000 flight hours during the period of 25 years 
for the defined operational spectrum. 


• The aircraft shall be equipped with a pressurized system of refuelling. 


• The project shall contain the analysis of parameters of operational reliability and safety, including 
economical analysis; analysis of operational costs, according to the MOD approved methods. 


• At the same time with aircraft delivery, the user must obtain technical publications, including 
multimedia-training aids. 


• System ensuring safe movement, take-off and landing of the aircraft within the range of the aircraft 
operational envelope on paved and unpaved RWYs. 


During processing, some differences in interpretation of NATO standard requirements and the CzAF regulations 
of terms occurred, which influenced logistics and reliability. The two following examples are shown for 
illustration. 


2.6.2.1 Flight Time Definition 


The first case is the definition of time of flight. It is defined as a time from the moment the aircraft first moves 
under its own power for the purpose of flight until the moment it comes to rest at the next point of landing. 
(“Block-to-block” time). Unlike this definition, the CzAF understands flight time as the time elapsed between 
take-off and landing. 


This had a big impact on evaluation of reliability parameters and technical service life as well as records to log 
book. 


2.6.2.2 Initial Operational Capability 


The second example is Initial Operational Capability (IOC). The IOC was defined as fielded aircraft meeting 
the following conditions: 


• Delivery and take-over of the first squadron of aircraft (18 aircraft) to a determined place, on agreed 
date. 


• Initial training of 36 pilots accomplished. 
• O-level ground support equipment and test equipment delivered and ready for use. 
• Technical publications delivered. 
• Provisioning system determined. 
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• Training of the CzAF ground personnel for O-level accomplished. 


• POL delivered in agreed quantity. 


Deadline for complying with these requirements was determined but it was difficult to find an equivalent of 
this status in the CzAF regulations. 


3.0 LOGISTIC SUPPORT 


Based on the requirements of the CzAF Specification and US Military Standards (MIL-STD), the complete 
scope of the L-159 logistic support tasks was accomplished as an integrated system (Integrated Logistic 
Support – ILS). The integrated approach aims to comply with the required level of availability, safety, 
reliability and maintainability, while achieving the optimum Life Cycle Cost (LCC). 


Each ILS element was analyzed during the stages of development, design, manufacture and fielding of the 
aircraft, according to MIL-STD-1388-1A and -2B. Separate analysis plans were prepared for each ILS area 
(LSA Plan, Technical Publication Plan, Training Plan etc.). The plans became an important tool in managing 
and controlling all ILS activities. 


3.1 Logistic Management 
A team of experienced and dedicated personnel were established to support the L-159 project. The joint L-159 
ILS Team was established by the aircraft, engine and avionics manufacturers and the CzAF representatives: 


• Aero Vodochody Manufacturer of the L-159 aircraft 


• ITEC/Honeywell Manufacturer of the F124-GA-100 turbofan engine 


• Boeing   Designer and integrator of the L-159 avionics system 


• CzAF   MOD, Military Technical Institute and AFBs representatives 


The joint ILS Team had combined design experience, international product support experience and operational 
expertise across a variety of geographic sites. Integrated Logistic Support Plan (ILSP) and Logistic Support 
Analysis Plan (LSAP) were jointly developed between Aero Vodochody, Boeing and ITEC/Honeywell. These 
documents were maintained at Aero Vodochody and kept links with the L-159 master programme schedule, thus 
ensuring that the Logistic programme was synchronized with programme requirements. 


3.2 Logistic Support Analysis 
The Logistic Support Analysis (LSA) served as the fundamental source for determining the logistic support 
scope, location and level. The LSA objective was to create an effective aircraft maintenance concept and 
optimize the aircraft logistic support elements. Required LSA tasks and activities were identified in the LSA 
Plan. The LSA Plan was supplemented with a list of input data to be collected and stored for each of the LSA 
candidate items. When selecting LSA candidates, the following aspects were considered: item price, 
reliability, service life, required maintenance (scheduled/unscheduled) and safety. 


Out of the selected items, the LSA Candidate List was prepared. The LSA Candidate List was approved by the 
CzAF. Each candidate was provided with an LCN number and inserted in the LSA Record (LSAR) database. 
The DD-Form 1949-3 of the MIL-STD-1388-2B contained a survey of the data stored in the LSAR database. 
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The LSA Plan also contained the list of output reports essential for determination in all selected ILS areas. 
The output reports include: maintenance concept, training, supply support, reliability, ground support equipment, 
test equipment and technical publications, etc. 


3.3 LSA Software 
For the logistic analyses, the L-BASE software system was used. This system met the requirements of the 
MIL-STD-1388-2B and was an effective tool for collecting, classifying and processing the required logistic 
data. The appropriate LSAR was prepared also by Boeing and ITEC/Honeywell and the data was loaded into 
the common database. The LSAR was validated and approved by the CzAF during regular logistic meetings. 


3.4 LSA Tasks Required 
Following MIL-STD-1388-1A tasks were performed to support the LSAR database. 


102  Logistic support analysis plan 


• 102.2.1  LSA plan 


• 102.2.2  Updates 


103  Program and design reviews 


• 103.2.3  Program reviews 


• 103.2.4  LSA reviews 


• 103.2.5  LSA guidance conference 


201  Use study 


• 201.2.3  Field visits 


• 201.2.4  Use study report and updates 


301  Functional requirements 


• 301.2.4  Operations and maintenance tasks 


• 301.2.5  Design alternatives 


303  Evaluation of alternatives and trade-off analysis 


• 303.2.7  Level of repair analysis 


401  Task analysis 


• 401.2.1  Task analysis 


• 401.2.2  Analysis documentation 


• 401.2.3  New/Critical Support Resources 


• 401.2.4  Training requirements and recommendations 


• 401.2.5  Design improvements 
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• 401.2.7  Transportability Analysis 


• 401.2.8  Provisioning requirements 


• 401.2.9  Validation of LSAR 


• 401.2.10 ILS output products 


• 401.2.11 LSAR updates 


• 401.2.12 Provisioning screening 


501  Supportability test, evaluation and verification 


3.5 LSA Application to ILS Elements 
Various ILS documents such as provisioning parts lists, training curricula, and operation and maintenance 
manuals were required. The LSA output reports selected for the L-159 Project are listed in the following table. 


Table 2: LSA output reports. 


LSA Output Reports 
 Number Name 


1. LSA-003 Maintenance Summary 
2. LSA-004 Maintenance Allocation Summary 
3. LSA-014 Training Task List 
4. LSA-016 Preliminary Maintenance Allocation Chart 
5. LSA-019 Maintenance Task Analysis Summary 
6. LSA-023 Maintenance Plan Summary 
7. LSA-024 Maintenance Plan 
8. LSA-030 Indentured Parts Listings 
9. LSA-037 Spares and Support Equipment Identification List 


10. LSA-056 Failure Modes, Effects and Criticality Analysis (FMECA) 
11. LSA-070 Support Equipment Recommendation Data (SERD) 
12. LSA-074 Support Equipment Tool List 
13. LSA-076 Calibration Measurement Requirements Summary 
14. LSA-126 LCN/PCCN Indenture Structure Tree 
15. LSA-151 Provisioning Parts List Index (PPLI) 
16. LSA-155 Recommended Spare Parts List for Spares Acquisition 


Integrated 
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3.6 LCC 
Life cycle cost modelling was performed to determine the most cost effective logistic support method. It took 
into consideration the operational support scenario and operational environment as defined by the CzAF and 
looked at the available support from various sources including the military, contractors and vendors. Input 
data were gained from the LSA. 


Life Cycle Cost analyses were performed in three levels: 


• Entire Life Cycle Cost analysis for the whole L-159 aircraft. This analysis was the first stage of LCC 
analyses and was centred on preliminary calculation of operational LCC for the whole aircraft 
(acquisition price, fuel cost, scheduled maintenance unscheduled maintenance, labour cost). 


• More accurate Life Cycle Cost analyses centred on maintenance costs of aircraft systems. This 
analysis was the second stage of LCC analyses and utilized operational cost for all aircraft systems. 


• This analysis was the third stage of LCC analyses put on software product EDCAS. For this analysis 
Aero Vodochody created database of EDCAS parameters for all aircraft systems. Than Level of 
Repair Analysis (LORA) were performed for these systems to optimize the maintenance. 


3.7 Reliability and Safety 
A Reliability and Safety programme was implemented for the L-159. This programme was documented in a 
System Safety Programme Plan (SSPP) and Reliability Programme Plan (RPP). The purpose of the SSPP and 
RPP was to identify and co-ordinate tasks necessary for the management of an effective reliability and safety 
programme for the L-159. Both documents detailed the approach to the evaluation and execution of reliability 
and safety activities and included procedures for monitoring and controlling progress measured against 
milestones within the programme. 


The FMEA/FMECA analyses were accomplished according to the MIL-STD-1629A. All L-159 consequential, 
new and redesigned systems were analysed. The FMEA/FMECA output data were provided in the MIL-STD-
1388-2B database format. 


A majority of the tasks regarding MIL-STD-882C, inclusive of Hazard analyses of aircraft systems have been 
applied within the framework of the aircraft development. 


3.8 L-159 Logistic Support Milestones 
The main logistic milestones for the L-159 project are listed below: 


• 1995 and 1996 Site Surveys at Caslav and Namest AFBs. 


• 9/1997 Logistic Guidance Conference: 


 Decision to apply MIL-STD-1388-1A/2B standard (Use Study, ILS Plan, LSA Plan, Technical 
publication Plan). 


• 11/1997 – 3/2001 Logistic Conferences (quarterly). 


• 3/1999 Provisioning Meeting. 


• Since 5/2001 to 11/2005 Logistic Reviews (61 totally). 
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4.0 TECHNICAL PUBLICATIONS 


The L-159 technical publications programme originally required delivery of the O and I maintenance level 
technical publications to coincide with the first aircraft delivery to the CzAF to assure safe operation and 
allow for immediate maintenance of the aircraft by the CzAF maintenance personnel. Since the domestic 
acquisition procedures for the technical publications of military flying equipment were out-of-date and not 
useable, the L-159 project adopted the USAF TO (Technical Order) system, in terms of both acquisition 
procedures and publications structure and data provided (i.e. TO 00-5-1 and 00-5-3, and US Mil-specs). 


In the early phase of the project, the organizational tree, programme schedule and responsibility structure 
required by the TO system (TO 00-5-3) were not established, thus causing technical and even terminology 
misinterpretations between contractor and the acquisition office. The acquisition procedures and time 
schedules were modified several times during the project, deviating from the TO systems and tailored to the 
CzAF environment. This underestimated project management result in schedule slippage and increased 
programme costs. The acquisition process was concluded with one-year lasted TOs verification, provided by 
the CzAF operational personnel, and formalization made by the Military Aircraft Authority of the Czech 
MoD. The TO Verification resulted in nearly two thousand TO Improvement Reports. 


Another issue that had an adverse effect on the smoothness of the TOs process was logistic planning (e.g. not 
properly adjusted line between O, I and D level maintenance, continuous modifications of maintenance 
concept, etc.). 


In summary, the formalization of printed technical manuals and handbooks was delayed by three years after 
the first aircraft was delivered to operational base. Because the initial goal of delivering the final and formal 
TOs at the moment of the first aircraft delivery was not achieved, the safety operation and maintenance 
concept establishment was re-prioritized, being followed by delivery of all other data (e.g., non essential 
removal/installation procedures, troubleshooting, IPB, off-equipment manuals, GSE and Test Equipment 
Manuals, etc.). Current activities in the field of the L-159 technical publications are focused on proper 
publication configuration and change management, and delivery of (Interactive) Electronic Technical Manuals 
concurrently to the hardcopies. 


5.0 SERVICE LIFE 


Initial service life of the aircraft is designed at eight thousand (8,000) flight hours within twenty-five (25) 
years. The aircraft operational scenario specified in the Use Study was based on AOR of two hundred fifty 
(250) flight hours per aircraft per year. This value of AOR was considered when the maintenance concept was 
established. 


We emphasize the initial service life, because it could be changed according to actual consumed fatigue life 
monitored by Fleet Management System FRAME159. 


6.0 AIRCRAFT MAINTENANCE 


6.1 Maintenance Levels 
A traditional three-level maintenance concept, consisting of Organisational level (OLM), Intermediate level 
(ILM) and Depot level (DLM) maintenance was adopted for the L-159. 
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6.1.1 Organisational Level 


The OLM is performed by operational squadron and consists of the preparation of aircraft for flight and 
elementary aircraft servicing, including these activities: 


• Pre-flight inspection, Thru-flight inspection, Post-flight inspection. 
• Aircraft Servicing and Operation. 
• Aircraft Ground Handling. 
• Ammunition loading. 
• Diagnostic system data evaluation. 
• Remove/Replace of failed LRUs. 


6.1.1.1 Thru-Flight Inspection 


The Technical Specification and Use Study require that an aircraft in configuration air-to-air is able to take off 
within 20 minutes after landing. 


The following procedures were identified as the most significant for the determination of the length of aircraft 
preparation for a repeated flight: 


• Inspection of the Central Maintenance Panel. 
• Download of flight data via GSU or PMU after the flight. 
• Insertion of data for the next flight. 
• Servicing. 
• Ammunition loading. 
• Aircraft launch. 


Time required for data loading does not exceed two minutes. Airframe systems can be serviced utilising 
pressurised replenishment connections to shorten the required time. Ammunition loading ground support 
equipment and tools were designed to satisfy the determined time limit. Fulfilment of the requirement was 
verified during the CzAF military tests. 


6.1.2 Intermediate Level 


The ILM is performed by maintenance squadron and consists of work on the aircraft as well as on individual 
disassembled components is accomplished. During the ILM, activities defined within both the scheduled and 
unscheduled maintenance are carried out. 


6.1.2.1 Scheduled Maintenance 


Periodic and phase inspections are activities carried out on mechanical systems such as: 
• Airframe systems servicing. 
• Clearance check and adjustment. 
• Cleaning or replacement of the filter elements. 
• Lubricating according to lubrication plan. 
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The other systems (engine, avionics etc.) are maintained depending of their actual condition. The aircraft 
actual condition monitoring is provided by the Aircraft Monitoring System (AMOS). The AMOS identifies 
systems failure or condition and informs both to the Central Maintenance Panel and the Multi-Function 
Display in the cockpit. The technical publications then provide a guide how to deal with identified troubles. 
The questionnaire YES/NO trouble shooting system is provided. 


6.1.2.2 Unscheduled Maintenance 
In the course of aircraft operation, unscheduled maintenance activities occur, too. These are especially: 


• Special inspection after a specific occurrence. 
• Upgrades or maintenance activities performed on aircraft systems in compliance with bulletins/ 


TCTOs. 
• Remove/Replace of systems components due to failure. 
• Troubleshooting and isolation 


At the ILM, selected O level LRUs and SRUs are tested and inspected in order to identify and repair the 
failure. Repairs are carried out on those LRUs and SRUs, for which repairs are prescribed at the I level. If the 
failure cannot be identified or repaired, the unit/component is delivered to a repair facility or the manufacturer 
(Depot level). 


The OLM and ILM are performed by the CzAF operational (OLM) and maintenance (ILM) squadrons at one 
AFB. 


6.1.3 Depot Level 


The LRUs and SRUs requiring maintenance at the Depot Level are repaired by the aircraft manufacturer or by 
the unit/component supplier/manufacturer. 


Detailed specification of the Depot level maintenance performed on each system, aggregate and module are 
based on the Logistic Support Analysis. The period of D level scheduled maintenance performance is 
designed to be set to 2,000 and 4,000 flight hours. During the 2,000 flight hour intermediate repair, those 
components of shorter service life are disassembled and repaired or replaced. 


The unit/components which are not maintained according to their condition and whose service life is limited 
by flight hours, number of cycles or calendar period, are listed in the Aircraft Log Book and T.O. 1F/A-L159-6 
Inspection Requirements. 


After 4,000 flight hours (which is half of the aircraft service life), the intermediate repair broadened by the 
Mid Life Upgrade (MLU) is carried out. The work includes visual inspections of the main airframe structure 
elements and check of the engine air ducts and main suspension points with eddy currents, with consequent 
disassembly. 


The feasibility study for the DLM is prepared now under the MOD requirements. 


6.2 Maintenance Concept 
If we speak about inheritance from L-39/59, first we also have to briefly introduce the L-39/59 maintenance 
concept. 
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6.2.1 L-39/59 Maintenance Concept 


The L-39/59 aircraft had the maintenance concept based on phase inspections according to the number of 
flight hours. The interval of these inspections was 100 and 200 flight hours. Because of planning purposes, 
these phase inspections contained also periodic maintenance tasks, which would be otherwise performed 
according to calendar time, number of starts, number of landings, etc. 


Except of general kinds of inspections such as Pre-flight inspection, Thru-flight inspection, Post-flight 
inspection the CzAF implemented also the Preliminary inspection on the O level of maintenance, which after 
being performed had the validity for 6 flight days during 12 calendar days. The Preliminary inspection 
contained mainly some checks of systems, thus it was possible to simplify the Pre-flight inspection. This 
method was advantageous from the point of planning of maintenance, and it was suitable in cases when the 
aircraft units fly regular and high annual number of flight hours. Some work operations, however, were 
performed early. 


The CzAF achieved high readiness. The defects revealed during a flight day were eliminated until resolved. 
The main type of inspection at Organizational level of maintenance during a flight day was the Pre-flight 
inspection. 


The TBO of the L-39/59 aggregates was 1,500 flight hours and it was increased for L-159 to 2,000 flight 
hours after analysis and/or tests. 


6.2.2 L-159 Maintenance Concept 


There were two main requirements in design of the L-159 aircraft maintenance concept: 


• To adopt the existing individual LRUs / systems of the L-39/59 aircraft, for which the scheduled 
maintenance were defined. 


• To implement modern systems of engine, avionics and weapon systems with on-condition 
maintenance. 


The result of LSA and verification in tests is the combined system of maintenance of the L-159. Maintenance 
concept is combination of on-condition and scheduled maintenance. The combined system comprises the 
following: 


• On-condition maintenance – engine, avionics and airframe structure: 


 Engine: ECU (Electronic Control Unit) calculates number of cycles (TACs). 


 Avionics: BIT assists in fault detection and isolation. 


 Actual condition of a/c systems: Aircraft Monitoring System (AMOS). 


 Airframe fatigue life: FRAME159. 


• Scheduled maintenance – airframe, mostly mechanical systems: 


 Phase inspections: 125, 250, 500 flight hours. 


 Periodic inspections: based on calendar time, cycles, starts, landings. 


The first type of phase inspection is performed after one hundred twenty-five (125) flight hours. The second 
type of phase inspection is performed after two hundred fifty (250) flight hours. Besides the phase inspection 
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concept there is a system of periodic inspections based on calendar time, cycles, starts, landings or on other 
figures than phase inspections. 


In development stage of the project the most of maintenance tasks of periodic inspections were incorporated 
into phase inspections due to planning purposes. With respect to decreased AOR these maintenance tasks have 
been transferred to periodic inspections and it was necessary to change the original maintenance concept. 


Additional scheduled maintenance is planned at two thousand (2,000) flight hours for airframe and systems 
not currently recommended for on-condition maintenance. Time Between Overhauls (TBO) of some airframe 
LRUs is two thousand (2,000) flight hours. A mid life upgrade for the aircraft is scheduled at four thousand 
(4,000) flight hours consisted of removal of all systems, inspection and repair of the airframe. 


6.2.2.1 Airframe and Systems 


The L-159 airframe is designed as a standard riveted semi-monocoque structure manufactured from 
aluminium alloys and is similar to the proven and reliable design of the L-39/59 aircraft family. Advanced 
technologies and materials are used only in limited numbers. 


The aircraft is operated practically without any care about the airframe structure. Scheduled maintenance 
consists from visual inspections only. On-condition maintenance of overall protective paint coating and 
sealings (depending on operational environment) is required. 


The L-159 fatigue design philosophy is “safe life” but important structure parts as main wing spar and 
fuselage dorsal longerons are evaluated as “damage tolerance” parts. 


6.2.2.2 Engine and Engine Modules 


The F124 is a modular engine with complete interchange of all modules, minimum maintenance times, and 
ease of maintenance operations, reduced parts counts, elimination of safety wire, reduced support equipment 
needs and enhanced troubleshooting capabilities. The operational environment and support concept was 
evaluated to optimise life cycle cost savings. The F124 engine provides an opportunity to significantly reduce 
life-cycle costs for the aircraft system. 


The F124 engine incorporates an on-condition maintenance concept. The maintenance and life limits are 
based on number of engine TACs. The TAC means Total Accumulated Cycle. The TACs are calculated 
during engine operation automatically by ECU (engine Electronic Control Unit). 


Engine lifetime and maintenance (inspection) intervals are significantly affected by the aircraft/engine 
operational scenario. In a very aggressive type of flying, with high number of power changes between idle and 
maximum, the number of TAC’s per engine operating hour are higher and it causes decrease of the engine 
lifetime.  


Each engine module has its own maintenance plan. The minimum engine/module inspection interval is 897 
TAC’s for borescope inspections (engine disassembly is not needed) and 1,794 TAC’s for detailed inspection 
(needs engine/modules disassembly). The service life of HPT blades is 5,381 TAC’s and of LPT blades is 
8,969 TAC’s. The service life of all modules is 10,763 TAC’s. 


With comparison of the L-39/59 maintenance concept the new engine test cell is required for F124 engine I 
level maintenance and run up tests. 
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6.2.2.3 Avionics 


The resulting system combines both proven existing avionics equipment and modified off the shelf avionics 
equipment consisting of commercial and military standard equipment. This combination results in the 
advantage of a modern design and highly reliable, state-of-the art equipment selected to ensure maximum 
supportability. 


System level BIT for the avionics is mechanised to assist in fault detection and fault isolation of failed 
avionics suite LRUs. These LRUs are installed in locations on the aircraft, which facilitate easy access for 
removal and replacement. To further ensure ease of removal and replacement, each LRU is attached via quick 
release connectors to power sources and MIL-STD-1553 interconnect to the other avionics units of the 
system. 


The avionics maintenance on the aircraft is planned as on-condition and consists of fault detection and 
isolation, replacement and checkout of the replacement unit. Periodic maintenance items, if identified for 
avionics items, are performed in conjunction with established aircraft periodic maintenance checks. 


The avionics Intermediate level maintenance is primarily-failure related only, barring identification of 
periodic maintenance requirements. Avionics maintenance consists of fault verification and isolation, 
replacement of Shop Replaceable Unit (SRU) and checkout of the repaired unit. 


7.0 AIRCRAFT MONITORING SYSTEM 


The L159 aircraft is equipped with Aircraft Monitoring System (AMOS). The AMOS consists of on-board 
and ground evaluating equipment. The AMOS collects, processes and records aircraft systems information 
during the entire operational environment. 


• Facilitates integrated troubleshooting. 


• Allows automated data transfer to the aircraft maintenance management system. 


• Provides data for pilot mission debriefing. 


• Monitors and collects airframe fatigue life data (Fatigue Monitoring System – FRAME159). 


• Preserves data for accident investigation (crash recorder). 


The AMOS monitors 250 parameters, 400 events, 12 hours of record. Recorded parameters are as follows: 


• Aircraft system status. 


• Airframe loads and stress. 


• Flight parameters. 


• Pilot actions. 


• Weapon release. 


The AMOS is designed to monitor the actual condition of aircraft systems. The AMOS makes it possible to 
quickly inspect selected aircraft systems before and after a flight within the scheduled O level inspections, and 
to evaluate the technical status of the aircraft at I level. The Ground Support Unit (GSU) is used for data 
evaluation and downloads while the Portable Memory Unit (PMU) is used for data transfer into Ground 
Evaluating Equipment (GEE). 
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The AMOS monitors status of the aircraft systems as follows: 


Table 3: Means of checking individual aircraft systems. 


Means of Checking Individual Aircraft Systems 
System Built-In 


Test/Built-In Test 
Equipment 
(BIT/BITE) 


Aircraft Monitoring 
System(AMOS) 


Aircraft Control System No Yes 
Nose Wheel Control System Yes Yes 


Antiskid System Yes Yes 
Avionics System  Yes Yes 


Autopilot Yes Yes 
Storage Management System  Yes Yes 
Main Electrical Power Source Yes Yes 


Emergency Electrical Power Source  Yes Yes 
Battery Yes Yes  


Power Plant Yes Yes + EMS 
Gearbox No Yes 


Fuel System No Yes 
APU Yes Yes 


Air-conditioning System No Yes 
De-icing System No Yes 
Escape System No Yes 


Fire Extinguishing System Yes Yes 
Hydraulic System No Yes 


Landing Gear No Yes 
Airframe No Yes + FRAME159 


Lighting System Yes Yes 
OBIGGS Yes Yes 
OBOGS Yes Yes 


The F124 engine monitoring is performed by the Engine Control Unit. The AMOS system receives information 
about engine status and values of main engine operation parameters via the RS422 serial data link. 


The AMOS collects data about status of systems mentioned above and processes them in real time on the 
aircraft board. The results of data processing are displayed as short text messages on the multifunction 
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displays (MFD) of the avionics system. The list of all evaluated events in the table form can be displayed too. 
The final result of data processing is indicated through lighting the colour bulbs placed on the Central 
Maintenance Panel (CMP) of the aircraft. The CMP is placed on the left side of the L159 under a quick-access 
cover. 


• The green bulb means: the AMOS did not evaluate any event that limited aircraft operation. 


• The yellow bulb means: the AMOS evaluated an event that required the maintenance action after the 
flight shift (day). 


• The red bulb means: the AMOS evaluated an event or events that required the maintenance action 
immediately after the flight. 


Many of the parameters provided by AMOS (number of flight hours, number of engine and APU starts, 
engine run ratings, number of landings etc.) are used for the purpose of maintenance scheduling and spare 
parts and POL consumption planning. 


The AMOS output data contributes to the process of making the L159 aircraft operation and maintenance as 
effective as possible. The technical publications then provide a guide how to deal with identified troubles. 


A maintenance checklist displayed on MFD is a part of the AMOS and helps pilot or maintenance personnel 
to perform the Pre-flight inspection. 


7.1 AMOS Software – PANDA 
AMOS Ground Evaluation Equipment (GEE) is a complete hardware and software package for flight data 
downloading from the aircraft to a PC. PANDA Software is provided as a Universal Evaluation System that 
helps the ground maintenance crew perform comprehensive analysis, replay, and processing of flight data 
from various recorder types. 


PANDA’s Basic Configuration: 


• MANAGER – ensures that other program modules included in the package operate properly. 


• VIEW – graphic and table representation of analog and digital parameters, zoom, print, time and 
physical scale adjustment, user-defined analysis results visualization. 


• LOAD – data transfer from board module. 


• EDIT – definition and editing of the recorded frame structure. 


• CALB – sensors calibration and conversion into physical values. 
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Figure 5: Aircraft Monitoring System. 


7.2 Engine Monitoring System 
An Engine Monitoring System (EMS) is embedded in the FADEC providing data for engine and modules life 
management, hardware tracking, and performance trend monitoring. The EMS reduces support and life cycle 
costs through computer-aided maintenance and fleet management. The EMS, combined with the long design 
life of the F124, eliminates the need for scheduled overhauls. This enables the F124 engine to follow an on-
condition maintenance philosophy. 


The dual FADEC system of the F124 engine provides: 


• Optimized performance and operability. 


• Automatic relight. 


• Reduced pilot workload. 


• Built-in test (BIT). 


• Performance trend monitoring. 


• Engine Event Recording (EER) capability for ease in maintaining and troubleshooting the engine 
system. 
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8.0 FRAME159 


The FRAME159 system is intended for determination of safe service life of the individual L-159 aircraft units 
according to real operational load and the control of the scope of inspections within the frame of phase 
inspections. The system is a part of the AMOS aircraft monitoring system. It consists of an on-board part 
intended for recording of operational loads of the aircraft in fatigue critical points, and of ground means for 
calculation of the consumed fatigue life based on the loads recorded. The data of the consumed fatigue life for 
each aircraft unit are stored in a database and they can be processed for further analyses. 


FRAME159 System Diagram


Strain gauge 
calibration


Flight data:
- mission code
- initial fuel weight


AIRBORNE PART - FDAU
- service spectrum record


GROUND PART 
GEE + FRAME159


FRAME database
-Consumed life by flight
-Aircraft consumed life


Manual 
input


Record 
evaluation


System 
constant


Data 
import


- Data archiving
- Data export
- Print output


Data 
transfer  


AMOS 
F06 file


 


Figure 6: FRAME159. 


The on-board part of the FRAME159 system senses, filters and records the data of the aircraft loading as well 
as the subsidiary data of the aircraft configuration and flight parameters, from which the consumed fatigue life 
is subsequently calculated in the ground part of the system. The on-board part of the FRAME159 system is 
one of the modules of the AMOS aircraft monitoring system. 


The following parameters are used for calculation of the consumed fatigue life: 


• Vertical load factor in the aircraft COG (NZ). 
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• Mechanical stress on the left fuselage longeron No. 16. 


• Mechanical stress on the lower flange of the left half of the wing spar at the rib No. 3. 


• Mechanical stress on the lower flange of the right half of the wing spar at the rib No. 3. 


• Mechanical stress on the shaft of the left main landing gear leg. 


Recorded Data


- 2 x stress in main wing spar flange
- 1 x stress in fuselage longeron
- 1 x stress in main landing gear leg


PARAMETERS FOR CONSUMED LIFE CALCULATION


- Vertical load factor in COG


SUBSIDIARY  PARAMETERS


- Pitch and roll accelerations
- Flight speed and altitude
- Aircraft weight and pylons 


configuration


- GMT and date


SUPPORTING INFORMATION
- Mission number
- Pilot code
- AMOS configuration


- Trigger


GPS


 


Figure 7: FRAME159 recorded data. 


The purpose of implementation of the FRAME159 system: 


• To determine the moment of expiration of the safe fatigue life of the airframe of individual aircraft 
units. 


• To take decision on performance of inspections of fatigue critical points within the frame of the phase 
inspections – the value of the consumed life does not decide on when a periodic work operation to be 
performed, but whether critical points of the airframe to be inspected during the work operation. 


Knowledge of operational loading for each aircraft unit enables to decrease the safety factors to determine 
safe technical life and intervals of inspections. 
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9.0 DATA COLLECTION SYSTEM 


The Data Collection System was established between the CzAF and producer for mutual exchange of the data 
and reports. The CzAF collects operational AMOS, FRAME159 and EMS data and provides them to producer 
for further analyses. Producer provides quarterly reliability, fatigue life, LSA and LCC reports. 


10.0 PARAMETERS ACHIEVED 


According to the Tactical-Technical Requirements and Use Study requirements, the entire logistic support 
was prepared for the operation of 72 aircraft units from two air bases with the planned AOR of 250 flight 
hours. Based on the decision of the Czech MOD, the number of operated aircraft units was reduced from 72 
units to 24 units operating from one air base (Caslav AFB) in 2004. Further, AOR was reduced in average to 
160 flight hours. Even this reduced value of AOR is not currently achieved which impacts all parameters 
under monitoring. 


With respect to reduced and irregular number of flight hours of the fleet of the 24 aircraft units, also the 
maintenance concept was modified as described in para. 6.2.2. 


10.1 Reliability and Availability 


10.1.1 Aircraft 


The aircraft MTBF was influenced by gradual fielding of the L-159 fleet and systematic Reliability 
Programme application. The MTBFTOTAL increased from 2.7 FH in 2001 to 6.6 FH in 2004. In 2005 the slight 
decrease of MTBF was noted down. It was caused by the fleet reduction. Due to the systematic logistic 
support improvement, Reliability Programme application and AOR increase it is real to achieve MTBF 8 FH 
in the future. 


Figure 8 below shows the course of cumulative numbers of failures depending on flight hours of the fleet of 
the currently operated number of aircraft. It is apparent from the figure that MTBFTOTAL trend was already 
stabilized. 
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Figure 8: Operational A/C cumulative failure numbers for period 2003 to 2005. 


The availability parameter achieved is within the range of 60 % through 65 % at the Mean Corrective 
Maintenance Time (MCMT) of 4 hours. The goal availability of 80% is supposed to be accomplished by 
MTBF and MCMT improvement. 


10.1.2 Avionics Systems Example 


In the beginning of operation of the L-159 aircraft, the system under analysis did not reach the required value 
of reliability, and therefore, the Reliability Programme was prepared. Corrective actions from the 
manufacturer side resulted in MTBF increase from 30 FH to the current 60 FH. 
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Figure 9: Cumulative failure numbers of avionic system. 


10.1.3 Fuel System Example 


As representative of positive course of aircraft system the fuel system was selected. Successful introduction of 
the Reliability Programme brought positive effect on. Since 2005 rate of occurrence of failures is stabilised. 
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Figure 10: Cumulative failure numbers of the fuel system. 


10.1.4 Deployments 


Suitability of the proposed maintenance concept for the light combat aircraft was demonstrated during 
common exercises like the NATO Air Meet (NAM). Higher reliability values were achieved there during 
intensive operation and concentrated support than during operation at the home air base. 
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Table 4: Table of reliability parameters during selected exercises. 


Mission Number of 
a/c 


Number of 
FH 


Number of 
Landings 


Failures MTBF 
(Total) 


MTBFF 
(Flight)Flight Ground 


NAM 2003 6 31:33 26 16 7 1:22 1:58 


NAM 2004 6 120:56 80 8 3 10:59 15:07 


NAM 2005 6 75:17 59 18 6 3:08 4:11 


Squadron 
Exchange 2005 6 90:53 76 7 2 10:05 12:58 


Brilliant 
Arrow 2006 3 38:21 29 6 3 4:16 6:23 


 


10.2 LCC 
For LCC calculation, the assumptions were defined and the model was prepared for monitoring of operational 
and maintenance costs. Inputs of the calculation were: number of operated aircraft units, Annual Operating 
Requirement (AOR) and MTBF. Since 2005 only the aircraft units of the new production are in operation with 
yet lower value of MTBF. By the fleet downsizing and by the reduction of AOR, the deviation from the 
planned trend occurred in the year 2005. 


Further factor of influence is that the operated aircraft units are not in the bathtub curve region of constant 
failure-rate. It can be assumed that after stabilization of the MTBF value, the forecast curve of the LCC values 
will be achieved again. 


10.3 Service Life 
The FRAME159 system analyses result in the overview of the fatigue life consumption of the individual 
aircraft and the mean value for the fleet, which is 7,890 FH. This fully corresponds to the value of required 
service life (see Figure 11). 
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Weighted Average for A/C with number of flight hours > 50 FH   =>  LB = 7 890 FH
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Figure 11: Aircraft Safety Service Life. 


It is evident which aircraft are flying under aggressive conditions and vice versa. This FRAME159 output is 
used for Fleet Management.  


Figure 12 presents comparison of design and service spectra. The L-159 fleet is operated very close to design 
spectrum. 
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Figure 12: L-159 Design and Service Spectra. 


There was no significant fatigue problem during whole time of the L-39/L-59 family operation. Conservative 
life assessment programme provides sufficient reserve to allow future service life extension. 


11.0 CONCLUSIONS 


This paper describes current support model and maintenance concept applied on the CzAF L-159 as a 
representative of the CzAF fleet because it is a product of domestic industry with international participation. 
Gained experience could be further utilized within the whole air force. 


Within the project, the user requirements of concerning on-condition maintenance system were resolved. After 
implementation in the CzAF, the system has been optimized according to actual number of operated aircraft 
units with focus on low LCC. 


The paper outlined the experience with implementation of the L-159 into the CzAF inventory, where the 
requirements on NATO compatibility were solved for the first time: 


• The possibility of fulfilment of the CzAF requirements to convert from previously used standards to 
NATO standards and US Mil specs has been practically verified. 


• The maintenance concept has been changed from the scheduled maintenance to the combined one 
(engine, avionics and airframe have the on-condition maintenance and the aircraft systems have the 
scheduled maintenance). 
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• New facilities have been built and equipped (engine test cell, avionics shops). 


• The CzAF system of maintenance personnel skills (CVO) was harmonised with the Skill Speciality 
Code (SSC) system with linkage to training syllabuses. 


• The technical publication acquisition process according to TO system has been realized. 


• Pipelines for repairs and spare parts delivery have been determined. The TAT and lead times, which 
were long in the beginning of the programme, have been reduced. 


• The data collection system and subsequent data processing and utilization have been improved. 


The reliability parameters achieved by the CzAF during allied exercises indicate future potential for further 
enhancements. 


In the course of the preparation of this paper we came to a conclusion that the L-159 project did not cover all 
the specified fields of this workshop. There are still open areas for the maintenance support improvement in 
the CzAF environment. For instance applying the RCM method in the current maintenance system enables its 
simplification and cost reduction. 


Further intention is to concentrate on the following areas: 


• Terminology unification (availability, readiness, mission capability rate, etc.). 


• Scheduled maintenance concept modification. 


• Reliability Programme improvement. 


• Data sharing and fleet management (reliability, fatigue life, LSA, LCC). 


• Application of the D-level Feasibility Study results to the maintenance concept. 


• Conversion of the technical publications to interactive electronic type. 


The purpose of this document is to briefly inform about the results achieved by the CzAF in the field of 
logistic support and to address the areas for further improvements. 
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ABSTRACT 


“Field experience” is knowledge acquired by people during troubleshooting.  


Although today’s state-of-the-art, machine-based prognostic and diagnostic systems can automatically 
identify a high percentage of faults and their causes, human expertise remains an essential part of the 
troubleshooting support system. When the machine-based diagnostics and the Fault Isolation Manuals fail to 
resolve the problem, it is an expert person (or persons) that will solve the problem, ultimately – and new, 
valuable knowledge is generated in doing so.  


But can that knowledge be re-used practically for the benefit of others in solving that problem? For that to 
happen, the knowledge must become part of the troubleshooting workflow such that it is used to identify the 
problem before expensive and ineffective repairs are attempted, no matter where or when, nor to whom that 
particular problem next appears.  


Traditional attempts to get value from field experience have included strategies such as updating the FIM, 
creating searchable databases, publishing technical letters, and staffing a Technical Assistance Centre with 
the most experienced people. CaseBank’s analysis of first-time-fix performance on certain commercial 
aircraft (who use all the above to some extent) indicates that thirty to fifty percent of all troubleshooting 
attempts fail to resolve the problem. 


SpotLight® is a guided diagnostic reasoning system that places field experience directly in the 
troubleshooting workflow, where it is integrated with BIT results, trend analysis results, electronic technical 
manuals, and help escalation channels. In applications with mature knowledgebases it sustains a “hit rate” in 
excess of 90%. 


SpotLight technology is being used to share field experience on aircraft old and new – from the C130 to the 
Joint Strike Fighter – with the necessary confidentiality and security. 
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1.0 THE PROBLEM  


There exists a “reliability-complexity conundrum” with modern aircraft.  


Aircraft are highly reliable, generally speaking. But aircraft are also very complex, with a great many parts. 
The conundrum is that failures are not uncommon occurrences, yet those failures tend to be distributed over a 
wide variety of causes, each of which happens infrequently. As a result, no single person can have complete 
knowledge of all failures, and the relative rarity of each fault makes it difficult to cost-justify an expensive 
engineering remediation for all those faults. 


The weaknesses in a design, as implemented in an operating aircraft, become evident through operations, 
showing up as “the things that fail”.  


Certain failure modes are exacerbated by factors such as operating environment (heat, cold, sand, humidity, 
salt), age, equipment configuration, maintenance error, coincidence, operator error, etc. 


Engineering analysis can predict many failure modes, but there are significant challenges. First, it is well 
recognized that unpredicted failure modes will happen, and second, not everything that is predicted to fail will 
fail exactly as predicted.  


The end result is that human intellect is called upon to solve very tricky problems, and in significant numbers. 
Accordingly, the people who troubleshoot those problems gain valuable experience.  


FIM


On-
Board
Diag.


FMEA


PHMPHM


Design


Anticipating what will fail,


and preparing for it.


Anticipating what will fail,


and preparing for it.


“the design 
world”


Experiencing what actually fails, 


and recognizing it.


“the real
world”


Experiencing what actually fails, 


and recognizing it.


Experiencing what actually fails, 


and recognizing it.


“the real
world”


 


Figure 1: Anticipating and recognizing failures. 


Where does this experience reside? The technician greeting the aircraft typically represents a very narrow 
slice of the entire body of available experience. In the user’s organization, there is usually a “fleet specialist” 
who is familiar with his own fleet problems, and communicates frequently with his peers in other 
organizations. The manufacturer typically has experience reflecting the problems that are serious enough for 
operators to seek out their assistance. But every fault that has happened to that type of aircraft has been seen 
and resolved by somebody out there in the operator community. So, in fact, it is the “global fleet of aircraft 
operators” that has the greatest experience. 
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Figure 2: The broad distribution of experience. 


That experience needs to be integrated back into the diagnostic system efficiently and effectively. 
Unfortunately, because of the reliability-complexity conundrum, that “field experience” is spread broadly 
across the global community of operators of that aircraft type. The goal should be to put the benefit of global 
experience directly into the troubleshooting process of every technician (represented by the dashed trapezoid 
above). 


After several years in service, the number of truly “new” failure modes that occur to an aircraft are greatly 
diminished. We start to see repeat instances of “the things that really fail”. Most failure modes noted in any 
given aircraft maintenance log will have been seen and solved already by someone operating that aircraft type 
somewhere in the world. 


Traditional approaches to collecting and re-using that knowledge are updates to databases, to troubleshooting 
procedures and to sensor-based fault detection methods. These approaches have their own well-recognized 
challenges, evident in the fact that we are still trying to solve the problem today. 


In particular, the challenges faced by sensor-based diagnostic systems are well known. Notably, Built-In-Test 
(“BIT”) is not always able to produce unambiguous results.  


Here is an example of a failure mode that is known to exist, but the failure mechanism itself is not well 
understood. This type of aircraft experiences a failure mode which generates a STALL FAIL message. There 
are many failure modes that could generate that message, but one of them is, in fact, a faulty boost pump! The 
boost pump itself performs flawlessly, except that it has a failure mode that generates electrical noise during 
start up. If one pilot happens to be running a Stall System preflight test while the other is starting the engines, 
the STALL FAIL message is generated. That is very valuable field experience, and it is very important to 
bring that knowledge into consideration during troubleshooting.  


The following are situations in which field experience is invaluable as a diagnostic aid in conjunction with the 
machine-based diagnostics: 


• The root cause of a fault code is a maintenance error, and not a valid component failure. 
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• A fault is indicated in one system, but the root cause is in a different system. 


• A fault exists, but there are no codes. 


• A code exists, but there is no fault. 


• Multiple codes appearing simultaneously may indicate a cause other than the intended meaning of 
each code individually.  


• Trend alert is ambiguous regarding the cause – some external causes can create indications of 
deterioration that are very similar to internal causes. 


What is needed is a system that catches the problems that BIT and Prognostics fail to identify correctly, and it 
needs to be invoked before good parts are needlessly changed. 


2.0 THE SOLUTION 


Field experience must be (1) captured, (2) integrated with existing diagnostic resources, and (3) delivered as 
“guided diagnostics”. 


CaseBank’s SpotLight® provides such a solution. 


2.1 Knowledge Capture 
Field experience is stored in a knowledgebase. The seed knowledgebase is created by capturing documented 
experience. Typically aircraft logs are mined to discover “the things that really happen”.  


There is overlap with BIT and FIM (Fault Isolation Manual) results where those resources are correct in 
identifying the cause of the failure. That knowledge becomes a better interpretation of what the fault codes 
really mean – multiple possibilities, depending on code combinations, fault modes, etc. 


Each failure mode (not each failure event) is represented as a “SpotLight Solution” in the knowledgebase. 
Each failure is researched, confirmed, described with discriminating symptoms, sanitized of user-identifying 
information, and enriched with helpful content such as references to maintenance instructions, tips, and 
explanations. 


BIT codes, cockpit messages, and trend alerts become “symptoms of the problem”, as opposed to conclusions. 


A technician consulting SpotLight creates a “Session” that stores the details, and that session is shared only 
within the user’s own organization – no operator can see another operator’s troubleshooting sessions.  


Troubleshooting Sessions for which there is no solution in the knowledgebase are captured, investigated, and 
the results used to prepare a new solution, sanitized of user-identifying information. It is added to the 
knowledgebase after a quality approval process. 
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Figure 3: Knowledge capture. 


In that way, the knowledgebase content grows as new problems are discovered across the community of users.  


Thus each operator organization can benefit from the totality of experience among participating operators, 
with complete confidentiality.  


SpotLight handles vehicle configuration differences, user access controls, privacy issues, and security issues. 


To recap: One unified knowledgebase of “sanitized” knowledge is shared by many operators; Troubleshooting 
“sessions” are not shared – they are private to each operator’s own organization; the Sessions will identify 
gaps in the knowledgebase while at the same time providing most of the information for the new solution.  


The maintainer of the knowledgebase (e.g., CaseBank, or Lockheed Martin, or whomever) identifies “new” 
problems and updates the knowledgebase with quality-controlled new solutions. 


2.2 Integration with Diagnostic Resources 
BIT: The SpotLight reasoning engine can interact automatically with downloaded data such as fault codes. If a 
connection to an automated download is not available for some reason, the user will be prompted to provide the 
information via a diagnostic question. You can think of SpotLight as a system that helps evolve the interpretation 
of BIT codes and trend results. If a BIT code has never been wrong, SpotLight will not get in the way. But if 
other causes for a BIT code have been discovered, they will be brought into the reasoning process. 


FIM (Fault Isolation Manual): With respect to FIM integration, options are available. Once the available field 
experience solutions are ruled out, SpotLight can link to relevant FIM procedures, or the content of FIM 
procedures can be integrated with field experience. SpotLight is, in fact, replacing the FIM in some 
developing aircraft applications because it eliminates the need for separate FIM creation and maintenance.  


IETMs (Interactive Electronic Technical Manuals): SpotLight integrates with IETMs for task support and 
authorized maintenance instructions through embedded hyperlinks. 


HELP ESCALATION: SpotLight has built in asynchronous help-escalation facilities. This provides fault-
centric communication that follows the aircraft, and allows collaboration not only within the user’s own 
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organization but also with authorized experts from outside the organization, with appropriate controls and 
security. 


2.3 Guided Diagnostics 
SpotLight delivers this integrated field experience as “guided diagnostics” that is comparable to the line of 
questioning that a human expert would follow.  


This is generated automatically by SpotLight’s reasoning algorithm and is updated with every new bit of 
information provided. 


The algorithm takes into account: 


• The degree of match between the problem conditions identified so far and the attributes of each of the 
candidate solutions. 


• Cost and time of candidate solutions. 


• Cost and time of the relevant tests to gather more information (observations, wiring checks, tests, etc.). 


• Relative frequency of occurrence of the candidate solutions. 


• Operating environment. 


• Sounds, smells. 


• Recent maintenance activity. 


The user is presented with an ordered list of the best diagnostic question to answer next. This provides 
flexibility, in that the user is permitted to answer only the questions that can be answered in the user’s 
particular situation.  


As more questions are answered, relevant solutions will become more prominent and less relevant solutions 
will fade from prominence on the user interface screen.  


A decision tree can be extracted from the knowledgebase if paper copy is required. 


3.0 PERFORMANCE 


A key measure of diagnostic performance is SpotLight’s “hit rate”, where a hit means the correct solution is 
identified. Current aircraft applications are achieving a hit rate in the 90% range after 2-3 years of knowledge 
capture through use. 


SpotLight is applicable to aircraft of any vintage – old and new. The key difference is in the source of the 
knowledge. For old aircraft, field experience can be captured by mining records. For new aircraft, the 
knowledgebase can be created from a FMEA database. For example, SpotLight is currently being used on 
both the C130E and JSF.  


It is also applicable to whole aircraft and/or to major subsystems.  


For aircraft manufacturers and operators, a SpotLight knowledgebase represents their specific aircraft type 
with all systems integrated.  
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For major subsystem manufacturers, the knowledgebase will represent that subsystem as used on many 
different applications. For example, one engine application supports over 55 different variants installed on 
over 20 aircraft types.  


4.0 SUMMARY 


Field experience must be considered an integral element in the diagnostic methodology. 


The field experience of a global fleet of operators can be shared through controlled knowledgebases. New 
knowledge can be captured through diagnostic activities. 


SpotLight is a proven system that does this. 
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1.0  WHY CORROSION OCCURS 


Corrosion reaction - decrease in Gibbs free energy (- ΔG) - increase in the entropy (+ Δ S). 


Thermodynamic relationship G = H - T S 


 


Figure 1: Why corrosion occurs. 


ΔG, free energy change is a measure of the tendency of any chemical reaction, including metal corrosion. 
Negative ΔG indicates a pronounced tendency for a change or reaction. If ΔG = 0, the system is in 
equilibrium. 


Examples of reaction at 25°C: 


• 2Al + 3/2 O2   = Al2O3     ΔGo = - 409.4 Kcal 


• Mg + H2O + 1/202 c = Mg (OH)2 (s);  ΔG° = - 420.6 Kcal 


• Fe + 3/2H2O + 1/202 = Fe (OH)3 (s);  ΔG° = - 288.6 Kcal 


• Au + 3/2 H2O + 3/402 = Au(OH)3 (s);  ΔG° = + 15.7 Kcal 



mailto:vagarwala@onrglobal.navy.mil





Aircraft Corrosion Control and Maintenance 
 


25 - 2 RTO-MP-AVT-144 


 


 


2.0  TYPES (FORMS) OF CORROSION IDENTIFIED – APPLIES TO ALL 
AIRCRAFT PLATFORMS (TYPES) 


• Exfoliation and Intergranular – ribs, spars, skins, fastener joints. 


• Pitting and Crevice: localized corrosion under skins and coatings, fastener joints, overlaps, under 
sealant. 


• Galvanic Corrosion: dissimilar metal joints – fastener holes, electronics, cable connectors, etc. 


• Composite (Resin) Degradation: galvanic effects at metal joints, resin swelling or loss of fiber adhesion. 


• General and Filiform Corrosion – under thin coatings. 


• Corrosion Fatigue: load bearing structures such as landing gear, fastener holes. 


• Stress Corrosion Cracking and Hydrogen Embrittlement. 


• Microbially Induced Corrosion (MIC). 


All forms of corrosion lead to: 


Initiation → Growth →  Fatigue/SCC Failure 


3.0  CURRENT PRACTICE  
NO DESIGN ENGINEERING POLICY ON CORROSION MITIGATION & CONTROL 


Corrosion Control is an “after thought process”: 


• Pretreatments and coatings are major defense against corrosion. 


• Sealant in joints, splices and galvanic couples where possible. 


• Sacrificial metallic coatings for landing gear steels. 


• Ceramic coatings as H.T. corrosion barriers. 


• Temporary protection schemes: CPCs, water displacing compounds and wash primers. 


• Frequent equipment wash with/without corrosion inhibitor in wash/rinse waters. 


• Damage assessment at ASPA/PDM cycles: select area corrosion inspection at depot level. 


4.0  HOW ARE CORROSION REPAIRS DONE NOW? 


During the three levels of maintenance, O, I and D: 


• Remove condensed water from hidden structural cavities via drain holes and/or wicks. 


• Replace components when repair is cost prohibitive. 


• Fix when broken – schedule based inspection and maintenance (PDM cycle). 


• Remove surface corrosion by grinding off corrosion products and applying touch up coating system. 


• Repair of fastener hole crevice/pits/cracks – reaming the hole up to 30 mils wider and replacing with 
larger fastener. 
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• Use of composite patches where skin replacement is cost prohibitive. 


• Strip and repaint after every 3-5 years. 


• Material substitution/processing when/where possible. 


• Use only MIL-SPEC approved materials and processes. 


5.0 WHAT IS NOT DONE? 


We do not: 


• Design a system component with built-in design controls for corrosion resistance as an engineering 
requirement. 


• Use best corrosion control fabrication practices in construction and assembly. 


• Use best possible corrosion resistant construction materials – allowed under acquisition cost and 
performance guidelines. 


• Use diagnostics and prognostics tools for life prediction and assessment – onboard sensors and 
devices. 


• Use proper prediction models and software as a performance and maintenance tool. 


• Use performance-based logistics strategy to determine life-cycle cost, down time and maintenance 
man-hours. 


• Apply corrosion engineering practice as a policy in all acquisitions. 


6.0  SOME ADVANCED TECHNOLOGIES FOR CORROSION MANAGEMENT 


6.1 Corrosion Preventive/Inhibiting Compounds 
P-3 operator/maintainers accepting aircraft back from depot maintenance (PDM) will being the application of 
WDCPS in specific areas of the aircraft. These areas are as follows: 


• Aileron, elevators, flaps, and rudder control surfaces (internal surfaces/front spars/counter balance 
weights).  


• Vertical stabilizer (internal surfaces/front and rear spars).  


• Horizontal stabilizer (internal surfaces/front and rear spars/under upper and lower horizontal 
stabilizer-to-fuselage filler panels).  


• Internal surfaces of aft hydraulic service center.  


• Wings (internal surfaces of flaps and aileron shrouds/under upper and lower wing-to-fuselage fillet 
panels/forward and aft spar webs/wing access panel dome nut rivet heads/internal surfaces of engine 
nacelles and cowls.  


• Internal surfaces of bomb bay doors and bomb bay.  


• Main landing hear wheel wells (internal surfaces of doors and MLG wheel wells).  


• Nose landing gear (internal surfaces of wheel well between FS150 and FS288 bulkhead).  
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• Forward fuselage of pressure bulkhead-FS156.  


• Internal structure adjacent to lavatory area, including floor supports and frames.  


• Internal structure adjacent to entry ladder area, including floor supports and frames.  


• Internal structure adjacent to galley area, including floor supports and frames.  


• APU compartment structure.  


• Internal empennage structure including forward face of FS1117 pressure bulkhead.  


6.2 Trivalent Chromium Pretreatment (TCP) 
A trivalent chromium pretreatment for painting has been developed by the US Navy to replace the hazardous 
hexavalent chromium pretreatments: 


• Environmentally friendly- no hexavalent chromates: 


 A room Temperature less than 5 minute process. 


 Applied by immersion, spray or sponge process. 


• A US Navy patented process: 


 TCP can be used as post treatment for anodized aluminum and metallic coatings (IVD aluminum, 
cadmium, zinc-nickel). 


• Highly flexible process: 


 “Drop in” replacement for chromate [Cr+6] conversion coatings in all applications and methods. 


• Performance: 


 Performing as well as chromates in aircraft field tests. 


 Tested on four S-3s Viking; F/A-18 C/D and H-46. 


 


Figure 2: F/A-18 undergoing re-paint. 
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6.3 Demonstration of Trivalent Chromium Pretreatment (TCP) H-46 Helicopters  


 


Figure 3: H-46S masked for painting. 


 


Figure 4: H-46S painted. 


6.4 Advanced Organic Coatings 
• High Performance Epoxy Primers (non-chromate version) - exceptional adhesion and chemical resistance 


for Al alloys. Being tested on F-18, T-45 and F-15 (joint services) aircraft. 


• High Performance Polyurethane Topcoat for desired optical properties. 


• Self-Priming Topcoat (SPT) – a low VOC non lead, non-chrome high solid polyurethane coating. 
Reduces one process step and minimizes toxic waste management. 


• Appliqué Films – alternative exterior finishing in lieu of topcoat. Flexible thin film with a pressure 
sensitive adhesive serves as an excellent moisture barrier. Avoids VOC from painting operations.  


• E-Coat Films – a bath process where charged paint particles are deposited electrochemically on an 
oppositely charged conductive substrate with controllable thickness. 
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• Powder Spray Coat – Applied by dip coating using fluid bed, depositing in electrostatic cloud chamber, 
and mostly by electrostatic spray process. Cure temperatures are usually ~ 150°C. 


6.5 Photostrip – Photochemical Stripping of Aircraft Coatings 
Process Highlights: 


• Photochemical process uses UV light and inorganic chemicals to debond paint from painted surfaces. 


• Process duration is less than 8 hours. 


• Process applicable on a variety of substrates, such as, aluminum, stainless steel, composites, 
fiberglass, wood, and radome material. 


• Process can be automated for each application. 


• Minimal waste; no toxic waste contributed by the process and the chemicals used.  


  


 


Figure 5: Photostripping of paint. 
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Figure 6: Photostripping of rotor blade coating. 


6.6 Advanced Sealants and Adhesives 
Need light weight/fast cure sealants qualified for aircraft. New sealants are 25% lighter → weight savings → 
lower fuel consumption → longer mission range. New sealants are faster curing (4 hours vs. 48 hours) → 
improved mission readiness. 


There are a number of advanced sealants and adhesives that improve the effectiveness and reduce the time and 
cost of corrosion protection during manufacture and maintenance: 


• Surface Sealants for magnesium: 


 Sermetel, Rockhard. 


 Exterior: under primer; Interior: replaces phenolic epoxy resin. 


 Required at depot repair when damage justifies stripping. 
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• Polysufide (RTV): 


 Hardens with age and UV. 


 Difficult to remove. 


• Polythioether: 


 Stays flexible with age. 


 Good adhesive. 


• Waxwrap (tape and spray): 


 Excellent dielectric (good insulator of galvanic joints). 


 Joints remove easy; leave greasy surface. 


 Not for high temperature application. 


• Skyflex (TFE Foam Tape) – (for pressure joints): 


 All fastener joints. 


 All lap and butt joints. 


 Canopy seals. 


 Easily detachable. 


Of these, Skyflex sealant is an outstanding example: 


• An expanded polytetrafluoroethylene (ePTFE) sealant/gasket material; i.e. a “Peel and stick” Teflon 
foam tape substitute for 2-part paste sealants. 


• Excellent environmental seal, hydrophobic and removable/ reusable; results in reduced corrosion. 


• Reduced damage to parts during removal. 


• Reduces need for frequent reapplication (typical for current sealants). 


• Requires no mixing, masking or lengthy cure times. 


• Replaces toxic polysulfide, which contains chromates and HAP solvents. 


• Current Navy efforts include access panels of P-3, S-3, H-1, E-6 and H-60. 


• Approved fleetwide for most aircraft platforms (access panels, floorboards), including sealing 
floorboards for the P-3, H-60 and H-53 platforms. 
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Figure 7: Skyflex Aircraft Sealant - “peel and stick” Teflon  
foam tape substitute for 2-part paste sealants. 


6.7 Emerging Sealant Technologies 
The following sealant technologies exist with limited application approval: 


• Improved firewall sealants provide longer structural protection = improved survivability during fire 
(TA Mfg. and D-Aircraft). 


• New conductive sealant provides improved durability and reduced shrinkage = lower 
maintenance/faster application (PRC-DeSoto Chemicals). 


The following technologies are under evaluation: 


• Conductive gaskets under evaluation provide environmental seal, corrosion protection, removeability 
option (manufacturer AV-DEC). 


• Sealant removal techniques: 


 Bristle discs and rotary cutters from 3M simplify and speed sealant removal and reduce solvent 
use. 







Aircraft Corrosion Control and Maintenance 
 


25 - 10 RTO-MP-AVT-144 


 


 


   


Figure 8: Bristle discs and rotary cutters from 3M simplify  
and speed sealant removal and reduce solvent use. 


6.8 Fleet Outreach Program for Corrosion Management Technologies 
There is a major fleet outreach program to advertise the benefits of these advanced technologies. 


 


Figure 9: Fleet Outreach Program. 
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6.9 Aircraft Inspection – NDE of Corrosion 
There are a number of new microwave NDE Concepts. An example of a hand held device for directed 
inspections is the Alpha MCD hand-held device: 


• Routine/spot NDE for corroded areas. 


• Reachable into small areas to detect oxides. 


• Very useful in high risk corrosion areas. 


• Simple, portable, fast, battery powered. 


  


Figure 10: Alpha MCD unit. 


Several new NDE concepts are available for wide area coverage. Many of these are robotic with automatic 
evaluation and detection systems: 


• “Rake-like” array device could carry 10 to 12 sensors. 


• Wide area coverage for fuselage, wing, etc. 


• Alarms would indicate corrosion location/ severity. 


An example of the application of advanced NDE for detecting and monitoring environmentally assisted 
cracking is the H-60 transmission support beam cracks. 
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Figure 11: H-60 transmission support beam cracks. 


Major contributor to the problem is the increase in the working gross weight with no increase in the strength 
of the structure. Ultrasonic guided wave inspection was developed for the detection of the cracks. 
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a) Technique for the generation of guided waves. 


  


b) Sensors (left) and HELEUS hardware  
(modules in a PC environment supported by powerful software). 


 


c) Built-in Crack Detection Gate and Reporting Guided Wave Sensor. 


Figure 12: Ultrasonic guided wave inspection developed for detection of H-60 cracks. 
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6.10 Corrosion and Environmental Sensors 


 


Figure 13: Environmental (moisture) sensor for use on aircraft structure. 


7.0 CONCLUSION 


Our challenge for corrosion control and life management: 


• Re-capitalize with best corrosion control practices. 


• Transition enabling technologies. 


• Promote corrosion engineering education. 


• Implement prognostic/diagnostic tools. 
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• Continue to develop innovative solutions – promote R&D. 


• Modify acquisition policy. 


 


Figure 14: Our challenge for corrosion control and life management. 
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ABSTRACT 


In any aging propulsion system, there is increasing potential for unanticipated problems which will require 
rectification, and such occurrences could influence cost and availability. This paper presents a case study of 
the way in which technology insertion into an engine – the PW TF30 engine in the F-111 aircraft, together 
with an active program to benefit from the insertion by the engine operator, can have a dramatic effect on 
engine support costs. When it became obvious that Australia would be the only operator of the F-111 in the 
world, following the decision by the USAF to retire its F-111 fleet earlier than originally planned, the RAAF 
started a concerted effort to shift TF30 engine maintenance from a fixed-time philosophy to a Condition 
Monitored Maintenance (CMM) policy. The CMM approach aimed to improve engine Reliability, Availability, 
and Maintainability (RAM). In support of this approach, and to facilitate its implementation, DSTO undertook 
the insertion of advanced diagnostic concepts and life assessment and extension technologies in an ageing 
fleet of engines, in order reduce the cost of ownership and to enable the aircraft to meet a planned withdrawal 
date that was conditional on external factors. This program has been outstandingly successful and provides a 
benchmark for managing all engines in the Australian Defence Force. 


1.0 INTRODUCTION 


The Pratt & Whitney TF30 engine was the first turbofan engine to be installed in a supersonic bomber, and the 
first turbofan to be fitted with an augmented afterburner, with development occurring as early as 1958. The 
engine is a two spool low by-pass turbofan with a mixed flow exhaust. The fan and low pressure compressor 
are driven by a 3 stage low pressure turbine, while the high pressure compressor is driven by a single stage 
high pressure turbine. 


Early development problems were severe, with a major difficulty being that the design of the advanced 
compressor put the operating points too close to the stall line. Numerous versions were produced, of which the 
following remained operational the longest: 


• TF30-P-3, P-103 in the F111C. 


• TF30-P-7, P-107 FB111A. 
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• TF30-P-9, P-109 in the EF111A. 


• TF30-P-108 in the RAAF F/RF-111C/G aircraft. 


This latter version with afterburner was an improved long-life engine fitted to remaining RAAF F/RF-111C/G 
aircraft. By 2003 a number of problems were increasing the difficulty and cost of maintaining the 35 aircraft 
(of varied subtypes). The planned retirement date of the aircraft has varied over the last ten years to be 
between was 2010-20220, with a present figure of 2010. Although the main problems have centred on the 
airframe, rather than on the engine, studies were carried out to reduce the maintenance cost and to increase the 
reliability of the engine to a flexible withdrawal date that could extend to 2020. 


Two Pratt and Whitney engines are installed in the F-111 aircraft, the TF30-P103 in the F-111C and the TF30-
P107 in the F111G models. The prime advantage of a turbo-fan compared to a conventional turbo-jet engine is 
the low thrust specific fuel consumption (TSFC). TSFC is the mass of fuel used to produce one pound of 
thrust. The lower the TSFC the higher will be the engine efficiency. The TSFC is about 30% less for turo9-
fans than for turbo-jets. Other advantages of the TF30 engine are the light weight, small size and reduced 
noise. At basic engine power (non-afterburner) the engine will produce thrust of approximately 10,000ponds. 
Conventional turbo-jet engines of this same thrust class require approximately 9,000 to 10,000 pounds per 
hour fuel flow, but the TF30 will consume only about 6,500 pounds per hour. 


2.0 THE EARLY HISTORY OF F-111 AND DSTO INVOLVEMENT 


Designed in the 1960’s, the F-111 aircraft was manufactured by General Dynamics (now Lockheed Martin) in 
Fort Worth, Texas, throughout the late 60’s and early 70’s. Featuring variable sweep wings, the aircraft has 
the ability to operate low level, day or night, in all weather conditions, carrying a large payload over a long 
range, as well as being capable of speeds up to Mach 2.5. Some 562 aircraft were manufactured, covering 
several different models, and two main variants (short wing tactical strike and long wing strategic bomber). 
Some of the tactical strike aircraft were later converted to an electronic warfare model. Australia was the only 
country other than the USA to purchase the F-111. 


The RAAF’s initial purchase of 24 F-111C aircraft started operations in 1973 at Amberley air base in south-
east Queensland. In 1982, the RAAF took delivery of 4 F-111A’s to replace attrition aircraft. These F-111A 
models underwent significant modifications, which virtually upgraded them to F-111C configuration. In 
1993/4, 15 F-111G’s were introduced into RAAF service (although only about half of these were reinstated to 
flying condition). In recent years, a purchase of F-111D and F-111F (short) wing sets have also been 
introduced into the fleet, however these have had a wing tip extension added and hence will be flown in the 
RAAF’s long wing configuration. 


Australia is now the only operator of the F-111 in the world, following the decision by the USAF to retire its 
F-111 fleet earlier than originally planned. This decision was first announced in December 1994. The bulk of 
the USAF fleet was retired in 1996, and the remaining forty or so aircraft, which provided electronic 
warfare/radar jamming capabilities, were finally retired in June 1998. When the last EF-111A was withdrawn 
from service in the US fleet in1998, the RAAF became the only operator of the F-111 weapon system in the 
world. At this time the benefits of shared operation that the RAAF had enjoyed over the previous twenty four 
years disappeared and the sole responsibility for technical airworthiness of this weapon system fell upon the 
logistics system of the RAAF. The program that defined the way the platform was supported in this 
environment was dubbed the F-111 Aircraft Structural Integrity Sole Operator Program (FSOP). 
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The significance of USAF F-111 withdrawal must be fully appreciated with respect to RAAF structural 
integrity management of both the airframe and the engine. Sole responsibility for the F-111 ASIP and ESIP 
became the responsibility of the RAAF for what could be the next 22 years (almost half the life time of the 
aircraft). Up until then OEM support, shared responsibility with the USAF and relative low AFHRS of the 
fleet enabled airworthiness of both airframe and engine to be held at an acceptable level without large 
investments in structural integrity assessments. The objective of the FSOP was to develop a road map for the 
progression of the structural integrity management in such way that ongoing technical airworthiness was 
assured. 


In anticipation of the USAF decision, an F-111 Supportability Study was carried out by RAAF in mid 1990’s. 
This study considered the spares, data and capabilities needed for independent in-country support of RAAF F-
111 fleet. The study concluded that the aircraft was supportable to a Planned Withdrawal Date of 2020. 
Several critical issues were identified and addressed by appropriate strategies. In addition, two major risk 
factors were identified: 


• Engineering Risk Factor – Resulting from the loss of advance warning of potential technical problems 
from USAF fleet leaders, and the loss of the Original Equipment Manufacturer (OEM) support 
infrastructure and corporate memory. 


• Ageing Aircraft Risk Factor – Associated with operating an aircraft beyond its original design life. 


DSTO R&D Support was considered to represent an essential part of the Risk Management strategy for these 
risk factors. The study led to the F-111 support project to acquire the spares, data and capabilities. 


DSTO identified the extra S&T effort required and the resources needed (across all aircraft systems and 
relevant divisions of DSTO). A bid for additional funding to DSTO for F-111 support was prepared and 
approved, providing $22m of additional funding, phased over 10 years. This funding is additional to the 
historical baseline of DSTO expenditure on F-111 support. Resources came as either special DSTO funds or 
external RAAF funds. A parallel study by the support activities for the engine identified the spares and 
maintenance requirements for the engine and endeavoured to contain engine maintenance costs. The extra 
resources for TF30 engines support work came through special DSTO funding. 


For the TF30 engine, the need for a viable in-country capability to manage critical engine technical 
airworthiness issues, with less reliance on OEMs, received increased emphasis. This requires the ability to 
analyse and assess the service life of gas turbine engine components, including those subject to low-cycle, 
high-cycle and thermo-mechanical fatigue, creep, and thermal distress. This in turn requires the coordinated 
development of scientific capabilities and models for, mission profile analysis, engine gas paths analysis, 
thermal analysis, stress analysis, fracture mechanics and risk/reliability analysis. These are all complemented 
by appropriate experimental validation facilities. In addition there is a need to develop and support the 
implementation of life extension strategies for short-life components, with an emphasis on the engine hot 
section. In addition, an assessment is underway of retirement-for-cause methodologies for application to the 
management of critical components and, if appropriate, support will be provided for implementation of a 
retirement-for-cause program. 


Concurrently and in consultation with DSTO, the Royal Australian Air Force (RAAF) decided to rationalise 
the number of TF30 variants to be maintained. To maintain reliable operation of the ageing F-111C fleet, the 
aircraft’s Pratt and Whitney (P&W) TF30-P-103 engines were replaced with higher performance P&W TF30-
P-109RA engines. This will result in a unique variant of the F-111 aircraft. A flight trial was conducted by the 
RAAF, with assistance from AOD and P&W, to characterise the change in performance of an F-111C aircraft 
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installed with TF30-P-109RA engines. Traditional performance test techniques, dynamic manoeuvring and 
mathematical modelling were used to evaluate aircraft performance and airframe lift and drag characteristics. 
Lift and drag characteristics were verified with manufacturers data, permitting cruise and combat performance 
to be estimated using mathematical models of the airframe aerodynamics and installed engine performance. 
The F-111C/TF30-P-109 aircraft was approved for operational flying as a result of the trial. 


DSTO participated in engine testing activities and with flight trials to determine the uninstalled and installed 
performance of the engine. Development of the P108 version TF30 engine was critical to enable use of the G-
model airframe without the logistical costs associated with retaining the G-model’s original P107 engines. 


3.0 A GENERAL OVERVIEW OF DSTO ENGINE INVOLVEMENT 


It has now been determined that there are no significant issues surrounding the logistics of TF30 engines and 
that sufficient spare parts and engines exist to see the fleet through to 2020. This is largely due to the 
successful program of reliability enhancement upgrades with new parts and surplus later model USAF 
engines, and other initiatives with DSTO involvement. Further DSTO involvement has been aimed at 
reducing the maintenance activities on the TF30 engine to reduce the overall maintenance cost as a proportion 
of the total system cost. 


Currently the TF30 has a fixed scheduled servicing program with Bay Service (BS) maintenance occurring 
every 800 ENHRS and Overhaul (OH) every 1500 ENHRS. Several years ago DSTO was asked to develop 
strategies to increase the overhaul period of the engine from 800 hours to 1200 hours. Without this extension 
the RAAF would not have been able to guarantee engine asset availability through to the then planned 
withdrawal date of 2020. Investigations showed that the component that largely determined the overhaul 
period was the combustor liner. Three strategies were investigated to increase the life of the combustor. These 
were: 


• The use of a thermal barrier coating (TBC) to reduce metal temperatures; 


• Structural modifications to the combustor liner; and 


• The use of a thermal additive in the fuel. 


The first and second of these strategies are now used on all of the TF30 RA engines and it is expected that 
Amberley will convert to the additive once concerns over fuel tank sealant compatibility issues are allayed in 
the near future. AVD completed laboratory and TF30 engine trials to prove the effectiveness of the +100 
additive, which, when implemented by RAAF, can be expected to reduce coking/fouling of fuel nozzles that 
results in hot streaks in the combustor. These hot gas flows result in significant thermal damage to hot section 
components, and hence the use of the JP8+100 fuel will reduce engine maintenance costs. 


DSTO has developed advanced vibration, gas-path and oil condition diagnostic techniques which in part are 
responsible for a decrease in the cost of engine maintenance, and an improvement in engine reliability. 


DSTO has provided airworthiness advice on cracks and metallurgical flaws found in critical rotating engine 
components. Particular examples are the fan disc balance weight cracking and fan disc tie bolthole cracking. 
DSTO-AVD advice was crucial in lifting the suspension of flying operations on the fleet. DSTO has also been 
involved in analysis of F-111 usage for verifying the lives of safety-critical components.  
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4.0 RAAF FLEET SUSTAINMENT 


Since the mid 1990’s the RAAF F-111 fleet time indicators in maintenance, availability and cost took a turn 
for the worse. There were many coincident contributors: fuel leaks, OH&S issues, block upgrades, fleet wing 
doubler failure and WOM development, support project activity, contracting out of maintenance, and finally 
the wing recovery program and the increasing cost of maintaining an ageing engine. 


At present there is no indicator from either the airframe or engines of specific issues that would cause support 
costs to escalate. On the engines side, developments like the maintenance interval extension of the RA engine 
and the improved software for the engine test-cells will likewise reduce support costs. The engine diagnostic 
software has, in part, resulted in engines staying on wing longer due to optimum trimming of the fuel controls, 
and also provides improved diagnostic information prior to maintenance, avoiding unnecessary repairs. These 
activities, together with the engine Reliability, Availability, Maintainability (RAM) program developed by the 
TF30 Engine Business Unit (EBU), have resulted in significant improvements in engine reliability and 
reduction in maintenance costs. As an example, in-flight shutdowns have decreased from 5 to 0.3 per year, 
while costs have decreased form $30 million per year (prior to 1990), to $20 million per year. 


5.0 TF30 P-109RA ENGINE BASELINE CONFIGURATION 


The modification was raised to record the configuration change of ex USAF TF30-P-109 to TF30 P-109RA after 
the incorporation of a series of reliability type modifications during overhaul. The RAAF’s P-103 engine has 
become unsupportable and ex USAF P-109 engines were acquired as Excess Defence Articles from the US 
DoD. A P-109 Engine Upgrade Project was established in 1995, to replace P-103 engines with ex USAF P-109 
engines that pass an Induction Servicing and P-109 engines that have undergone overhaul to the P-109RA 
configuration. This modification ensured that particular technical build improvements were incorporated during 
overhaul to optimise engine reliability and reduce cost of ownership. Hence, the ‘RA’ suffix is be used to 
designate overhauled P-109 engines built to the RAAF unique configuration defined in this modification. 


The modification incorporated twenty two technical build improvements as well as applicable P-103 
modifications deemed necessary for the P-109RA engine. P-109RA engines will have a serial number 
structure of ‘P99-XX’. 


The modification was aimed at improving the reliability of the P-109 baseline configuration such that the Bay 
Service and Overhaul scheduled maintenance intervals can be extended safely, to minimise TF30 Life Cycle 
Cost. A Maintenance Requirement Determination (MRD) will be carried out to determine an acceptable 
extension to scheduled servicings based on advice from the OEM and the results of a RAAF TF30 Fleet 
Leader Program (FLP). 


The listed modifications involved: 


• A proposal for the introduction of a TF30 Engine Monitoring System, primarily to determine the 
TF30 Engine Usage and to enable analysis of the engine mission for all TF30 variants, and in addition 
to provide some capability for condition assessment of individual engines; 


• A proposal to assess the durability of specific critical engine items through an Accelerated Mission 
Test (AMT) using a simulated RAAF mission; 


• A firm proposal to increase the bay service life of TF30 hot section components from 800 hours to 
1000 hours and the overhaul lives from 1500 hours to 2000 hours using durability enhancements such 
as thermal barrier coatings; and 
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• A proposal to implement a fleet leader program for the engine which will identify failure modes in the 
fleet leader engine before they occur in the fleet. 


6.0 DSTO INVOLVEMENT 


In the early 1990’s the RAAF started a concerted effort to shift TF30 engine maintenance from a fixed-time 
philosophy to a Condition Monitored Maintenance (CMM) policy [1]. The CMM approach aimed to improve 
engine Reliability, Availability, and Maintainability (RAM). In support of this approach, and to facilitate its 
implementation, DSTO undertook the development of a number of diagnostic systems for the TF30 gas 
turbine engine. Different diagnostic systems were required as the gas turbine is a complex mechanical system 
and no single technology or methodology can provide all the answers.  


In this paper, three diagnostic systems are described. These are: the Engine Diagnostic and Acceptance 
System (EDAS) for troubleshooting and acceptance testing at the test-cell; a set of advanced Gas Path 
Analysis (GPA) methods for diagnosing faults to a modular level at the test-cell; and the Interactive Fault 
Diagnosis and Isolation System (IFDIS) for troubleshooting engine faults at the flight line.  


7.0 DIAGNOSTIC REQUIREMENT  


There is demonstrable benefit in terms of cost-efficiency of the repair and overhaul process in having a 
capability to correctly identify and isolate the faults in the TF30 engine to a modular level. The six TF30 
modules are: the fan, the low and high pressure compressors, the low and high pressure turbines, and the 
nozzle. Correctly attributing the fault to the right module can bring about major cost savings and improved 
engine availability [2,3]. These benefits are demonstrated by the relative cost and time involved in repairing 
the TF30 modules. The typical cost and time impact of a compressor module repair is twelve times that of a 
fan module repair and a turbine module repair is four times that of a fan module repair. Clearly, for the TF30 
engine, the major benefits arise from correctly attributing the fault to either the fan or a turbine module in 
preference to a compressor module; or in other words, from not falsely attributing the fault to a compressor 
module.  


The correct diagnosis of TF30 faults requires the application of a number of different technologies and 
methodologies. These include the use of fibre-optic Bore-Scopes, Oil Debris and Condition Monitoring, 
Vibration Analysis, Gas Path Analysis, and fault-tree troubleshooting of engine controls and accessories by 
Artificial Intelligence. Indeed, there is little overlap in the type of faults diagnosed by these techniques; each 
has its own niche. This is illustrated in Figure 1 where the causes of unscheduled maintenance are matched to 
appropriate diagnostic techniques. DSTO’s program of work on conditioning monitoring is addressing most of 
these techniques, including Vibration Analysis [4], but only the progress on diagnosing gas path faults and 
troubleshooting control and accessory faults is reported here.  
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Figure 1: Causes of unscheduled maintenance and appropriate diagnostic techniques.  


8.0 ENGINE ACCEPTANCE TESTING USING EDAS  


In the mid-1990’s, the RAAF sought to refurbish and modernise the engine test-cells at RAAF Amberley. In 
response to this requirement, DSTO developed an affordable PC based system for the repair and overhaul 
testing of the TF30 engine. Called the Engine Diagnostic and Acceptance Test System (EDAS) [5], it was 
installed in Engine Test Cell 2 in June 1996 and then in Engine Test Cell 1 in November 1997. Over the past 
four years, EDAS has been in day-to-day operation with the RAAF, supported by industry. Overall, EDAS 
has improved the efficiency of the test acceptance process and produced major cost savings.  


EDAS is a Windows-based program written in Microsoft Visual Basic [6,7]. It operates on two separate PCs, 
with one PC in Engine Operator mode and the other in Test Analyst mode. Both PCs acquire a standard suite 
of 39 test parameters at 32 Hz. In the Engine Operator mode, EDAS ensures the safe operation of the TF30 
engine by displaying to the operator all the test parameters on one PC Monitor. Hence, with this one PC 
screen, EDAS has replaced all the old gauges and eliminated the need to support them. In the Test Analyst 
mode, the EDAS menu guides the analyst through the acceptance test schedule with EDAS performing the 
required calculations, displaying the results on the PC screen and sending the accepted test values to an Excel 
Spreadsheet for reporting on and archiving the results of the test runs. This PC menu based process has 
reduced the time to test engines by almost a half.  


The current configuration of EDAS provides a basic diagnostic capability in terms of functional checks and 
troubleshooting. As well, EDAS has enabled the comparison of engine performance between Engine Test 
Cells 1 and 2 as a result of the improved accuracy of the recorded parameters. Previously, this comparison 
was not viable due to the uncertainty in the manually recorded data. In 1998, a program was undertaken to 
enhance the diagnostic capability of EDAS by developing a range of advanced Gas Path Analysis techniques 
to address the problem of diagnosing engine condition to modular level. EDAS provides the major 
prerequisite for the use of such techniques – accurate measurements of the engine gas path parameters.  
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9.0 MODULAR DIAGNOSTICS USING GAS PATH ANALYSIS  


Gas Path Analysis (GPA) serves a different role to the other main Health Monitoring Technologies of 
Vibration Analysis (VA) and Oil Condition Monitoring (OCM). VA and OCM attempt to diagnose events that 
lead to a catastrophic failure of an engine component, and so they have a safety or airworthiness impact. 
Whereas, GPA attempts to diagnose events that lead to a more graceful degradation in the function of the 
engine, and so it has a performance or mission-worthiness impact. 


Gas Path Analysis (GPA) seeks to diagnose the loss of engine condition due to causes such as: eroded, 
corroded and fouled blades and vanes; tip clearance changes, turbine blade untwist and bowed vanes; bleed 
and air-seal leaks, mis-scheduled variable geometry, control system failures and sensor failures. GPA seeks to 
infer the condition of the engine’s gas path from the changes in the engine’s thermodynamic parameters, i.e. 
the measured pressures, temperatures, speeds, torque, air and fuel flows, from their reference or healthy values 
[8,9]. Traditionally, GPA uses engine models to generate the reference values and influence coefficients. The 
influence coefficients provide the fault information as they represent the effect of a change in a given 
component variable, such as a 1% decrease in fan efficiency, on the change in the measured engine 
parameters.  


Pioneered in the early 1970’s, the GPA methodology has found some limited success in the engine test 
facilities of civilian airline operators [10-12]. However, the typical aero-engine application presents a number 
of difficulties for GPA that must be overcome before it can become a more effective diagnostic tool. Indeed, 
the current methods still fall short of what can be achieved by a skilled analyst [13].  


The first difficulty is that GPA must work with the very limited set of gas path instrumentation, both in terms 
of number and location, provided on production engines. The typical set is a long way from the ideal set of 
pressures and temperatures at the inlet and outlet to each component. Consequently, the problem of fault 
observability and uniqueness arises as a number of fault scenarios may fit the observed symptoms – the 
measured parameters.  


The second difficulty is that GPA uses model-based influence coefficients that are deterministic whereas the 
actual process is stochastic. Consequently, the methodology needs to be modified so it can correctly isolate 
faults against the observed measurement and model uncertainty.  


The third difficulty is that the influence coefficient approach assumes that the component variables such as 
efficiency and mass flow are independent whereas in reality they are coupled with the actual coupling being 
related to the type of fault, such as tip clearance changes. Incorporating this information within the 
methodology helps the diagnosis by restricting the domain of possible faults.  


The fourth difficulty is that GPA must diagnose the occurrence of multiple component faults as the engine is 
likely to suffer some degradation through several modules. So far the success of the influence coefficient 
approach has been restricted to cases where single faults are present. Consequently, the methodology needs to 
be improved so it can recognise the occurrence and severity of multiple faults.  


The fifth difficulty is the almost complete lack of specific and validated fault signatures for the engines – the 
problem that we are trying to diagnose. Whilst the general literature, model studies and fault implant tests 
provide some guide as to the likely fault signatures, they are not specific enough to be of practical use when 
diagnosing the faults of a given engine. Consequently, an important step is the development of a fault library 
that summarises the repairs that are performance related and their frequency of occurrence, and provides the 
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link between the cause (the mechanical condition) and the symptoms (the gas path performance). However, as 
the process for collecting this information is not in place, it must be introduced.  


In seeking to address the above weaknesses in the traditional GPA methodology, and so provide a more 
practical and robust diagnostic method, a number of different diagnostic tools have been developed. These are 
illustrated in the flow chart of Figure 2 and they are described in more detail in the following three sections.  


 


Figure 2: Gas-path diagnostic methods and process developed by DSTO. 


9.1 Performance “Stack” of Fault Signatures  
The RAAF had attempted the diagnosis of gas path faults using the unofficial Pratt and Whitney TF30 test-
cell troubleshooting guide. This guide provides a set of influence coefficients covering the impact of 32 
separate component malfunctions or deficiencies on six measurable gas path parameters. Whilst these P&W 
fault signatures contain valuable information and help the identification of dominant faults, the manual 
process of trying to visually identify multiple faults of near equal severity using single fault patterns proved 
impractical.  


Initially, DSTO tried a fully automated approach to recognising the P&W fault signatures using neural 
networks. Whilst it easily identified the occurrence of single faults and showed an ability to identify those 
multiple faults that affected different sets of parameters, it struggled to identify multiple faults when the fault 
signatures overlapped. As a result of the weaknesses of both the manual and fully automated approaches a 
semi-automatic method was developed.  
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Figure 3: Performance Stack diagnosis of engine P103-8841. 


This semi-automatic method allows the analyst to progressively stack up a fault scenario until the selected 
scenario accounts for the observed performance loss (symptom). The method uses the P&W influence 
coefficients to attribute the performance loss to specific faults as selected from a total set of 21 faults. The 
method is implemented as an Excel interface where the user selects and inputs a likely fault and its severity. 
The program then calculates the fault signature at the chosen severity, and subtracts this from the observed 
symptom, to give the portion of the symptom still to be accounted for. The user then selects another fault at a 
chosen severity and the process is repeated until the symptom has been accounted for. This method allows the 
analyst to use past maintenance history and expert judgement to guide the diagnostic process whilst still 
producing a thermodynamically consistent set of faults. As well, the analyst can try various what-if scenarios 
to include or exclude other fault possibilities. Importantly, on trial against RAAF test-cell data, this method 
has demonstrated a capability to diagnose multiple faults.  


9.2 Probabilistic Neural Network with Case Studies of RAAF Repairs  
In this second GPA method, an automated approach to fault diagnosis has been developed through the 
combination of a Probabilistic Neural Network (PNN) with the “case studies” of previous TF30 engine 
repairs. The fault diagnosis is based on how closely the engine being investigated matches previous repairs. 
This method has evolved from earlier DSTO studies into neural networks that demonstrated their ability to 
diagnose implanted faults in a single test-cell engine [14] and within the engine-to-engine build variations of a 
fleet of engines where the effect of a fault can be obscured by these variations [15]. The PNN presented here 
extends this work to diagnosing real-world faults within a fleet of military turbofan engines.  


The PNN provides a mathematical method that is equivalent to the test-cell operator who can say “I know 
what is wrong with this engine because it has been seen before.” In comparison, the traditional gas path 
approach using influence coefficients does not know anything about the frequency or appearance of common 
symptoms that represent combined faults. They cannot make use of this operational knowledge and known 
diagnostic information. With every repair, the neural network has another example of an observed fault added 
to its knowledge base. In comparison, the traditional influence coefficient approach starts every diagnosis as if 
it is the first; it has no knowledge of past experience.  


Case studies, which document previous repairs, form the important database of operational-knowledge for the 
PNN’s diagnosis. Whilst traditional scientific reports often provide a useful insight into the causes and effects 
of gas-path degradation, they usually do not provide measurements which are both practical and applicable to 
a specific engine. Hence, to establish a link between the cause and the symptom, a number of TF30 repairs 
were studied and a report format was developed to provide the RAAF with details of their own repairs. These 
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case studies identify: the symptom using the parameters measured in the TF30 test-cells; the predicted 
degraded modules using the current diagnostic methods; the actual mechanical causes listed in the engine 
strip-down condition reports; the repair performed; and the performance recovered. Over time, these case 
studies will be built up into an invaluable fault database.  


Each case study of a previous repair provides two links between the performance measurements and the 
mechanical condition (Fig. 4). The first link is between the performance loss (symptom) and the defects found 
when the engine is stripped. This link is often an approximation, since not all modules are repaired during 
unscheduled maintenance, allowing some defects to remain undiscovered. In addition the symptom can be 
inaccurate, as reliable no-fault data for the particular engine can often be hard to establish due to the passage 
of time since its post-overhaul test. The second link is given between the performance recovery and the repair 
work performed. This link is more accurate because it is clearly known what repairs were done, and the 
performance they recovered. Since some modules remain unserviced, the performance recovery cannot be 
expected to be exactly equal and opposite to the performance loss.  


 


Figure 4: Links between observed performance and mechanical condition. 


Our only clues to the condition of the engine being investigated come from its loss in performance compared 
to its own earlier no-fault condition. The PNN [16] calculates a statistical degree of match between this 
current symptom of the engine in-question and examples of previous repairs. This symptom being diagnosed 
is compared by the PNN with both a) previous symptoms, and b) previous performance recoveries. This first 
comparison is necessary, despite the inaccuracy of previous symptoms, because it is only fair to compare two 
like items with the same inherent process uncertainties. However, we also want to make use of the more 
accurate knowledge from the effects of previous repairs, so the second comparison is also performed.  


The PNN is coded in Excel and its interface is shown in Figure 5. The symptom of the engine being diagnosed 
is entered in the top row. The symptom is measured between the pre-repair data and the engine’s own post-
overhaul data. The difference in seven parameters, at the same value of engine pressure ratio, is calculated. 
The symptoms and repair effects of the known case studies are contained vertically below the unknown 
symptom. For each case, the PNN calculates the degree of match, as shown graphically and by the % figure. 
The PNN can calculate the degree of match even if some of the seven input symptom-deltas are missing. This 
enables the effect that each parameter has on the degree of matching to be explored.  
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Figure 5: Diagnostic comparison of a symptom to 4 previous repairs. 


This PNN approach closely follows the human identification process of using observed examples and it is 
capable of encapsulating information such as the frequency and appearance of symptoms observed in the test-
cells. Such information is generally not used by traditional diagnostic approaches. The PNN is currently on 
trial with the RAAF. 


9.3 Adaptive Model Approach  
In this third GPA method, a robust adaptive approach to fault diagnosis has been developed based on the use 
of an adaptive component-based thermodynamic model of the TF30 engine [17]. Adaptive engine models [18] 
operate in reverse to a normal model. Typically, an engine model is run by selecting an input such as power 
lever angle and the model then computes engine speeds, pressures and temperatures. The adaptive model 
operates in the opposite direction. A schematic diagram of the adaptive modelling process is shown in Figure 
6. The user inputs the engine measurements, and the model adjusts or ‘adapts’ its internal operation to achieve 
the requested values. If the engine measurements have been obtained from a degraded engine, then the way 
the model has had to adjust itself to obtain the degraded performance indicates how the real engine may also 
have degraded. Hence, the adjustments made by the adaptive model give a diagnosis of the engine’s condition.  
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Figure 6: Procedure to calculate Scale Factors in adaptive modelling. 


The adjustments made in the adaptive model to fit the given data are indicated by Scale Factors. A Scale 
Factor is simply a modification factor that is applied to a performance parameter, such as efficiency, mass 
flow or effective area of the engine’s major components, such as the fan, compressor, or turbine. The Scale 
Factors model the effective change (or degradation) in the performance of the gas path components. They 
represent the difference between the degraded engine’s performance and the computer model’s reference 
performance. In theory, the Scale Factors equal one in a healthy engine and both increases and decreases from 
one indicate degradation. In practice however, Scale Factors will vary from unity even in undegraded engines 
due to modelling error, measurement noise and /or the normal variations in engine build.  


The adaptive procedure uses the Downhill Simplex Method of Nelder & Mead [19] to solve for the unknown 
set of Scale Factors by stepping around the multi-dimensional surface of a Cost Function in search of the 
minimum value. A number of other optimisation algorithms were investigated and the Downhill Simplex 
method proved to be the best with respect to identification, time and simplicity. In a series of deterministic 
model-based studies, the adaptive model demonstrated the ability to correctly identify the simulated 
degradation in 100% of the cases where a single Scale Factor was degraded reducing to 80% for the cases 
where two, three and four Scale Factors were degraded. The failure to correctly diagnose the degradation was 
primarily due to the adaptive model finding multiple solutions – different degradation scenarios – that all 
fitted the degraded data equally well. Furthermore, in many of these multiple Scale Factor cases the simulated 
degradation was not the solution with the lowest Cost Function value. For this reason, the overall process 
retains and considers all solutions with low or acceptable Cost Function values, often 50 to 100, rather than 
just the solution with the lowest value.  


However, the above basic adaptive modelling process was not sufficient by itself to provide a robust and 
effective tool for diagnosing engine faults in the presence of real world uncertainties. These uncertainties can 
be classified as arising from either modelling errors or sensor errors. Consequently, to handle such 
uncertainties in the TF30 test-cells, the adaptive modelling process was modified as illustrated in Figure 7.  
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Figure 7: Adaptive Model approach for test-cell data. 


The first step in this overall adaptive approach is the use of a “factoring” process to account for modelling 
error – the difference between the reference TF30 engine model and the no-fault “healthy” state of the engine 
under test. The “no-fault” or “baseline” value of each engine will vary across the fleet due to normal build 
differences and prior maintenance history. This engine to engine variation cannot be accounted for by a single 
“specification” reference model and if ignored would tend to hide the actual in-service degradation. This 
problem is partly addressed by using the post-overhaul data for each engine as the preferred baseline for 
determining in-service degradation. In the absence of post-overhaul data for a given engine, the average 
performance of post-overhauled engines must be used. The “specification” baseline is not used as this may 
indicate degradation that is unpractical or uneconomic to recover. The adjustment factors are calculated by 
dividing the model reference value by the engine’s no-fault value. If the model and engine matched exactly, 
the factor would equal one. The engine’s test data is then multiplied by these factors to provide the input to the 
adaptive model. Usually, the modelling error is removed after the adaptive process whereas here it is removed 
prior to the adaptive process.  


The adaptive model was also modified to improve its performance. The changes included: (1) specifying an 
appropriate domain for the Scale Factors to constrain the region of the Cost Function surface where a solution 
was allowed; (2) introducing a weighting factor on the engine parameters in the Cost Function so as to reduce 
the impact of inaccurate sensors and to ensure that the optimisation algorithm continues to try and match the 
more accurate sensors down to a very small error; and (3) introducing a two stage optimisation strategy where 
the insensitive Scale Factors from the first stage are disabled making the second stage optimisation a much 
simpler task.  


The next step after the adaptive model calculates the set of possible Scale Factor solutions is a Residual 
Analysis of the errors between the engine parameter values predicted by a given Scale Factor solution and the 
measured values. This is done in two parts. The first residual analysis looks for evidence of an individual 
sensor fault as indicated by a very high error in that sensor for all Scale Factor solutions. If this is the case, 
this sensor is rejected and the adaptive modelling is repeated but with out this sensor. The second residual 
analysis looks for evidence of bad Scale Factor solutions as indicated by the predicted values for a given 
parameter being outside the test-cell test to test variation of the measured parameters. If this is the case the 
solution is rejected. Neither of these methods is intended to detect small errors.  


A key last step in the method is the use of a constraint on the plausible Scale Factor domain to reduce the 50 
to 100 possible solutions generated by the adaptive model to a very small number of plausible scenarios of 
component degradation, say 2 or 3. In traditional GPA, the characteristic parameters of the component maps, 







The Insertion of Advanced Diagnostic 
Technologies in an Ageing Fleet of Engines, 


to Improve Engine/Aircraft Availability and Mission Reliability 


RTO-MP-AVT-144 16 - 15 


 


such as efficiency and mass flow are treated as being independent of each other. However, most realistic gas 
path faults, such as eroded compressor blade tips, will affect both the efficiency and mass flow 
simultaneously. The allowable Scale Factor Coupling domain for the compressors is illustrated in Figure 8.  


 


Figure 8: Scale Factor domains between efficiency and mass-flow for compressor degradation. 


10.0 FLIGHT LINE TROUBLESHOOTING USING EXPERT SYSTEMS  


In the late 1980’s, a joint RAAF, Pratt and Whitney and DSTO team was set up to develop a concept 
demonstrator for the use of expert systems in troubleshooting TF30 engine faults at the flight line. The 
concept demonstrator was called the Interactive Fault Diagnosis and Isolation System (IFDIS). The original 
requirement for IFDIS was the need to improve the on-wing troubleshooting of TF30 engine faults so as to 
reduce the excessive number of unnecessary engine removals arising from incorrect fault diagnosis. A 
demonstrator version was successfully developed and trialed in 1989 [20,21]. Implementation of the system 
did not proceed at that time, but renewed interest in the concept led more recently to a requirement to 
redevelop IFDIS with the aim of maximising its long-term supportability across a number of modern 
computer platforms and over several cycles of system upgrades. This aim was met by redesigning IFDIS [22] 
as an advanced web-based expert system that used standard commercially available software packages to 
implement most of its functions, such as the database engine, the active web server and the web browser. As a 
result, the specific software code (mainly in the active server pages and the inference engine) and the database 
of TF30 engine specific information (the data and the rules) make up less that one percent of the total system.  


IFDIS performs the role of an intelligent assistant and so it was designed to help troubleshooting in an 
interactive fashion. Two essential features of troubleshooting a gas turbine are implicit to the design. These 
are: the ability to separate the problem domain into a finite number of discrete recognisable problems; and the 
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ability to assign causal relationships as cascading fault trees. These features are implemented in the structure 
of the database and so inherent in it. Any other problem domain that showed these same features could use 
IFDIS with only a change to the information in the database. This would include a wide range of mechanical, 
pneumatic, hydraulic and electric/electrical systems.  


The design of the new IFDIS inference engine and database was based on the troubleshooting expert system 
developed by Competitive Advantage Technology Pty Ltd called Diatron. Some significant changes were 
made to improve overall performance and supportability. The Diatron inference engine was recoded in 
eXtensible Markup Language (XML) to facilitate machine independent operation. For ease of verification, 
IFDIS was structured as a set of separate problems each with its own independent set of rules. This facilitated 
the use of the simplest type of expert system in the re-design, and improved the diagnostic response times, but 
came at the expense of a more complicated database. Importantly, for the gas turbine diagnostic problem, the 
inference engine was structured to handle multiple levels of nested rules by assigning a value to a symptom in 
the conclusion of one rule that is a condition of another rule.  


An important feature of the inference engine is non-monotonic reasoning, this allows the user to engage in 
“ what if “ scenarios by stepping back and forth through the diagnostic session, changing the symptoms and 
re-assessing the answers as required. This feature is useful both in engine troubleshooting and in learning the 
troubleshooting process. The “undoing” process can continue back to the first question of the session. 
Naturally, changing an answer can lead to different questions being asked subsequently in the session since 
the diagnosis has moved to a different point in the answer-space. This reflects the fact that the diagnostic 
problem is structured as a multiple fault tree with many branches. In the inference engine, the symptoms for a 
selected problem are ranked in order and this controls the order the rules are passed to the inference engine. In 
responding to the interactive session, the user may supply “Don’t Know” answers to the symptoms, resulting 
in “Known” or “Not Known” symptom states as well as “Not Answered”, “Answered”, or “Changed” 
symptom states. The rule and condition states can be “True”, “False” or “Not Determined” and the resultant 
fault status can be “Indicated”, “Possible”, or “Not Indicated”.  


An important feature of the database is that it contains all the knowledge and causal relations acquired for the 
particular problem set. Consequently, the engine maintenance authority only needs to maintain the database to 
add additional problems or modify engine specific information due to some configuration change. The 
database comprises of a set of rules added in a particular problem order. The rules themselves are simply 
entries in a list of Categories, Problems, Faults, Rules, Actions, Reasons, Symptom Choices and Symptoms. 
These lists simplify the database structure but it means all conditions are joined by “AND” rather than 
allowing “OR” connections. To reduce database access during operation and to speed up response in a served 
network, a generic program is used to automatically convert the database information into the XML code lists 
required by the inference engine.  


Currently, IFDIS covers 18 observable faults (or symptoms) with an emphasis on After-Burner operational 
problems. IFDIS and GPA diagnostics share some common symptoms, like high Turbine Inlet Temperature, 
but they diagnose different causes. For example, GPA would look at causes such as: reduced High Pressure 
Compressor mass flow, decreased Low Pressure Compressor efficiency, or eroded turbine Nozzle Guide 
Vanes. Whereas, IFDIS would look at causes such as: a faulty Engine Gas Temperature probe, un-trimmed 
fuel control, mis-scheduled Mach number actuator or a broken cockpit gauge. In diagnosing these 18 faults, 
IFDIS looks at 113 possible causes and uses 326 rules to do so. These faults, causes and rules are based on the 
TF30 troubleshooting manuals as well as RAAF and Pratt and Whitney operational experience, and they have 
been verified by the original IFDIS development team. Overall, IFDIS covers 30% of the possible faults, some 
70% of the faults seen and 90% of the faults diagnosable on-wing.  
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The 1999 version of IFDIS has been on operational trial at RAAF Amberley since November 1999. Installed 
on a notebook PC it has been rotated through the two flight lines and the two test-cells. As a result of its 
successful operation, a production version of IFDIS is being developed for deployment in early 2002.  


11.0 CONCLUSION  


A number of advanced diagnostic tools have been developed to support the RAAF in maintaining the TF30 
engines in the F-111 through to the Life of Type. These involve: a modern engine acceptance test system for 
the TF30 test-cells, a suite of advanced gas path analysis methods for diagnosing faults to a modular level 
using test-cell data, and an expert system for troubleshooting engine faults at the flight line.  


The retro-fitting of such modern engine health management systems to old engines poses a number of 
difficulties, in terms of lack of instrumentation, information and policy, that can lead to trade-offs that blunt 
their effectiveness. In the process of developing a practical and robust diagnostic system for the TF30 engine 
there have been a number of lessons learned. Firstly, no one single technology or methodology can provide all 
the answers. Each technique detects different faults, and even the three gas path methods presented here have 
different levels of fault coverage. Secondly, a robust gas path diagnostic system requires the simultaneous use 
of a number of complementary methods, so as to play to the strengths and overcome the weaknesses of the 
individual methods. For example, in this paper, both the Performance Stack and the Adaptive Model diagnose 
the exhaust nozzle fault and so add credibility to this diagnosis. Finally, the successful development of gas 
turbine diagnostics requires the early and active participation of the end-user in their development and 
evaluation. In particular, the end-user must be prepared to trial baseline versions of these techniques so they 
can be evolved over time.  
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Appendix: Specific Indicators of TF30 Maintenance 


A1.0 COSTS 


RAAF initially operated three TF30 Variants: P-1-3, 107, 109. The maintenance facility at RAAF Base 
Amberley is the only RAAF Gas Turbine deeper Maintenance facility. 


Bay Service Costs 
Hot end component Inspection/Replacement at 750-800 ENHRS Operation 


Man-hours – 300@ $65/ hr =$20K 


Spares – hot end components =$150K 


Test – man-hours + fuel  =$10K 


Total cost – average  =$180K 


Overhaul Costs 
Overhaul. A complete strip, rebuild and test of the engine at 1500 ENHRS 


Man-hours – 2500@ $65/hr =$160K 


Spares – average  =$250K 


Test – man-hours + fuel cost =$20K 


Total cost – average  =$430K 


Major Repair Costs 
Any maintenance requiring access to a compressor and hence, vertical strip 


Man-hours – 1800@$65/hr =$120K 


Spares – average  =$100K 


Test – average   =$12K 


Total Cost – average  =$235K 


Rectification Costs 
Man-hours – 120@$65/hr =$8K 


Spares – average  =$50K 
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Test – 2x $3L runs  =$6K 


Total cost – average  =$64K 


A2.0 TF30 ENGINE CONDITION MONITORING (CMM) 


Reliability, Availability, and Maintainability (RAM) Team 


Team Leader is a an APS PO2 


Condition Monitoring Techniques 
Spectrometric Oil Analysis Program (SOAP) 


Wear Debris Analysis (WDA) 


Remote Visual Inspection (RVI) 


Vibration Analysis (VIB) 


Performance analysis (PERF) 


Definitions 
Detection – identification of symptoms using one or more techniques 


Diagnosis – identification of the failure mode, severity and location 


Prognosis – prediction of remaining life under service conditions 


A3.0 COST OF OWNERSHIP TRENDS 


1990 $3.5K/ENHR 


1992 $3.2K/ENHR 


1995 $2.2K/ENHR 


A4.0 RELEVANT DSTO CONTRIBUTIONS 


DSTO has developed advanced vibration, gas-path and oil condition diagnostic techniques which in part are 
responsible for a decrease in the cost of engine maintenance, and an improvement in engine reliability. 


DSTO has provided airworthiness advice on cracks and metallurgical flaws found in critical rotating engine 
components. Particular examples are the fan disc balance weight cracking and fan disc tie bolthole cracking. 
DSTO-AVD advice was crucial in lifting the suspension of flying operations on the fleet. DSTO has also been 
involved in analysis of F-111 usage for verifying the lives of safety-critical components. 
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A5.0 RAAF STRATEGIC TF30 OBJECTIVES  


1) To support the TF30 in-country until year 2020. This requires: 


a) A source of engine spares until year 2020, and 


b) A source of technical information until year 2020. 


2) There are two general activity directions to support the TF30 until year 2020. These are: 


a) Improve TF30 reliability, availability and maintainability, and hence reduce the costs of 
ownership. 


b) Maintain an in-country deep level TF30 maintenance facility. 


A6.0 RAAF TF30 OBJECTIVES (ACHIEVABLE GOALS AND TARGET DATE 
IDENTIFIED) 


Objective 1  
To extend the bay service interval1 of the TF30 engine by 250 hours, and hence increase TF30 availability and 
reduce the cost of ownership of the TF30 engine. Required date for completion: Year 2000. Activities 
required: 


1) Activity 1. Analyse TF30 maintenance records to determine those engine components or systems that 
limit the bay-service interval of the engine hot-end. This activity will provide a focus for efforts aimed 
at extending the bay-service life of the TF30 {RAAF/DSTO}.  


2) Activity 2. Improve the performance of the TF30 combustion system. Activity 2 must be co-ordinated 
with combustor life extension activities being performed in USA. A co-operative joint program is 
recommended, administered through the TF30 CIP. This activity should be completed by Jun 97 if the 
RAAF is to realise economical benefits. Combustion system activity shall be performed with the 
following phases: 


a) Phase 1. Develop modifications for the combustor liner to improve combustion zone flow 
field characteristics {DSTO}. 


b) Phase 2. Develop thermal barrier coating systems to improve combustor liner durability 
{DSTO}. 


c) Phase 3. Develop a TF30 combustion system rig to validate proposed modifications {DSTO}. 


d) Phase 4. Perform a finite element structural analysis of the combustor liner {DSTO}. 


e) Phase 5. Develop instrumentation for the TF30 combustion system rig {DSTO}. 


                                                      
1Current TF30 bay service life is 800 -50 hours. 
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COMBUSTOR 
SYSTEM PHASE 


DSTO TASK 
NUMBER 


COMMENTS COMPLETION 
DATE 


1 94-097  Jun 97 


2 94-097 
 
 
94-112 


Investigation of coating application 
to engine environment (rig and 
engine test). 


Materials division to investigate 
coating material properties aspects. 


Jun 97 


 


Jan 96 


3 94-097 Rig required to perform phases 1 
and 2. 


Jun 95 


4 94-110 Required to support phase 1 
activities. 


Jun 95 


5 94-110 Heat flux and radiation sensors to be 
developed. 


Jun 95 


Objective 2  
To develop an on-condition style maintenance philosophy for the TF30 engine to replace the existing core 
engine maintenance philosophy. Required date for completion: Year 2005. Activities required - the following 
activities shall be performed to achieve objective 2: 


1) Activity 1. Analyse the existing core maintenance philosophy applied to RAAF TF30 engines, and 
devise an alternative on-condition/modular maintenance philosophy. Determine those key actions 
required to replace the existing core maintenance philosophy. 


2) Activity 2. Develop a vibration analysis capability able to diagnose the onset of faults within the TF30 
mechanical systems. The vibration analysis activity shall be performed with these phases: 


a) {DSTO} 


b) {DSTO} 


c) {DSTO} 


3) Activity 3. Develop an engine performance analysis tool able to diagnose faults within the major gas 
path components of the TF30. The engine performance activity shall be performed with these phases: 


a) {DSTO} 


b) {DSTO} 


c) {DSTO} 


Objective 3  
To develop techniques that allow the detection of mainline engine bearing incipient failures, and the 
identification of the faulty bearing, without requiring engine disassembly. Required date for completion: Year 
2000. 
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Objective 4  
To develop a means of assuring the quality of new or refurbished mainline engine bearings before fitment, and 
provide pass/fail criteria for these bearings. Required date for completion: Year 1996. 


Objective 5  
To provide techniques for visual inspection of internal gas path components installed in the engine (e.g. 
compressor stators, nozzle guide vanes), without requiring major disassembly. Required date for completion: 
Year 2000. 


Objective 6  
To increase the durability of TF30 inlet guide vanes, which have proven susceptible to cracking. Required 
date for completion: Year 2000. 


A7.0 THE CHANGING MAINTENANCE ENVIRONMENT 


Over recent years there has been a significant growth in the extent of engineering services contracted to 
industry by the ADF to support the through-life structural and mechanical integrity management of ADF 
aircraft. 


The amount of engineering work being contracted by the ADF to AeroStructures Australia is growing. Some 
of this work would, in the past, have been performed by AVD and would have helped senior staff acquire the 
expertise necessary to provide the reliable advice that the ADF requires of AVD. With the changing work 
patterns, junior AVD staff may experience difficulty in building up this expertise. 


All new aircraft will have provision for the contracting of Integrated Logistics Support (ILS) to industry. ILS 
items of special significance to AVD are fleet management and aircraft maintenance. The ADF elements most 
affected by these ILS items are the Logistics Management Squadrons, which are scheduled for considerable 
down-sizing. 


It is expected that ILS would, normally, be provided by the OEM. ILS is a high-cost item that would typically 
equate, over the life-cycle of the aircraft, to between one and two times the aircraft purchase cost. 


It appears that ILS is an Australian-unique initiative. Other military operators have not introduced it, so the 
ADF is embarking on a “do it alone” scenario with the associated risk of an unfavourable outcome. ILS ushers 
in a new paradigm for both the contract manager (the ADF) and the contractor (the OEM). 


In the case of the Lead-in Fighter (LIF), tasks such as airframe fatigue testing, collection of usage profiles, and 
working out the LOT for RAAF operations, have been passed to BAe under the ILS contract. The large extent 
of the through-life support contracted to the OEM for the LIF has been of concern to technical airworthiness 
managers in the RAAF and to senior staff at AMRL. Because the LIF is a training aircraft, the potential 
existed to apply ILS more widely than in the case of operational aircraft. 


Aircraft maintenance initiatives within ILS are likely to affect AVD work on repairable (or replaceable) items 
such as engines and helicopter dynamic components. 
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Because Health and Usage Monitoring Systems (HUMS) have a major impact on aircraft maintenance and 
fleet management, their role within the ILS contract environment needs to be examined. 


AVD has the opportunity to be pro-active in helping to define ILS requirements as part of the tendering 
process. Vigilance at the “Request For Tender” stage may reduce the likelihood of “nasties” (such as those 
that “slipped through” for the LIF) being incorporated in an ILS contract. 


The proposed contracting out of much of 501 Wing’s TF30 engine maintenance work (for the F-111C) is a 
current “experiment” that follows a similar pattern to that proposed under ILS contracts. Over the years 
numerous AVD staff have improved their knowledge-base through attachments to 501 Wing; that is likely to 
become less viable as the work is contracted out. 


Provision of advice by AVD to the contract manager (the ADF) and to the contractor (presumably for a fee) 
would raise the “conflict of interest” issue. 


All changes present both threats and opportunities. The implementation of ILS is no different. It is up to AVD 
to blunt the threats and grab the opportunities. 


A8.0 CONCLUSIONS 


Obviously in any aging platform, there is increasing potential for unanticipated problems which will require 
rectification, and such occurrences could influence cost and availability. In addition, there are systems other 
than the airframe and engines that are highly relevant in F-111 PWD considerations (avionics, flight controls, 
etc). Some of those systems may lead to increasing maintenance costs and availability problems after 2010 
unless a proactive strategy is adopted for them, similar to what has been done for the airframe and engine. 
DSTO (AOD) has had some input on aging avionics systems. 
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ABSTRACT 


The advent of advanced development in sensors, microelectronics, adaptive signal processing and predictive 
technologies have significantly shaped the fundamental approach to dealing with traditional maintenance and 
repair problems within the aerospace industry. The concept of aircraft Diagnostics, Prognostics and Health 
Management (DPHM) is increasingly becoming a main stream approach to dealing with aircraft maintenance 
within an advanced operational autonomic logistics structure. Driven by the requirement for increased safety, 
reliability, enhanced performance and platform availability at reduced cost, key sensor technologies such as 
shape memory alloy, piezoelectric materials, magnetostrictive and electrostrictive materials, triboluminescent 
materials, optical fibres, carbon nanotubes, comparative vacuum monitoring, micro and nano 
electromechanical systems (MEMS/NEMS) are expected to play a significant role in the development of such 
DPHM systems. These advanced sensors, often referred to as smart sensors, are further expected to provide 
functionality that is not matched by current technologies and nondestructive evaluation techniques within in 
an on-line in-situ environment. Regardless of the extensive number of sensors and sensor systems that could 
potentially be employed or integrated within a DPHM system, only selected few illustrating near commercial 
exploitation are introduced in this document. 


1.0 INTRODUCTION 


The increasing mission complexity, operational constraints and stringent performance requirements of legacy 
and emerging air platforms have made on-line and in-situ health monitoring and management a critical 
component of aircraft operational logistics and maintenance programs. From an operator’s perspective, the 
goal of such health management system is to improve operational efficiency and safety, lower life cycle costs, 
increase maintenance cycle, increase platform operational availability and reliability, and improve asset 
management. It is estimated [1] that about 60% of the overall ownership cost of an aircraft is attributed to 
Operation and Support (O&S). Most of this cost is linked to personnel and materials used to support 
scheduled and unscheduled maintenance actions. Moreover, because it is difficult to diagnose faults in some 
components, such as engine compressors, more than 40% of compressors replaced on aircraft are not defective 
resulting in unnecessary false repairs at additional cost. Realizing the significant savings and increased 
operational availability that could result from the development of on-line in-situ integrated health management 
systems, the Joint Strike Fighter (JSF) Program Management Office (PMO) has deployed an advanced 
capability into its new fighter jet program to reduce O&S costs, enhance performance and increase the 
efficiency the management of the fleet. Such advanced capability, known as Diagnostics, Prognostics and 
Health Management (DPHM), was initially conceptualized during the introduction of the JSF program for 
engine diagnostics and prognostics. 
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Traditionally, real-time operating parameters and damage information are captured and compared against both 
test and field data to assess the potential damage severity and required maintenance actions. Such global 
health monitoring approach is well known as Condition-Based Maintenance (CBM). This approach is 
intended to help manage the frequency and extent of maintenance procedures for various components within a 
complex integrated system. The incorporation of CBM with predictive tools is expected to increase the level 
of effectiveness of on-line in-situ health monitoring and management systems’ capability and provide 
advanced life cycle assessment tools. Such capability is known as the DPHM capability and is expected to 
provide the ability to predict and pinpoint potential damage and problem areas; thus, reducing or perhaps even 
eliminating the need for periodic inspections. This capability will not only reduce platform’s ownership cost, 
that is considered to be a critical concern for civilian aircraft operators, but also increase air safety, that is 
mandated by the Federal Aviation Administration (FAA) (e.g. 80% accident reduction by year-end of 2007).  


Faas et al. [2] reported that the ultimate results of a DPHM capability are to be able to reliably predict failure 
with high probability and high confidence. However, they claim that realistically one hopes that such systems 
provide tools to integrate with existing systems to break the ambiguity groups and then provide some insight 
into the predictive side. Furthermore, by deploying such capability, they identified that the specific war fighter 
benefits include reduced maintenance man-hours, restored aircraft to operational status sooner, reduced 
consumption of spare parts, reduced mission aborts due to system failures, reduced deployment footprint and 
increased warning time to order spares and invoke proactive repairs. Results reflecting the return on 
investment (ROI) for the deployment of an on-board monitoring system are illustrated in Table 1 [2].  


Table 1: ROI for the deployment of on-board monitoring system. 


 100%  


On-Board 


75%  


On-Board 


50%  


On-Board 


25%  


On-Board 


Return On Investment (ROI) 9.2 11.5 16.5 24.5 


Time to Break Even (Years) 10 10 9 7 
 


2.0 DIAGNOSTICS, PROGNOSTICS AND HEALTH MANAGEMENT (DPHM)  


2.1 A Definition of DPHM  
A DPHM system is considered to be the central information system for on-line collaborative environment in 
aircraft autonomic logistics. DPHM has the capability to determine the state of health of a component to perform 
its function(s) (Diagnostics). It is also a predictive diagnostics tool that includes determining the remaining life 
or time span of proper operation of a component (Prognostics). It has the capability to report appropriate 
decisions making information about component maintenance based on diagnostics/prognostics information, 
available resources, and operational demand (Health Management) [3]. DPHM evolved from a vision of 
advanced diagnostics that uses advanced sensors to monitor and manage aircraft health and quite often is 
referred to as on-line structural health monitoring or advanced on-line nondestructive evaluation capability.  


2.2 DPHM Architecture and Structure 
Depending on the application and desired outcome, a DPHM system varies in complexity from simple  
(e.g. detect and alert) to more complex (e.g. detect and advise). Figure 1 illustrates a conceptual implementation 
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approach of a DPHM system having moderate complexity; whereas, Figure 2 [4] illustrates the expected 
complexity for integrating an aircraft DPHM system within a military operational autonomic logistics structure. 


 


 


Figure 1: A moderate complexity conceptual structure of a DPHM system. 
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Figure 2: A complex conceptual structure of a military aircraft  
DPHM system within autonomic logistics structure. 
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Irrespective of the simplicity or complexity of the system architecture, four major building blocks constitute 
the core architecture and structure of a DPHM system. These blocks are sensors network, usage and damage 
monitoring reasoner (diagnostics), life management reasoner (predictive and prognostics), and decisions 
making support and assets management. One possible approach to describing the functioning of such a system 
is that usage and damage parameters, acquired via wired and wireless sensors network, are transmitted to an 
on-board data acquisition and signal processing system. The acquired data is developed into information 
related to damage, environmental and operational histories as well as aircraft usage employing information 
processing algorithms embedded into the usage and damage monitoring reasoner. This information, when 
provided to the life management reasoner and through the use of predictive diagnostic and prognostic models, 
is converted into knowledge about the state of operation and health of the aircraft. This knowledge is then 
disseminated and transmitted to the flight crew, operations and maintenance services, regulatory agencies, 
and/or Original Equipment Manufacturers (OEM) for decision making support and asset management.  


It is generally expected that the critical and perhaps the most significant element in the implementation of 
DPHM systems is the selection of sensors and the proper interpretation of the acquired data (information). 
Sensors must be energy efficient, accurate, reliable, robust, small size, lightweight, immune to radio frequency 
and electromagnetic interferences, easily and efficiently networked to on-board preprocessing capability, 
capable of withstanding operational and environmental conditions, require no or low power for both passive 
and active technologies and possess self-monitoring and self-calibrating capabilities.  


Several sensing technologies and nondestructive evaluation (NDE) techniques are currently in use or under 
investigation for DPHM system development. NDE techniques refer to the array of nondestructive evaluation 
techniques and processes that monitor, probe, measure, and assess material response to internal or external 
stimuli. The measured response, generally conducted off-line, is related to a desired material property and 
characteristics reflecting the state of its health or its structural integrity. The main NDE techniques are [5]: 
visual inspection, liquid penetrant inspection, magnetic particle inspection, radiographic inspection (X-ray and 
gamma ray), eddy current inspection, ultrasonic inspection, and thermographic inspection. Although, each of 
these methods is dependent on different basic principles in both application and output, repeatability and 
reproducibility depends significantly on specific understanding and control of several factors, including 
human factors5. These techniques do not lend themselves as the best candidates for real-time on-line 
environment; however, due to their maturity, they are significant tools for off-line damage detection and 
assessment and for validation of emerging and developing techniques and methods. 


Advanced sensors often referred to as “smart” sensors, sensor networks, or sensor nodes perform several 
functions delivered by NDE techniques in a real-time on-line environment with added integrated capabilities 
such as signal acquisition, processing, analysis and transmission. These highly networked sensors (passive or 
active) are suitable for large platforms and wide area monitoring and exploit recent development in micro and 
nano technologies. Some of these sensors include MicroElectroMechanical Systems (MEMS) sensors [6], 
fibre optic sensors [7], piezoelectric sensors [8], piezoelectric wafer active sensor [9], triboluminescent 
sensors [10], SMART layer sensor networks [11], nitinol fibre sensors [12], carbon nanotube sensors [13], and 
comparative vacuum sensors [14]. Regardless of the extensive development of sensor technology, efficient 
sensor networks, sensor power consumption and conservation, efficient network topologies, data transmission 
security, miniaturized and fully integrated electronic and signal acquisition and processing (Lab-On-a-Chip), 
only a handful of emerging sensors present a real potential for integration into a DPHM system. This 
document presents a selected few sensor technologies that have recently seen significant development or 
nearing full commercial exploitation. These technologies are identified as advanced non-traditional sensors 
employing advanced concepts or simply advanced sensing technology. 
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To put into context the significance of such advanced sensing technology; in the US, the market for industrial 
sensor technologies in 2004 was $6.1 billion and expected to grow to $7.7 billon by 2009. While an average 
annual growth (AAGR) of 4.6% is achieved for these sensors, MEMS are expected to observe an AAGR of 
7.6% leading to a market value of $2.5 billion by 2009. It is also expected that the semiconductor based world 
market will reach $21.8 billion in $2008 as opposed to the $12.6 billion of 1998. Fibre optic sensors of several 
microns in size are no exception. The 1998 world market was $175 million and expected to reach $600 
million by 2011 [15]. 


3.0 MEMS BASED SENSORS 


The word smart is defined as “intelligent or able to think and understand quickly in difficult situations” [16]. 
For example, smart devices are defined as ones that operate using computers (e.g. smart bombs and smart 
cards.) The same source defines the word intelligence as “the ability to understand and learn well and to form 
judgments and opinions based on reason.” Furthermore, the definition of advanced is said to be “highly 
developed or difficult.” According to the IEEE 1451 standard [17], a smart or intelligent sensor is defined as 
“one chip, without external components, including the sensing, interfacing, signal processing and intelligence 
(self-testing, self-identification or self-adaptation) functions”. Figures 3 [17], illustrates the smart sensor 
concept as defined by IEEE 1451. 


 


Figure 3: Smart sensor concept defined by IEEE 1451. 


Sensors based on this smart sensor concept generally exploit development in MEMS and nano fabrication 
along with advanced electronics and wireless devices using radio frequency communications technologies. 
Figure 4 [18] depicts a prototype of a smart sensor, known as sensor node, for multi-parameters sensing. The 
sensor node contains four major components: a 3M’s MicroflexTM tape carrier, two MEMS strain sensors, a 
Linear Polarization Resistor (LPR) sensor to detect wetness and corrosion and an electronics module. The 
electronics module is composed of a Micro Controller Unit (MCU), a signal conditioning unit, a wireless 
Integrated Circuit (IC) unit, a battery and an antenna. Employing this node design, Niblock et al. [19] 
developed an Arrayed Multiple Sensor Networks (AMSN) for materials and structural prognostics. Some of 
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the observed benefits employing smart sensors system include the wealth of information that can be gathered 
from the process leading to reduced downtime and improved quality; increased distributed intelligence leading 
to complete knowledge of a system, subsystem, or component’s state of awareness and health for ‘optimal’ 
decision making [20]. Additionally, due to their significant small size and integrated structure, these sensors 
can easily be embedded into composites structures or sandwiched between metallic components for remote 
wireless and internet based monitoring. Intelligent signal processing and decision making protocols can also 
be implemented within the node structure to provide ready to use decisions for reduced downtime and 
increased maintenance efficiency.  


 


Figure 4: MEMS based smart sensor node. 


Recently, Mrad et al. [21] demonstrated, on a commercial Gas Turbine Engine (GTE), the suitability of a 
MEMS based pressure transducer for fan speed measurement to infer blade health condition. Such MEMS 
pressure transducer, shown in Figure 5, was placed in front of the fan blades on a spacer as an alternative to 
directly placing it over the fan blades as necessitated by most engine manufacturers. Figure 6 illustrates the 
sensor placement and its output for a full engine thrust (take-off thrust condition of 14000 RPM).  
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Figure 5: MEMS based pressure sensor for GTE application. 
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Figure 6: A typical gas turbine engine with the MEMS pressure transducer  
and a typical frequency response for a full thrust condition. 


Even though the promise of this sensor technology is significant, wireless and secure communications 
particularly in harsh environment applications, power requirements, system miniaturization and integration 
meeting practical requirements within an economical manufacturing environment require further 
consideration. For instance, the reliability of the sensor and its associated electronics within a harsh 
environment and the packaging require further development. 


4.0 PIEZOELECTRIC BASED SENSORS  
Piezoelectricity dates back to its discovery in 1880 by the Curie brothers. Materials possessing these 
characteristics are generally referred to as dual function or smart materials and have been used extensively in 
the development of innovative small size and effective actuators and sensors technologies. Piezoelectric 
actuators are generally made of ceramics and employ the indirect effect; whereas piezoelectric sensors are 
made of thin polymers and employ the direct effect. Both materials are exploited in the development of 
MEMS based sensors and actuators as well as advanced structural health monitoring and prognostic health 
management systems [22-24].  


In recent years, significant research was devoted to the development of structural health monitoring capabilities 
based on piezoelectric materials. Masson et al. [25] demonstrated a number of modeling tools and damage 
detection strategies in low and medium frequency ranges. A number of sensing and actuation technologies 
including arrays of piezoelectric sensors and actuators, shape memory alloys, and micro-accelerometers were 
also demonstrated for application to structural health monitoring at higher frequencies. Employing piezoelectric 
transducers’ arrays, shown in Figure 7 and a time reversal approach, damage detection and localization were 
demonstrated. Furthermore, Mrad et al. [26] exploited these smart materials characteristics to detect exfoliation 
damage in metallic structures through the use of arrayed sensors, as shown in Figure 8. These novel transducers, 
analogous to nanocoatings, are known as integrated thin film paint-on Ultrasonic Transducers Array (UTA). The 
fabrication novelty and flexibility in producing UTA with different sizes, thicknesses, for different aerospace 
applications is documented and demonstrated by Kobayashi et al. [27].  
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Figure 7: Arrayed piezoelectric sensors used for damage (crack) detection and localization. 


 


 


Figure 8: Exfoliated test article with four integrated UTAs and a typical UTA response. 


Piezoelectric material can be used both for active and passive defect detection employing network of sensors. 
As illustrated in Figure 9 [28], in the active mode, an electric pulse is sent to a piezoelectric actuator that 
produces Lamb waves within the structure under evaluation. The array of piezoelectric sensors will pick up 
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the resultant Lamb waves for processing and analysis. If defects such as cracks, delamination, disbond or 
corrosion exist within the array of sensors, a change in the signal results, which is distinct from the reference 
healthy or non-defect component’s signature. These systems rely on a reference signal in the structure before 
they are placed in service. The location and the size of the defect can generally be determined from the degree 
of signal change. In the passive mode, sensors are used continuously as “listening” devices for any possible 
damage initiation or propagation. Sensors within the network can detect energy emitted from impact events 
and defects generation, including crack formation, delamination, disbond, and possibly non-visible impact 
damage. In this mode, arrays of sensors are used to monitor or detect such events that generally have a 
particular energy signal associated with them. Cracks of length 0.005 inches from a distance of six inches on 
flat plate samples [29] were detected using these sensors. The latter mode is generally desired as it requires 
little or no power for its operation. Systems based on this dual concept of passive and active monitoring have 
been developed [30,31]. Stanford Multi-Actuator-Receiver Transduction (SMART) Layer based system has 
been developed and demonstrated for several aerospace structural health applications. The system is designed 
and built around a set of piezoelectric sensors networked and embedded into desired configurations in a single 
polyimide layer, known as SMART Layer®. Using dedicated diagnostics software, analysis tools and graphics 
user interface packaged into a SMART Suitcase™ portable diagnostic hardware, the damage severity and 
location can be easily identified. Figure 10 [30,31] depict this approach with two applications: composite 
bonded patch repair health monitoring and integrity assessment and damage detection under fasteners.  


 


Figure 9: Passive and active sensing mode using piezoelectric material.  
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Figure 10: A SMART Layer® technology based structural health monitoring system. 


This sensor technology provides significant potential in the development and implementation of DPHM 
capability due to the high sensor multiplexing capability, the suitability of the sensor array in harsh 
environment, and its sensitivity to pressure, temperature, vibration, and strain. However, when this technology 
is used in either mode of operation (passive or active) it presents several challenges that require further 
research. In the passive mode, background noise (AE from non-defect events) needs to be accommodated for; 
thus, requiring significant experience and additional expertise to accurately diagnose the presence of damage 
from the acquired data. In the active mode, sensors/actuators must be spaced properly and excited with certain 
frequencies at selected energy level to be able to detect damage with certain sizes and region as demonstrated 
by Pinsonnault [32]. Additionally, from a hardware perspective, the reliability of sensors and actuators wiring, 
networking and bonding requires validation. Costs associated with added weight, complexity and system 
certification needs to be weighed against the value added in the integration of this technology as a component 
of a DPHM system. Tremendous progress was reported in this area; however significant research is needed to 
bring this technology to practical deployment and to facilitate its qualification and certification on air vehicles.  


5.0 FIBRE OPTIC BASED SENSORS 


The fibre optic sensor development that capitalized on the 1950’s successful discovery of communication 
optical fibres has been underway since the early 1970’s. Only in recent years, accelerated progress was 
experienced due to the significant development of new, low-cost materials and devices, the emergence of 
micro and nano technologies for the telecommunications industry and the increased interest in the 
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development and implementation of DPHM systems. The shape and form of optical fibres are similar to those 
reinforcing fibres used in fibre-reinforced composite materials. However, the diameter of optical fibres is 
much larger, usually in the order of 40 to 250 microns, compared to glass and carbon fibres used in 
composites that are typically 10 microns or smaller. Optical fibres consist of a light waveguide inner silica-
based core surrounded by an annular doped silica cladding that is protected by a polymer coating. This optical 
fibre can also be made using other materials, such as plastic [33]. The fibre core refractive index is relatively 
large compared to that of the cladding index. The change in refractive indices, between the core and the 
cladding, provides the required mechanics for light propagation within the fibre core. Depending on the 
wavelength of the light input, waveguide geometry and distribution of its refractive indices, several modes can 
propagate through the fibre, resulting in the so-called, single and multi-mode optical fibres. Both fibre types 
are used in the construction of fibre optic sensors. However, single mode fibres are more sensitive to strain 
variation and are thus the preferred choice for DPHM applications. A summary of the typical properties of 
various optical fibre types is presented by Krohn [34]. 


Compared to more traditional measurement techniques, fibre optic sensors offer unique capabilities such as 
monitoring the manufacturing process of composite and metallic parts, performing non-destructive testing 
once fabrication is complete, enabling structural and component health monitoring for prognostics health 
management, and structural control for component life extension. Because of their very low weight, small 
size, high bandwidth and immunity to electromagnetic and radio frequency interferences, fibre optic sensors 
have significant performance advantages over traditional sensors. In contrast to classical sensors that are 
largely based on measurement of electrical parameters such as resistance or capacitance, fibre optic sensors 
make use of a variety of novel phenomena inherent in the structure of the fibre itself. Some of these 
phenomena are extensively discussed in the literature [35,36]. In general these sensors can be classified into 
two classes, the discrete and distributed class. The distributed class of sensors includes Michelson and Mach-
Zhender interferometer as well as sensors based on Brillouin scattering. These are generally seen in 
infrastructure applications where spatial resolution, system’s weight and size are not as critical and long range 
sensing is desired [37].  


The discrete class of sensors have cavity or grating based designs and are commonly used for the 
measurement of strain, deformation, temperature, vibration and pressure, amongst other parameters. Cavity 
based designs utilize an interferometric cavity in the fibre to create the sensor and define its sensor gauge 
length. Extrinsic and Intrinsic Fabry-Perot Interferometers (EFPI, IFPI), along with In-Line Fibre Etalon 
(ILFE) are the most known ones. Grating based designs utilize a photo-induced periodicity in the fibre core 
refractive index to create a sensor whose reflected or transmitted wavelength is a function of the periodicity 
that is indicative of the parameter being measured. Fibre Bragg Gratings (FBG) and Long Period Gratings 
(LPG) are the most commonly used sensors in this class and are the most attractive for integration into 
advanced diagnostic and prognostic capabilities. Grating based designs, particularly traditional FBG, have 
emerged as the leading technology in multiplexing and dual parameter sensing. The principle of operation of 
Bragg gratings based sensors is shown in Figure 11 [38]. Additionally, as shown in Figures 12 [39], these 
sensors can be used to monitor bondline integrity in bonded joints, acoustic emission resulting from structural 
damage and corrosion monitoring. When integrated with a centralized monitoring system, as shown in Figure 
13, on-line real-time corrosion sensing and health prediction can be performed using very high number (up to 
1000) of sensors networked on a single strand fibre. 
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(a) 


 


(b) 


Figure 11: Traditional fibre Bragg gratings principle of operation. 


 


Figure 12: Bragg grating based sensing applications. 
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Figure 13: Illustration of a fighter jet health monitoring system. 


Several sensor output interrogation techniques and their associated modulation systems have been developed 
and implemented [40]. These systems are found to be costly and impractical for in-flight applications due to 
their significant size, weight and power requirements. Recent efforts have focused on developing an increased 
level of understanding of the issues impeding the implementation of fibre Bragg gratings (single or 
multiplexed) into aerospace and military air platforms [41,42,43,44] and developing a micro fibre optic 
interrogation system for increased sensor networks and reduced size and weight. Figure 14 [45,46,47] 
illustrates the developmental effort in exploiting the enabling area of MEMS technology to develop a micro 
arrayed highly multiplexed FBG interrogation system providing significant advances in air platforms 
diagnostics and prognostics. 
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Figure 14: Conceptual illustration of a micro arrayed highly multiplexed FBG interrogation system. 
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Regardless of the extensive and successful outcome of several investigations supporting aerospace platform 
DPHM requirements, research effort continue to address the critical issues for practical implementation that 
include adhesive selection, bonding procedures, quality control processes; optimum selection of sensor 
configuration, sensor material and host structure for embedded configurations; characterization of embedded 
fibre optic sensors at elevated and cryogenic temperatures; resolution optimization for desired parameters 
from multi-gratings as well as sensitivity to transverse and temperature effects; development of an integrity 
assurance procedure for embedded sensors, particularly sensor protection at egress/ingress points.  


6.0 COMPARATIVE VACUUM MONITORING  


Amongst the wide range of sensor technologies that have emerged in recent years as damage detection sensors, 
Comparative Vacuum Monitoring (CVM) technology is assessed to be a mature technology, for both non-
destructive testing / inspection (NDT/NDI) and condition monitoring (CM) of structural integrity, that is ready 
for deployment onto operational platforms. The state of maturity of this technology coupled with the desire of 
the aerospace industry to deploy an automated inspection method that does not have reduced accuracy and that 
could take place with personnel remote to the inspection area has triggered a desire to evaluate this technology 
within an aerospace environment. Recently, Boeing, FAA, Airbus, Northwest Airlines, the United States Navy 
(USN) and Royal Australian Air Force (RAAF) initiated independent verification trials with this technology. 
These trials involve laboratory, environmental and on-aircraft tests. A validation trial within the US Navy has 
successfully demonstrated the detection of a crack [48,49]. Based on these trials, it is expected that the CVM 
technology be approved as an alternate means of compliance [48]. This CVM technology has been developed for 
crack initiation and propagation detection. It consists of three primary components; a sensor, a pressure 
differential flow meter and a stable host reference vacuum source. Figures 15 and 16 [50] illustrate the 
conceptual model of a typical CVM system and an example of crack detection process on a component, 
respectively. The sensor is linked to a reference vacuum source through a flow meter, which contains impedance 
to the flow of air molecules through the system. The flow meter measures the pressure difference across the 
impedance. The vacuum source provides the flow meter with a continuous stable reference vacuum and power to 
maintain vacuum at a stable level. The fundamental principle of the CVM operation is the detection of pressure 
difference caused by a crack in a vacuum channel, known as ‘gallery’ within the sensor pad. If there is no 
damage and since the sensor is sealed to the test article there should be no leaks or change in pressure difference 
and hence a balance is maintained between the sensor and the vacuum source. If there is damage, a leak occurs at 
the location of the sensor pad and a pressure increase is detected by the flow meter. The rate of growth of the 
damage (crack) is determined by the rate of pressure change. The increase in pressure is measured as a 
differential pressure in relation to the reference vacuum level. This is significantly more sensitive to micro 
fluidic air flow than conventional air flow meters.  


  


Sensor Pad 


 
Figure 15: Conceptual model and principle of operation of a typical CVM system. 
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Figure 16: Illustration of crack detection using CVM technology. 


An example of the operation of the commercially available system is also shown in Figure 17 [51]. As can be 
illustrated by the extensive work in the open literature, this technology is experiencing tremendous growth for 
both military and civilian aircraft [52,53]. This technology, however, is very well suited for localized damage 
detection but not for global system health monitoring. Sensors employed for this technology are often 
compared to resistive based crack detection gauges. Even though sensor multiplexing is demonstrated, 
implementation remains limited to hot spots and applications where false positives and system weight can be 
tolerated. Other limitations experienced by this technology are common to the sensor discussed in this 
document and require further consideration. The technology is seen to be commercially more mature than the 
earlier presented technologies. 
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Figure 17: Commercial CVM System – with and without crack. 


7.0 CONCLUSIONS  


The Diagnostics, Prognostics and Health Management (DPHM) concept has emerged in recent years as the 
desired approach for aircraft enhanced operational envelope, reduced life cycle costs, increased aircraft 
availability, enhanced operational logistics and reduced complexity for new acquisition programs and legacy 
platforms alike. The implication of employing a DPHM system that includes continuous operational 
monitoring and damage detection, assessment and prediction technologies is significant. However its impact is 
underestimated as it enables lesser access to aircraft reduces reliance on statistical based scheduled 
maintenance, increases maintenance efficiency and aircraft availability, and moves from condition based to 
predictive maintenance approach which can substantially reduce ownership costs. One major challenge in the 
implementation of the DPHM system is the distribution, networking and communication of sensors providing 
minimal impact on vehicle operation, maintenance, and repair. The presented sensors and sensory systems 
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based on fibre optic, piezoelectric and comparative vacuum technologies are assessed to be near commercial 
exploitation and are considered to be advanced in addressing some of the challenges. However, numerous 
sensing devices (in addition to the ones covered here) are emerging with the introduction of new technologies 
that are expected to help overcome the technical and operational challenges and to ensure the implementation 
of high-performance DPHM systems. 
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1.0 INTRODUCTION 


The issue of aircraft availability has been a problem for air forces for many years, however it has come to 
prominence in recent years largely because of the intense pressures on military budgets. Decreasing 
procurement and operational budgets require the utmost in efficiency from the forces to offset the limited 
numbers of aircraft which can be afforded. Non-Destructive Evaluation (NDE), also widely known as Non 
Destructive Testing (NDT) and Non Destructive Inspection (NDI), can play several roles in increasing aircraft 
availability, although if not correctly incorporated into the aircraft’s overall life management plan the potential 
benefits may not be realised and NDE may be perceived as contributing to the availability problems.  


In this paper the role of NDE in aircraft life management will be reviewed briefly, emphasising the developing 
roles for NDE in operating new and ageing legacy systems. Examples of improvements to NDE capability 
will be given showing how, by making NDE more practicable they enable reductions in aircraft downtime, 
allowing greater availability. Optimisation of inspection strategy will also be discussed and suggestions for 
future employment of NDE as a basis for prognostic health management allowing increased use of condition 
based maintenance (CBM) will be discussed. 


2.0 NDE AND AIRCRAFT LIFE MANAGEMENT 


Aircraft and component lifing can be based on several philosophies: 


• “Safe Life” – The aircraft life is fixed by a major airframe fatigue test. In principle there should be no 
requirement for NDE during the aircraft safe life, after which it ought to be scrapped. 


• “Damage Tolerance” – The life is determined by calculation using assumed initial defects and 
estimated growth rates. This usually involves the use of NDE at set periods to verify that no defects 
greater than the initial size are present. In principle the process can be repeated as often as required, 
although in practice other factors, particularly the changing distribution of anticipated defects, limit 
the life which can be obtained. 
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• “On Condition” - Components are inspected periodically and used until a defect is encountered (also 
known as Retirement for Cause).  


Different nations and services use a mixture of these approaches, for example the USAF use damage tolerance 
for platforms and increasingly favour on condition for components, the USN and UK use safe life for 
airframes. Safe life also predominates amongst European nations who make their own equipment (e.g. France, 
Germany, Italy) but damage tolerance is adopted by operators of US equipment (e.g. Netherlands, Belgium). 


NDE is an integral part of the damage tolerance and on condition approaches. Although it should not be required 
in principle for a safe life aircraft, NDE is used on all aircraft types within the safe life period. The requirement 
for NDE may arise from experience with the major fatigue test, from fleet experience or from changes in 
operating conditions. Increasingly as aircraft approach the end of their safe lives, there is a pressure to extend the 
life to save replacement costs. This often increases the NDE requirement as the airframe and components are 
effectively being operated on a damage tolerance or on condition basis after the safe life is exceeded. 


In “new” systems the use of NDE would tend to reduce availability as it requires aircraft downtime and is 
likely to encounter only sub-critical indications which may require further action. The use of NDE may not be 
included in initial planning and the need to use NDE may be deferred by replacement of items. Preventive 
maintenance is more aimed at the long term so it is not driven by actual defects, hence there is limited scope 
for NDE to reduce the maintenance undertaken and the ensuing cost. 


In “ageing” systems, NDE may be the only viable way to keep the systems flying, hence any system availability 
depends on NDE. In these systems NDE reduces an otherwise prohibitive preventative maintenance burden by 
targeting corrective repair action and avoiding the cost of unnecessary replacement or refurbishment. 


The changing, generally ageing, aircraft population with the greatly increased emphasis on reduced 
maintenance and support costs has lead to a changing role for NDE. It was traditionally used primarily to 
ensure safety and to investigate “incidents” such as minor accidents or airframe overstress. Its roles in aircraft 
lifing were, periodic, programmed inspections as part of damage tolerance lifing, ad hoc usage to reinforce 
safe life where hot spots or changes in usage occur and to allow “on condition” life for specific components. 


More recently NDE is increasingly being used to support life extensions replacing safe life with damage 
tolerance/on condition lifing, to replace or reduce other forms of preventive maintenance and to enable use of 
CBM. 


3.0 NDE RELATED COSTS AND COST SAVINGS 


In aircraft maintenance there is a very often a decision to be made, whether to inspect, refurbish or replace. 
Replacement or refurbishment at a pre-set airframe life have often been favoured by aircraft operators as 
“Terminating actions”. They eliminate follow-up costs of further inspections for a further predictable life 
interval, but the up-front cost may be considerable. 


Inspection will in turn lead to: 


1) No action (usually); 


2) Repair or refurbishment; 


3) Replacement. 
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The initial costs are those of the inspection rather than the follow-up action which hopefully can be avoided or 
considerably deferred in most cases. 


The decision on whether to inspect or implement a pre-determined terminating action will nowadays usually 
be an economic one, which is most affordable, often considering mainly the short term. 


Although one of the most obvious costs in using NDE is the cost of the extra equipment required, NDE 
equipment is not usually a major cost. Simple instruments cost from $5k while many systems cost from $20-
200k. These costs are enough to limit the use of NDE in some industries, but are usually insignificant 
compared to the overall support costs of military aircraft. NDE systems costing more than this have usually 
failed to sell. Large installations however can be costly, but can often be justified on an individual case basis, 
where there is sufficient throughput of work (see examples below). 


A greater inspection cost is the manpower required. This can add up to a significant cost, although still only a 
small part of the total maintenance burden. In the present circumstances where recruitment and retention of 
personnel are often problematic the number of posts rather than the actual cost may be an issue. Training and 
Certification are also a growing concern. 


The cost of additional aircraft downtime, especially preparation for the inspection, is often the main cost. 
Clearly increased aircraft downtime reduces availability and increases the required fleet size. The time 
required to prepare an aircraft for inspection very often exceeds the inspection time, sometimes by an order of 
magnitude or more. 


In order to increase the scope of reliance on NDE to cut overall maintenance costs and improve availability, 
there are several challenges which are directing current NDE research and development.  


Inspection of a greater percentage of airframe would expand the opportunities for CBM. This requires the 
development of NDE techniques capable of increased speed for large areas of accessible structure and 
improved penetration into the structure for inaccessible areas or components. It also requires extension of 
inspection capabilities and understanding, especially where complex geometry and multi-layered structures 
complicate inspection practices. 


Increasing inspection intervals clearly offers the opportunity to cut inspection related costs. More importantly, 
however, if increased inspection intervals are compatible with major servicing intervals there can be a 
dramatic reduction or even elimination in the overhead costs of aircraft downtime and preparation. Increasing 
inspection intervals can be achieved by using inspections capable of determining improved detail allowing 
smaller defect threshold to be used, increasing the warning period. The most effective scheduling of 
inspections would be enabled by incorporating inspection fully into a prognostic predictive framework. 


These improvements to inspection capability and strategy should help to improve acceptance of NDE by 
aircraft operators. To ensure this, it will be necessary to overcome any negative impact on aircraft availability, 
to demonstrate minimised overall maintenance cost through efficient use of depot inspection and to 
demonstrate the impact on the structural integrity management of the fleet. 


4.0 IMPROVEMENTS TO NDE METHODS 
Improvements to NDE for use in the above situations, particularly the ageing systems, includes increases in 
sensitivity, speed and access capability. These improvements can be made in some cases by adopting radically 
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new methods, but often evolutionary development of existing methods can bring about the necessary increase 
in capability, particularly when the recent improvements in computing power and automation are utilised.  


Traditional inspections by the use of methods such as Ultrasonics or Eddy Current were originally devised for 
much more limited applications. They operate by scanning a small probe over the area or features of concern. 
While they are ideal for limited area inspection, they are relatively slow, require intimate access to the flaw 
location and are usually only semi-quantitative, often defects are not even “sized” by the primary inspection 
requiring follow-up investigation of any indications. They can be greatly improved by incorporation into 
scanning systems, either manual or automated, particularly for inspection of large areas. This gives better 
detail of damage, allows data storage and retrieval for record-keeping allowing improvement in data fidelity. 
It can also reduce manpower requirements, both by reducing the time required for manual manipulation of the 
probes and by reducing the necessary operator skill levels. 


Further improvements to traditional methods have involved the development of multiple array probes using 
many parallel channels to allow more rapid scanning. Incorporation of automated data analysis allows rapid, 
real-time analysis of the huge data sets generated and allows more sophistication, provided the presentation is 
simple. Fully automated, dedicated systems based on these improved traditional methods minimise manpower 
requirements while allowing routine 100% inspection. 


Examples of systems adopted by the UK and US Air Forces include: 
• Ultrasonic Inspection of Composite Structure for BVID. Ultrasonic scanning with a greater rate of 


data acquisition through the use of a wide array probe greatly reduced inspection times, mapping 
damage using a manual scanning system. Inspection of a fighter sized wing (Harrier II/AV8B) using a 
single element hand held probe required 6 days, the use of a 16-element array reduces this to 5 hrs. 


• Automated Scanning System (MAUS). A further step in improved inspection appropriate for large 
structures is a portable automated scanning system which attaches to the aircraft skin. It can carry out 
raster scans without supervision and can be used with various NDE techniques including Ultrasonics 
and Eddy Current. The system features automated setup and data processing, it is currently used for 
corrosion detection on KC135, B52, and E3 aircraft. 


• Engine disk inspection systems. Larger fixed automated scanning systems are appropriate for 
inspecting large numbers of complex components. Robotic eddy current inspection systems enabled a 
Retirement For Cause strategy to be used for F-100 engine disks which otherwise had an 
unacceptably short fatigue life. Periodic inspection allowed the component life to be doubled with an 
estimated cost saving of $850M. Further improvements and savings are projected under the Engine 
Rotator Life Extension (ERLE) programme. 


• Robotic Radiography – MAX  (Multi-Axis X-ray).  Recently, the USAF the commissioned a 
dedicated, automated digital X-ray system enabling inspection of the complete F15 empennage for 
corrosion by a gantry robot. The initial costs were justified by expected labour savings over an 
existing manual task of $200k-$300k per year. Additional benefits include elimination of chemical 
film processing, increased operator safety, real time processing and live image examination 
eliminating the need for multiple shots. 


• Dedicated Fastener Hole inspection systems. Fastener holes have long been recognised as initiation 
sites for fatigue cracking. In one example of this, the C130 wing centre section was found to suffer 
from hidden cracking around fasteners, and there were several hundred fasteners which would have 
required inspection. (Similar problems affect commercial aircraft). The original inspection required 
removal of the fastener to allow insertion of a rotating probe eddy current scanner, but this was not 
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viable for the large numbers of fastener sites. Eddy current systems were developed using rotating 
probes or multi-element arrays which could inspect the holes without prior removal of the fasteners. 
These systems reduced inspection time to seconds per fastener, measuring defect angle, size and 
depth. A Magneto-Optic Imaging system was developed for more rapid inspection of a limited area. 
Although less sensitive than the eddy current instruments it is claimed to be around 20% more rapid, 
and with no requirement to locate the fasteners which are imaged automatically, it can be used to 
inspect through paint or surface coatings.  


The above examples all show how conventional NDE methods can be transformed to make them compatible 
with the new requirements. A lot of work has also been done to develop new techniques based on imaging 
rather than scanning technologies for the inspection of large areas. The principal techniques investigated have 
been: 


• Thermal Methods. 


• Pulsed Thermography. 


• Lock-in Thermography. 


• Sonic IR / Thermosonics. 


• Optical Methods. 


• Holographic Interferometry. 


• Electronic Speckle Pattern Interferometry (ESPI). 


• Shearography. 


A further group of techniques which have been used for structural monitoring of large areas are: 


• Acoustic Methods. 


• Guided waves. 


• Acousto-ultrasound. 


• Acoustic Emission. 


These techniques all seek to cover large areas quickly, but have severe limitations in the degree of detail and 
/or thickness of structure which they can cope with. They have therefore been limited to niche applications 


Thermal methods have very limited penetration into monolithic structures, especially if they are electrically 
conducting with a consequently high thermal conductivity. They have been used successfully for inspection of 
lightweight structures, including space structures, where they have been introduced for leading edge 
inspection on the space shuttle. Thermal methods are useful for locating disbonds, in one example the German 
Air Force developed a thermographic technique to detect disbonding of engine intake heater mats. 
Thermography has also been used in production inspection of components including GRP helicopter rotor 
blades. 


Optical methods are similarly limited in their penetration into structural materials. They have been used 
mainly for production inspection of thin skinned sandwich structures. 


The acoustic methods have very different limitations, being most suitable for inspection of large, heavy 
weight, thick section structures. The guided wave method is now routinely employed in inspection of pipes 
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and storage tanks, but it does not have the resolution to be used for large area inspection in complex airframe 
structures where there are too many features to perturb the guided wave pulses. Guided waves can however 
propagate through structure to hidden elements. Techniques to inspect internal structures from outside using 
waves guided by the structure have been used in nuclear reactors. This concept formed the basis for a 
technique using creeping waves which was used for inspections of C141 Weep Holes and C130 Spar Caps. 
This technique reduced the time required by 40-50hrs by eliminating disassembly. 


Acoustic emission has also been used successfully in simple, heavy structures. Despite persistent attempts and 
continued development it is has not been possible to use it in aircraft applications due to the difficulty in 
distinguishing defect-related acoustic events from background structural noise.  


Alternative methods to improve access to structures include the use of NDE probes or imaging systems on 
endoscopes, this has been done with digital cameras, laser ultrasonics and eddy current probes. Robots and 
permanently installed sensors have also been used for specific applications. 


5.0 INCORPORATION OF NDE INTO SYSTEM LEVEL LIFE MANAGEMENT 


Simply applying a periodic inspection solution leaves several potential problems. The inspection interval has 
to be set, but it is not always compatible with the maintenance schedule. Reliance on NDE implies that the 
reliability of the inspection determines the safety level, hence the reliability of the NDE technique must be 
assessed. “Unanticipated” corrective maintenance can be very expensive in terms of aircraft availability, 
therefore the value of NDE will be greatly increased if it can be used for prognostics, predicting faults at an 
early enough stage that corrective action can be planned within normal maintenance tasks rather than taking 
the aircraft out of service. 


The inspection interval is determined by the defect growth rates and damage tolerance of the structure, the 
minimum detectable flaw size and the reliability of the inspection methodology, technique, and operator. The 
viability of an NDE solution may depend on whether the inspection interval can be fitted into the maintenance 
programme, for example the VC10 transport specified a 6 year requirement for corrosion detection while civil 
aircraft typically have a 5 to 8 year repaint schedule. 


NDE Reliability is often described by Probability of Detection (POD) curves. In Damage Tolerance lifing, 
only the characteristic defect size a90/95 is used. In situations where this appears inadequate, more efficient 
interpretation of the NDE reliability can give improved performance estimates. In principle, an inspection can 
be chosen to match desired reliability with inspection interval and safety level. Currently accepted 
methodology only deals with simple POD depending on one defect size parameter, appropriate for fatigue 
cracks. There is no analogous standard approach for image data, especially where automated data analysis is 
used, which might be appropriate for corrosion detection. 


A historical objection to NDE has been that it can reduce aircraft availability. Although the maintenance 
operations which will result from detection of defects by NDE can be foreseen, scheduling maintenance is 
difficult if an initial inspection is used to define the requirement or scope for further work. NDE would be 
much more valuable as a basis for preventive maintenance if it were used to give advance warning and to 
predict condition for a future safe operating period. This is the goal of prognostics. 


Prognostics aims to predict future maintenance requirements through knowledge of the current state of a 
system and its future operations. Predictions of safe operating time and likely severity of future damage can be 
made from usage monitoring, structural health monitoring and/or NDE. It will be crucial to understand how 
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uncertainties in current knowledge of the system condition propagate to give uncertainty in the future 
condition. Usage monitoring and SHM are both likely to be limited in the information they can give on the 
current damage state, although they may be used to direct inspections. NDE is limited by the precision of its 
measurements, but this can be measured. Remaining safe operating period and optimal corrective maintenance 
could be planned by using the NDE measurements of the existing condition as input to a defect growth model. 


Using NDE in this way, operators can hope to improve CBM by predicting the future condition of the system, 
but the analysis has to specify what will go wrong and, crucially, when it will go wrong. The scope for savings 
and life extension could be impressive, for example the USAF Engine Rotor Life Extension programme 
(ERLE) projected doubling of engine component lives resulting in cost avoidance of $1.3Bn arising from just 
engine monitoring. NDE can be a major contributor to the gains by enabling prognostic health management, 
but the limitations of inspection must be well understood and reflected in the strategy. 


6.0 CONCLUSIONS 


Due to intense pressures to minimise ownership costs, NDE is being used in new ways. Some cost reduction 
associated with NDE arises from reductions in inspection costs due to the development of more efficient 
inspection systems. Greater savings can be expected to arise when NDE is used to enable efficient CBM 
strategies. 


The main challenges to NDE are increasing the areas of platforms which can be inspected cost-effectively, 
this requires improved large area coverage methods and techniques which improve access. 


More quantitative and more sensitive inspection methods may be required to extend inspection intervals and 
to allow prediction of safe operating periods by incorporating NDE into a prognostic health management 
approach. 


In order to benefit fully from using NDE to improve maintenance, NDE with its benefits and limitations needs 
to be fully integrated into the overall system level life management strategy. NDE capabilities need to be built 
into the system model to make optimal use of the information NDE can supply as an enabling technology for 
life extension or condition based maintenance planning. 
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ABSTRACT  


Wars and battles can be won or lost through attrition, and so there is a critical need for rapid salvage and 
repair strategies and technologies for aircraft disabled or damaged in action. This is particularly so in view of 
the trend to greater concentration of capability in fewer aircraft, the need for expeditionary operations, and the 
long lead times for the manufacture of new aircraft and components. While many of the concepts and 
technologies addressed in other papers in this Workshop will help in the rapid repair of aircraft, it is necessary 
also to consider the specific additional measures needed to succeed in a prolonged combat scenario. 


This paper will address the Session Goal in this context. The scope of the paper is broad. It includes strategies 
and technologies for retrieving and/or transporting aircraft to repair centres in theatre. It includes 
maintenance/support concepts and technologies that will allow major component replacements and repairs to 
be performed quickly in theatre, at forward bases if possible. It includes the design criteria and concepts 
needed to enable these maintenance/support concepts - e.g., the modular design concept of the French Rafale 
fighter which takes benefit of the long-standing requirements of the French operations in African or overseas 
friendly countries (refer to report AGARD-AR-327 dealing with the needs for Deployability). The way these 
repair “abilities” (say repairability as well) have been incorporated to the fighter “by design” through an 
ILS approach based on the lessons learnt from the previous programs (including some specific needs for 
foreign customers) is explained. It includes testability of the aircraft condition, modularity, expertise for its 
“usability” and finally, it includes concepts and technologies for rapid “battle damage repairs” to 
components that cannot be replaced in theatre (structure, equipment, tubing, wiring, etc.). These are defined 
in Def-Stan 00-49 as “essential repairs, which may be improvised, carried out in a battle environment in 
order to return damaged or disabled equipment to temporary service” or in the French Instruction DEF 
800/EMAA which applies to repair of material which has been damaged in “particular circumstances” 
(including Repair of Damages in Combat - RDC which means BDR). Both try to bring the hardware to a 
given temporary serviceability (with reduced safety margin) without impairing a later proper repair. 


Emphasis is put on the “expertise” side of the problem: What is the acceptable level of safety? How can it be 
modelled and justified? 
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1.0 INTRODUCTION: REPAIRABILITY FOR AVAILABILITY – THE BATTLE 
DAMAGE ASSESSMENT AND REPAIR CONTEXT 


The whole content of the NATO RTO AVT-144 Workshop “Enhanced aircraft Availability through Advanced 
Maintenance concepts and technologies” applies to the subject of this document. Even in war, all proper 
“peacetime” measures which allow to repair an aircraft to restore its availability will be used. Therefore, the 
subject is too broad to be completely covered by this document, so we do not try to make an inventory of 
these measures (it is obvious that, when needed and possible, aircraft might be flown back or transported to a 
maintenance centre), but we concentrate on specific rapid salvage solutions which can be used in wartime 
where the mission accomplishment becomes an absolute priority (even on the normal level of safety).  


The recent trend in increasing number of war operations by coalitions in deployment has made more critical 
the need to quickly repair the aircraft which have been damaged, in order to keep them available to maintain 
the tempo of the operations and take the edge over the opponents : deployment can be far from the mother 
country and logistic resupply times can be incompatible with the operational constraints (transportation time 
and/or manufacturing time), creating the need for a fast local repair. Therefore “repairability” of aircraft will 
become a paramount quality in deployment. 


Ref. [1] document defines Battle Damage Repair as “essential repair, which may be improvised, carried out in 
a battle environment in order to return damaged or disabled equipment to temporary service” and Aircraft 
Battle Damage Repair as “maintenance action taken in wartime to maximize the availability of damaged 
mission capable aircraft”. The French definition of Ref. [4] document says nearly the same; all try to bring the 
aircraft to a given temporary serviceability condition (with reduced safety margin) and allowing, when 
possible, not to impair a later proper repair. They try to answer the questions of Figure 1, below. 


I have to repair this aircraft.I have to repair this aircraft.
•• 4 constraints :4 constraints :


–– TemporalTemporal I have xx hours.I have xx hours.
–– MaterialMaterial I have these means (tools, spares, personnel)I have these means (tools, spares, personnel)
–– OperationalOperational I have to do this mission.I have to do this mission.
–– Flight safetyFlight safety I accept the risk to do this flight.I accept the risk to do this flight.


•• 2 questions :2 questions :
–– AssessmentAssessment Is it possible ?Is it possible ?
–– RepairRepair How to do it ?How to do it ?


 


Figure 1: The Aircraft Battle Damage Assessment and Repair context. 


The answer to the assessment and repair questions raise the subject of “repairability”. In our meaning, 
repairability is a specific part of maintainability, as defined in its broad meaning of the DoD Supportability 
Guide as: “the ability of a system to be repaired and restored to service when maintenance is conducted by 
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personnel using specified skill levels and prescribed procedures and resources”. Some public papers have 
cited the famous B-2 bomber as an example of aircraft difficult to operate in deployment. Its size, range and 
low observability characteristics allow it to perform very impressive missions, but a 1997 GAO report said it 
could not be deployed overseas without special climate-controlled shelters; it operates from main bases, and it 
is why such a base in the Diego Garcia island was equipped with large climatically controlled temporary 
shelters in order to complement the US basing (see Ref. [6]).  


The aptitude to fast “Assessment and Repair” is clearly linked to the aircraft definition and is obviously better 
on a deployable aircraft. Figure 2 shows, through an example of some combat damages, that the aircraft repair 
requires a global vision of the different damages (technical assessment, testability of the sub-systems, etc.) 
and the capability to repair these damages.  


 


Flight Flight 
ControlControl
systemsystem


structurestructureElectricityElectricityDamage Damage 
concerns concerns 
all systemsall systems
... ... 


... and all ... and all 
equipmentequipment


A global vision is mandatory ...A global vision is mandatory ...
 


Figure 2: Global vision needed for aircraft repair. 


This aptitude to fast repair exists on the aircraft only if these qualities have been incorporated into the design 
through an Integrated Logistic Support approach as shown in Figure 3. It is the case for the Rafale fighter 
which is presented in this document as a good example of deployable and repairable aircraft (but we don’t 
pretend it is the only one).  
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Figure 3: The Integrated Logistic Support approach. 


Therefore, this document will explain the French operational background (operational feedback and lessons 
learnt) which has led to the concept of a deployable aircraft, then will show specific fast repair technologies 
applicable to the aircraft and finally will discuss the hart of the subject “assessment and safety”: What is the 
acceptable safety level? (knowing that the acceptable remaining risk level is a political choice between the 
price given to the objective and the cost of the effort which can be reasonably made), and How can it be 
demonstrated? (technical aspect of the question).  


2.0 THE FRENCH AIR FORCE/NAVY AND DASSAULT AVIATION 
OPERATIONAL FEEDBACK: DEPLOYABILITY & REPAIRABILITY 


Ref. [3] document, published in August 1994, gives the results of a NATO Working Group thinking on the 
ways to improve aircraft mobility and deployability by reducing their dependency on specialized 
infrastructure and support. It recognized that the “French armed forces have been involved overseas almost 
without pause” and that their “long-standing requirements of operations in Africa had led to a greater 
emphasis on the mobility and deployability issues”. “Routinely, French forces have operated from isolated 
and extremely austere airfields lacking adequate runways …maintenance facilities, and other basic support 
services”. From this experience, many lessons have been learnt and implemented in the requirements and the 
design of “compact, robust, and easily deployable support assets and combat aircraft”.  


Among the key deployability features, you will find the OBOGS and the APU; French Air Force pilots who 
operated the Jaguar and the Mirage F1 in Tchad reported they were sometimes obliged to fly at low altitude 
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with their mask partially disengaged (to keep the radio) because they had no more liquid oxygen on the base. 
Of course, the installation of an OBOGS was one of the first requirements for Rafale. The APU which 
provides energetic independence from the mother base and allows comfortable operations in hot countries was 
an other example of basic choices for the Rafale (contrarily to what is written in Annex E of Ref. [3] 
document). 


The French Navy, for similar reasons and by tradition, has always been very proud of its autonomy and has 
put robustness and repairability atop of its mandatory requirements. The need to operate for months from a 
carrier (which is one of the most powerful ways to deploy) is a strong incentive for such a position. Finally, 
Ref. [2] document also recognizes that “Built-in deployability and supportability” is one of the major trends 
for France. 


As the single supplier of the French fighter A/C, Dassault Aviation has done its best engineering efforts to put 
into the design all these “abilities”. This knowledge has been reinforced also by the operational feedback from 
about 40 different foreign countries all over the world which operate or have operated our military aircraft; 
some of them have raised specific needs like simple repair solutions. Therefore, main system (the aircraft) and 
support system are designed together, in a true ILS approach (see Figure 3 hereafter and paper Ref. [5]), to 
provide products easily usable and repairable in deployment. Recent operations in coalition or in training 
deployments (such as Red Flag or Maple Flag) have demonstrated the successful operation of our aircraft with 
very limited personnel and very few means (very small logistic footprint) compared to other participants.  


The aptitudes of Figure 3, brought together, are one of the keys to rapid salvage of damaged aircraft in 
deployment:  


• Reliability (simplicity, robustness); 


• Maintainability (size and replaceability of components, modularity, repairability); 


• Testability (self contained diagnostics, very few GSE); and 


• Usability which means ease of use / repair / training.  


The other key to rapid salvage in deployment is made of repair techniques as shown hereafter; some are 
generic but others can apply only to adequate design features, and it is why we consider that deployability and 
repairability have strong links.  


3.0 THE LESSONS LEARNT ABOUT BATTLE DAMAGE REPAIR 


In 1986, Dassault Aviation delivered the documentation to perform the BDR for the Mirage III and for the 
Mirage F1. This documentation consisted in: 


• Black and white figures showing the damage tolerance examples for the structural parts. 


• Description of structural repairs and of the restoration of the functional chains (electric cables, 
mechanical linkages, tubing, etc.). 


In 1990, Dassault Aviation delivered the BDR documentation for the Mirage 2000. Basically, it had the same 
content but the figures illustrating the tolerances to structural damage were coloured and associated to tables 
giving a much better readability ; the electrical wiring repair chapter was introduced later by the customer 
(EET-RDC which belongs to the French Air Force). Figure 4 shows an example of the Mirage 2000 BDR 
documentation. Though well accepted and considered better than the previous BDR booklet, we considered a 
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few improvements which led us to a new repair vision as explained in the next chapter. These improvements 
deal with: the documentation (procedures description), the damage tolerance knowledge, and the nature of the 
repair itself.  


 


 


Figure 4: Example of Mirage 2000 BDR booklet content. 


• About the documentation, we discovered a representation difficulty for the coherency of the 
information (concept of “non repairable damage”, link between damage and repair, etc.). We also 
recognized that the operational impact was not enough discussed (flight envelope limitations) and that 
the system aspect was not treated (considered, by defect, as being maintained “serviceable” by the 
user). Finally, we considered that the BDR documentation should be a complement to the normal 
“peacetime” maintenance documentation and, therefore, that the descriptive parts were not needed 
(digital documentation now). 


• About the damage tolerance, we considered that theoretical studies could be performed using design 
calculation models and that we should not change the safety margins and we could keep the same 
structural limit coefficients as for peacetime design. 


• About the repair itself, we recognized that, in several cases, the repair was not reversible (peacetime 
proper “normal” repair performed later) and we considered that existing repair principles could be 
kept provided a proper optimisation and a qualification by tests. Finally, we envisaged simple rules 
allowing to apply “typical repairs” to any real case (concept of “repair features” in CATIA as we have 
“design features”). 
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4.0 THE RAFALE REPAIR VISION 


4.1 Short Description of Rafale (Used as a Reference for the BDAR Principles) 
As said before, an aircraft can be repaired easily only if it has been designed as a repairable item (size and 
number of the parts (even if it is a trade-off with manufacturing cost), interchangeability, modularity, etc.). 
Therefore, the repair vision presented hereafter really fits the Rafale, but most techniques or solutions could 
be used to other aircraft using similar technologies as well. In order to better understand them, we remind the 
basic design principles of the Rafale, as shown below:  


• Structure using composites for 75% of the wet surface and 25% of the weight, new self-reinforced 
structural elements (co cured ribs inside the composites, titanium SPF-DB elements) and new low 
observability features. 


• Twin-engine A/C with increased redundancies, strong integration of all sub-systems, full integrated 
testability (structure, aircraft sub-systems, WDNS) with centralized failure management (including 
visual and voice warnings), new wirings (buses and hyper frequencies), high pressure hydraulics 
(5,000 psi). 


 


Twin-engine A/C with 
many redundancies


Strong sub-systems 
integration 


Full integrated 
testability with  


centralized failure 
management


New wirings, high pressure 
hydraulics, ...  


Figure 5: Rafale basic sub-systems definition and integration. 


4.2 Principles of the Structure Maintenance Study 
The BDAR for the structure remains in line and follows the principles of the initial maintenance study of the 
structure, but with specific requirements. Its principles are reminded below. There is a clear separation 
between the maximum allowable damages and the maximum repairable damages.  







Rapid Salvage and Repair Strategies 
for Aircraft Disabled or Damaged in Action 


24 - 8 RTO-MP-AVT-144 


 


 


• For the first ones, visual checks or NDI tests are defined with a detection threshold compatible with 
the safe use without repair. 


• For the latter ones, the functional role (structural, electrical continuity, aerodynamics, Radar Cross 
Section (RCS), etc.) is analysed and the repair is defined to satisfy both the structural strength and the 
functional performance. 


• For both types, the design criteria are simplicity, ease of use and minimum need of Ground Support 
Equipment (GSE).  


4.3  The BDAR Concept Evolution 
Though the abbreviation RDC (translated Battle Damage Repair) is still in the title of Ref. [4] directive, its 
application is not limited to war time but includes particular circumstances where repairs have to be 
performed under constraints of time or of lack of means and where standard maintenance procedures cannot 
be applied. This has three consequences:  


• A degraded level of safety must be accepted; 


• The operational capabilities of the A/C must be known precisely; and 


• The behaviour in time and the reversibility of the repair must be insured. 


During the years 2001 and 2002, a Working Group including Dassault Aviation, representatives of the 
Ministry of Defence and of the French Air Force and Navy (basically an Integrated Product Team, IPT) 
conducted studies the purpose of which was: 


• To translate the “particular circumstances” concept into Rafale needs; 


• To define a methodology to assist the “assessment” or “expertise aspect” (see Figure 6 below); and 


• To validate the methodology on a number of examples. 


 


DamagesDamages
assessmentassessment


StructuralStructural
assessmentassessment


SystemsSystems
assessmentassessment


Repairs andRepairs and
Operational limitations identificationOperational limitations identification


Abilities/decision to repairAbilities/decision to repair


DamagesDamages
localisationlocalisation


DamagesDamages
assessmentassessment


StructuralStructural
assessmentassessment


SystemsSystems
assessmentassessment


Repairs andRepairs and
Operational limitations identificationOperational limitations identification


Abilities/decision to repairAbilities/decision to repair


DamagesDamages
localisationlocalisation


 


Figure 6: French BDAR methodology as applied to Rafale. 
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4.4 Damage Assessment of the Aircraft 


4.4.1 Structural Assessment of the Airframe 


The first task is to detect the damages by visual inspection or with the use of available NDI standard means. 
The second task is then to identify the structural elements which are concerned. The third task is to analyse 
whether the damage is in the allowable limits for “no repair” (allowable damage) or whether it is repairable 
(dimensions of the damage within the repairable limits). The fourth task is to identify the impact of the 
potential repair on the structural strength and on other aircraft functional performances in order to define the 
operational limitations which would apply to the repaired aircraft.  


Some significant structural items are not repairable in a BDR context. It is the case for the main structural 
components, as a general rule, for all integrally machined parts and for some secondary structure components 
which are subjected to particularly high stress levels (see Figure 7 below for criticality). For those elements, in 
case of damage, two options exist depending on the “damage tolerance tables” (or, better, on calculation 
results of the structural strength) and of the mission potential which can be released: 


• A certain level of damage will be accepted to perform specific missions (for example Air/Ground 
mission without external tank under the fuselage). 


• A certain level of damage may be permissible by load factor limitation for instance for a ferry flight. 


 • Primary structure :
Failure jeopardises the
safety or operational
use of the aircraft.


• Secondary structure :
With a sufficient safety
coefficient to allow a
significant reduction
of its strength before
failure.


• Tertiary structure :
When damaged might impose flight limitations, but do not in any
way affect the safety or operational use of the aircraft.  


Figure 7: Criticality of structural members. 


4.4.2  Systems Assessment 


With complex modern weapon systems, this task is the most complex task and could justify a full presentation 
of its own but a major part of the discussion has normally been covered by other presentations of this AVT-
144 workshop (like diagnostics and prognostics) ; therefore we summarize only the principles used. 
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Among the different systems, the propulsion system is the most important one. The M-88, developed by 
SNECMA for Rafale, has a sophisticated diagnostics/prognostics capability, called SIAD (which translates 
into Digital Engine Diagnostics System) which gives the required engines assessment and exchanges its main 
information with the A/C on-board Integrated Testability (both ways because obviously all aircraft sub-
systems receive their renewable energy from the propulsion but the A/C only knows whether it is airborne or 
on the ground) and keeps specific additional information for treatment by the engine manufacturer itself. As it 
uses the same principles as the A/C on-board Integrated Testability, it is not described more in detail. 


In most cases, A/C inspection and pilot report allow a first immediate localisation of “apparent” damage to the 
systems, and the on-board Integrated Testability can go deeper in the investigation (direct reporting of faults and 
integrated complementary ground maintenance, which can generate solicitation of functions and check their 
response), identification and localisation of the damage. But the Integrated Testability depends on the wiring 
itself, so, in the most difficult cases where this wiring is damaged, the exact identification and localisation of 
(multiple) fault(s) can require long investigations and a real expertise. So, the good “diagnostic” of the A/C 
condition remains a challenge and there is still a field of improvements to explore for the future. 


Once the damage is identified, the system assessment follows a similar logic as the structural one: the impact 
of the damage on the A/C functions is analysed and, depending on the mission requirements, the minimum 
repair can be decided (see § 4.4.3 and § 5). The Figure 8 below shows an example of the system analysis 
made to take the repair decision. It includes the use of functional schematic diagrams which are part of the 
digital maintenance documentation (and dysfunction models in the future - see § 5) and failure trees. The 
results can be presented under the shape of decision tables. 
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Figure 8: Example of system analysis used for repair decision tables. 
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As an extreme example, if the hydraulic reservoir of Circuit 1 is lost, several nominal functions are lost 
because it is the circuit which performs the auxiliary functions, but the aircraft can still fly with the following 
limitations : some loss in manoeuvrability, no retraction of the landing gear (only emergency descent), no 
possibility of “two points only” braking (emergency braking is still there due to park brake), loss of front 
wheel steering but driveability achieved through differential braking. 


Of course, structural and systems assessment must have homogeneous goals and flight performance 
limitations to decide to put the A/C back to a flight worthy condition. 


4.4.3 Operational Assessment and Limitations 


The logic presented in 4.4.1 and 4.4.2 gives the answer to the operational commander for one specific aircraft. 
But, in a prolonged deployment or in surge operations, the situation of multiple damages to several aircraft 
may occur and make necessary the selection of which A/C have to be repaired. Though the answer to this 
question might be given better with the assistance of modelling tools envisaged for the future (see § 5), the 
question itself has to be placed here because, even if it is debated today by the officers in charge of the 
operations and those in charge of the maintenance, the answer will be the repair decision. It will be based on 
the operational mission value of the repair and on the minimum maintenance and repair tasks which can be 
performed (personnel and means) to satisfy the need in time (including “cannibalisation” of another damaged 
aircraft). Depending on the nature of the repair, the remaining safety level might be reduced even with flight 
envelope limitations. This short discussion shows the difficulty of the overall system and operational 
assessment, what we called the “expertise side” of the problem in the abstract, and which justifies future 
efforts to allow a true “full assets management” (see § 5). 


4.5  Repair of the Damaged Aircraft 


4.5.1 Example of Structural Repairs 


Their goals are three-fold:  


• To reinforce a damaged structure to allow at least 50 more flights; 


• To perform the sealing of all volumes containing gases or liquids; and 


• To restore the operational functions if necessary (like low observability which cannot be presented 
here). 


All materials used in the aircraft are covered (metallic, composites, honeycomb, canopy glass, etc.) and 
common means or tools are used. Most Battle Damage Repairs are derived from the standard peace-time 
repairs. Some others are specific but are designed to allow their rectification during peace-time to fully restore 
the structural characteristics. A “Combat Damage repair” lot is defined to complement the standard tools and 
ingredients. Figure 9 below gives a few structural repair examples.  
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Figure 9: Basic structural repair examples. 


4.5.2 Engine Repairs 


The M-88 modular design allows the replacement of any LRU and engine module and the return to flight 
condition without complete bench tests (even if the Charles de Gaulle aircraft carrier has an engine test 
bench). This basic repairability, applicable in deployment, should cover most damage cases, but other specific 
repairs are envisaged by the engine manufacturer. They will not be presented here.  


4.5.3 Examples of System Repairs 


As a general rule, equipment is not considered as repairable. It is replaced by a spare (including 
cannibalisation of another damaged A/C) or by a shunt. In fact, some minor repairs may be feasible. The 
purpose of the repair is to restore the nominal or sometimes degraded function of the considered system (the 
question being the acceptability of the degraded mode - see system assessment above). Pipes can be repaired 
with Permaswage or ArsAéro/SM fittings and wirings can be repaired (except UHF cables). Figure 10 below 
shows examples of pipes repairs. 


 


 


Figure 10: Example of basic pipe repairs. 


4.6 Strong Points of Rafale Maintenance and Documentation 
To perform his assessment and repair tasks, the maintainer receives a strong assistance, which did not exist for 
older generation aircraft, from the digital documentation, the integrated testability and new technologies: 


• The digital documentation allows to have a maximum information in a minimum volume. In 
deployment, the whole Organizational and Intermediate Levels (O/L & I/L) documentation is 
available and we have developed and tested encrypted Tele Maintenance (used during the first 
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campaign of Charles de Gaulle aircraft carrier). Many improvements remain possible for the future, 
using numerical models (see § 5) and more generally the new technologies of information and 
communication (NTIC). 


• The on-board Integrated Testability is clearly one of the key tools to assist the maintainer for the 
systems assessment, as explained before. It can be completed by already existing tools like the 
Interactive Trouble-shooter Assistant System (ITAS) which uses the “failure words” of the Integrated 
Testability to guide the diagnostic task of the maintainer.  


• New technologies facilitate the repair itself. It is the case for the wiring identification by bar-codes 
and portable readers, and for titanium tubing and Permaswage junctions which can be cold-crimped 
for hydraulic circuits. Both are represented on the Figure 11 below.  


 


 


Figure 11: Examples of technologies making identification and repair easier. 


5.0 FUTURE FORESEEN IMPROVEMENTS: ASSISTANCE TO THE A/C 
ASSESSMENT AND REPAIR DECISION 


As seen before, the overall A/C assessment and the decision to repair or not is the central problem of the 
BDAR context ; it is the most difficult question to answer, and specially in a prolonged deployment situation 
where multiple damages can occur while the critical need to perform missions persists, awaiting for resupply 
of spares. New tools can assist the operational and maintenance officers to take their decision ; the first one 
can assist the overall system assessment of each damaged A/C, the second one can assist to take the repair 
decision between several damaged A/C. Though already tested, they are not yet integrated in an operational 
usable decision making tool, but for the interest of the Workshop subject, they are presented hereafter. 


As part of our engineering design process and for aircraft certification, we use a “dependability” suite of tools, 
initially developed in-house with research institutes but commercially available since years under the name 
CECILIA. Its failure trees have been used for many years, but we now use new functionalities developed for 
our flight controls. One of them is the dysfunctional model of sub-systems : each equipment can be 
represented with different operable or dysfunctional states (failure or damage). Once all sub-systems have 
been described with such a tool, it becomes possible to visualize the combined effect of several failures (or 
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damages); this is equivalent to an FMECA analysis as it gathers all the information leading to a “warning” 
condition or to a red “NO GO” condition. Connected to the failure trees, it can give also the resulting 
probability of occurrence of a number of “feared events” and give the decision maker the indication of the 
“remaining safety”. This is for the “technical assessment” of the systems on one specific A/C. The Figure 12 
below shows an example of a rather simple page of the tool.  


 


Figure 12: Use of CECILIA Workshop to assess a combined damage (or failure) criticality. 


Bayesian Networks can be used as decision assistance tools. We used such a tool for repair decision making in 
a BDAR context (simple prototype tool but which gave the expected results on simple cases). The principle is 
the following. The operations officer selects an aircraft tail number and a mission to perform : a list of repairs 
and of their foreseen durations is associated to the aircraft tail number (automatic extraction from the on-board 
integrated testability completed, if necessary, by further complementary investigation as seen before) and a 
Minimum Equipment List is associated to the mission. A Bayesian network of the functional equipment 
needed for the mission is built and the tool evaluates the different combinations of repair options (represented 
by different shapes and colours on Figure 13 below). The calculation report gives a graph indicating the 
mission success probability as a function of the potential repair duration. The example represented below 
shows that the repair of one specific critical equipment can give a major increase in mission success 
probability. Similar graphs would be generated for each envisaged tail number, allowing the operations officer 
to select the best A/C for the priority mission. This simple example shows the interest of decision assistance 
tools when the number of damages increases.  
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Figure 13: Bayesian network used as a repair decision assistance tool. 


Finally, INDET European research program, to which we participated, tries to associate 2D structural 
representation to NDI results and, associated with finite elements structural strength computer models, to 
allow a very rapid assessment of a structural damage in composites. 3D extensions are presently in 
development. This kind of tool could be very useful to assist the structural repair decision. 


The above examples show a few potential tools developed and proven by the engineers but some essential 
questions have to be answered : Will these tools be available and usable by the operational people in 
deployment ? As they contain the very knowledge of the designer, how are the intellectual property rights 
satisfied contractually ? There are probably different answers to these questions depending on the customer : 
some will like full decision autonomy, having their own experts ; others may prefer simplified decision tables 
(as it is the case in present BDAR brochures) or simplified executable models or even use Tele Maintenance 
assistance from the A/C manufacturer.  


6.0 CONCLUSION 


The subject of this AVT-144 Workshop theme was very broad and ambitious and we are conscious that all 
“faces” of the subject could not be treated in a single paper. Before the workshop takes place, it is also 
difficult to know to what depth other topics (like Diagnostics / Prognostics) which contribute to the subject 
will have been treated. Therefore this paper necessarily duplicates some information existing in other 
presentations and, on the contrary, cannot discuss other majors aspects (like retrieval, transportation, etc.) ; it 
concentrates on the repairability and on the damaged aircraft functional assessment.  
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Though we were not the initial authors of the abstract, we accepted to take the lead for this document because 
Rafale had been cited in the original abstract as a good example of deployable and repairable aircraft, and we 
considered it was our role to show it. But the subjects we have raised are universal and apply to many aircraft 
facing the same context of Battle Damage Assessment and Repair. Through the example we used, it looks 
clear that the major challenge in a BDAR context is the “system assessment” (expertise) and that it will be the 
case for any new modern weapon system. It is obvious that integrated testability is a powerful tool to assist the 
subsystems assessment and that modularity and structural repairability (size and removability of parts) are 
strong enablers to put the A/C back to a flight worthy condition. Both are available if they have been 
incorporated to the design through an ILS approach; it is what we have tried to do on Rafale to make it a 
deployable and easily repairable A/C. 


NTIC and computer models can still offer a significant improvement potential to assist the repair decision. We 
are clearly in favour of interactive computer tools which bring a considerable improvement over static charts 
or data bases or manuals which cannot fit as closely the real damage to assess. It would be a subject by itself 
to review them in detail due to their fast progress … and it is also probable that several of them will have been 
presented in other sessions of this workshop. As a simple example of further improvements, we have 
demonstrated solutions to keep on the hardware (A/C part or equipment) the description or the indication of 
the repair which has been performed (4 Kbytes RFID tags or memory buttons - both have been tested 
successfully to the aircraft environment) and, thus, to facilitate further proper repair in peace-time with simple 
update of the repair information which is also automatically transferred to the Maintenance Management 
System. The major advantage is that the “source information” is on the hardware itself where the work has 
been performed and that it avoids the very well known loss of accompanying documents.  
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ABSTRACT 


There are numerous parameters that influence the availability of long range aircraft. In order to develop 
models evaluating aircraft availability, an understanding of these parameters, along with the corresponding 
metrics, is required. An analysis of historical data for a modern long range transport aircraft shows that 
unscheduled organizational-level maintenance and depot maintenance are the largest contributors to 
downtime. A similar analysis of a legacy long range strike aircraft shows that unscheduled unit-level 
maintenance is a driver, but also shows that supply delays are a significant contributor to aircraft downtime. 
Boeing’s System Health Operational Assessment Model (SHOAM) is described, along with the results of a 
case study that identifies maintenance infrastructure as the key drivers for long range aircraft availability.  


1.0 INTRODUCTION 


“Availability is a measure of the degree to which an item is in an operable state and can be committed at the 
start of a mission when the mission is called for at an unknown (random) point in time.”[1] There are 
numerous parameters that influence the availability of long range aircraft. These parameters, which can be 
categorized into those associated with aircraft design, maintenance infrastructure, and operations, are defined 
along with their associated metrics. An analysis of historical data is provided to gain insight into availability 
drivers. Finally, a Boeing developed model that can be used to determine the sensitivity of availability to 
various parameters is described along with the results of a case study that identifies the key parameters for 
long range aircraft availability. 


2.0 PARAMETERS AND METRICS 


In simplest terms, availability is calculated by dividing system up time by total time. However, as seen in 
Figure 1, there are many components of system downtime that affect availability. Each of these components has 
a set of associated parameters and metrics that must be understood in order to calculate aircraft availability. 
These parameters can be categorized into those associated with aircraft design, maintenance infrastructure,  
and operations. 
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Figure 1: Breakdown of Aircraft Time. 


2.1 Design 
The design of the aircraft plays a significant role in its operational availability. In the area of unscheduled 
maintenance, design factors include the inherent reliability of the aircraft which is influenced by the system’s 
complexity and technology. The primary metric for measuring the inherent reliability of a component or system 
is Mean Time Between Failure (MTBF). The design’s diagnostic capability, including the ability to accurately 
detect failures and isolate them, also has a major influence on availability. The number of Can Not Duplicates 
(CND), discrepancies that maintainers can not detect during fault isolation, and Re-Test OKs (RTOK),  
on-equipment component malfunctions that can not be duplicated during off-equipment testing, are key metrics 
of its ability to accurately detect and isolate faults. Increased CND and RTOK rates lower the effective MTBF of 
the system below that of the design’s inherent reliability, resulting in reduced aircraft availability. An aircraft’s 
scheduled maintenance requirements also have a major influence on availability. Scheduled maintenance,  
or preventive downtime, can be measured as a combination of the Mean Time Between Preventive Maintenance 
(MTBPM), the interval between scheduled maintenance, and Mean Preventive Maintenance Time (Mpt), the time 
required to complete the scheduled maintenance. Finally, the amount of maintainer accessibility in a design 
contributes to the amount of downtime for both scheduled and unscheduled maintenance. The maintainability of 
a system can be measured through the Mean Time To Repair (MTTR) metric. 


2.2 Maintenance Infrastructure 
The maintenance infrastructure associated with an aircraft fleet is also a major driver in overall availability. 
The predominant parameter in this area is the maintenance workforce, measured by the number of maintainers 
available. Another significant influencer of availability is the supply chain. The ability to have spares in place 
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in a timely manner has a large impact on the ability to fly required missions. Finally, the time required for 
information to flow through the maintenance infrastructure impacts administrative delay times. Spares 
availability and administrative time are included as part of a metric called Mean Administrative and Logistic 
Delay Times (MALDT). 


2.3 Operations 
The conditions that an aircraft operates in also play a part in its ability to consistently perform. This is 
especially true for long range aircraft due to the great distance which they regularly operate from established 
bases. The concept of operations of these platforms means that they have a greater likelihood of critical 
failures occurring in unsupported locations where repair capability is limited or non-existent, significantly 
increasing Mean Time To Repair. Returning these aircraft to service is time consuming, involving a 
specialized recovery team, other long range transport aircraft, and equipment dedicated to the recovery. These 
events are unpredictable and have a disproportionate impact on aircraft downtime. The probability of remote 
maintenance (Premote) is the metric used to model the impact of off-station maintenance. Long range aircraft 
also may operate in more diverse and extreme environments, which may impact the system reliability and 
scheduled maintenance parameters discussed in Section 2.1.  


Table 1 contains a summary of the parameters and metrics associated with system availability. The sensitivity 
of availability to some of these parameters is presented in Section 4.3. 


Table 1: Availability Influencing Parameters and Metrics. 


Category Parameter Metrics 


Design Inherent Reliability MTBF 


Fault Detection & Isolation CND 


RTOK 


Scheduled Maintenance MTBPM 


Mpt 


Maintainability MTTR 


Maintenance 
Infrastructure 


Maintenance Workforce No. of Maintainers 


Spares Availability MALDT 


Administration Time 


Operation Remote Maintenance Premote 


3.0 HISTORICAL DATA ANALYSIS 


An analysis of historical data for long range transport and strike aircraft can provide insight into what types of 
maintenance contribute the most to aircraft downtime. The following sections provide such an analysis based 
on data from the United States Air Force’s Reliability and Maintainability Information System (REMIS). 
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3.1 Long Range Transport Aircraft 
An analysis of recent data for a modern long range transport aircraft shows that one-third of the aircraft 
downtime was associated with the aircraft being at the depot for inspection and refurbishment. The remainder 
of the downtime is associated with the aircraft being in a state such that it cannot perform any its missions and 
therefore is reported as Not Mission Capable (NMC). During this time the aircraft were awaiting maintenance, 
or Not Mission Capable Maintenance (NMCM), for three-quarters of this time, Not Mission Capable Supply 
(NMCS) 15% of this time, and awaiting a combination of both maintenance and supply, Not Mission Capable 
Both (NMCB), for the remainder of the time. Of the Not Mission Capable Maintenance time, 80% is 
attributed to unscheduled maintenance (NMCMU) with the rest related to scheduled maintenance (NMCMS) 
actions at the operational unit. Figure 2 illustrates the distribution of each category of downtime. When these 
categories of availability degradation are compared in Figure 3, it can be seen that unit-level unscheduled 
maintenance requirements are the largest driver with over 40 percent of the total aircraft downtime. Depot 
maintenance accounts for about a third of the downtime. The remaining downtime is distributed among unit 
level scheduled maintenance, awaiting supply, and awaiting both supply and maintenance. 
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Figure 2: Long Range Transport Aircraft Downtime Distributions. 
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Figure 3: Long Range Transport Aircraft Downtime Drivers. 
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3.2 Long Range Strike Aircraft 
A similar analysis was conducted for a legacy strike aircraft, as shown in Figure 4. The data, representing one 
year of operation, show that the fleet had a very low amount of downtime associated with Depot Maintenance. 
However, it is assumed that the small amount of Depot Maintenance is a function of the fleet’s maintenance 
schedule during the time period analyzed, not the actual maintenance requirements of the aircraft. An analysis 
of a different or larger time period would most likely yield a percentage of Depot Maintenance similar to that 
seen in the transport aircraft analysis. Of the remaining Not Mission Capable time, approximately three-fifths 
were associated with maintenance alone, while the remaining time was split equally between supply and 
combined maintenance and supply delays. The Not Mission Capable Maintenance time was distributed in a 
similar manner as the transport aircraft, with about three-quarters associated with unscheduled maintenance.  
A comparison of all the downtime categories in Figure 5 shows that unscheduled maintenance is the largest 
factor with supply. Scheduled maintenance factors also provide significant contributions. The higher 
percentage of downtime connected with supply for the strike aircraft, compared to the transport aircraft, can 
most likely be contributed to the age of fleet and the associated diminishing manufacturing resource issues, 
not the strike mission itself. 
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Figure 4: Long Range Strike Aircraft Downtime Distributions. 
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Figure 5: Long Range Strike Aircraft Downtime Drivers. 
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4.0 BOEING MODEL AND SENSITIVITY CASE STUDY 


With an understanding of the historical drivers of long range aircraft downtime, the parameters affecting these 
drivers can be modelled to analyze the system’s sensitivity to these parameters. The Boeing Company has 
developed the System Health Operational Analysis Model (SHOAM), a stochastic discrete event simulation 
tool, to analyze system sensitivities and predict performance for various health management solutions.  


4.1 Stochastic, Discrete Event Simulation Defined 
Discrete Event Simulation is defined as one in which the state variables change only at a discrete set of points in 
time [4]. For example, in a fleet availability model the state variables would include availability and fleet 
population. As vehicles come into the fleet, or come out of maintenance, the state variables of availability and/or 
fleet population change. These events can be counted, and therefore, are discrete events. A stochastic simulation 
is defined as one that uses some random inputs in the form of a probability density function to randomize events 
during the model run. For example, vehicle repair times are not fixed. They are randomized in that there is an 
identifiable trend (typically available from a maintenance information system) that corresponds to a repair time 
distribution. Applying randomness to the appropriate inputs (rarely would all inputs be stochastic), adds realism, 
and often, significant additional insight to the dynamic operation of the system.  


4.2 SHOAM Overview 
Boeing’s SHOAM tool can be used to analyze and demonstrate the operational impacts of technology and 
process improvements on new and legacy platforms. SHOAM provides a method to model the complex 
interaction of the relevant parameters to not only gain insight into what drives aircraft availability, but also to 
measure the estimated impact of proposed changes on availability. SHOAM breaks system operations into five 
functional areas: Mission Operations, Fleet Management, Command and Control, Maintenance Operations, and 
Original Equipment Manufacturer (OEM). Each of these areas has unique performance metrics and operational 
tasks. The model can incorporate multiple operational scenarios including sustained peacetime or surge 
contingency operations. The model creates systems with specific reliability characteristics, ages those systems 
by running them through realistic scenarios allowing failures to occur, and performing the required maintenance. 
Basic reliability, maintainability, and operational scenarios are inputs. Results from the SHOAM model include 
aircraft and fleet operational availability and reliability metrics. Since its development, SHOAM has been used 
to analyze the impact of various solutions on several long range aircraft. Figure 6 is a screen shot of the 
“Command & Control” animation area of the model providing overall status during the run.  
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Figure 6: SHOAM Screen Shot. 


4.3 Sensitivity Case Study 
The sensitivity of aircraft and fleet availability to applicable parameters can also be estimated using the 
SHOAM tool. To illustrate the sensitivities that can be outlined in a simulation, one year’s worth of recent 
operational and maintenance data was collected for a United States Air Force long range strike aircraft. This 
data serves as a baseline for the case study to illustrate the sensitivities of design, maintenance infrastructure, 
and operations parameters for a long range strike aircraft.  


4.3.1 Inherent Reliability 


The inherent reliability of an aircraft is influenced by the system’s complexity and technology and is primarily 
measured by the system’s Mean Time between Failure (MTBF). Figure 7 illustrates the sensitivity of 
availability to the top three system drivers of inherent reliability for the long range strike aircraft: avionics, 
propulsion, and environmental control. The chart illustrates the impact of improvement in system reliability 
on availability. For example, a 20 percent improvement in avionics, structures, and propulsion inherent 
reliability results in more than a 3 percent improvement in operational availability.  
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Figure 7: Sensitivity of Availability to Inherent Reliability. 


4.3.2 Maintainability 


Just as inherent reliability can impact operational performance, maintainability metrics can also have a  
large impact. These metrics can include Mean Time to Repair (MTTR), Mean Time to Fault Isolate, Mean 
Administrative Logistics Delay Time (MALDT), and wait times. Maintainability issues can be addressed in a 
fielded system, whereas inherent reliability is typically a design function and subject to engineering improvements 
only in extreme cases of substandard performance. Maintainability can be improved by increasing maintenance 
resources such as manpower, spares, and repair locations and by improving the maintenance concept and 
maintenance decisions. Unlike design and production efforts to improve inherent reliability, each of these comes 
at a significant annual recurring cost. These sensitivities and process changes can be evaluated by the use of the 
SHOAM tool. Figure 8 shows the sensitivity of the long range strike aircraft’s availability to the Mean Time to 
Repair (MTTR) metric.  
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Figure 8: Sensitivity of Availability to Maintainability. 


4.3.3 Manpower 


On any large aircraft fleet, manning requirements are the single largest Operations and Support (O&S) cost 
element. There is an identifiable relationship between operational Availability (or Mission Capability) and 
man power utilization rate. Utilization can be defined as: 


ManHoursScheduled
ManHrsenanceManUtilizatio int


=  


Utilization can fluctuate greatly since the maintenance manhours are a function of operational tempo which 
can vary greatly over time in military aircraft fleets. The manpower must be established based on operational 
performance requirements of the worst case scenario, i.e. the high tempo operations associated with deployed 
units and joint military operations.  
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As shown in Figure 9, an analysis of the sensitivity of operational availability to maintenance manning was 
conducted on the data for long range strike aircraft. The analysis quantified the trade-off between maintenance 
manpower and availability for the existing design. The analysis identified the “knee in the curve” where there 
are diminishing marginal returns in the form of availability for adding manpower. This information enables 
logistics planners to make design and logistics decisions well in advance of fielding a system.  
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Figure 9: Sensitivity of Availability to Manpower. 


4.3.4 Spares Provisioning 


The purchase, distribution, repair, and management of spares are major drivers in performance and cost. This 
element is the subject of vigorous scrutiny during the design phase and, especially, during production and 
support phases of a program. Ideally, whenever a failure has occurred and a replacement is required, a spare 
will be available, and with a minimum of extra spare parts or excess provisioning. In order for this to occur, 
reliability predictions would have to be nearly perfect, usage of the system would have to be exactly as 
planned, failures would occur where maintenance capability and spare parts are available, and maintainers 
would never induce excess maintenance from errors or cause a failure while performing other maintenance. 
Obviously, this is unrealistic. However, planners can use SHOAM to identify operational and logistics issues 
during the design phase and model the system in a simulated environment to better understand the system and 
identify an appropriate provisioning level in various locations. Figure 10 illustrates the sensitivity of 
availability to spares availability. 
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Figure 10: Sensitivity of Availability to Spares Availability. 


4.3.5 Remote Operations 


Long Range aircraft, particularly long range cargo aircraft, are more likely to have operations out of remote or 
unsupported airfields. If there is a critical maintenance issue that needs to be addressed, a disproportionate 
amount of resources are required to recover the aircraft and execute the maintenance than is required when 
operating from a supported airfield. This is another, and somewhat unique, sensitivity that can be identified 
with the SHOAM tool. Figure 11 is an example of the sensitivity of availability to the percentage of time the 
aircraft operates from an unsupported location based on the long range strike aircraft data. Various health 
management technologies and processes can alleviate the impact of stranding vehicles in remote locations and 
would be illustrated by comparing multiple design solutions on the same chart.  
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Figure 11: Sensitivity of Availability to Remote Operations. 


5.0 CONCLUSION  


An aircraft’s design, maintenance infrastructure, and operational environment provide many factors that affect its 
operational availability. The analysis of historical data shows that unscheduled organizational-level maintenance, 
depot maintenance, and supply delays are drivers for long range aircraft downtimes. In addition, relevant metrics 
were modelled using discrete event simulation to provide insight into where technical and/or process 
improvements should be focused. The results of this modelling identify maintenance infrastructure parameters, 
such as manpower and spares provisioning, as the key drivers for long range aircraft availability. 
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ABSTRACT 


The need for higher aircraft availability and lower maintenance cost is driving the development of 
Prognostics and Health Management (PHM) technologies. The JSF’s Autonomic Logistics (AL) system and 
the TATEM project are examples of major initiatives that directly rely on PHM for essential enabling 
technologies. Techniques from artificial intelligence and data mining are expected to provide part of the PHM 
solution. Research performed at the Institute for Information Technology of the National Research Council of 
Canada over the last decade demonstrates the usefulness of these techniques for the extraction of knowledge, 
implementation of PHM reasoning techniques required by decision support tools, and integration of data 
sources and modelling approaches. However, the process is highly challenging: a significant level of 
procedural knowledge (or know-how) needs to be developed, the original techniques often need to be 
extended to achieve an adequate level of accuracy, and the selection of the software development approach 
appears decisive. 


Focusing on the use of existing data from a fleet of commercial aircraft and two PHM applications, this paper 
illustrates the above difficulties in a very practical manner and introduces corresponding solutions. The first 
application shows innovative use of artificial intelligence techniques to enhance diagnostics and improve 
maintenance efficiency at the 1st line. The second application introduces a data mining methodology to build 
prognostic models from readily available data. For both applications, the usefulness of the proposed solutions 
in terms of increased availability is discussed. The paper also provides an overview of a generic and open 
PHM software infrastructure developed to support this research. This software facilitates gradual extensions 
and integration of PHM techniques. 


1.0 INTRODUCTION 


Most aircraft operators collect huge amounts of information in central databases. Logistics data, flight data, 
reliability data, electronic manuals, and aircraft mission data are only a few examples of the information 
accumulated. Although this data can be effectively used in an isolated manner by staff from various 
departments, there are a clear lack of solutions that integrate and transform it into actionable knowledge to 
help organizations achieve their broader objectives. Major initiatives such as the JSF’s Autonomic Logistics 
system [1] and the TATEM project1 provide leadership in promoting the need for such an integrated solution. 
In all cases, the anticipated solution requires the development and integration of enabling Prognostics and 
Health Management (PHM) technologies. Established maintenance methodologies like Reliability Centred 


                                                      
1  http://www.tatemproject.com/ 
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Maintenance (RCM) also call for continuous evaluation and integration of emerging PHM technologies to 
help improve diagnostics and prognostics. 


Definitions of PHM as found in NAVAIR 00-25-403 and in Hess and al. [1] encompass all devices, analytical 
methods, and software that can be used for diagnostics, prognostics, health assessment, or health management. 
For practical reasons, our research follows a progressive integration of theses technologies. Guided by real-
world PHM applications, we gradually integrate the techniques that appear most promising. As discussed in 
Section 5, we have developed a generic open software infrastructure to support this incremental approach. 
This paper introduces two PHM applications along with the technologies employed. The first application 
shows innovative use of artificial intelligence techniques to enhance diagnostic and improve maintenance 
efficiency on the 1st line. The second application focuses on the use of data mining to build prognostic 
models. For brevity, the paper will only consider applications on commercial aircraft data. Wylie & al. [2] and 
Yang & Létourneau [3] generalize the concepts presented here and illustrate applications to other kinds of 
equipment such as mining and railway equipment. The paper is structured as follows. Section 2 describes the 
context of this research and the data used. Sections 3 and 4 address the two PHM applications mentioned 
above. Section 5 overviews the open software infrastructure developed to support this research. Section 6 
concludes the paper. 


2.0 RESEARCH ENVIRONMENT AND DATA 


A key mandate of the National Research Council (NRC) of Canada is to help sustain competitiveness of 
Canadian companies through the development and integration of technology. In 1990, various industries were 
considered for the application of artificial intelligence (AI) techniques. The maintenance of complex 
equipment was selected as the preferred target application domain. The economic importance of the 
maintenance industry in Canada and the expertise of several team members in mechanical engineering 
warranted this choice. High level economic information available at that point suggested that for every dollar 
spent on new machinery, an additional 51 cents was also spent on the maintenance of existing equipment 
[Statistics Canada, 1990]. For 10 industrial sectors, total repair costs exceeded $15 B/year in Canada. Over the 
following six years, the proportion of the maintenance cost over the acquisition cost increased by 14%. 


Initially focusing on the commercial aviation industry, NRC teamed with Air Canada, and GE to study and 
develop technologies to optimize the use of the available data. For research purposes, the scope was limited to 
data from Air Canada’s fleet of 70 Airbus A319 and A320 aircraft. These aircraft have systems on board 
which transmit data to ground stations via Air Canada’s datalink system. This allows monitoring of aircraft 
health status in a near real-time manner. The data consist of routine performance snapshots (e.g. altitude, 
temperature, pressures, engine temperatures, valve positions), pilot messages, aircraft generated fault 
messages, and special purpose reports generated when prescribed limits are exceeded such as on a hard 
landing. Maintenance data are also available in other systems. They contain descriptions of symptoms and 
associated maintenance actions in free form text. Some other sources of potentially relevant information could 
not be made available. These include: deferred problems, flight schedules (static and dynamic), weather, 
component reliability, check schedules, and parts location. Similarly, information held at the manufacturer, 
and by people and information systems in the engineering and maintenance control departments were not 
accessible. The two applications described in the following sections take advantage of different subsets of 
data. 







The Use of Integrated Reasoning with Flight and Historical 
Maintenance Data to Diagnose Faults and Improve Prognosis 


RTO-MP-AVT-144 20 - 3 


 


 


3.0 USE OF ARTIFICIAL INTELLIGENCE TO IMPROVE DIAGNOSTICS  


This section gives an overview of the Integrated Diagnostic System (IDS). Halasz et al [4] provides a more 
detailed description and discusses the commercialization of the IDS technology. The IDS system is a proof of 
concept software produced through an early research project on use of AI to optimize maintenance of complex 
equipment. The objective of the research project was to develop innovative software to improve the efficiency 
of 1st line maintenance operations at Air Canada. Key functionalities of the proof of concept software 
developed include: reducing the ambiguity in fault isolation, providing advice on real-time repair action, 
providing clues on incipient failures, accessing and displaying relevant maintenance information, and 
facilitation of communication among maintenance staff. 


Line technicians in commercial airlines are responsible for maintenance and certification between flights or 
between legs of a flight. Figure 1 illustrates the typical working environment of the line technician. Their 
work can be summarized as follows. As soon as an aircraft arrives at the gate, they typically examine pilot’s 
input (snag messages) and information from the on-board systems for the presence of minimum equipment list 
(MEL) conditions that could affect aircraft availability. If such conditions exist, they proceed with prescribed 
troubleshooting procedures and perform repairs as required. Finally, they certify the aircraft for the following 
flight. This process can involve interaction with other departments of the airline which are either providing 
resources (e.g., parts and expertise) or waiting for certification of the aircraft in order to proceed with 
scheduled operations (e.g., system operations and control). Time constraints are typically very severe. 


 
 Figure 1: Operational environment around the line technician. 


The IDS system supports 1st line activities by integrating and delivering key information in a timely manner to 
the various staff involved. It also automates some of the steps mentioned above. Specifically, while the 
aircraft is still in the air, the IDS system: clusters recent warning, failure, and snag (pilot) messages, identifies 
probable causes by automatically searching the trouble shooting manual (TSM), provides links to the TSM 
pages as needed, automatically assesses MEL conditions (GO, NOGO, GOIF), and retrieves relevant recent 
maintenance actions. All the information is displayed in an effective user interface.  
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The reasoning in IDS relies on two core AI techniques. First, rule-bases are used to encode information 
contained in the TSM and MEL manuals. The highly structured format of these documents allowed us to 
develop innovative text processing tools that automatically extract information and generate corresponding 
rules ready to be implemented in a rule-based system. Rules were also developed to implement heuristics for 
linking in-flight messages (warning and failure messages) with the TSM, automatically assessing the MEL 
conditions, and aggregating information with temporal or textual proximity. IDS also exploits case-based 
reasoning to retrieve relevant historical maintenance information and to suggest potential repairs for the 
current situation. 


To facilitate the evaluation and distribution of the technology developed through this research project, the IDS 
functionalities were decoupled in a number of well defined modules that can be distributed across an airline’s 
network. Reasoning involved in data fusion, data abstraction, and state assessment is done in server modules. 
To increase robustness, these server modules can be duplicated as needed. Thin client modules tailored to the 
needs of the various types of users are deployed on desktops or mobile computers at various sites. Thanks to 
the reasoning performed by the server modules, only minimal processing is required at the user’s device. 
Figure 2 presents the deployment diagram for the IDS trial. In this case, the server modules were running at 
the National Research Council in Ottawa while client modules were installed in Montreal and Toronto.  


 


Figure 2: Deployment of the IDS trial system. 


Through data fusion and AI-based techniques, the IDS system provided the 1st line technicians with all the 
information required as early as possible. This information helps technicians maximize their efficiency and it 
makes it easier to meet the time-constraints imposed for maintenance actions at the gates. This contributes to a 
reduction in down-time and less disruptions due to unexpected delays. By distributing up to date information 
on the status of the aircraft to the various staff involved, the IDS system streamlines communications between 
departments which, in turns, further contributes to increased efficiency. In terms of increased availability, the 
technology only provides a marginal benefit since it focuses on optimization of operations that happen during 
relatively short time-windows (turn around times). However, we note that in such time-critical operations 
even smallest increases in availability can lead to economic benefits. 
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4.0 USE OF DATA MINING TO IMPROVE PROGNOSTICS 


Line technicians are only concerned by imminent maintenance actions. On the other hand, engineering, fleet 
management, and the part departments would benefit from knowing ahead of time that certain component 
failures are gradually developing. To extend the IDS concept to these other groups of users, prognostic 
capabilities need to be integrated. This section briefly discusses a data mining methodology that we are 
developing to help build the required prognostics models [5]. 


Figure 3 illustrates the proposed methodology. This methodology builds predictive models for a given 
component using readily available sensor and maintenance data. There are four steps: data gathering, data 
transformation, modelling/evaluation, and model fusion. The data gathering step starts by searching the 
maintenance database to retrieve information on previous replacements of the component of interest. For each 
case, we record the date of the replacement and the id of the system (e.g., the aircraft tail number or the engine 
serial number) on which the replacement occurred. In practice, this search may be difficult to automate due to 
inaccuracies or inconsistencies in the maintenance data. Although, advanced text processing tools could help 
alleviate these difficulties, manual validation is generally required to ensure that only suitable data is used for 
modelling. Once the date and the system id for each component replacement have been validated, the data 
gathering step retrieves sensor data acquired prior to each replacement.  
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Figure 3: Data mining methodology to build prognostic models. 


The data transformation step modifies the obtained sensor dataset in two ways. First, it automatically adds the 
dependent variable, also named the class or the label. This new variable has two possible values: 1 or 0 for 
replace component or don’t replace component, respectively. The algorithm sets the class to 1 for observations 
that fall in a pre-determined time interval prior to a replacement (e.g., between 1 to 20 days prior to the 
replacement) and sets the class to 0 otherwise. Second, several of the initial measurements are normalised to 
take into consideration the effects of the operating conditions and new time-series variables are included as 
needed (e.g., FFT, moving average).  
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In the modelling and evaluation step, data mining and machine learning algorithms are applied to build 
models that can predict the class as accurately as possible. Several models are created using different 
algorithms and parameter settings. These models are then evaluated using an evaluation method we have 
devised to take into account the timeliness of the predictions and the coverage of the models [5].  


Finally, if performance improvements are deemed necessary, we complete the process by investigating model 
fusion approaches [6]. This allows combination of models developed in the previous step instead of selecting 
the single best one. In some cases, this final step has led to a significant improvement in the quality of the 
predictions [3]. 


We applied the proposed data mining methodology in collaborative research projects in aerospace 
(commercial and military) and to help predict failures with railway equipment. Very promising results have 
been obtained for building predictive models for components such as starter motors, fuel controllers, and train 
wheels. On the other hand, research on the application of this methodology to components such as engine’s 
bleed valves did not lead to positive results yet. To help understand the lack of successes with some 
components, a number of difficulties have been identified including: the lack of relevant measurements, the 
high level of noise, too many errors in the data, the lack of examples of failures (replacements), inadequate 
data transformation methods, and the need to integrate more domain information when performing data-driven 
modelling. Our current research tries to address the last two difficulties through the development of more 
powerful data transformation methods and the integration of engineering knowledge in the proposed data 
mining methodology. We are confident that advances in sensor development, signal processing, and an 
increased awareness of the importance of data quality within the maintenance organization will help resolve 
the first four difficulties.  


Prognostics could help increase aircraft availability by reducing unscheduled down-time, helping to avoid 
major secondary damage that could ground an aircraft for a long period of time, and minimizing maintenance 
operations by changing components only when needed instead of at regular intervals. Also, like enhanced 
diagnostics, reliable prognostics can help reduce disruptions during operation and improve maintenance 
planning. On the other hand, prognostics usually require sophisticated data acquisition systems which also 
need maintenance, thus potentially reducing aircraft availability. Accordingly, it is essential to carefully select 
the candidate components for prognostics and ensure that the maintenance of the data acquisition devices and 
required software could be done efficiently.  


5.0 PHM SOFTWARE ARCHITECTURE  


The two applications presented above cover a small portion of PHM technologies. Practical PHM solutions 
often also integrate technologies from system engineering, materials, and sensors. These technologies are not 
at the same readiness level and new ones are continuously emerging. An incremental integration approach is 
therefore mandatory and the software development environment used should facilitate the process. Ideally, the 
software should also be generic enough to allow the study of PHM applications in various domains (e.g., 
aerospace, road transportation, railroads). Figure 4 presents a simplified high-level view of a proof of concept 
software infrastructure we are developing to answer these needs. 
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Figure 4: NRC PHM high level infrastructure. 


The two modules on the sides represent the data and knowledge available in the organization. Some of the 
PHM modules can update the organization’s information as shown by the bidirectional arrows connected to 
the side modules. At the top, the PHM data warehouse module captures the PHM data. All other modules 
have access to the information contained in the PHM data warehouse but, for simplicity, the diagram does 
not show the corresponding arrows. The three central modules deliver core PHM functionalities. These are 
responsible to transform raw information into useful and actionable knowledge. The service providers 
module delivers this knowledge by providing appropriate information to end user applications shown in the 
module at the bottom. For simplicity, several utility modules have been omitted. These include modules to 
facilitate communications and data conversion between the various steps. 


Each box in Figure 4 may be implemented by one or more algorithms. The system is designed to be robust to 
addition, modification, and deletion of functionalities. This allows us to gradually integrate new technologies 
as the R&D progresses. In terms of deployment, the various modules can be distributed over several 
computers to offer an adequate level of performance or simply installed on a single computer for 
demonstration purpose.  


6.0 CONCLUSIONS 


This paper overviewed some of the research performed at the Institute for Information Technology of the 
National Research Council of Canada to illustrate the potential of artificial intelligence, data mining, and 
machine learning in the optimization of aircraft maintenance. In particular, we discussed the potential of these 
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technologies to increase aircraft availability. We note that in both real world applications described, the 
proposed solution integrates various reasoning methods. Moreover, in the case of data mining for prognostics, 
new methods needed to be developed and integrated in a comprehensive methodology (e.g., automatic 
labelling and evaluation methods). Since it is generally difficult to select in advanced the techniques to be 
used and the schema for integration, it is suitable to support the research with generic and open software tools 
that allow an incremental development of the final solution. The PHM deployment architecture discussed in 
Section 5 partly answers this need. Current complementary work includes the development of software to 
support the model development process described in the paper. 
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ABSTRACT  


This paper presents some evolutions in aircraft maintenance concepts introduced by the SIMMAD as well as 
innovative procedures applied to improve availability and reduce support costs of the Rafale. 


1.0 THE SIMMAD (STRUCTURE INTEGREE DU MAINTIEN EN CONDITION 
OPERATIONNELLE DES MATERIELS AERONAUTIQUES DU MINISTERE DE LA 
DEFENSE) 


1.1 SIMMAD’s Genesis 
At the end of 90’s, the French armed services had to face the double impact of a decrease of operational 
availability and an increase in support costs. This superposition of negative effects resulted of three different 
types of adverse factors: 


• Contextual factors that affected the whole military aeronautical market (loss of economies of scale, a 
monopolistic situation marked by wide ranging industrial restructurings and strategic orientations 
towards more lucrative civilian market segments). 


• Structural factors like the ageing of military aircraft fleets as well as budget cuts and low support 
spending. 


• Last but not least, domestic factors of organisational nature hampered the in-service support for air 
systems which was shared among many agencies within the French MoD. 


To solve those latest, the decision was taken to merge all In-Service Support (ISS) managing agencies into a 
new joint one that gathers in all the previous functions that were scattered around the defence establishment.  


Thus by the end of December 2000, SIMMAD (Structure intégrée du maintien en condition opérationnelle es 
matériels aéronautiques du ministère de la défense) was brought into being. 


As it is stated in its creation decree, the SIMMAD is responsible for directing the In-Service Support for all air 
systems in the French inventory, as well as for such things as ground support equipment (GSE – handling 
equipment, airport safety vehicles and so forth), radars and air-delivered munitions. 


Overall, this implies being responsible for the support and maintenance of some 1900 aircraft in the four 
services (Air Force, Navy, Army and Gendarmerie) which costs some €1.6-billion to be kept in good working 
order(excluding such things as fuel, infrastructure and manpower). 
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An integral part of SIMMAD’s mission is also to perform an expertise consultancy on the benefit of the 
French Ministry of Defence in order to ensure consistency among In-Service Support actions and thus to 
propose corresponding optimisation measures. 


1.2 SIMMAD’s Position in its Institutional Environment 
SIMMAD’s mission implies a close coordination between development and support, which means between 
DGA’s and SIMMAD’s activities. 


5


DGA TO SIMMAD
SUPPORT RESPONSIBILITIES SHIFT


From the


introduction into service


…


to the


end-of-life disposal


DGA
Procurement Agency


Initial support :
provisioning, contracting, 
financing, configuration 


management …
DGA / SPAé : Air worthiness certification authority


EDPI (Integrated Programme Team) = DGA + SIMMAD + Headquarter


In-service support :
Engineering, logistics, 


contracting, finance management, 
configuration management …


SIMMAD
In service support Agency


 


Figure 1: DGA to SIMMAD – support responsibilities shift. 


In this perspective, the air support responsibilities can be split in two successive time periods: 


The DGA (Délégation générale pour l’armement), our national procurement agency, bears the responsibility 
for the early stages of any procurement programme. It therefore fulfils all support functions until the aircraft is 
turned into service. However, since initial options taken during the very first development steps deeply 
influence the future in-service-support architecture, a SIMMAD representative is involved in this process to 
have future ISS aspects taken into account. 


With the introduction into active service, a shift of support responsibilities occurs and the SIMMAD becomes 
in charge till the end-of-life disposal. Nevertheless, the DGA remains the air worthiness certification authority 
for all flying equipments of the Ministry of Defence, be it before or after the introduction into operational 
service. 


Beside the organic responsibilities of the single services and the operational command exercised by the joint 
staff on the allocated contingents, SIMMAD works at the managing level in the realm of air in-service support. 
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Figure 2: From the joint air support chain to the operational chain. 


It is the depository of the delegated contractual and financial responsibilities of the Ministry of Defence, and 
is also the delegated directing body for aeronautical systems maintenance and logistics. 


Its steering committee gathers at least once a year under the presidency of the chief of the joint staff and 
defines the availability and flying activity targets to be pursued as well as allocated human and financial 
resources. 


The SIMMAD in turn establishes contractual relationship with the different In-Service Support performing 
agencies from either the private industry or the public sector. Private and public contractors then deliver the 
adequate service to the flying units. 


2.0 INNOVATIVE MAINTENANCE CONCEPTS 


Being the single, unified aeronautical ISS organisation requires the SIMMAD to take forward the agenda of 
exploring what might lead to significant evolutions in maintenance and logistics. 


2.1 The Case for Outsourcing 
While many armed forces seek to out-source their support and maintenance quite rapidly, the French MoD 
takes a more graduated approach since the advantage of out-sourcing depends notably upon the type of 
aircraft. Taking into account both German and British experiences, work is in hand to assess the feasibility 
and potential benefits of focused outsourcing moves. We are particularly working on identifying which 
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sovereign capabilities are to be maintained in public hands and assessing economic and operational impacts of 
transferring air support functions to an outside supplier. 


Such a decision must remain coherent with our need for military maintenance teams that must be able to 
deploy out of area and perform maintenance tasks wherever it is needed. To this regard, we are presently 
exploring ways to swap personnel between private and public sectors in a pretty comparable way to the 
German “cooperative model”. 


The option to outsource already became reality in the area of initial pilot training. Four companies decided to 
tender for a contract that encompasses both flying and flight simulating assets. EADS won this competition 
and was awarded a 10-year contract to operate a mixed aircraft fleet composed of state-owned Epsilon as well 
as privately acquired Grob aircraft and new simulating assets. All in all, the air force expects a 35% cost 
decrease. EADS is moreover once a year expected to propose adaptations of the training syllabus or 
improvements to the associated technical, logistical, and maintenance processes. The achieved benefits would 
then be shared on an equal basis between Air Force and Industry. 


Another example for a successful transfer to private contractors is the re-supply function of the thousands of 
aeronautical consumable spare parts which was handed over to an outside logistics operator whose task it also 
is to shorten the request-to-answer cycle and to reduce the stocks level when possible. Specific incentives 
have been introduced in this contract to turn the achievement of the desired availability and activity target into 
a shared objective for both defence and contractor. Here again, we were authorised to build a long-duration 
contract of 10 years. 


2.2 Maintaining the Rafale 
SIMMAD of course benefits of new technologies and maintenance concepts brought by last generation 
aircraft. 


With the Rafale now in service in both the French Air Force and Naval Aviation, it is the first time that our 
maintainers benefit from an analytical isolation of all low MTBF (Mean Time Between Failure) equipments. 
This process allows the adequate targeting of technological development by the industry in order to achieve 
the requested reliability status. This new iterative method is also based on real time fault analysis achieved by 
the aircraft integrated testing systems and logically leads to on-condition maintenance as a rule. 


Another improvement is that maintenance tasks of the O level have been segmented into elementary subtasks 
which are independently assessed. Therefore, and thanks to the modularity of this innovative system, parallel 
subsequent maintenance and repair subtasks can be organized, reducing significantly turnaround and 
unavailability times. 
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INNOVATIVE
MAINTENANCE CONCEPTS


Breakdown of each maintenance action into elementary and independent sub-tasks whose 
opportunity is individually assessed :


Reduction of maintenance efforts and optimised maintenance planning : multiple 
parallel maintenance operations of targeted sub-equipments


Strictly limited testing operations and infrastructure needs : no engine real-operating test 
bench but a deployable wet engine-elements actuation bench


Criticality analysis of each functional chain : 
isolation of low MTBF equipments and targeted 
technical improvement to achieve the desired 
reliability and safety requirements


Aircraft integrated testing and default analysing 
capabilities : no need of any “I” level test bench


No scheduled maintenance operations : Sample 
testing, technical diagnostic and on-condition 
maintenance


t
instead


of 


 


Figure 3: Innovative maintenance concepts. 


During its development phase, the Rafale had to pass several tests to be carrier-operated, which meant 
adequately responding to severe constraints of weight and dimensions of its maintenance equipment. As a 
consequence, a single test bench is used to monitor the whole aircraft and the dimensions of GSE have been 
drastically reduced. 


In an operational scenario, those technical characteristics contribute to reduce the deployed technical and 
human footprint, which in turn requires a slimmer and less vulnerable supply chain. 


Moreover, those improved analysis and repair capabilities enable a minimization of the out of theatre flow of 
the SREs that previously had to be transferred back to France for inspection and fixing. 


This means reduced costs, enhanced effectiveness and shorter unavailability periods. 
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ABSTRACT 


This paper presents the improvements in aircraft availability implemented for the Airbus Military A400M 
transport aircraft, a European multinational procurement programme managed by the Joint Organisation for 
Armaments Cooperation (OCCAR). After introducing the reader to OCCAR and the A400M programme, it 
explains the maintenance and support concepts used to improve availability and reduce costs, such as a 
commercial approach, the optimisation of the scheduled maintenance programme, extensive use of on-
condition maintenance, the application of a Maintenance-Free Operation Period (MFOP), common support 
solutions, and innovative support concepts. It also explains the technological measures applied during the 
design of the aircraft to improve availability, such as computer-aided design, damage-tolerant design, 
onboard systems integration, and increased components reliability. It also shows that availability cannot be 
dissociated from costs, and that a higher operational availability and lower costs can have organisational, but 
also industrial, effects that could lead to increased efficiency of the Forces, but also of the European defence 
industry.  


1.0 INTRODUCTION 


The A400M programme is a cooperative European programme between seven European nations and managed 
by the Joint Organisation for Armaments Cooperation (OCCAR) for the acquisition from Airbus Military of a 
military transport aircraft system in response to common military requirements. As a new programme built on 
a commercial approach, it is bringing together many improvements in Aircraft availability. This paper, after 
introducing the reader to OCCAR and the A400M programme, will present the maintenance and support 
concepts, as well as the technological measures applied in the programme to improve aircraft availability as 
compared to current platforms.  


However, despite the fact that effective operations and national security drive requirements for increased 
availability, the latter cannot be considered in isolation from Whole Life Cost (WLC), especially in these 
times of reduced defence budgets. A balance therefore has to be sought between increased availability and 
optimised costs, and this paper highlights how this is envisioned to be achieved for the A400M.  


2.0 THE JOINT ORGANISATION FOR ARMAMENTS COOPERATION (OCCAR) 


OCCAR, which is the French acronyms for Organisation Conjointe de Coopération en matière d’Armements, 
is an international organisation created by a treaty (the OCCAR Convention) signed in 1998 by France, 
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Germany, Italy and the United Kingdom. OCCAR gained its legal status in January 2001 at the end of the 
ratification process of the OCCAR Convention, and has since then welcomed Belgium (in 2003) and Spain (in 
2005) as Member States. In addition, OCCAR includes an Executive Administration (OCCAR-EA) made-up 
of staff members recruited within its Member States.  


The mission of OCCAR is to facilitate and manage collaborative European armament programmes and 
technology demonstrator programmes. For that purpose, OCCAR aims to be a centre of excellence, and first 
choice in Europe, in the field of the collaborative acquisition of defence equipment. The activities of OCCAR 
are based on five principles defined in the OCCAR Convention:  


• The achievement of cost-effectiveness over the whole life of the system procured;  


• The harmonisation of requirements, methods and technology across the Participating States and 
industries in each programme;  


• Contributing to the building of a competitive Defence Technological and Industrial Base (DTIB) in 
Europe;  


• The renunciation of the juste retour principle of fair industrial return that led in the past to many less-
than cost-effective work allocation decisions among countries, in favour of a global balance across 
programmes and over the years; and 


• Openness to other European countries, under which States that are not Members of OCCAR may 
participate in programmes managed by OCCAR. This shows that OCCAR is far from being a “closed 
club”, contrary to some other international organisations.  


OCCAR currently manages seven programmes of various sizes and covering a wide array of system types. 
Each programme is managed by a Programme Division that, together with a Central Office located in the 
OCCAR headquarters in Bonn, form OCCAR-EA. The graphical representation on Figure 1 represents the 
programmes managed by OCCAR, their size and costs, and the location of their Programme Division.  
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Figure 1: OCCAR Programmes, Estimated Total Costs, and Participating States. 


It is interesting to note that the global overhead of OCCAR-EA compared with the costs of the programmes it 
manages is only about 1.1%, while its yearly turnover for each of its 200 full-time employees is about 15.1 
million euro. Since 2005, OCCAR-EA is certified ISO 9001:2000 by the German accreditation authority TÜV.  


OCCAR maintains close links with other international organisations in the field of defence in Europe, such as 
the European Defence Agency (EDA) and the NATO Maintenance and Supply Agency (NAMSA), which 
supports OCCAR-EA in spares management on a number of programmes.  


3.0 THE A400M PROGRAMME 


3.1 The Programme and the Aircraft 
The A400M programme (formerly known as the Future Large Aircraft, or FLA) is a cooperative European 
programme between Belgium (representing also Luxembourg), France, Germany, Spain, Turkey and the UK 
for the acquisition of a military transport aircraft system in response to common military requirements. Built 
on a commercial approach, the aim is to produce and deliver the aircraft and the appropriate support at fixed 
price conditions through a single-phase contract including development, production and initial support at 
minimum life cycle costs. The Participating States have contracted to procure a total of 180 aircraft: Germany 
60, France 50, Spain 27, the United Kingdom 25, Turkey 10, Belgium 7 and Luxembourg 1. Development and 
production was launched in May 2003, the first flight is scheduled early 2008, and the aircraft will be 
delivered between 2009 and 2021. Following the launch of the programme, South Africa ordered 8 aircraft 
and Malaysia 4.  


The Airbus Military consortium, comprising Airbus, EADS, TAI of Turkey and Belgium’s FLABEL, is the 
programme prime contractor and is located in Toulouse and in Madrid. It has subcontracted the management 
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of development activities of the A400M to Airbus, and uses the existing Airbus production centres plus the 
facilities of its industrial partners, most notably the single final assembly line located in Seville (Spain). 
Airbus Military is also responsible under the prime contract for the delivery of the necessary support products 
and services, such as technical documentation, spare parts, Ground Support Equipment (GSE), training and 
training aids and maintenance and support services.  


The A400M itself is a four engine strategic and tactical military transport aircraft capable of carrying troops 
and/or cargo loads, performing airdrop, and acting as a tactical air-to-air refuelling tanker. It is propelled by 
four 10,000 shp TP400-D6 engines manufactured by Europrop International (EPI) and FH386 propellers 
manufactured by Ratier Figeac (RFHS). The aircraft performances will include a high cruise speed of Mach 
0.68 to 0.72, a cruise ceiling in normal operation of 37,000 ft, a range from 1,700 NM (at maximum payload) 
to 4,100 NM (for ferry flights), a MTOW of about 136.5 tonnes and a guaranteed maximum payload of about 
32 tonnes.  


Figure 2 shows a graphical representation of the A400M.  


 


Figure 2: A view of the A400M Military Transport Aircraft. 


The aircraft in its basic configuration is referred to as the Common Standard Aircraft (CSA), but the delivered 
A400M will include the installation of, or provisions for, additional optional systems that will be different for 
each Participating State and depend on the specific role of the aircraft. However, the aircraft configurations 
are about 90% common.  
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The aspects of the aircraft relevant to civilian certification will be certified by the European Aviation Safety 
Agency (EASA), while the whole aircraft, including the military systems, will be certified by a multinational 
military body set-up specifically for the programme, the Certification and Qualification Organisation (CQO) 
and comprising representatives of the Military National Airworthiness Authorities (MNAA) of the 
Participating States.  


Management of the A400M programme has been entrusted to OCCAR by the Participating States. It is the 
first programme to be incorporated in OCCAR from the start of its development phase. As such, it constitutes 
a pilot programme to demonstrate in a practical way the validity of the OCCAR principles. The A400M 
Programme Division is composed of about 30 staff members supported by experts from the Participating 
States, and is located in Toulouse, France.  


The A400M programme is intended to remedy one of the currently identified European armed forces 
capability gaps, namely the ability to project quickly and effectively armed forces into overseas theatres of 
operation. As such, it will replace the existing fleet of C-130 and C-160 of the Participating States. It should 
also strengthen the European DTIB.  


3.2 Key Performance Indicators and Modelling for A400M 
The management of OCCAR programmes is based on a set of High-Level Objectives (HLO), which enable 
OCCAR to develop and implement a programme management aligned with the principal aims of the 
Participating States. These HLO include Key Performance Indicators (KPI) that define system performance, 
schedule objectives (defined for each national fleet as the date of initial capability and that of full capability), 
and financial objectives covering both the development and production phase costs as well as the Whole Life 
Cost (WLC) of the fleet.  


Availability has been especially considered in the modelling of the programme cost objectives. The A400M 
WLC has been projected in a MS Excel-based model called A400M LCC Toolsheet (the resulting file is about 
25 Mb in size, which gives an idea of the dimensions of the features included). The development of this model 
was based on an Airbus Military tool, but was further performed in cooperation with experts from the 
Participating States and OCCAR, and validated and verified independently by the Pricing and Forecasting 
Group (PFG) of the UK Defence Procurement Agency (DPA), thereby providing the users with a guarantee 
that the working of the model is not biased. This model is now widely used in the Participating States to 
predict WLC, calculate budgets, and perform simulations on the impact on WLC of differing operating 
assumptions.  


The A400M LCC Toolsheet uses the target operational availability of the fleet (input by the user) to calculate 
the necessary human resources to support it in-service, as well as the required spares availability. On that 
basis, it optimises the pack of spare parts that would be required to achieve that target. Despite the fact that 
operational availability is not a guarantee under the DPP Contract, each Air Force has defined a target 
operational availability for its A400M fleet that it can enter in the A400M LCC Toolsheet as an input. The 
user can then immediately know the cost impact of his or her requirements related to availability. Figure 3 
show an extract of the spares availability sheet of the A400M LCC Toolsheet. In that example, the target 
operational availability was set at 90%, leading to a required spares availability of 93.96%, which is then 
allocated among the aircraft systems.  
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A400M Life Cycle Cost - Target Spares Availability.
Target Spares Availability (As) 93.96% (See below for derivation)


ATA DESCRIPTION URR/1000FH URR As Target
21 Air Conditioning 4.253 0.00425276 0.9957495
22 Auto Flight 0.135 0.00013519 0.9998646
23 Communications 1.043 0.00104317 0.9989557
24 Electrical Power 5.707 0.00570742 0.9942997
25 Equip & Furnishings 1.055 0.00105515 0.9989437
26 Fire Protection 0.525 0.00052474 0.9994746
27 Flight Controls 1.838 0.00183774 0.998161
28 Fuel 3.453 0.00345316 0.9965473
29 Hydraulic Power 1.099 0.00109948 0.9988994
30 Ice & Rain Prot 0.482 0.00048238 0.999517
31 Instrum/Record 1.534 0.00153441 0.9984643
32 Landing Gear 8.400 0.00840043 0.9916214
33 Lights 3.249 0.00324917 0.9967509
34 Navigation 2.845 0.00284486 0.9971546
35 Oxygen 1.268 0.00126825 0.9987305
36 Pneumatic 3.057 0.00305674 0.996943
38 Water/Waste 1.266 0.0012661 0.9987327
49 APU 1.625 0.00162488 0.9983738
52 Doors 1.252 0.00125214 0.9987466
53 Fuselage 0.011 1.1463E-05 0.9999885
54 Nacelles 0.015 1.4791E-05 0.9999852
55 Stabilisers 0.571 0.00057145 0.9994278
56 Windows 0.038 3.8495E-05 0.9999614
57 Wings 3.793 0.00379303 0.9962081


0.04851742 77.96%


61 Propellers & G'box 3.057 0.00305739 0.9969424
71 Propellers & G'box 3.057 0.00305739 0.9969424
72 Engine Core 1.459 0.00145927 0.9985394
73 Engine Fuel/Cont 2.713 0.00271302 0.9972863
74 Engine Ignition 0.325 0.00032451 0.999675
75 Engine Air/Deice 0.398 0.00039807 0.9996014
76 Engine Controls 0.172 0.00017178 0.999828
77 Engine Indicating 0.851 0.00085127 0.9991477
78 Engine Exhausts 0.222 0.00022211 0.9997776
79 Engine Oil 1.256 0.00125629 0.9987425
80 Engine Starting 0.208 0.00020823 0.9997915


0.01371933 22.04%


99 0 0.000 0 0.00% 1


TOTAL 0.06223675 100.00% 93.96%


DERIVATION OF TARGET SPARES AVAILABILITY
(based on projected scheduled maintenance programme)


Scheduled Interval
A Check / A Multiple 5 months Annual utilization 660 FH/ac/year
Light C Check / C Multiple 15 months Average mission length 3.01 FH/cycle
Intermediate heavy C Check 6 years Unscheduled removals 66.45 /1000FH of which 70% = AOG
Full heavy C Check 12 years Average time to rectify 3 MMH/removal


Down-time Annual down-time
A Check / A Multiple 1 days 2.40 days
Light C Check / C Multiple 5 days 4.00 days Operational
Intermediate heavy C Check 18 days 3.00 days Availability (Ao)
Full heavy C Check 32 days 2.13 days


Target Ao  90.00%
Scheduled maintenance down-time TOTAL 11.53 days = 3.16% of 365 days 96.84%


Unscheduled maintenance down-time TOTAL 3.84 days = 1.09% of remaining 98.91%


Target Spares Availability (As)  93.96%  


Figure 3: A400M LCC Toolsheet Spares Availability Calculation (Example). 


In addition, spares optimisation is also performed by the subject matter experts of the OCCAR Central Office 
using the commercial off-the-shelf OPUS 10 tool (from the company Systecon in UK). That tool, based on a 
different routine than the A400M LCC Toolsheet, specifically performs spare parts package optimisation 
based on the required operational availability. This allows the comparison of the results of both models for a 
detailed analysis of the initial provisioning recommendations of the company, thereby providing the nations 
with an alternative source of information to support their decisions.  
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It is common knowledge that, whilst the In-Service Support (ISS) phase of a programme amounts to more 
than 50% of its WLC, decisions made during feasibility, definition and specification phases define about 80% 
of the platform’s WLC. Therefore, support has to be considered as early as possible in the life of a 
programme, and this is the case for the A400M. Support considerations are an integral part of the concurrent 
engineering design of Airbus through a process called Supportability Engineering (SE), similar in objectives 
to the Logistic Support Analysis (LSA) process. This process is explained in more details in § 5.1 below.  


For that purpose, Airbus is using a dedicated Excel-based model called Operational Reliability Analyser 
(ORA) to support system design by analysing the operational availability consequences of both system 
architecture and components Reliability, Maintainability and Testability (RM&T) characteristics. Based on 
that analysis, supportability engineers can influence system design if the current solution would not lead to a 
satisfactory availability result that cannot be otherwise compensated. We will come back later in this article on 
the practical impact and use of this tool.  


3.3 Operational Availability and/or Operational Reliability? 
Because of the reference of the ORA tool to “operational reliability”, now is probably the time to highlight a 
fundamental difference between the way civilian and military people approach aircraft availability.  


Despite what some would like to think, military aircraft are mostly underused. The expected usage of the 
A400M varies from nation to nation, but averages 650 Flying Hours (FH) per year per aircraft. In contrast, a 
civilian airliner is used for more that 2000 FH per year per aircraft, or about 6 FH per day. These aircraft are 
designed to carry on their missions (up to four or six per day) despite the occurrence of faults, which are only 
repaired by mechanics during the night. In contrast, military aircraft are generally waiting to be used, but 
when that need arises, a maximum availability is expected because the vital interest of the State, and indeed 
human lives, are at stake.  


This explains why civilian and military operators use different metrics to calculate the availability of their 
aircraft. Civilian companies such as Airbus use the concept of Operational Reliability (OR), defined as the 
percentage of flights without mission loss and equivalent to the military term Mission Reliability. A mission 
loss will be declared if there is a delay of more than 15 minutes in the mission departure time for technical 
reasons, or if the mission has to be interrupted (on ground or in flight). The contractual Operational Reliability 
requirement for the A400M is set at 98.7%.  


By contrast, the concept of operational availability for military operations is usually defined as the time during 
which the aircraft is available for a mission (either on mission or on standby) over the total time (including 
corrective and preventive maintenance time and the administrative and logistic delays). This figure is not only 
linked to technical factors such as RM&T data, but also to the efficiency of the support system. As stated 
above, each Participating States has defined a non-contractual target for the operational availability of its 
A400M fleet, and most require a 90% figure, which would already be a major improvement compared with 
existing systems.  


The different usage concepts between military and civilian aircraft clearly explain this difference. What counts 
for a civilian airliner are the so-called “revenue flights”, and companies whose aircraft are waiting on the 
tarmac for revenue flight or of which the support system cannot ensure that revenue flights are carried out will 
soon face bankruptcy. The management aspects of availability are dealt with through the company balance 
sheet. On the other hand, whilst Mission Reliability is also an important parameter for the military, because of 
a much more fluctuating military usage, and because the issue of balance sheet is superseded by the 
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operational requirements, the military is much more orientated toward availability over time, whether or not a 
mission is expected… because in the military, when mission are important, they are often unexpected.  


The personnel working on the A400M programme, both military and civilian, had to come to a mutual 
understanding of both these points of views.  


4.0 MAINTENANCE AND SUPPORT CONCEPTS TO IMPROVE A400M 
AVAILABILITY 


4.1 Commercial Approach 
The Statements of Principles of the Future Large Aircraft (FLA) defined as early as 1997 that the programme 
(now the A400M) was to be managed in accordance with a “commercial approach”. This is one of the key 
characteristics of the A400M programme.  


Under this commercial approach, the prime contractor has the freedom to decide on design and manufacturing 
sources for airframe, engine and equipment, choosing those that provide best value for money together with 
acceptable capability and quality. The prime contractor is to use best commercial practice in the management 
of the programme to ensure that design and manufacturing are properly and efficiently integrated. 
Government participation is then limited to ensuring that the work is being conducted in accordance with 
these principles. 
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Figure 4: Airbus Fleet Operational Reliability (in %). 


The commercial approach is intended to ensure that the A400M can be purchased, operated and supported at 
minimum WLC. Under these principles, the prime contractor is free to design and manufacture a product that 
meets the contractual requirements of the Participating States and satisfies the widest possible market at costs 
that are internationally competitive. This requires best international practice in management, design, 
development, production and support and the competitive allocation of sub-contract work. Participation in the 
programme is to provide the Nations’ industries with work opportunities (under the Global Balance principle 
mentioned above), as long as they do not create significant adverse impact on the economy of the programme 
and if they are competitive in quality, price and delivery.  
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Despite not being explicitly mentioned in the original definition of the commercial approach, aircraft 
availability is one of its key elements. This approach intends to build on the record of Airbus that, for its fleet 
of commercial airliners, is able to achieve an Operational Reliability of more than 98%, as shown on Figure 4 
for the A320 family.  


4.2 Optimised Scheduled Maintenance Programme 
It has been showed extensively that an optimised scheduled maintenance programme is one of the keys to cost 
reduction and availability increase. Studies performed by the US Air Force have shown extensive differences 
between the workload of scheduled inspections of the traditional aircraft of the ‘60 and ‘70 such as the DC-8, 
and that of more modern aircraft, such as the Boeing 747 or the DC-10, for which the scheduled maintenance 
programme had been defined using the Maintenance Steering Group 3 (MSG-3) process. For the A400M, 
these gains are expected to be even bigger, as shown on Table 1.  


Table 1: Scheduled Maintenance Gains through MSG-3 Process. 
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MMH: Maintenance Man-Hours  DMC: Direct Maintenance Costs 


 


The scheduled maintenance programme of the A400M is therefore defined in close collaboration between 
Airbus Military, Airbus, OCCAR, the airworthiness authorities and the Participating States based on the 
MSG-3 process. Under this process, each Maintenance Significant Item (MSI) and Structure Significant Item 
(SSI) is analysed based on its criticality, architecture and RM&T characteristics in order to perform only the 
scheduled maintenance activities that are absolutely necessary for the safety and economics of operations.  


As many as 10 Maintenance Working Groups (MWG) have been set-up to perform that analysis for all of the 
systems and the structure of the aircraft. These MWG are provided with detailed architecture and design 
information by industry, including the results of the Maintenance Task Analysis (MTA) and Failure Modes 
and Effects Analysis (FMEA) – which, under the Airbus procedures, also covers criticality – as well as 
recommendations for the scope and schedule of maintenance tasks. As the MWG are manned jointly by 
experts from industry and from the Air Forces, the latter have the opportunity to feed into the process their 
experience of military aircraft maintenance and operations.  


This process will lead to the approval of a common A400M maintenance programme by the civilian EASA 
and the MNAA of the Participating States working together within the CQO. This maintenance programme 
will then be customised to meet the specific needs and operations to each Participating State.  


The expected scheduled maintenance gains from that activity and from the other improvements that we will 
detail below can be seen on Table 2, the source of which is Airbus Military based on publicly available data. 
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These gains translate directly into an increased operational availability. However, it is clear that the A400M 
MSG-3 process is still ongoing and that its results will affect these figures.  


Table 2: Expected Scheduled Maintenance Downtime. 
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During the in-service phase, the operation and maintenance data will be collected by the Participating States 
and passed on to AMSL to allow for the revision and evolution of the initial maintenance programme. These 
evolutions will also take into account the evolutions in the configuration of the aircraft. The Participating 
States have agreed to manage these further evolutions of the maintenance programme in common, which 
should increase interoperability. This feedback loop will allow for the optimisation of the maintenance 
programme over time. In that sense, the MSG-3 process for the A400M will continue during the whole aircraft 
life.  


4.3 Extensive Use of On-Condition Maintenance 
Monitoring systems on board of the aircraft may supplement or even replace periodic inspections that are part 
of the scheduled maintenance programme. Automatic monitoring of the aircraft allows replacing certain tasks 
at pre-determined intervals by on-condition maintenance, thereby extending the service life of some items by 
avoiding premature replacement. An assessment of aircraft status and the need for maintenance action in such 
cases will be determined by monitoring dedicated parameters to identify the need for maintenance action 
before an anticipated failure occurs, and monitoring performance or systems configuration degradation to 
enable maintenance to be undertaken before a critical loss of function occurs.  


Degradation of a mission-critical system, otherwise transparent to the crew, is detected by the monitoring 
system, which predicts a schedule interval during which a maintenance action will be required. For the 
duration of this interval, maintenance action may be deferred to the most convenient time, and aircraft 
operation may continue with a high degree of confidence that a mission loss or further degradation will be 
avoided. Despite the fact that this might lead to the removal of a component that still has some potential, it 
allows performing the corrective maintenance activity when the aircraft is on standby or preferably during a 
scheduled inspection, thereby avoiding mission loss or to have to remove the aircraft from the flight line. The 
schedule interval can be defined based on parameter or configuration requirements as shown in the example of 
Figure 5, which should be self-explanatory.  
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Figure 5: On-Condition Maintenance – Examples of Schedule Interval Definition. 


On-condition maintenance, used for a long time on Airbus aircraft, is being systematically applied for all the 
systems and the structure of the A400M when flight safety allows it. For that purpose, the integrated avionics 
of the A400M is equipped with an Aircraft Integrated Monitoring and Diagnostic System (AIMDS) that 
centralises the control of built-in test equipment (BITE) of all systems on each aircraft, detects system faults 
and provides failure messages in plain English, and also collects and records engine, APU and critical systems 
data. This data can then be analysed using the Maintenance Data System (MDS), which is explained in more 
details below, to enable prognostics, trend analysis, maintenance planning and health and usage monitoring.  


In addition, the extensive use of Integrated Modular Avionics (IMA) and redundant architecture makes easier 
the continuation of operations with degraded configurations. This feature is also explained in more details in a 
further section of this paper.  


The dramatic reduction of hard-time overhauls brought by on-condition maintenance on modern aircraft and 
on the A400M is highlighted in Table 1 above. The operational availability gains of such maintenance 
concepts are obvious: repairs can be deferred to a convenient time (either during scheduled maintenance or at 
a time when the aircraft is not operated), and ongoing missions can be completed without endangering flight 
safety.  


4.4 Maintenance-Free Operating Period (MFOP) 
One of the key requirements of the A400M is its Deployment Reliability, defined as the probability that one 
aircraft operated and maintained in accordance with standard conditions will complete a planned deployment 
period, using only spare parts contained in a transportable deployment kit. The Deployment Reliability of the 
A400M is guaranteed as 90% for a deployment of 15 days.  


In order to satisfy this requirement with limited deployment kits and personnel, Airbus Military has the 
objective to provide the users with a Maintenance-Free Operating Period (MFOP) of 15 days. The MFOP is 
defined as a period of operation during which an aircraft is able to carry out its assigned missions without the 
need for any maintenance except pre-defined flight servicing (e.g. generic visual inspection, replenishment) 
and role change activities. During an MFOP, faults may occur in the aircraft but they must not require 
corrective maintenance action until the aircraft returns to the base. Once the MFOP is complete, an aircraft 
may have to be restored to its fully serviceable state at a suitable location (maintenance recovery period). 
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Because of redundant architecture and of the application of on-condition maintenance techniques, any faults 
occurring during the MFOP (but not affecting the mission) may be deferred to the maintenance recovery 
period.  


The current design activities performed by Airbus Military show that it will not be possible to achieve a 15 
days MFOP with 90% certainty, although an MFOP of 15 days if still possible (with a lower probability) and 
the guaranteed Deployment Reliability mentioned above can still be achieved using the spare parts of the 
deployment kit. This shows the difficulty of an MFOP, even with a modern aircraft.  


Another requirement of the A400M is that no preventive maintenance is required during deployments of up to 
90 days, with 150 days being the objective. This requirement is taken into account both in the design of the 
aircraft, but also of course in the maintenance programme definition process.  


In addition, a number of supportability guarantees are provided by Airbus Military: a mean time between 
critical faults of 225 flying hours, an average of 10 Maintenance Man-Hours (MMH) per flying hour for all 
levels of maintenance over the aircraft life (assuming a typical maintenance labour efficiency of 75%), a 
maximum elapsed time for servicing and maintenance activities of 40 minutes active maintenance time on the 
flight line, as well as other guarantees such as maximum parts costs per flying hour and no fault found rate. 
These guarantees aim to support the objective of improved availability.  


The successful achievement of those guarantees will be verified during an In-service Reliability, 
Maintainability and Testability Evaluation (ISRMTE), whereby in-service data will be collected by the Forces 
during a period of about two years and transmitted to Airbus Military for the calculation of the actual in-
service parameters. These calculations will be reviewed by the Participating States and OCCAR, and any 
negative deviation from the guaranteed values will lead to remedial actions such as retrofits. The management 
of this ISRMTE still has to be defined, but this process has been started by OCCAR-EA.  


4.5 Common Support Solutions 
Some ways to improve availability and reduce costs do not necessarily involve an impact on the aircraft 
design or operation and maintenance procedures. One of these is the search for an agreement amongst the 
Participating States to perform support in common, thereby sharing resources and achieving increased 
efficiencies as well as economies of scale.  


A detailed analysis of the impact of common support on A400M WLC, with the operational availability 
considered as a constant, have led to the conclusion that substantial gains could be made from common 
support solutions such as common maintenance leading to economies of scales, pooling of spare parts, spare 
parts lateral support between the Participating States, common configuration management to share the non-
recurring costs of modifications, and performing training mostly in common centres. Based on an A400M 
WLC comparator for non-common solutions for the whole fleet of 180 A400M (no variation of price and no 
discounting), the gains from common support and optimised support concepts are shown on Table 3.  
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Table 3: Potential WLC Gains of A400M Common Support. 


Expected Gain from Common Support Of WLC Of Support Costs 


Total Maximum WLC Gain 
(least expensive solutions) 


7.15% 14.30% 


Total Expected WLC Gain  
(most cost-effective solutions taking into 
account operational and policy criteria) 


3.98% 7.96% 


Although these results may seem limited, one should remember that – as a general rule – 80% of the WLC of 
a platform is defined by the feasibility, definition and specification phases. Only about 10% of the WLC can 
be affected by support concept decisions. Additionally, it should be noted that in some cases the benefits of 
common support are already realised in the A400M development and production contract, such as through 
common design authority services, common training device development and common central services for 
technical support and material support.  


In addition, certain common support decisions can increase operational availability at times when it is needed 
the most. For instance, cross-maintenance, in which the mechanics of a Participating State would be allowed 
to maintain an aircraft of another Participating State, could be an extremely useful tool during deployments. In 
addition, spare parts lateral support between Participating States can be used in order to restore an aircraft to 
operation more rapidly than if the part had to be flown from the home base. In that sense, the participation of 
countries such as South Africa to these common schemes can be beneficial, as a number of operations of 
European States are conducted in Central Africa. In addition, these common processes are not especially 
difficult to implement.  


However, common support in general (especially common contracting) often requires the Participating States 
to review some of their internal procedures and practices, and the agreements that will in fact be reached 
among the Participating States remain to be seen.  


4.6 Pragmatic Support Concepts and Innovative Contracting 
Another way of optimising the availability of the A400M at lower costs is an adequate choice of support 
concept by the Participating States. Within the scope of the A400M programme, support concepts are defined 
as the allocation of work between the military services and industry. A generic terminology has been agreed to 
identify support concepts within the programme, as shown on Table 4. ML1 (meaning Maintenance Level 1) 
covers line maintenance and servicing. ML2 on aircraft covers light scheduled inspections, while ML2 off 
aircraft includes the replacement of Line Replaceable Units (LRU) modules and parts in specialised 
workshops. ML3 on aircraft covers the heavy structural and corrosion inspections and ML3 off aircraft 
includes the repair of modules and parts in workshops.  
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Table 4: A400M Support Concepts. 


Support Concept 
Maintenance Level Performed By 


Nation Industry 


Total Support 
Some ML1 


and all support to 
deployments 


ML1 to ML3 
on aircraft and off 


aircraft 


Baseline Plus All ML1 
ML2 and ML3 


on aircraft and off 
aircraft 


Baseline ML1 and ML2 on aircraft
 


ML2 off aircraft, 
ML3 on aircraft and 


off aircraft 


Baseline Minus 
ML1 and ML2 


on aircraft and off 
aircraft 


ML3 
on aircraft and off 


aircraft 


National Depot 
ML1 to ML3 


on aircraft and/or off 
aircraft 


Support as required 


In addition, some Participating States are moving away from the ownership of spare parts, instead choosing to 
rely on a spares lease option whereby spare parts would be owned, and even managed, by industry. 
Technicians from the forces would provide industry with a failed part and receive a functional one through a 
‘hole in the wall’ located on the air base. The management of the whole supply chain behind the ‘wall’ would 
then be the responsibility of industry.  


Because of the optimisation of the A400M maintenance, studies have shown that the most cost-effective 
support concept for the Participating States is either the Baseline (for larger fleet) or the Baseline Plus (for 
smaller fleet), meaning that most of the LRU repairs (including the engine) should be contracted to industry. 
This on the one hand moves away from the old support concepts applied by the military, where military 
depots were responsible for most of the maintenance, and on the other hand places more dependency on 
industry to ensure aircraft availability. This is rendered possible by the changes in the threat and in the 
multinational security environment since the beginning of the ‘90s, but security of supply remains a potential 
issue.  


Most Participating States are likely to follow the conclusions of these studies and to reduce drastically the 
maintenance activities performed in-house and, as a consequence, the needed resources. However, in order to 
ensure aircraft availability under these concepts, innovative contracts have to be put in place. This process is 
ongoing, but most Participating States are currently looking to contract for availability, pooling and leasing 
spare parts, and even in some cases (notably in the UK), partnering contracts with industry. These contracts, 
obviously, can be negotiated and concluded by OCCAR, thereby providing the expected gains of common 
support. The most complex issues being discussed for these contracts are the responsibility allocation between 
industry and the Participating States for any unavailability, the management of the deployment kits to be used 
in operations, and the coverage of changing environmental conditions in the contract prices.  
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This process will have a significant impact on the European industry and on national depots. An analysis of 
the industry workload in terms of dock occupation for on-aircraft maintenance (in the case of the Baseline 
support concept) performed by the Participating States and OCCAR based on the available data shows the 
results of Figure 6. It confirmed the results of a similar study performed earlier by Airbus Military. These 
figures cover the industrial workload for heavy systems, structural and corrosion inspections, as well as the 
resulting corrective maintenance and routine service bulletins implementation.  


2010
2012


2014
2016


2018
2020


2022
2024


2026 2028 2030 2032 2034 2036


BEIndTUIndUKIndSPIndFRIndGEIndSumInd


0.00


0.50


1.00


1.50


2.00


2.50


3.00


3.50


# docks


YearNation


BEInd


TUInd


UKInd


SPInd


FRInd


GEInd


SumInd


 


Figure 6: Estimated Industry Maintenance Docks Occupation (Baseline Support Concept). 


One can see that, should each Nation contract nationally, only France and Germany would be able to provide 
their national industry or national depot with a reasonably constant on-aircraft maintenance workload, but that 
workload would be much lower than for the current fleet (maximum two aircraft in maintenance at any one 
time). All the other nations would only require partial use of one maintenance dock over time in their industry 
or national depot, the most extreme case being Belgium, which would likely only need the use of a 
maintenance dock for about one month per year.  


Moreover, would industrial on-aircraft maintenance be contracted in common (thereby allowing for 
efficiencies in maintenance dock occupation), only three maintenance docks would be required in industry for 
the whole A400M fleet. To that figure must obviously be added the requirements deriving from incidents, 
operations and major modifications, but even this would keep the figure much lower than the current 
maintenance docks requirements of the existing aging fleet of C-130 and C-160.  


In order to achieve these efficiencies, mandated by reduced defence budget, not only will the military have to 
modify their fundamental views of aircraft maintenance (a process that is well underway in most Participating 
States), but also the European defence industry will have to produce the required synergies. Even though this 
could lead to mergers and more focus on core business, this can only lead to a more competitive European 
DTIB, which is one of the principles and aims of OCCAR.  
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5.0 TECHNOLOGICAL MEASURES TO IMPROVE A400M AVAILABILITY 


5.1 Computer-Aided Design 
In addition to maintenance and support concepts, technological measures can be used to improve aircraft 
availability, or maintain the same availability at lower costs. Based on the Airbus experience, a range of these 
measures has been used on the A400M.  


The concurrent engineering process of Airbus includes a process called Supportability Engineering (SE) that 
aims to include supportability considerations into the design of an aircraft. All design information is stored in 
a Digital Mock-Up (DMU) that allows not only a visual representation of the aircraft and its systems, but also 
to perform analyses of supportability. An example of DMU picture is shown on Figure 7.  


 


Figure 7: A400M DMU Extract (Forward Fuselage and Cockpit). 


A graphical representation of the SE process is shown on Figure 8. Based on the supportability needs of the 
customers (in this case, the Participating States), a support specification is agreed which, together with in-
service experience from other military and Airbus aircraft, leads to the systematic identification of 
supportability requirements. For the A400M, the support specification is an integral part of the procurement 
contract. The supportability requirements are reviewed by the experts of the Participating States and OCCAR-
EA within the scope of the supportability assurance process. They form the basis upon which the aircraft will 
be designed for supportability through a supportability analysis.  
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Figure 8: The Airbus Supportability Engineering Process. 


The supportability analysis is divided into two main phases. In the first phase, during the Qualitative 
Maintainability Analysis (QMA), all parts are checked for accessibility and ease of removal. When the 
removal of a part would be too complex or require the removal of too many other parts, the supportability 
engineers request a change in the installation design. In a second step, the Maintenance Task Analysis (MTA) 
finalises the list of maintenance tasks and their Ground Support Equipment (GSE), tooling, procedure and 
manpower/duration requirements, all the time verifying that these are within the supportability requirements 
and related contractual guarantees, and would lead to an optimised availability. These two phases can be 
performed concurrently for various systems.  


During the whole supportability analysis phase, any supportability issue that would influence the design is 
reported to the design teams and discussed. The design is modified whenever necessary to improve 
supportability (an example of such design modification is shown below). The Participating States and 
OCCAR are involved in the supportability analysis through a supportability assurance process where customer 
involvement allows advising the Airbus engineers on the specifics of military operations (e.g. the 
consequences of landing on rough strips), as well as providing assurance to the customers that the design is 
progressing as planned.  


The results of the SE process are compiled in computer databases in a similar way as the LSA Report (LSAR), 
which are accessible to the customer and constitute the basis for the authoring of the Interactive Electronic 
Technical Publications (IETP), which will replace paper documentation for the A400M.  


Of particular importance is the use of the DMU to perform verifications of adequate maintainability. Human 
beings (male and female, with and without NBC clothing) are therefore modelled in the DMU in order to 
verify accessibility and maintainability during the QMA. An example of this is shown on Figure 9, which 
identifies an accessibility issue for the removal of the aircraft right battery. This led to the relocation of the 
banister that was blocking the access. If this action had not taken place, the replacement of the right battery 
would have required additional maintenance, and would have negatively affected operational availability. 
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During the MTA, tooling is modelled into the DMU to verify the adequacy of the installation and removal 
procedures of each maintenance task.  


Battery is 
accessible for both 


mechanics but 
removal path has 


to be cleared 
(interference with 


banister)  


Figure 9: Example of Qualitative Maintainability Analysis using the A400M DMU. 


The maintainability of the A400M will be verified jointly by personnel from AMSL and the Participating 
States during maintainability demonstrations that will be performed first on digital mock-ups and then on the 
flight test aircraft. A number of maintenance tasks will be selected for verification by OCCAR and the 
Participating States, and the performance of these tasks will be verified in terms of interchangeability, elapsed 
time, required resources, and adequacy of the technical documentation.  


The DMU allows optimising the equipment installation. In addition, during the SE process, the architecture of 
the systems is also defined in order to guarantee aircraft availability. This is done within Airbus by using an 
Excel- and Cab Tree-based tool called Operational Reliability Analyser (ORA), as we mentioned above. The 
main interface sheet of the ORA tool for a specific system of the A400M is showed on Figure 10.  
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Figure 10: Example of ORA Main Interface Sheet. 


The operational reliability guarantees at the aircraft level are allocated as reliability targets at the system level 
based on the experience of the design teams. By modelling the systems architecture and the RM&T data of its 
components within ORA, the supportability engineers of Airbus can calculate reliability projections and 
assess if the system as a whole could meet the target. If this is not the case, the architecture of the system 
and/or the requirements for its individual equipment would be reviewed, potentially leading to modifications 
of the specifications used for the selection of the equipment suppliers. If this cannot solve the discrepancy, the 
target allocation may be reviewed at the system level, and a target reallocation between systems can then be 
agreed.  


On that basis, the supportability engineers can support the definition of the most efficient system architecture, 
define the components reliability requirements and make simulations to verify compliance with the 
contractual requirements. In that sense, supportability is a key part of the concurrent engineering design 
process of Airbus.  


5.2 Damage Tolerant Design 
Scheduled maintenance programmes are defined and applied to protect an aircraft from environmental 
damages (corrosion), accidental damages, and fatigue damages. For the latter, the damage tolerance concept 
has been introduced in the late ‘70s. Based on the improvement of inspection techniques and increased 
knowledge of the propagation rates of cracks in metallic structure, it has been possible to ensure continued 
airworthiness through more focussed inspections.  


Fatigue and damage tolerance stress analysis and tests are performed as part of the design, certification, and 
during the in-service life of any new aircraft model. The resistance of structures to cracking, and the behaviour 
of the structure in presence of cracks are investigated during these processes. This is done using computer 
models but also full-scale fatigue tests, where actual aircraft parts mounted in a test rig are subjected to stress 
similar to that experienced during more than their whole life. For the A400M, discussions are ongoing to 
define if these full-scale tests should simulate up to three times the expected aircraft life of thirty years. Figure 
11 shows a digital mock-up image of the full-scale fatigue test of the new Airbus A340-600.  
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Figure 11: Airbus A340-600 Full-Scale Fatigue Test. 


The scheduled maintenance tasks for fatigue damage are generally provided with an inspection threshold, and 
repeat interval. This is based on the fact that it will take a certain time before a crack initiates and starts to 
grow. Inspections will be repeated so that a crack exceeding the detectable crack size will be discovered 
before it may reach its critical size under limit load.  


Inspection tasks are defined based on assumptions regarding aircraft usage. These cover average mission 
profiles, including phases between take-off and landing; average aircraft weights, speeds, altitudes, distances 
per flight stage, etc. and their variation. Therefore, a mix of missions with different parameters has to be 
considered, and this is especially true for military aircraft, for which the mission mix is much wider than for 
airliners. The results of the fatigue tests will be used to calibrate the A400M Life-Time Monitoring System 
(LTMS), discussed below, that will be used to predict the needs for structural inspections based on the actual 
aircraft use.  


This concept is being applied for the design of the A400M structure, based on various operating assumptions 
provided by the experts of the Participating States, and the ‘fatigue consumption’ for the Structure Significant 
Items (SSI) can then be calculated during the aircraft design phase, allowing to define the best structure to 
meet the mix of missions. Figure 12 shows an example of this analysis based on C-160 data. The A400M full-
scale fatigue tests, which are part if its certification process, are scheduled to be completed in January 2011.  
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Figure 12: Comparison of Fatigue Consumption in Wing SSI. 


During the in-service phase, actual operational and maintenance data will be collected in order to fine-tune the 
scheduled maintenance programme. This data collection will partly be based on onboard data collection and 
diagnostic systems that are described in the next section of this article.  


5.3 Onboard Systems Diagnostic Integration 
Another way to improve operational availability is to reduce the time required for corrective maintenance. In 
addition to an efficient system installation, which reduces the duration of components replacement, 
maintenance time can be reduced by improving the diagnostic capabilities of the aircraft. As we have seen 
before, the AIMDS of the A400M is used to centralise the control of BITE, detects system faults and provides 
failure messages in plain English, and collects and records engine, APU and critical systems data, thereby 
enabling trend analysis and maintenance planning.  


This data can be either analysed on board of the aircraft, or analysed more deeply on the flight line by using a 
Portable Multi-purpose Access Terminals (PMAT) that allows ground crews to interrogate the AIMDS via 
plug-in points inside and outside the aircraft to facilitate a more in-depth analysis of failures. In addition, the 
PMAT will provide access to the Interactive Electronic Technical Publication (IETP) of the aircraft for 
troubleshooting and corrective actions.  


The PMAT can download the AIMDS data and upload it into a Ground Support System (GSS) that includes 
both a Mission Planning and Restitution System (MPRS) and a Maintenance Data System (MDS). These 
systems, developed by Airbus Military for the A400M based on existing systems (in the case of the MDS, the 
AirNav system developed by Airbus for its commercial customers), will allow to store the data in a database, 
manage the performance of corrective actions on the aircraft, and schedule the preventive maintenance tasks. 
It will present the aircraft status in real time and perform other functions such as engine health monitoring. In 
addition, studies are being conducted to allow the transmission of maintenance data from the aircraft in flight 
to the ground via a data link, which would allow a more efficient management of maintenance activities on the 
flight line and increase operational availability. Such methods are already in use by some civil airlines.  


A schematic representation of the functionalities of the A400M MDS, showing its external interfaces and 
main functions can be found on Figure 13.  
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Figure 13: A400M MDS External Interfaces and Main Functions. 


In addition, the aircraft may be equipped with an optional Life-Time Monitoring System (LTMS), for which 
an added option exists to perform direct measurements via strain gages. This system will record aircraft 
structural loads, including overloads, hard landings and total cycles accumulated, enabling operators to track 
aircraft utilization and associated fatigue. This will allow the operators on the one hand to plan their on-
condition maintenance more efficiently, but also to review the scheduled maintenance programme if required.  


5.4 Increased Components Reliability and Systems Redundancy 
The RM&T characteristics of aeronautical parts, especially electronic components, have dramatically 
increased over the last decennia. The A400M design is based on these highly reliable components, which will 
reduce maintenance downtime and thereby increase availability while reducing WLC. In addition, a number 
of systems will benefit not only from the Airbus design methods and tools, but also from the experience of 
other recent Airbus programmes, such as the A340-600 and the A380. A number of A400M systems will be 
based on the design of similar systems in these aircraft. Whenever possible, Commercial Off-The-Shelf 
(COTS) or Military Off-The-Shelf (MOTS) components are used.  


Moreover, the redundancy and possibilities of reconfiguration of the aircraft systems will provide increased 
operational availability by allowing the A400M to be operated normally with a number of failures. As an 
example, the aircraft will be equipped with four V/UHF voice radios, while only two are required by 
international civil aviation regulations for a normal logistic flight in civilian controlled airspace. Moreover, 
the critical systems can reconfigure automatically in case of failures, thereby easing the burden to the aircrew.  


In addition, the aircraft structure will make intensive use of composite materials, which is expected to reduce 
the requirements for inspections for corrosion and fatigue.  
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6.0 CONCLUSIONS 


The A400M is one of the key multinational aeronautical projects in Europe, compensating the air transport 
capability gap of the European Air Forces and enhancing the competitiveness of the European DTIB. To that 
end, it provides an opportunity to implement many improvements in the operational availability of the 
European air transport fleet, as well as optimising their WLC. This paper has highlighted these improvements, 
both in the area of maintenance and support concepts and of technological measures.  


We can see that many of these improvements complement each other, and have both a managerial and 
technological components, so that none of these two should be considered separately. In addition, we have 
seen that operational availability cannot be dissociated from the related costs, and that the A400M attempts to 
strike a balance between these two critical factors. Moreover, the experience gained with civilian aircraft can 
certainly be used for the benefit of military aircraft.  


By using the military experience of the European Air Forces and the aircraft design experience of Airbus, the 
A400M should be able to reach the optimum of operational availability and costs for the benefit of the 
European military, thereby helping to bridge its air transport capability gap and helping to optimise the 
competitiveness of the European defence industry.  
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1.0    GENERAL SYSTEM DESCRIPTION 


The SNECMA M-88 engine for the Rafale fighter is integrated with condition monitoring and prognostic 
systems.  These systems work together to reduce maintenance downtime and improve mission reliability. 


The integrated maintenance system on the M-88 is referred to as the Engine Condition Monitoring System 
(ECMS), and has two parts, as shown in Figure 1. One part is referred to as "O level" (Operational) and the 
other as "I level" (Industrial). On O level there is on-board diagnosis, and ongoing diagnosis and prognosis.  
On I level there is the capability for complementary tests, performed without a test bench and with the engine 
turned off.  The tests include fuel leakage tests, fault localization tests, control loop tests (e.g. inlet air control 
system), tests of the anti-icing vane, tests of the fuel flow meter, etc. 
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Figure 1: Integrated maintenance concept. 


Some ground support equipment for transportation, rotation, and complementary testing are shown in Figure 2. 
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Figure 2: Ground, I Level, test utilities for trouble shooting. 
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2.0    ON-BOARD DIAGNOSTICS 


On-board diagnosis uses the same sensors as those for engine monitoring (Figure 3).  There are a few sensors 
for vibration surveys, which are very useful for finding bearing degradation.  Periods of inverted flight are 
also recorded, because these are detrimental to the lubrication of the bearings.  There are also electrical oil and 
fuel filter-clogging indicators. 
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Figure 3: On-board diagnosis – specific sensors and indicators in addition to engine controls. 


There is a comprehensive set of in-flight tests.  For example, accelerometers are used to monitor shaft balance 
for the HP and LP shafts. Imbalance triggers an alarm.   


The system incorporates usage monitoring.  This is very crucial on a fighter, because those stresses from one 
flight to the other may vary by a factor of 80.  The usage data includes flight hours, the number of post 
combustion lightings, and the number of engine starts.  The data is used in models of general fatigue, high 
cycle fatigue, and crack propagation. 


There is also some performance malfunction analysis. Various malfunctions are recorded for this purpose.  
They include start sequence anomalies, such as overheating, stall, and slow start.  They include other 
performance anomalies such as long rotation, turbine overheat, electronic control unit overheating, 
compressor stall, HP or LP shaft overspeed, and post-combustion anomalies.  To minimize false alarms, there 
are two monitoring channels, which are compared.  If necessary, other data is used to resolve discrepancies 
between channels.  If there is a control loop malfunction, a snapshot of all data at the moment of the event is 
recorded. 


3.0    GROUND-BASED DIAGNOSTICS AND MAINTENANCE DECISION 
SUPPORT 


For full prognosis (estimation of remaining life), the SIAD system is interfaced with the ground-support 
system HARPAGON (Figure 4).   
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Figure 4: Ground support station. 


HARPAGON also performs additional analysis of failure, vibration, usage, and performance data.  In Figure 5 
there is an example of output data that indicates some imbalance on the low-pressure shaft. 


 


Figure 5:  Example of analytical output from HARPAGON, showing imbalance in the LP shaft. 
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Figure 6: Downtime reduction by extending the useful lives of engine components. 


It also allows the time between overhaul (TBO) of components to be increased (Figure 7).  This in turn 
provides the flexibility to increase the installed time of the engine and/or manage the maintenance of the 
engine and its modules so as to optimize aircraft availability and life-cycle cost. 
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Figure 7: Reduction of downtime and improvement of mission reliability. 
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1.0 INTRODUCTION 


Top Air Force (AF) leaders are concerned about the impact that aging of the United States Air Force (USAF) 
aircraft inventory has on operational readiness and mission capability – an issue that will not easily be fixed. 


General Moseley, Chief of Staff of the Air Force (CSAF) recently said, “The USAF is concerned primarily 
with three objectives: 1) Fighting and winning GWOT, 2) taking care of AF personnel, and 3) recapitalization 
and modernization of the AF’s aging fleet.” But he knows that the third objective will not be finished anytime 
soon especially with the tanker inventory. He stated, “We will keep them (KC-135R) around for a while 
because the (KC-X tanker replacement) won’t deliver fast enough to divest ourselves of those airplanes in the 
short term.” He also knows the effect. The CSAF admitted, “Maintaining the older aircraft it would like to 
retire is an issue.” [1] 


While the senior AF leadership recognizes the need to replace and/or upgrade our aging fleets and that it will 
not be accomplished soon, they also confirmed the need to effectively manage the aging fleets until they can 
be replaced and/or upgraded. 


In October 2005, then Acting Secretary of the Air Force (SECAF) Pete Geren said, “The process of 
recapitalization and modernization can never be finished. Even if we buy everything we are planning to buy 
over the next 5 years, we will still have the oldest (inventory) in the history of the Air Force. If you fast 
forward 20 years from now, the CSAF and the SECAF will still be working that problem.” And, “There will 
never be a time where I believe we can be complacent about the need for investment in new technology.” 
CSAF General Moseley echoed Mr. Geren’s comments, “With an aging inventory that begins to cost you 
more money, you have less operational readiness and less opportunity to deploy the force.” [2]  


The AF has a significant number of old aircraft. As of FY06, 20% of the AF fleet has an average age of 40 
years or more. The KC-135s have a fleet average age of over 45 years, the B-52s have an average age of 
nearly 45 years, and the C-130Es have an average age of over 41 years. It will take years to replace these 
numerous aircraft. General Moseley has admitted that even with a tanker replacement program, he expected 
the last KC-135R will still be around for an additional 30-plus years as the new tankers are delivered to 
squadron service. [3]  


Therefore, a long term strategy for enhancing the AF fleet’s warfighting capability must include a long-term 
aircraft sustainment plan because modernization and recapitalization cannot happen overnight. In addition, to 
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ensure these aircraft will be in flyable condition until the last aircraft are replaced, sustainment must be a 
funding priority. To make this prioritization a reality and to justify improved funding, AF aircraft maintainers 
must better communicate the importance of sustainment. To be successful in this endeavor, the AF aircraft 
maintenance community needs to equate sustainment to warfighting capability. Note: For the purposes of this 
paper, sustainment is defined as the activities involved in maintaining an aircraft in good working order with 
the goal of ensuring its availability to meet its mission (versus enhancing its capability with emerging 
technical requirements). 


To that end, this paper will make a connection between mission capability (MC) rates (the hours a fleet is 
available to perform missions versus the hours a fleet is possessed by a flying unit) and the flying unit’s 
warfighting capability using the USAF Mobility Air Force’s (MAF) aircraft as an example. One of the MAF’s 
warfighting capabilities is airlift that rapidly transports military personnel and equipment to operating 
locations throughout the world. [4] Two approaches of this connection between MC rates and the MAF’s 
airlift capability will be presented: 


1) A model will be developed to a) calculate the historic mobility airlift capability (MAC) of the USAF’s 
Air Mobility Command (AMC), measured in million-ton-miles per day (MTM/D), from fiscal year 
(FY) 1991 to 2006, and b) forecast the MAC from FY07 to FY16. This model will be a function of 
the airlift aircrafts’ MC rates and the number of unit-possessed aircraft for any given FY. AMC’s 
MAC is currently achieved by the C-5, KC-10, and C-17 fleets. Therefore, to fully accomplish their 
mission, each aircraft must operate at certain MC rate goals. If the MC rates fall below these goals, 
AMC may be unable to meet its required capability.  


2) Analyses will be given to establish reasons why the MAC is not higher. This paper will introduce these 
reasons in terms of a) specific high maintenance drivers of non-mission capability (NMC) rates – the 
converse to MC rates (where it will be shown that, for the C-5 aircraft, higher NMC rates are caused by 
increasing rates in aircraft downtime due to scheduled and unscheduled maintenance and supply 
problems); and, b) general influences impacting the MAC per aircraft, total MAC, and MC rates. 


Sustainment, then, serves to address these NMC problems. Reducing the severity of high NMC rate drivers 
directly results in improvements to MC rates and consequently increases the fleet’s warfighting capability 
(i.e., more cargo delivery). Note: For the purpose of discussion in this paper, warfighting capability refers to 
the weapon systems’ overall mission type in fighting a war (cargo delivery, fuel delivery, bombs on target, 
threats detected, etc.). The actual wartime requirement will not be presented. 


2.0 BACKGROUND 


This section describes other work related to the area of MC rate forecasting and simulations: 


1) A straightforward method to forecast MC rates was cooperatively developed by the Institute for Defense 
Analysis and the Studies and Analysis Flight at Headquarters (HQ) AMC. This approach was derived 
from a need to estimate the MC rate of different modernization proposals for the C-5. The result was a 
simulation model that considered the contributions of individual aircraft subsystems that are being 
upgraded to overcome the C-5’s aggravating reliability problems. The model is based on component 
failure distributions and actions and on component repair time distributions and actions. [5]  


2) A discrete approach to simulate military aircraft maintenance and availability was developed by the 
Systems Analysis Laboratory at the Helsinki University of Technology. This model was constructed 
for use on the Bae Hawk Mk51 aircraft and describes the flight policy and maintenance, failure, and 
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repair processes. It aims to shorten maintenance turnaround times and perform what-if scenarios for 
investigating ways to improve MC rates. [6] 


3) An extensive analysis of MC rate forecasting was completed through a joint effort between the 
Maintenance Plans and Programs Branch of the Air Force Logistics Management Agency (AFLMA) 
and the Air Force Institute of Technology (AFIT): 


 They first evaluated the AF’s Funding/Availability Multi-Method Allocator for Spares 
(FAMMAS) tool, a parametric model that forecasts MC rates by aircraft type based on funding 
projections of aircraft readiness spares and other associated planning factors. This effort 
discovered the FAMMAS model did not incorporate or explain the key logistics and operations 
drivers that influence MC rates. The researchers concluded that this limited its effectiveness as a 
management and decision-making tool.  


 Second, the effort sought to enhance the forecasting ability of MC rates by recommending the 
integration of significant factors besides funding. This was accomplished through the examination 
of over 600 variables from aircraft reliability, maintainability, operations, and personnel areas, 
and 10 years of data. The research acknowledged that MC rates are linked to logistics type factors 
including logistics operations, reliability and maintainability (R&M), and personnel, and 
operations type factors including aircraft operations, funding, and environment.  


 The result was the development of two versions of an enhanced forecasting model that is a 
function of sorties, flying hours, average aircraft inventory, number of maintenance personnel 
assigned, and the interaction of the logistics and operations factors. The first version serves as a 
point estimator of an MC rate at a specific time in the future while the second version serves as a 
long-range planning model. [7] 


3.0 MOBILITY AIRLIFT CAPABILITY MODEL 


3.1 Basis of Model 
The basis of this Mobility Airlift Capability Model comes from the FY00 MAC data for the C-5, KC-10,  
C-17, and C-141 aircraft presented in GAO-01-495R (see Figure 1). [8] GAO-01-495R updated the 
information provided in GAO/NSIAD-00-135 [9] which was written to assess the adequacy of U.S. mobility 
forces in transporting military personnel, equipment, and supplies necessary to execute the National Military 
Strategy.  
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Aircraft
FY00 Mobility Airlift 
Capability (MTM/D)


C-5 9.17
KC-10 3.01
C-17 5.09


C-141 3.71
Total Militarya 20.98


CRAFb 20.50
Total Capability 41.48


abased on FY00 average MC rates 
bCivil Reserve Air Fleet.  Both the 1995 Mobility Requirements Study 
Bottom Up Review Update and the Mobility Requirements Study 2005 
cite that 20.5 MTM/D will be provided by the civilian fleet  


Figure 1: Mobility Airlift Capability by Aircraft. 


From the MAC data provided by GAO-01-495R, one can determine the airlift capacity per aircraft 
(MAC/aircraft). In this case, because the MAC was based on the mission capability rate, the MAC per aircraft 
is really MAC per MC aircraft. Therefore, to determine the historical MAC (FY06 and before) one only needs 
to obtain the number of MC aircraft for each FY and multiply by the MAC/aircraft. To determine the 
forecasted MAC (FY07 and beyond), one needs to develop a methodology to predict the future number of MC 
aircraft by FY and multiply by the MAC/aircraft. See equation 1. 


MAC = (MAC/MC Aircraft) x (# Possessed Aircraft) x (MC Rate) 
Equation 1. Mobility Airlift Capability 


The remainder of this section will present historical data and methodologies used to derive the historical and 
forecasted MAC. 


3.2 MAC Model Methodology 
The MAC for any FY is essentially the MAC per MC aircraft (derived from the FY00 data in GAO-01-495R) 
multiplied by the number of MC aircraft for that FY. The methodology will consist of determining the number 
of annual possessed aircraft, the annual MC rates, and the MAC per MC aircraft (refer to Figure 2 for a 
schematic view of the process).  







Defending Our Aging Fleets: Defining the Impacts 
of Aging Aircraft Sustainment on Warfighting Capability 


RTO-MP-AVT-144 28 - 5 


 


 


Step 1. Determine historical unit 
possessed hours by MDS and FY


Step 2. Determine 
historical TAI by 


MDS and FY


Step 3. Determine 
historical unit 


possessed hours per 
TAI by MDS and FY 
from steps 1 and 2


Step 4. Estimate future 
unit possessed hours per 
TAI for each MDS using 
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Step 5. Determine future TAI by 
MDS and FY


Step 6. Calculate future possessed 
hours by MDS and FY based on 
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possessed hours by MD


Step 7. Calculate historical and future 
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in each FY


Calculate Number of Annual Possessed Aircraft:
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and 14


Calculate Annual Mobility Airlift Capability:


 


Figure 2: Schematic View of Mobility Airlift Capability Model Methodology. 


As with any methodology, the assumptions must be explained so as to provide the boundaries (and limits) of 
the methodology. 


3.2.1 Assumptions 


1) The MAC per MC aircraft for each weapon system stemming from the FY00 data in GAO-01-495R is a 
constant over the entire analysis period. The author acknowledges that there have been a variety of 
modifications on each weapon system prior to FY00 (thus possibly overstating the capability), between 
FY01 and present day (thus understating the capability), and planned for each weapon system from now 
through the FYDP and beyond (thus understating the capability even more). Since the intent of this paper 
is focused on building a methodology to quickly produce results that closely (versus exactly) represent the 
real world (same order of magnitude), using a constant MAC per aircraft was not seen as a deterrent to the 
development of the concept of making a connection between MC rates and the flying unit’s warfighting 
capability.  


2) The forecasted metrics by mission design (MD) are the forecasted metrics by mission design series 
(MDS) added together by MD. This was done because a critical piece of the formula, the MAC data, was 
furnished by GAO-01-495R according to MD (e.g., C-141, C-5, etc.). So, the historical data and forecast 
calculations were first derived by MDS (e.g., C-141B, C-141C, C-5A, C-5B, C-5C, etc.) and then 
consolidated by the composite MD before it could be matched with the GAO MAC data. 


3) The C-5 is undergoing major modifications (Avionics Modernization Program and Reliability 
Enhancement and Re-engining Program) to improve fleet logistics departure reliability, performance, and 
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availability {MC rates}).[10] The modified C-5s will be re-designated as C-5Ms. Since there is no 
historical data available yet for the C-5M, the conversion to C-5M will not alter the total aircraft inventory 
(TAI), and, other than a targeted MC rate goal of 75%, no official AF-certified C-5M forecast calculations 
for MC rates have been obtained. Therefore, only data from the C-5A, C-5B, and C-5C will be used in the 
composite C-5 forecast. Note: The C-5 MC rate simulation model mentioned in this paper’s Background 
section, paragraph 1, was only a study – the author could not ascertain if this was an official C-5M 
forecast by HQ AMC.  


4) Because the number of TAI is more of a known quantity and because the unit-possessed hours and MC 
hours are related to the number of aircraft in the inventory, estimating future trends was first based on a 
historical per TAI basis. Then, to calculate the actual predicted value, the “per TAI” forecasted number 
was multiplied by the forecasted TAI for each respective FY. 


5) According to GAO-01-495R, both the 1995 Mobility Requirements Study Bottom-Up Review Update and 
the Mobility Requirements Study 2005 cite the Civil Reserve Air Fleet (CRAF) will provide a capability 
of 20.5 MTM/D. [11] Many aviation carriers participate in the CRAF program to make civilian passenger 
and cargo aircraft available for military missions during times of crisis or war. This program avoids the 
cost of maintaining military systems that duplicate capability readily available in the civil-sector.[12] The 
author assumes the CRAF’s 20.5 MTM/D to be a constant. 


6) The future MC rates were forecasted by estimating the future unit-possessed hours separately from the 
future MC hours (MC rate = MC hours / unit-possessed hours). This was accomplished because their 
respective behaviors are not 100% related (annual unit-possessed hours are based on TAI, depot-
possessed hours, and unit-possessed not-reported hours while annual MC hours are based on NMC hours 
in addition to unit-possessed hours). This will be discussed in more detail later in the paper. 


3.2.2 Methodology 


A step-by-step process is presented to explain how the historic MAC can be calculated and the future MAC 
can be predicted. Again, refer to Figure 2 for a schematic view of all the steps. 


• Calculate the number of annual possessed aircraft: 


 Step 1 Determine the historical unit-possessed hours by MDS (C-141B, C-141C, C-17A, C-5A, 
C-5B, C-5C, and KC-10A) and FY. 


 Step 2 Determine the historical TAI by MDS and FY. The TAI was obtained as of the last day of 
each FY (30 Sep). It is noted that for non-constant TAIs, especially for the drawdown of the C-
141B and C-141C, and the buildup of the C-17A, the TAI listed does not represent the average 
TAI throughout the FY. Since no easy method for determining the average TAI by FY was 
available through current USAF datamining techniques, the author believes this simple end-of-
year accounting method shall suffice.  


 Step 3 Determine the historical unit-possessed hours per TAI by MDS and FY from Steps 1 and 2. 


 Step 4 Estimate the future unit-possessed hours per TAI for each MDS using the best R2 method. 
See Figure 3 for the results. Note (a): For the sake of simplicity, estimating future trends was a 
process of plotting the historical data in Excel and utilizing its forecasting tool. The 
trend/regression type (linear, logarithmic, power, polynomial, and exponential) with the best R2 
was then chosen for each plot. Note (b): Granted there are a multitude of other statistical 
computations involved in selecting the most appropriate future trendline (including correlation, 
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variance, covariance, testing the results for mathematical reasonableness and confidence, etc.); 
however, the author did not want to add too much initial complexity to the MAC Model.  


 


Figure 3: Possessed Hours per TAI with Best R2 Forecasting. 


 Step 5 Determine the future TAI by MDS and FY. Available resources include the President’s 
Budget, Congressional Reports, DoD’s Quadrennial Defense Review Report, Secretary of 
Defense’s Annual Defense Report, AF Statistical Digest, etc. For the purposes of this study, a 
combination of the KC-10A’s stable historical trend and current inventory level [13] was used to 
forecast its outyear TAI as 59 per year. The total outyear C-5 inventory (upgraded C-5A, C-5B, 
and C-5C) will be set at 112. [14] For the C-17A, since its final buy amount seems to remain 
somewhat unclear, the latest reliable total of 180 aircraft [15] will be used. This model can easily 
be updated when adjustments are made to the projected outyear TAI.  


 Step 6 Calculate the future possessed hours by MDS and FY based on Steps 4 and 5. Combine the 
possessed hours by MD. 


 Step 7 Calculate the historical and future possessed aircraft by MDS and FY. Do this by dividing 
the results from Steps 1 and 6 by the number of total hours in each FY (365 or 366 x 24, 
depending if leap year). 


• Calculate the annual MC rates:  


 Step 8 Determine the historical MC hours by MDS (C-141B, C-141C, C-17A, C-5A, C-5B, C-5C, 
KC-10A) and FY. 


 Step 9 Determine the historical MC hours per TAI by MDS and FY from Steps 2 and 8. 


 Step 10 Estimate the future MC hours per TAI by MDS using best R2 method (see Figure 4 for the 
results and see notes (a) and (b) for Step 4 concerning the forecasting methodology used). 
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MC Hours Hrs per TAI With Best R^2 Forecasting
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Figure 4: Mission Capable Hours per TAI with Best R2 Forecasting. 


 Step 11 Calculate the future MC hours by MDS and FY based on Steps 5 and 10. Combine the 
MC hours by MD. 


 Step 12 Calculate the historic and future MC rates by MD and FY. Note: As can be seen in Figure 
5, in every case the forecasted MC rates based on forecasted unit-possessed hours and forecasted 
MC hours yielded results that were more optimistic if not equal to the forecasts solely based on 
the rate alone. Note that while the MC rate for the C-5C is forecasted to experience a steady 
increase, it is only for two aircraft and thus will not have a serious impact on MAC. 
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Figure 5: Comparison of Forecasted Mission Capability Rates. 


• Calculate the annual MAC: 


 Step 13 Calculate the historic and future MC aircraft for each MD and FY by multiplying the 
results of Step 7 with the results of Step 12.  


 Step 14 Calculate the MAC per MC aircraft for each MD. Do this through the division of the 
MAC for each MD in the GAO-01-495R report (based on FY00 MC rate) by the FY00 MC 
aircraft for each MD. 


 Step 15 Calculate the MAC for each MD and FY by multiplying the results of Step 13 with the 
results of Step 14 (see Figures 6 (sand chart) and 7 (line chart) for the results).  


3.3 MAC Model Results 


3.3.1 Historical Results 


From Figure 6, it appears that there were noticeable dips in the overall MAC in FY94, FY99-00, and FY05, 
and peaks in FY95-98 and FY03. In looking to the MAC by MD in Figure 7 to search for causes of these dips 
and peaks, one can see the FY94 dip was due to the C-141 and the FY99-00 and FY05 dips were due to the C-
5. The FY95-98 peak was due to the short-term recovery of the C-141 in FY95 coupled with the introduction 
of the C-17. The FY03 peak was due to a sudden and short-term rise of the C-5 coupled with a slight surge in 
C-17.  
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Figure 6: Historical and Forecasted Total Mobility Airlift Capability. 
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Figure 7: Historical and Forecasted Mobility Airlift Capability by Aircraft. 
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In exploring the MC historical rates in Figure 8 to search for causes for the peaks and dips, one can see how 
they influence the MAC. The C-141’s dip in MAC is quite apparent from the dip in its MC rate. During 
FY95-98 timeframe, all four aircraft experienced a small peak in MC rate during one of the years and not all 
at the same time. This produced the relatively “flat” peak in the MAC over several years. Also, the FY03 peak 
in MAC matches with the FY03 peak in MC rates for the C-5, C-17, and C-141. 
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Figure 8: Historical and Forecasted Mission Capability Rates. 


3.3.2 Forecast Results 


The MAC Model’s forecasting results indicate good news – the overall MAC is increasing in the outyears 
from 45 MTM/D currently to 49 MTM/D. Since the MAC Model forecasts the MC rates for all MDs to have 
declining trends, the increasing MAC can be attributed to the increasing C-17 TAI. This helps make the case 
that capability is a function of both MC rates and number of unit-possessed aircraft. While one factor (in this 
case, MC rates) is declining and another factor (in the case number of aircraft) is increasing at a higher rate, 
the overall outcome will be an increasing MAC trend. 


The MAC Model allows for taking a look at a more idealized environment in military mobility operations, 
sort of a best case scenario. One can run different test cases of MC rates by accomplishing “what-if” drills to 
see how much improvement would be gained in the MAC, especially if the MDs were to operate at their 
established MC rate goals from FY07 onward (see Figure 9 for these goals).  


As shown in Figure 10, the FY2016 fleetwide MAC would improve from 49.3 to 53.1 MTM/D, an increase of 
about 8%. 
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MD MC Rate Type MC Rate MAC (MTM/D)
Goal 87.5% 18.48


FY2016 82.6% 17.44
Goal 75.0% 11.09


FY2016 57.6% 8.51
Goal 85.0% 3.00


FY2016 79.4% 2.80
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KC-10
 


Figure 9: Forecasted MC Rates & Goals vs. MAC. 
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Figure 10: Historical and Forecasted Mobility Airlift Capability by Forecasted and Goal MC Rates. 


As this model is fine tuned through improvements to its estimation capabilities for future MC rates  
(by including the affects of reliability improvement modifications, better statistical forecasting techniques, 
etc.) and from acquiring more accurate MAC per mission capable aircraft data (including at the MDS level for 
the C-5), a better sense can be attained for what is truly achievable in fleetwide MAC. 


4.0 C-5 MAINTENANCE DRIVERS 


A vital aspect to understanding the affects of reliability improvement modifications is to understand the 
adverse affects of unreliable components and aircraft maintenance (inspections, repairs, etc.) on a mobility 
aircraft’s MC rates and subsequently on its MAC. This can be seen in the overall slow decline of the historical 
C-5 MAC trend. The historical C-5 MC rate trend is declining at a high pace, and conversely, it’s not mission 
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capable (NMC) rate is increasing. Since it has been shown that the MC rate (in addition to TAI) plays a large 
role in each MD’s MAC, the remainder of this paper will focus on how drivers contribute to increasing NMC 
rates (and decreasing MC rates) for the C-5, the point being that any measures taken to improve MC rates will 
directly serve to improve its MAC and thus the overall capability of the USAF’s mobility forces. 


The discussion will start with an explanation of the relationship between MC and NMC rates with a 
breakdown of the submetrics within NMC rates. Then the high maintenance drivers will be presented to give 
the reader an understanding of the variety of reasons for why the C-5 is not meeting its MC rate goal of 75%. 


4.1 NMC Rate Breakdown 
The MC rate is defined as MC = 1 – NMC. NMC, a measurement of field-level scheduled and unscheduled 
maintenance and supply issues, is defined as NMC = NMCM + NMCS + NMCB. These NMC submetrics are 
defined as follows: 


• NMCM = NMCMS + NMCMU + NMCMSA + NMCMUA 


• NMCS = NMCS + NMCSA 


• NMCB = NMCBS + NMCBU + NMCBSA + NMCBUA 


Therefore, putting all the submetrics together: 


• NMC = NMCMS + NMCMU + NMCMSA + NMCMUA + NMCS + NMCSA + NMCBS + 
NMCBU + NMCBSA + NMCBUA 


Thus, it can be stated that: 


• MC = f(NMCMS, NMCMU, NMCMSA, NMCMUA, NMCS, NMCSA, NMCBS, NMCBU, 
NMCBSA, NMCBUA) 


The NMC metric descriptions are as follows  [16]: 


• NMCMS: Not Mission Capable Maintenance Scheduled. The aircraft cannot do any assigned 
missions because of scheduled maintenance. The aircraft cannot fly (restricted from use). 


• NMCMU: Not Mission Capable Maintenance Unscheduled. The aircraft cannot do any assigned 
missions because of unscheduled maintenance. The aircraft cannot fly (restricted from use). 


• NMCMSA: Not Mission Capable Maintenance Scheduled Airworthy. The aircraft cannot do any 
assigned missions because of scheduled maintenance. The aircraft can fly (not restricted from use). 


• NMCMUA: Not Mission Capable Maintenance Unscheduled Airworthy. The aircraft cannot do any 
assigned missions because of unscheduled maintenance. The aircraft can fly (not restricted from use). 


• NMCS: Not Mission Capable Supply. The aircraft cannot do any assigned missions because of 
supply. The aircraft cannot fly (restricted from use). 


• NMCSA: Not Mission Capable Supply Airworthy. The aircraft cannot do any assigned missions 
because of supply. The aircraft can fly (not restricted from use). 


• NMCBS: Not Mission Capable Both Maintenance and Supply Scheduled. The aircraft cannot do any 
assigned missions because of supply and scheduled maintenance. The aircraft cannot fly (restricted 
from use). 
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• NMCBU: Not Mission Capable Both Maintenance and Supply Unscheduled. The aircraft cannot do 
any assigned missions because of supply and unscheduled maintenance. The aircraft cannot fly 
(restricted from use). 


• NMCBSA: Not Mission Capable Both Maintenance and Supply Scheduled Airworthy. The aircraft 
cannot do any assigned missions because of supply and scheduled maintenance. The aircraft can fly 
(not restricted from use). 


• NMCBUA: Not Mission Capable Both Maintenance and Supply Unscheduled Airworthy. The aircraft 
cannot do any assigned missions because of supply and unscheduled maintenance. The aircraft can fly 
(not restricted from use). 


4.2 NMC Rate Maintenance Drivers 


In this section, a summary of the MC and NMC rates will be presented over the analysis period of FY91-06 
followed by the top NMC rate maintenance drivers according to 1) top NMC submetrics, 2) top two-digit 
work unit codes (WUC), and 3) a combination of submetrics and two-digit WUCs. 


4.3 MC and NMC Rate Summary 
Over the entire analysis period, the average C-5 MC rate was 62.8%, 12.2% below AMC’s goal of 75% [17], 
and equates to an NMC rate of 37.2%. The best MC rate occurred at the beginning of the analysis period 
(FY91) and was 70.6% while the worst MC rate occurred at the end (FY06) and was 56.4%. With a loss of 
14.2% over the 15 years, this equates to losing almost an average of 1% per year. 


4.4 Top Drivers by NMC Submetrics Rates 
After reviewing the NMC and NMC submetric historical rates for the C-5 from FY91-06, the author 
determined that of the 10 NMC submetrics comprising the NMC rate, only five NMC submetrics accounted 
for between 98.6% and 99.9% of the entire NMC rate, depending on the year. Therefore, the remainder of this 
study involved only these top five NMC submetrics. Listed in order of contribution to the overall NMC 
metric, they are: NMCMU, NMCS, NMCBS, NMCBU, and NMCMS (see Figure 11). It appears that of the 
five, NMCMU, NMCS, and NMCBS are the largest contributors. 
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Figure 11: Historical NMC Rate with Top NMC Submetrics. 


According to the NMC metrics and trend line chart in Figure 12, the NMCMU is not only the worst factor but 
its trend continues to get worse. The NMCS, historically second worst, is improving and being superseded by 
the NMCBS rate which looks to be trending flat. The best two of the five, NMCBU and NMCMS, are 
showing an increasing trend and may become a larger factor in the outyears by eventually overtaking NMCS 
and NMCBS if not corrected. Note: a similar method was used to compute the trend lines as discussed earlier 
in this paper and does not merit further discussion here. 
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NMC Metrics Rates With Trends, C-5, Total AF
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Figure 12: NMC Metrics Rates with Forecasted Trends. 


Since NMCBU and NMCBS include combined maintenance and supply and the supply rate, NMCS, is 
improving, the author believes that NMCBU and NMCBS are mostly due to maintenance. Therefore, from the 
examination of the NMC submetrics, one can conclude that the NMC rate is being driven by scheduled and 
unscheduled maintenance. 


4.5 Top Drivers by Two Digit WUCs 
In reviewing the top NMC drivers according to two-digit WUCs from FY91-06, the bar chart in Figure 13 
indicates scheduled inspections (WUC 03) followed by maintenance on engines (WUC 23), landing gear 
(WUC 13), airframe (WUC 11), and flight controls (WUC 14) were the worst drivers. However, the line chart 
in Figure 14 shows the downtime due to scheduled inspections has been decreasing steadily over the last 10 
years while the maintenance on airframe, engines, landing gear and flight controls have been collectively 
worsening over the last few years. 
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Figure 13: Historical NMC Rate and Top Two-Digit Work Unit Code NMC Drivers. 
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Figure 14: Top NMC Rate Two-Digit Work Unit Code Drivers. 
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An interesting and highly idealized “what-if” analysis was accomplished by adding the total of the minimum 
annual NMC rate contribution for each of the “Top 10” two-digit WUC drivers from FY 91-06 with the 
minimum annual NMC rate of the non-”Top 10” to get a best case scenario of all drivers. The outcome was 
that when all drivers behave in the best possible way (least impact to MC rate), mathematically, the NMC rate 
= 23.1%, resulting in an MC rate of 76.9%. So, with all things considered, meeting the MC rate goal of 75% is 
“possible.” However, as can be seen in Figure 15, the minimum contribution to the overall NMC rate for the 
top 10 drivers did not fall in the same year or even the same short-term intervals thus leading to the more 
realistic conclusion that meeting the MC rate goal is most likely not achievable without significant changes to 
the aircraft and/or maintenance plan. (See assumption #3 above for discussion of planned C-5 upgrades.) 


Top 10 NMC Drivers Min NMC Rate FY of Min
03 Sched Insp 2.7% FY91
23 Engines 4.1% FY92
13 Landing Gear 3.2% FY96
11 Airframe 2.6% FY96, 97
14 Flight Controls 2.6% FY96
46 Fuel System 1.8% FY91
41 AirCond/Press 1.4% FY97, 99
45 Hydraulic/Pneu 1.0% FY03
49 Fire Prot/Smk Det 0.7% FY00
52 Autopilot 0.6% FY92
Sum of Top 10 20.7%


 Non-Top 10 Total 2.3% FY92


Best NMC Rate = 23.1%
Best MC Rate = 76.9%  


Figure 15: Idealized NMC and MC Rates. 


4.6 Top Drivers by Combination of NMC Submetrics Rates and Two Digit WUCs 
Data from a combined perspective of NMC submetric rates and two digit WUCs was plotted in Figures 16a-e. 
As seen in Figure 16a, it appears that the supply submetric, NMCS, had significant rates in the past primarily 
due to flight controls (WUC 14) from FY92-94 and scheduled inspections (WUC 03) from FY96-03 but is 
improving due to the currently low and stable influences of all WUCs. For the unscheduled submetrics 
(NMCMU and NMCBU), as seen in Figures 16b and c, the top WUCs are engines (WUC 23), landing gear 
(WUC 13), airframe (WUC 11), and flight controls (WUC 14). For the scheduled submetrics (NMCBS and 
NMCMS), as seen in Figures 16d and e, the top metric was inspections (WUC 03) and to a lesser degree, 
airframe (WUC 11) (and to an even lesser degree for NMCMS, engines, WUC 23).  
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Figure 16a: NMCS Rate. 
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Figure 16b: NMC Unscheduled Maintenance Rate.
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Figure 16c: NMC Scheduled Both Rate. 
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Figure 16d: NMC Unscheduled Both Rate. 
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Figure 16e: NMC Scheduled Maintenance Rate. 







Defending Our Aging Fleets: Defining the Impacts 
of Aging Aircraft Sustainment on Warfighting Capability 


28 - 20 RTO-MP-AVT-144 


 


 


In summary, when looking at the combination of NMC submetrics with WUCs, the highest drivers are 
unscheduled maintenance on engines, landing gear, airframe, and flight controls and scheduled maintenance 
for inspections, airframe, and engines.  


5.0 INFLUENCES ON MOBILITY AIRLIFT CAPABILITY 


As stated in the MAC Model Methodology subsection above, the MAC is essentially the MAC per MC 
aircraft multiplied by the number of MC aircraft. To determine the number of MC aircraft, one needs to 
multiply the number of annual possessed aircraft by that year’s average MC rate. But what are all the factors 
that can impact MAC and its elements? In addition to examining the specific high maintenance drivers of sub-
standard MC rates and lower MAC levels, a discussion on general causes is worthwhile. 


5.1 Mobility Airlift Capability per Mission Capable Aircraft Influences 
The MAC per MC aircraft is affected by a variety of aircraft parameters, for instance (in no particular order 
and not a complete list): 


1) Cargo capacity of the aircraft. This is a fixed characteristic; the only way to change it is through 
structural modification or internal cargo area reconfiguration. 


2) Mission throughput. This has to do with the offload/reload speed and efficiency and is related to cargo 
door sizes and locations. 


3) Engine thrust. This affects the allowable cargo load. 


4) Flight/load restrictions due to aging issues. This affects allowable cargo load. 


5) Technological obsolescence. This results in the lack of an ability to perform the mission (mission 
effectiveness) in the current environment. Examples include a) congested airspace challenges – 
communication, navigation, surveillance/air traffic management (CNS/ATM) compliance (non-
CNS/ATM-compliant aircraft will be unable to fly without special approval in European airspace or 
the oceanic track systems), and b) flying challenges – all-weather flying, traffic alert and collision 
avoidance, terrain awareness and warning, global positioning system (GPS), and autopilot/flight 
augmentation.  


5.2 Mission Capability Rate Influences 
The MC rate is related to a variety of aircraft maintenance parameters, for instance (in no particular order and 
not a complete list): 


1) Troubleshooting and fault isolation time, retest OK (RTOK). 


2) Quality of maintenance technical orders. 


3) Depot-level reparable (DLR) funding. 


4) Supply system efficiency (supply issue effectiveness rate, stockage effectiveness rate). 


5) Break rate, fix rate, total repair cycle time, customer wait time. 


6) Mean time between failure (MTBF), mean time to repair (MTTR), mean time between maintenance 
(MTBM). 


7) MICAP hours, MICAP incidents, cannibalizations. 
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8) “Fly-to-fail” sustainment strategy vs. “time change” strategy of mission-essential parts (to be changed 
during scheduled maintenance). 


9) Maintenance manning level (assigned personnel vs. authorized personnel). 


10) Maintenance personnel training. 


11) OPS tempo, deployments, scheduled exercises. 


12) Number and type of time compliance technical orders (TCTOs). 


13) Maintenance squadron dock flow. 


14) Aerospace ground equipment (AGE) maintenance. 


15) Aircraft inspection intervals, complexity, equipment availability, comprehensiveness. 


5.3 Total Mobility Airlift Capability Influences 
The MAC is impacted by, in addition to the influences for the MAC per aircraft and the MC rate, the number 
of aircraft as follows: 


• Total aircraft inventory. 


• Number of unit-possessed aircraft. A significant factor here is the number of depot-possessed aircraft 
at any given time which takes away aircraft from the unit. Aircraft are considered depot possessed 
when they undergo extensive structural life extension program (SLEP) and modernization (planned 
changes to a weapon system to provide mission, reliability, maintainability, and/or safety required 
improvements) modifications, programmed depot maintenance (PDM), unscheduled depot level 
maintenance (UDLM), maintenance accomplished by depot field teams (DFT), etc. 


6.0 CONCLUSIONS 


This paper presented a model that connected MC rates to the flying units’ warfighting capability using data 
from the USAF Mobility Force’s aircraft (C-5, C-17, C-141, and KC-10). 


In examining the MAC Model’s forecasting results, the good news is that it appears the overall MAC is 
increasing, from 45 MTM/D currently to 49 MTM/D in the outyears. Since the MAC Model predicts the MC 
rates for all the MDs to have declining trends, the increasing MAC can be attributed to the rising C-17 TAI. 
This helps make the case that capability is a function of both MC rates and number of unit-possessed aircraft. 
While one factor (in this case, MC rates) may be declining and another factor (in the case number of aircraft) 
is increasing at a higher rate, the overall outcome will be an increasing MAC trend. However, unless there is a 
boost in TAI (as currently with the C-17) or a growth in unit-possessed aircraft (less depot time), a decrease in 
MC rate will result in a reduction in MAC. 


To illustrate this specifically, the maintenance data for the C-5 was analyzed in detail. The results indicate the 
highest NMC drivers limiting improvements to MC rates are unscheduled maintenance on engines, landing 
gear, airframe, and flight controls and scheduled maintenance for inspections, airframe, and engines. 


To illustrate this in more general terms, the influences on MAC per aircraft, total MAC, and MC rate were 
considered. The MAC per aircraft depends on a variety of aircraft parameters including cargo capacity, 
mission throughput, engine thrust, flight/load restrictions, technological obsolescence, etc. The MC rate is 
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affected by specific drivers and a variety of maintenance and logistics parameters including maintenance 
quality, equipment, technology, processes, policy, supply, ops tempo, personnel, facilities, etc. The total MAC 
varies with, in addition to the MAC per aircraft and the MC rate, the TAI and the number of unit-possessed 
aircraft.  


Top AF leaders are concerned about the impact aging of the USAF aircraft inventory has on operational 
readiness and mission capability. This presents the AF with a significant dilemma: Aging is an issue that will 
not easily be fixed and new aircraft will not be delivered fast enough to divest the USAF of these aging 
airplanes in the short term. To ensure these aircraft will be in flyable condition until the last aircraft are 
replaced, sustainment must be a priority, and to make this prioritization a reality and justify improved funding, 
the AF must communicate the importance of sustainment better. Success in this endeavor requires the AF to 
effectively equate sustainment to warfighting capability. 


7.0 RECOMMENDATIONS 


To improve the confidence in the prediction results, future model iterations should involve the following: 


1) Obtain the MAC by MDS. 


2) Assume the MAC per MC aircraft for each weapon system has not been constant through the years. 
Determine how it has changed and will change as a function of modifications (that have been 
completed, are currently being completed, and are being planned). The results should be by MDS. 


3) Determine realistic improvements to MC rates the AF expects for modifications currently being 
completed and planned, especially for the C-5A, C-5B, and C-5C. The results should be by MDS. 


4) Further investigate the MC rate forecasting methodologies presented in paragraphs 1 and 3 and the 
maintenance simulation methodology in paragraph 2 of the Background section. Incorporate the best 
approach(es) into the MAC Model. 


5) Add in sophisticated statistical methodologies to forecast the number of possessed aircraft by MDS. 


6) Develop a methodology for determining average annual TAI by FY for each MDS. 


8.0 METRICS DATABASES 


In addition to the references below, the following sources were used to collect AF maintenance and inventory 
data: 


1) Multi-Echelon Resource and Logistics Information Network (MERLIN). MERLIN is a web-enabled, 
integrated reporting and analysis software tool originally developed for Headquarters, U.S. Air Force, 
Installations and Logistics (HQ USAF/ILMY). This tool provides the capability to generate ad hoc 
performance measurement reports and access historical data. It provides comparative analysis of 
performance, funding, and aircraft inventory metrics which can be viewed across multiple weapon 
systems, major commands, and time periods. 


2) Air Force Knowledge Services (AFKS). AFKS consolidates a multitude of Air Force maintenance, 
supply, inventory, and other aircraft data from a variety of legacy databases. This interface provides 
the Air Force with a single portal to more accurate, real-time information to assess aircraft readiness, 
monitor aircraft configuration and status, analyze aircraft histories, and provide awareness of specific 
aircraft availability. 
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ABSTRACT 


The concept or Maintenance-Free Operating Period (M-FOP) was developed in the mid 1990s [1] by 
colleagues in the RAF’s Department for Reliability & Maintainability(R&M) in an attempt to define mission 
and basic reliability requirements that would give operators what they really needed, periods of guaranteed 
availability with the minimum logistic footprint in support. The concept has synergy with the intent of the pure 
definitions of reliability contained in existing standards, yet we have come to accept poor levels of reliability 
in defence equipment which then needs a huge support effort to try and deliver what operational commanders 
need. Progress towards the achievement of M-FOP and its twin concept of Failure-Free Periods of Operation 
(F-FOP) have been slow, yet Defence is now required to do much more in the way of deployments and long 
periods of deployed operations from unfamiliar bases where traditional support is very difficult. This paper 
reviews these concepts, the justification for them and analyses progress towards the achievement of this holy 
grail. 


1.0 CHALLENGING TRADITIONAL RELIABILITY THINKING 


In essence the M-FOP concept challenges traditional reliability thinking and the way of specifying R&M.  
In designing new equipment we needed to get back to the designer’s basic aim of designing for success, not, 
as has been so often interpreted, as having an acceptable level of failures. Indeed by changing, or re-affirming, 
what we really wanted meant we needed delivery of a Maintenance-free Period to improve planning certainty 
and maintenance effectiveness. 


In the early 1990’s there was a marked change in Defence thinking resulting from the UK Strategic Defence 
Review. This provided some defined motivations for change: 


• Defence spending would continue to reduce in real terms. 


• The RAF would need a quality product that had better availability and worked when needed for the 
whole mission or series of missions (i.e. better mission reliability). 


• Affordable equipment without gold-plating was needed. 


• There would be fewer personnel and less equipment employed on maintenance and support. 


• Increased flexibility and more deployments would need to be supported and would be the norm. 


• The future would involve more deployments to bare bases which would need to exist with the 
minimum logistic footprint. 
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The logistic organisation would be using the aircraft transport fleet for the increase in payload to support 
deployed operations with consumables and yet it needed to recognise though that this new concentration by 
UK forces on deployability had a prime and overriding need for sustainability. There was a need to minimise 
the logistic footprint because less spares and personnel needed to be deployed or re-supplied meaning more 
vital consumable supplies being able to be deployed such as ammunition. 


2.0 WHAT ARE THE REAL CUSTOMER NEEDS IN THIS UNCERTAIN 
FUTURE? 


In the face of these conclusions, the RAF tried to establish what were the real needs of the customer, 
particularly as it was in effect such an uncertain future. The conclusions were that firstly there would need to 
be guaranteed periods of availability because in the much smaller RAF, manpower and resources would be 
required to mount operations all over the world, causing severe over-stretch if the existing and traditional 
levels of support had to be maintained. With guaranteed availability, fewer manpower resources - both pilots 
and maintainers – could be used more efficiently, which would therefore be less costly to procure in the first 
place and to support throughout service.  


Above all, what was needed was mission effectiveness, so that when for example a Combat Air Patrol of 2 ac 
for two back to back 2.5 hr missions were required, it was not necessary to plan on briefing double the number 
of aircraft to guarantee that the 2 could be launched and complete the mission successfully. Consequently 
there would be planning certainty which would allow the minimum resources to be organised to support the 
task and therefore also result in giving the desired minimum logistics footprint for a sustained deployment. 


As a result of defining the real needs of the customer and revisiting the requirements from first principles a 
paradigm shift in thinking emerged [1]. Developments over the intervening years in both thinking and 
technologies which will deliver these customer needs have not changed the fundamental logic which is 
reviewed in the next sections of this paper, before a review of the current attitudes to the proposals. 


2.1 Usual Definitions 
Before considering the solutions it is necessary to understand what needs to change and to revisit existing 
definitions: 


• Reliability is defined as: 


 The ability of an item to perform a required function under stated conditions for a specified period 
of time [2]; or: 


 The duration of failure free performance under stated conditions. [3] 


• So why do we traditionally use:  


 The allowable number of faults in a given time?  


 
For example the Reliability specification for the Tornado GR1, an MTBF of 1.25hrs, has always been 
translated as 800 faults per 1000fg hrs. MTBFs have always been converted this way and it is a practice which 
the mathematics supports but the definitions do not intend.  
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2.2 Traditional Reliability 
Traditional reliability specifications have always used MTBFs. However, MTBFs are a trap for the unwary; 
for instance they encourage the notion that failures are inevitable and accept the notion of random failure. 
Data is aggregated to produce a mean and there is a top-down approach in design to allocate the “allowable” 
number of failures, system by system. This might produce the unsafe notion for instance of the ejection seat in 
a military aircraft being allocated 2 failures per 1000 flying hours! Pilots would certainly not be happy with 
such a situation! 


Whilst this process of using MTBFs might account for reliability, it fails to “engineer-in” a solution. What 
must be done is to get rid of the idea of “random failures” and their inevitability.  


3.0 NEW WAYS 


Maintenance-Free Operating periods are a deceptively simple concept, but were the way forward that was 
devised to encapsulate what the customer’s real intentions and needs were. M-FOPs would be interspersed 
with a defined period of recovery when maintenance could be planned and done to restore the system to full 
operation; this was defined as a Maintenance Recovery period (MRP). M-FOPs are applicable at the system 
and sub-system level, and it is believed eventually, at the major platform level. Neither successive M-FOP nor 
successive MRP lengths would be an equal length; flexibility of management and planning was in fact the 
key. 


3.1 Definitions 


3.1.1 Maintenance-Free Operating Period (M-FOP) 


A Maintenance-Free Operating Period (M-FOP) is defined as:  


• A period during which the equipment shall operate without failure and without the need for any 
maintenance; however, faults and minor planned contractually agreed maintenance are permissible. [4] 


3.1.2 Maintenance Recovery Period (MRP) 


The Maintenance Recovery Period (MRP) is: 


• The time spent carrying out maintenance after an M-FOP has elapsed. The maintenance done should 
be enough to ensure that the equipment can start another M-FOP cycle. [4] 


3.2 Design Achievement 
In other words a pure M-FOP is about doing nothing between MRPs except: 


• Operating the equipment, replenishing consumables, fuel, oil, tyres, etc. and pre-positioning spares 
and manpower which will be required for the next MRP. 


The difference, however, is that it’s a bottom up approach rather than the top-down allocation of failures and 
failure rates. A key aspect is to understand the equipment’s operating parameters, usage (and abusage) and the 
operating environment, all factors where there is a surprising lack of knowledge by designers and operators 
alike. The designer must however, pay even more attention to understanding therefore the failure mechanisms 
that might result. That means he has to understand the true physics of failure of all aspects of the design. This 
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in itself will need an understanding of the fact that these failures will change depending on the localised 
environment and the intended use, all of which must be fully understood. Finally there must be an 
understanding of the relative value of predictions versus the gaining of better data through increased testing at 
earlier stages. 


Therefore on a fairly simplistic basis, considering how a designer will need to approach building up an aircraft 
M-FOP from the system level, assume 4 systems each with a different M-FOP which has been established by 
testing. The aircraft or platform M-FOP will be driven by the shortest M-FOP. What the designer now has to 
do is to seek to improve that system to at least the level of the next system. It is recognized that equipment 
usage and sub-system usage will vary dramatically and accurately measuring these is vital in determining a 
M-FOP and its probability of completion. With today’s technology an adequate method of monitoring and 
designing for sub-system or sub-sub-system or even component usage is certainly possible. Monitoring this 
during design and development phases would provide a database of vital information for design 
improvements. Extending this monitoring then into service to obtain and update with real service usage, will 
give the operator the ability to change the M-FOP to best suit his current operations and so make forecasting 
all the maintenance requirements much easier. 


4.0 CONTRACTING FOR AVAILABILITY 


In the UK, more and more contracts in the future are being required to be availability based. Furthermore, the 
aspiration is to move to contracts for capability in the future. This assumes that even contracting for 
availability can be done successfully and this is by no means easy as there is much misinformation and 
misconception in the understanding of availability. Nevertheless, M-FOPs are in effect a useable metric for 
such contracting.  


M-FOPS fit well with existing current practices in fact and the need which will continue for the foreseeable 
future to undertake some scheduled maintenance on a periodic basis (preventative maintenance). At present 
though most, if not all failures on military aircraft, require immediate corrective action. In some cases, usually 
because there is a lack of manpower or spares, the fault may have its rectification deferred. In RAF 
terminology this requires a “red or green line” to be raised which identifies the fault as an acceptable one to be 
deferred (green line) or one that gives a limitation on the operation (red line). Consequently, as soon as a fault 
is reported the aircraft becomes unserviceable until rectification is carried out, or a deferment is exceptionally 
decided and entered as a green or red line. The norm though is to always fix faults when they occur, meaning 
that there are always unexpected periods of downtime. 


The difference by adopting M-FOPs is that during the M-FOP the technology on the aircraft will allow faults 
to occur but there will be no mission effect whatsoever. Faults and the need for rectification and maintenance 
activity will be aggregated until the MRP, when all faults will be rectified, together with other scheduled or 
predicted maintenance that is required. 


5.0 M-FOP SOLUTIONS 


The real challenge of course is how to apply M-FOP at the overall platform level. There are many options that 
need to be designed in at the earliest stages. Designing inherent reliability into the platform is the first solution 
and is perhaps self-evident, but is still of course an essential action, as is deciding effective lifing policies 
component by component where required. Some designs will be able to employ redundancy better than others; 
some will not be able to employ it because of weight restrictions. However, reconfigurability might be 
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possible as a design solution as it usually would not involve additional weight; a solution might also be to use 
sophisticated multi-tasking and shared use of systems. Similarly prognostics and improved diagnostics might 
involve extra complexity and weight, but can provide a significant increase in delivering availability and 
reducing periods of maintenance. Understanding the failure life characteristics is also an essential aspect of 
the designer’s task. 


It is now therefore up to the designer to evaluate all the design solutions. Some of the other options available 
are: 


• Smart structures which possibly indicate faults.  


• The various forms of condition monitoring, self test, self-diagnosis and self-correction systems. 


• Early warning & indication of faults perhaps with sophisticated avionics & software measures such as 
neural networks. 


• Fault tolerance and other the capabilities obtained from integrated modular avionics. 


• Reconfigurability of avionic systems. 


• System redundancy in all its forms, some of which might not involve additional weight. 


• Knowledge of the life of the equipment. 


• Graceful degradation of a system as long as it does not involve loss of the mission. 


• New and emerging technologies that might give improvements. 


• Improved processes for manufacture and repair which will enable an improvement in the inherent 
reliability. 


• Sacrificial elements that give a warning of problems. 


• Health and Usage Monitoring Systems (HUMS) which will enable improved knowledge of the health 
of the system and eventually will be developed into a prognostic ability. 


All these systems can provide solutions to contribute to an M-FOP to a greater or lesser degree. Some may be 
expensive to apply even at the design stage, but to illustrate the improvement and motivation for its adoption, 
let us consider just one, HUMS.  


5.1 HUMS 
HUMS can be a key factor in providing effective application of fighting power by providing the knowledge of 
an equipment’s health, which in turn allows planning certainty and the ability to select the best equipment 
from the scarce assets available; this will ensure the most effective use of scarce support resources, manpower 
and logistic support). Knowing the past usage and the current health with perhaps some developing capability 
to apply prognostics, will enable the right equipment to be selected that has the greatest expectation of being 
able to survive the mission or set of required missions. It might therefore be said that HUMS can deliver M-
FOP almost single-handed! 


However there are various views of HUMS. The customer’s view is that the motivation to have a HUMS fit is 
that there will be gains in operational availability, efficiency & effectiveness by better selection and 
management of assets. In addition there will be gains from a reduction in Whole Life Costs (WLC). There is 
also the commercial or contractor’s view of HUMS and the motivation for it which is to be able to react to the 
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increasing interest from the customer for contractor logistic support (CLS) contracts. Contractors therefore see 
a pro-active reason for HUMS so that they can increase their appeal when bidding for support contracts which 
can offer CLS as an option with an associated inherent reduced risk. There is, however, some concern that 
WLC will increase. Whilst prognosis will improve operational availability it may bring a resultant increase in 
preventative maintenance (PM). Such increases may in fact aggregate to increase the WLC. However, there 
should also be an attendant reduction in corrective maintenance. Such concerns as to the balance achieved 
between these costs can only be addressed within each specific project and the analysis in the Cost of 
Ownership, Effectiveness and Investment Appraisal (COEIA) before acquisition and validated after a period 
in service. These analyses must try to balance any projected increase in PM against the attendant reduction in 
corrective maintenance, but this is likely to which is always going to be difficult before real data and 
experience is gained. It would seem though that the operational imperative should be pre-eminent; anything 
that contributes to a reduction in the logistic footprint and improves operational effectiveness, must be 
followed through. 


5.2 Failure Life Characteristics 
Considering another aspect of design activity is to consider the failure life characteristics where the length of 
M-FOP will include, at some time, the point when detection could have been achieved under normal 
inspection regimes. At some point after the end of the M-FOP period there will be the predicted point of 
failure. The time between the end of the M-FOP and the predicted failure point will give a safety period. The 
question that the designer and maintenance manager must address is whether that time period is enough time 
in safety terms. Is the warning period enough and is there an identifiable risk? Indeed the delivery of each M-
FOP will be subject to a probability and we may never be able to entirely guarantee 100% certainty.  


 


 


 


 


 


 


 


 


 


 


Figure 1: Failure Life characteristics. 
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5.3 Probability 
In dealing with probability though we can at least aspire to minimize the risk of failure. The probability of 
completing an M-FOP will depend on the reliability of the system which will normally diminish as the 
equipment is used during its operating period. An M-FOP can be determined by plotting the reliability from 
time zero and overlaying the required probability of completion (Figure 2). 


 


 


 


 


 


 


 


 


 


 


Figure 2 – Reliability vs. Time and Probability of M-FOP Completion. 


Generally a higher requirement for success means a smaller M-FOP and visa-versa is true until the defined life 
is reached. The defined life is the allocation of useful life that could be achieved using, but not limited to, the 
allocation of useable life, condition monitoring / prognostics, fault tolerance, re-configuration and 
redundancy. Hence an M-FOP is determined by considering the defined life against the probability of 
completing an M-FOP that the user is prepared to accept. 


Knowing the probability of completion of the individual M-FOP for each separate piece of equipment gives 
the user the ability and confidence to provide a specific number of equipments to carry out a task. 


Working strictly to a system M-FOP may require the necessity to replace components more often than needed 
and it is possible that a contractor will design equipment with a specific M-FOP that is supplied to more than 
one customer. Each customer will have a need for a different M-FOP and use sub-systems for different times, 
so the concept of a Management M-FOP was developed by some excellent work presented by R. Burdaky to 
the 10th MIRCE Symposium.[5] It showed how M-FOP could be managed effectively to utilise a lot of sub-
system life that might be thrown away by strict system M-FOP application and therefore enable more useful 
life to be consumed at the sub-system and component level, which must of course be a cost benefit. 


Of course the ultimate enabler is to improve the basic reliability of not only the components but of the whole 
manufacturing process. When companies such as General Electric talk about a manufacturing process that 
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produces no defect products, they are not talking about a pipe dream but believe it is a reasonable and indeed 
essential goal for their competitive advantage and customer satisfaction. M-FOPs & MRPs are an essential 
part of that philosophy in that the only downtime is planned for, timed and fully resourced; that philosophy 
delivers commercial success and operational success. 


An example recently was one of the UK helicopter fleets which is almost entirely deployed to Iraq with one 
aircraft remaining in UK for training and one in depth servicing. The fleet manager needed to maximise his 
operational availability and asked if it was possible to reschedule the maintenance so as to ensure the 
minimum maintenance was done in theatre and for one aircraft at a time to be able to be flown back (inside a 
C-130) to UK for major depth overhaul and servicing. Here is an M-FOP being requested and Reliability 
Centred Maintenance (RCM) being used to deliver it! 


6.0 DEVELOPMENTS AND REACTIONS IN INDUSTRY 


Since 1998, Industry has continued to debate the achievement and the ability to deliver the possibilities. Their 
views and their progress are now reviewed, however, in the following summary it is unsurprising that the 
sources were not keen on being attributed. Therefore they must be treated as anecdotal and are offered to 
ensure that serious debate can be continued.  


6.1 Terminology 
Some definitions of M-FOPs now in current usage are: 


• “The M-FOP is a period of time during which there is no need for scheduled or unscheduled 
maintenance”. 


• “A maintenance free operating period (M-FOP) is defined as a period of time (or appropriate units) 
during which a system is both operational and is able to carry out its required function(s) without 
maintenance activities and without encountering failures”. 


There are many others, which perhaps reinforces the willingness to move to this type of requirement, but these 
are still the most common way that the original definitions seem to have been massaged. However, these 
definitions are difficult to accurately specify for a major and complex platform such as an aircraft and above 
all else, the problem is that they are all open to interpretation!  


6.2 Quotes and Observations on M-FOPS 
Some quotes and observations on M-FOPs can be provided but cannot be attributed and can only be offered as 
anecdotal evidence! 


• “The fundamental goal of M-FOP is to make virtually all maintenance scheduled by transferring what 
would currently be unscheduled maintenance into a predicted maintenance slot”. 


• “It is not necessarily a maintenance-free period - systems element faults may happen, but, as a result 
of the inherent design of the system, the aircraft continues its operation uninterrupted”. 


• “M-FOPs have the potential to offer the user an increase in the application effectiveness and enhanced 
operational availability of a system”. 


• “Maintenance/failure free operating periods (M/F-FOPs) are measures of reliability and can be used 
to replace the traditional mean time between failure (MTBF) approach”. 
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There is a common theme however – the M-FOP is being described using other metrics. 


6.3 M-FOPS – Practical Applications 
The RAF Tornado was analysed using the Ultra Reliable Aircraft Software Model (URAM) [6] the resultant 
M-FOP could only be measured in fractions of an hour. The conclusions were: 


• This was hardly surprising but makes the point that legacy aircraft simply do not have sufficient (if 
any) redundancy or re-configuration to allow a “pure” M-FOP to be applied. 


• Military operators are not happy with the concept of Minimum Equipment Lists (MELs) that allow 
flight with unserviceable equipments or systems.  


• The cost of modifying major in-service platforms would far exceed the benefits of “converting” to M-
FOPs. 


• Thus only new design(s) or new build(s) are worth expending effort on to respond to the challenge of 
specifying M-FOPs. 


BUT, M-FOP investigations have definitely challenged the specification of A, R and M performance. Perhaps 
it has even provoked the evolution of availability (and similar) contracting metrics! 


6.4 M-FOPS – The Correct Metric…? 
Availability contracts, currently being negotiated on several platforms, can in some instances be interpreted as 
an answer to a M-FOP challenge, in the view of Industry. Examples are: 


• “n” aircraft are to be ready to fly for a period of “x” hours during a typical training day. 


• Aircraft that are not in “depth” servicing can be considered as “available”. 


• Maintenance Recovery (MRP) can be carried out at any time that the aircraft is not required (rather 
than not available). 


The M-FOP has been implied but not actually specified. Furthermore, the definitions of “available”, “not 
required” (not in use) and “maintenance-free” can be very similar and need to be carefully specified or agreed. 


6.5 M-FOPS – The Move to Availability 
Where Industry accepts an availability contract, the Customer is probably (and properly) only interested in the 
operational window: Maintenance is now “no longer his problem” The attitude of “…get me another one – 
this one is broken…” is becoming clear (quite correctly, given the contractual conditions). 


Careful use of analysis techniques to predict failure, combined with accurately applied RCM techniques can 
move unscheduled maintenance into becoming scheduled maintenance. However, the following issues must 
be addressed: 


• Is this an M-FOP by “stealth”? 


• Substantial component life could be lost (at high cost) by anticipating failure too early – this has 
already been experienced in Contractor or Augmented Logistic Support (CLS/ALS) type contracts. 


• There is a high reliance on accurate in-service data which may not always be a safe assumption. 
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6.6 M-FOPS – Some Issues (from a Contractor’s Perspective) 
In-service data capture, storage, analysis and distribution are already starting to suffer. Two information issues 
from a Contractor’s perspective are prevalent: 


• The majority of data is being seen as “not required” by the Customer if Industry is managing the fleet 
for him. 


• Key Performance Indicators (KPIs) will become increasingly difficult to monitor and contract 
compliance could be compromised. 


As aircraft support is taken over by Industry, it may no longer be relevant to specify an M-FOP as a 
performance parameter. Availability is certainly a more suitable metric for the front-line Commander, but 
does everyone understand availability and how to contract for availability? Many availability KPIs now being 
used are a mean or average over a period of time – this allows periods of total non-availability to be 
acceptable as long as the “mean” is maintained over the measurement period! 


Industry is driven by cost and profit – it may make more financial sense to pay a financial performance 
penalty than take corrective action! The bottom line though should be to minimise servicing downtime and 
periods on unexpected downtime in order to maximise operational availability. 


7.0 M-FOPS – CONCLUSIONS AND DISCUSSION POINTS 


• It is accepted that only new design(s) or new build(s) can be used to respond to a “pure” M-FOP 
specification. 


• Military flying with reduced platform serviceability using the MEL concept has to be considered and 
accepted more widely for systems and equipments not required for the current mission. 


• M-FOP has definitely challenged the specification of A,R&M performance and may well be attributed to 
the evolution of availability (and similar) contracting methods and metrics. 


• Specifications must be carefully negotiated to minimise risk to both Customer and Industry: 


 Too strict and it will be unachievable or present a very high commercial risk (high cost). 


 Too loose and contractual compliance will never be proven and the specification will become 
ineffective (not cost-effective). 


• Legacy aircraft can be shown as having what can approach the M-FOP concept by challenging 
definitions, using availability metrics as a better measure of performance, providing they are contracted 
for correctly, or by the correct and effective use of RCM techniques to develop better and more cost-
effective servicing schedules. 
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ABSTRACT 


Recognising that the goal of the session is to review the evolution of maintenance/support concepts for 
military aircraft fleets and to identify the factors that have driven the changes, the focus if this paper is on the 
transformation of UK military aircraft support concepts and activities under the auspices of the UK MoD’s 
Defence Logistics Transformation Programme (DLTP). The paper summarises some of the history of change 
within the UK’s Defence Logistics Organization and the genesis and aims of the DLTP. Emerging aircraft 
support concepts will be described such as the 2-level maintenance concept known in the UK as the 
‘Forward-Depth Construct’ together with a description of how the concepts are being implemented. The type 
of transformation activities that have been undertaken will be explained and illustrated with examples; these 
include support rationalisation and the application of Lean tools and techniques. Finally, the paper will 
describe the UK MoD’s next steps in the transformation of military equipment support through its recently-
published ‘Defence Industrial Strategy’ and the subsequent ‘Enabling Acquisition Change’ report. 


1.0 INTRODUCTION 


This paper describes the transformation of UK military aircraft support concepts and activities under the 
auspices of the UK Ministry of Defence’s Defence Logistics Transformation Programme (DLTP). The paper 
will set out some of the relevant historical context in terms of the main financial and political factors that are 
driving the change before describing some of the transformation activities that have been undertaken and the 
new support concepts that are emerging. Finally, the paper will illustrate some of the benefits that are being 
demonstrated through some aircraft-related DLTP change initiatives. 


2.0 HISTORICAL CONTEXT 


2.1 The Defence Logistics Organisation’s Change Programme 
The Defence Logistics Organisation (DLO) was formed in April 2000 as a result of some of the 
recommendations from the UK’s 1998 Strategic Defence Review. The individual logistics organisations from 
the three Services were merged together and a new 4* level post, Chief of Defence Logistics (CDL), was 
created to lead the DLO. Upon its formation, Her Majesty’s Treasury set the DLO a target to achieve a 20% 
reduction in total DLO operating costs by Financial Year 2005/2006 – this was referred to as ‘the Strategic 
Goal’. The DLO Change Programme was launched by CDL on the 26 September 2002 as a single, 
organisation-wide programme to deliver change in the DLO driven by specific requirements and generating 
measurable benefits.  
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2.2 The End-to-End (E2E) Programme 
In May 2002, the UK MoD appointed the consulting firm McKinsey & Co to help in the identification of areas 
where the DLO could achieve the Strategic Goal target while safeguarding, and preferably enhancing, the 
support the DLO was providing to the front-line. The resulting ‘E2E Study’ report, delivered on 1 July 2003, 
broke the paradigm that Logistics Support is bounded by organisations and established principles showing that 
true logistics transformation could only be achieved by taking a holistic, whole supply chain (that is from 
production to point of use or ‘end-to-end’) approach to optimising the delivery of logistics support. 


2.3 E2E Study Recommendations for Logistics Support  
The E2E Study recognised that future support strategy must be based on expeditionary operations, that is, 
short-notice operations in distant-overseas locations often with poor infrastructure. These operations require 
Joint logistic support that is tailored to the level at which the UK Armed Forces will be operating (the so-
called ‘most likely’ operational scenarios at lower intensity), is rapidly deployable and robust. Logistic support 
requirements should be driven from the front line back (‘customer pull’) and based on the effects that the 
operational commander wishes to achieve.  


The E2E Study aimed to identify ways to deliver more effective logistic support for military forces at lower 
cost, where possible, but not at the expense of mandated or increased operational effectiveness. The proposals 
to improve logistic supply and equipment support for deployed forces arose as a result of a systematic analysis 
of existing logistic processes. The analysis considered both equipment and logistic support end-to-end, and 
addressed both non-deployed and deployed operations, for the UK’s standing and crisis commitments. Future 
Support would be founded on the following three key principles: 


• Configure logistic support for the most likely operational scenarios (medium scale), but create 
sufficient flexibility to cope with the most demanding. Previously, logistics support was largely 
geared towards fighting a major conflict, whereas modern expeditionary operations have generally 
been more frequent and of a smaller scale. 


• Concentrate support facilities at the ‘logistic centre of gravity’. Withdraw stocks held in remote 
warehouses, centralise stock holdings and support major training exercises and operations with 
‘Deployable Spares Packages’ (DSPs, also known as ‘Priming Equipment Packs’), in line with 
Industry best practice. Hold only sufficient materiel for a unit, formation or squadron until the supply 
chain is established and where resources and materiel can deliver the required logistics support as 
effectively, flexibly and efficiently as possible. 


• Streamline the supply chain and take a ‘factory to foxhole’ perspective to synchronise all logistic 
efforts with delivering the final output. By applying ‘Lean’ principles (see below) to the end-to-end 
supply chain, excess capacity and duplication will be removed or reduced, defined organisational 
boundaries will be removed, and logistic support will flow more quickly, efficiently and effectively. 


In sum, E2E sought to provide operational commanders with the materiel they need, where they need it and 
when they need it. 


2.4 The Defence Logistics Transformation Programme 
On 1 April 2004, the logistics elements of the DLO Change Programme and the End to-End Review were 
brought together under the Defence Logistics Transformation Programme (DLTP) to form a single coherent 
programme of logistics change initiatives across Defence. The DLTP soon developed the E2E Study’s 3 
principles above into 7 of its own: 
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• Configure for the ‘most likely’ operational scenarios. Formerly, logistics support was geared 
towards supporting major conflict, whereas modern expeditionary operations, although of a smaller 
scale, are greater in number, occur at shorter notice and require greater agility. 


• Concentrate resources and materiel. More efficient and effective equipment support can be 
achieved if resources and materiel are concentrated at ‘logistics centres of gravity’. For example, in 
aircraft support, this means striving to put as many Depth Support Activities in Depth Support Units, 
ideally collocated at aircraft Main Operating Bases thereby eliminating duplication of activity, 
overhead and infrastructure. 


• Apply the ‘Forward/Depth’ concept. The traditional four ‘lines’ of maintenance are replaced by the 
two-level construct known as ‘Forward/Depth’. Closely related to the previous principle, this 
rationalisation of overcapacity also helps to eliminate duplication of activity and infrastructure. 


• Minimise the ‘deployed footprint’. Today’s relatively small-scale expeditionary operations occur at 
short notice and demand far greater logistics agility. Therefore, force elements must incorporate the 
smallest possible organic support arrangements fed by efficient and effective support chains. 


• Optimize asset availability. More effective asset tracking reduces waste, stock holdings and cost and 
improves operational availability of warfighting equipment. 


• Rely on an effective joint supply chain. An effective, efficient and flexible end-to-end supply chain 
is essential to equipment support. 


• Access to timely, relevant and accurate information. Timely access to relevant and accurate 
logistics information is another vital enabler to ensuring that logistics support in the military 
environment operates efficiently and effectively. 


3.0 THE EVOLUTION OF AIRCRAFT SUPPORT CONCEPTS  


3.1 The Three-Attribute Model of Equipment Support  


3.1.1 Equipment Support Tasks 


Defence equipment is employed in operations to generate military effects. By its very nature, such equipment 
is complex, costly and must be supported during missions, for the duration of each campaign and throughout 
its useful life. Equipment support comprises a series of tasks each of which may be considered as having three 
distinct but inter-related attributes: ‘activity’; ‘environment’; and ‘organization’, as illustrated below: 


 


Organization 


Activity 


Equipment 
Support 


Task 


Environment 


 
The E2E Study recommended that military equipment should be supported under a 2-level regime rather than 
the traditional 4 lines. This later became known as ‘the Forward/Depth construct’ under which each of the 
attributes above has 2 levels, defined as follows: 
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• Activity. Support task activities are necessary to sustain the equipment during its short-term operation 
(sorties, missions, campaigns) as well as to sustain it throughout the whole of its useful life. In the 
past, support activities have been defined by the notion of maintenance ‘depth’1 [1] as well as in terms 
of the capabilities of the various repair agencies2 [1]. Further aspects of support activities are: the 
frequency with which they are required to be undertaken; the length of time they take to complete and 
whether they are ‘portable’ between locations. Here, the two levels of activity are referred to as 
‘Forward’ or ‘Depth’ support activities, defined as follows: 


 Forward Support Activities (FSAs). Support activities in this group are those that are directly 
concerned with preparing equipment for use and sustaining it in an operational condition throughout 
a period of need such as a sortie, a mission or a campaign3. Such activities include the following, all 
of which are optimised for effectiveness, will be relatively frequent and of short duration: 
o Flight Servicing4 (including preventative maintenance and replenishment activities) [1],  


re-fuelling, re-arming and role changing. 
o Functional testing and adjustment. 
o Minor modification. 
o Fault diagnosis and minor5 corrective maintenance. 
o Scheduled maintenance. 
o Expedient Repair6 [1]. 


 Depth Support Activities (DSAs). Such support activities are broader in scope and encompass 
the efficient and effective sustainment of equipment throughout its useful life as well as the 
enhancement of its capabilities and the improvement of its reliability. Such activities have a 
greater focus on efficiency and include the following, all of which will be far less frequent than 
Forward Support Activities but will consume significant time and resources and may require 
special skills and equipment: 


o Scheduled maintenance (including bay maintenance, reconditioning and overhaul). 
o Major7 unscheduled corrective maintenance. 
o Modification and conversion. 


• Environment. Support tasks can be considered to arise in one of 2 locations or ‘environments’, 
referred to here as ‘Forward’ or ‘Depth’. One factor that should be taken into account is whether an 
emerging support activity requirement is necessarily tied to a given location. For example, the 
requirement to effect a major airframe repair (a Depth Support Activity) may emerge in a Forward 
location (see below), but it may be more cost effective (and/or operationally expedient) to move the 
repairers to the aircraft rather than vice versa. The Forward and Depth Environments are defined as 
follows: 


                                                      
1. Maintenance depths A, B, C and D – JAP100A-01, Ch 0.4. 
2. For instance, the Repair Categories 1 to 5 – JAP100A-01, Ch 9.13.1. 
3. In military aviation, such activities are often said to pertain to ‘sortie generation’. 
4. Maintenance to determine aircraft condition prior to, or following, a period of flying - JAP100A-01 Ch 2.8. 
5. Achievable within notice to move times, for instance.  
6. Rapid repair solutions designed to restore operational capability at potentially reduced airworthiness levels - JAP100A-01 Ch 9.12. 
7. Not achievable within notice to move times, for instance. 
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 Forward Environment. Forward support locations will not always be predictable since they will 
be determined by the operational circumstances prevailing at the time. They will range from the 
operational elements of Main Operating Bases (MOBs) and well-found Deployed Operating 
Bases (including aviation-capable ships) to austere Forward Operating Bases in the Deployment 
Theatre that may well be ‘in harm’s way’. Such locations will always be under the command of 
an operational commander and will include Forward Mounting Bases and the Coupling Bridge8.  


 Depth Environment. The location of Depth support will always be determined well in advance 
by the relevant commodity, weapon system or platform DLO Integrated Project Team9 (IPT), 
often in partnership with industry, such that it is able to provide the level of support required as 
cost-effectively as possible. Depth Support Units (see below) will therefore be established on 
value for money grounds and may be collocated at MOBs to capitalise upon synergies with 
operating units10 or may be otherwise consolidated to maximise support rationalisation benefits in 
organisations such as the UK MoD’s Defence Aviation Repair Agency (DARA) or Industry. 


• Organization. There are considered to be 2 groups of support organizations: 


 Forward Support Units. Personnel who predominantly work in the Forward Environment will 
be formed up into organizations known generically as ‘Forward Support Units’ (FSUs) which 
will belong to the Front Line Commands (FLCs)11. 


 Depth Support Units. Alternatively, IPTs will be responsible for delivering DSAs and so will 
form ‘Depth Support Units’ (DSUs) (such as elements of DARA Fleetlands) which will primarily 
deliver their capabilities in the more stable, UK-based Depth Environment. The sub-set known as 
‘Deployable Depth’ encompasses those logistic processes and functions that are optimized in 
peacetime within a DSU on grounds of effectiveness and efficiency and yet need to be configured 
as deployable to provide responsive DSA support to FSUs when required by the scale of the 
operation or fragility of the supply pipeline. Some support activities will be required to be 
undertaken in the deployed Forward Environment which could either be militarily benign or ‘in 
harm’s way’. In the benign case, civilians or Contractors on Deployed Operations (CONDOs)12 
[2] could be employed; for non-benign scenarios, either Sponsored Reserves13 [3] or Service 
personnel will be required. 


3.1.2 Support Attribute Inter-Relationships 


The particular support organisation required to undertake equipment support tasks will be determined by a 
combination of the nature and location of the support activities (see Figure 1 below). 


                                                      
8. The Air or Sea Port of Embarkation (APOE or SPOE) designated for onward movement of equipment into the Deployment 


Theatre. 
9. The DLO team charged with providing for the whole-life support of the platform, system or equipment. 
10. This so-called ‘roll-forward’ option was the E2E Study preferred model. 
11. In UK military aviation, these are Strike Command, Fleet and the Joint Helicopter Command. 
12. JSP 567, 1st Edition, Feb 04 – CONDO Policy. 
13. Defence Contracts Temporary Memorandum 54/2002 – Sponsored Reserves Terms & Conditions. 
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Figure 1: Support Attribute Inter-relationships. 


FSUs will be manned, equipped and trained to undertake Forward Support Activities for FLCs in the Forward 
Environment (top right-hand corner of Figure 1). 


Conversely, DSUs will normally undertake the majority of planned Depth Support Activities for the relevant 
IPT in the Depth Environment (bottom left-hand corner of Figure 1) and, while acting as the equipment 
custodian, the DSU will also undertake limited Forward Support Activities, such as the Flight Servicing or 
refuelling associated with post-production test flying (top left-hand corner of Figure 1). 


However, there will be occasions where Depth Support Activities arise in the Forward Environment (DSAFE) 
either in the UK or abroad which, for cost and/or operational reasons, cannot be moved to a DSU (bottom 
right-hand corner of Figure 1).  


3.2 Delivering Depth Support Activities in the Forward Environment  


3.2.1 Discriminating Between the Delivery Options 


The planning for such Depth Support Activities in the Forward Environment (DSAFE) will be largely 
dependent upon their complexity and likely frequency of arising (see Figure 2). If such activities occur 
frequently in all scenarios up to and including the most likely, the FLCs may require to up-skill their operating 
FSUs14 or otherwise retain certain, more specialist skills within their direct control as ‘Support Augmentation’ 
(see below). Alternatively, if such eventualities arise less frequently (for instance, in more demanding 
scenarios), personnel from the relevant DSU could be deployed15. 


                                                      
14. Squadrons, Flights, Regiments and so on. 
15. This could be rare for all eventualities up to and including the most likely scenario (occurring, for instance, if the supply chain 


were fragile) but the scale and duration of a much larger scale operation is likely to generate a large number of such ‘immovable’ 
activities requiring that personnel from DSUs deploy (as ‘Deployable Depth’) under the command and control of the operational 
commander. 
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Figure 2: Delivery of Depth Support Activities in the Forward Environment. 


3.3 Deployable Depth 
In principle, Deployable Depth can either come from a platform IPT’s own DSU or from the ‘generic DSU’ 
that the ‘Forward Support (Air)’ (FS(Air)) organisation represents. FS(Air)16 contains deployable specialists 
with generic, pan-platform skills and is currently being reorganised to increase the scope of its deployable 
generic support, principally in the areas of airframe repair, aircraft Non-Destructive Testing (NDT), Health & 
Usage Monitoring (HUM), salvage and transport. As the ellipse in Figure 2 implies, FS(Air)’s terms of 
reference could be increased further to take on activities hitherto planned for platform Deployable Depth or to 
be retained by FLCs. 


3.3.1 Support Capability Augmentation FSUs 
The challenge for FLCs will be to determine the high frequency DSAs of lower complexity that will need to 
be conducted in the Forward Environment (as Support Augmentation), deduce the resources that will be 
needed to undertake these tasks and then apportion these resources among their various FSUs which, by 
definition, have a deployment liability. Such FSUs will either be their operating FSUs or what might be 
termed ‘Support Capability Augmentation FSUs’ (SCAFSUs)17. 


Although the Support Augmentation provided to operating FSUs will be primarily for capability augmentation 
purposes, some Forward Support Activities will be required in Forward Environment where an operating FSU 


                                                      
16. Currently comprising Fixed and Rotary Wing elements under the DLO’s ‘Strike’ domain. Note, under the Forward/Depth 


construct, this name is now rather anachronistic. 
17. The Joint Helicopter Command have a unit known as 7 Battalion and Fleet are currently developing a SCAFSU concept known 


as the ‘Tailored Air Group Support Unit (TAGSU)’. 
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is unable to undertake them due to lack of resources. A likely example scenario would be where a Squadron 
returns from a deployment with Forward Support Activities outstanding. However, its personnel need to take 
leave, attend courses and so on and so the FLC would arrange for the Squadron to be augmented to enable the 
post-deployment recovery work to be completed. Such ‘Capacity Augmentation’ is illustrated in Figure 3.  
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Figure 3: Capability versus Capacity Augmentation. 


4.0 TRANSFORMATION ACTIVITIES 


4.1 Implementing the Forward/Depth Construct and Rationalising UK Military Aircraft 
Support 


4.1.1 From Four Lines to Two Levels 


Traditionally, four ‘lines’ of maintenance have supported UK military aircraft. There were previously 
defined18 [1] as follows: 


• First Line. The maintenance organization immediately responsible for the maintenance and 
preparation for use of complete systems or equipment. For instance, aircraft squadrons. 


• Second Line. The maintenance organization responsible for providing maintenance support to 
specified First Line organizations. For example, workshop facilities at aircraft MOBs. 


• Third Line. The maintenance organization within the Services (sic), but excluding the organizations 
within First and Second Line. For instance the MoD’s own Defence Aircraft Repair Agency. 


• Fourth Line. The industrial maintenance organization providing maintenance support to the Services 
(sic) under contract. Defence contractors such as BAE Systems and AgustaWestland, for example. 


4.1.2 Rationalising to the Forward/Depth Construct 


Under the Forward/Depth construct, these four ‘lines’ have been reduced to two ‘levels’. Over the last 2 years, 
the DLO, in partnership with Industry and its FLC customers, has been transforming UK military aircraft 
                                                      


18. JAP100A-01, Ch 0.4. 
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support to align with the Forward/Depth construct. Since DARA still has significant capacity for airframe 
repair and overhaul (R&O)19, there have been 2 principal routes to the Forward/Depth Construct: 


• ‘Roll forward’ where all DSAs are moved to a single DSU or ‘hub’. 
• ‘Roll back’ where all on-aircraft DSAs are moved from former aircraft Second Line facilities at 


MOBs to consolidated facilities within DARA or Industry. This has the result that, in contrast to the 
roll-forward case, DSAs for a given platform’s on- and off-aircraft R&O are split. However, DARA 
Fleetlands, for instance, is able to derive certain economies of scale by effectively being a single on-
aircraft R&O ‘hub’ for a total of 3 helicopter types20. 


4.1.3 Examples of Rationalisation Under the Forward/Depth Construct 


Roll forward examples include the following: 
• A Tornado DSU hub has been formed at RAF Marham supporting all RAF Tornados. 
• A Harrier DSU hub has been formed at RAF Cottesmore supporting all RAF and RN Harriers. 
• The UK’s Merlin helicopter fleet is supported from a DSU hub at RNAS Culdrose. 
• All the UK’s Puma helicopters are being supported by a DSU hub at RAF Benson. 
• The UK’s fleet of Gazelle helicopters is supported from a DSU hub at the British Army’s Middle 


Wallop Station. 
• A DSU hub for the UK Apache Attack Helicopter is being formed at the Army’s Wattisham Station. 


‘Roll back’ examples include the following: 
• All on-aircraft R&O for the UK’s Chinook, Lynx and Sea King helicopters is carried out at DARA 


Fleetlands with off-aircraft R&O activities taking place on MOBs, in industry and at the DARA 
Electronics facility at Sealand. 


• VC10 on-aircraft R&O work is now centralised at DARA St Athan. 
• All on-aircraft R&O work for the Hercules fleet is now conducted at Marshall Aerospace at 


Cambridge. 


4.2 The Application of Lean Techniques  
The ideas behind what is now termed ‘lean thinking’ were originally developed in Toyota’s manufacturing 
operations (where the company established the ‘Toyota Production System’) and spread through its supply 
base in the 1970s. The term ‘lean’ stems from the fact that Japanese business methods used less of everything: 
human resources; capital investment; facilities; spares; consumables; and time. In their book ‘Lean Thinking’ 
[4], James Womack and Daniel Jones proposed the following lean transformation process: 


• Identify all the steps in the chain of events (or ‘value stream’) for each customer output. 
• Whenever possible, eliminate those steps that do not add value (that is, eliminate ‘waste’). 
• Ensure that the value-adding steps flow smoothly. 
• Each successive step should trigger those that supply it with ‘pull’ signals. 


                                                      
19. This is known as ‘on-aircraft’ activity as opposed to aircraft component repair and overhaul which is known as ‘off-aircraft’ 


activity. 
20. Chinook, Lynx and Sea King. 
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Lean tools have been used extensively over the last 3 years at every level within UK military aircraft support. 
Experience has shown that the tools and techniques have been particularly successful in driving out waste in 
the workshop and hangar environments. For example, all the various on-aircraft DSUs have used Lean to 
establish so-called ‘pulse’21 lines to replace the traditional bay approach to airframe R&O. As a result, the 
numbers of aircraft undergoing such work and the total time each spends being worked on have been reduced. 
The next section provides some more quantitative examples. 


4.3 Partnering with Industry  
In the UK, the MoD and the defence industrial base have recognised the mutual importance of working in 
close collaboration. The resulting strategy of ‘partnering’ places very strong emphasis on developing an 
effective and co-operative working environment between the two parties, based on better transparency, 
increased openness and mutual respect. This represents an important culture change which is non-adversarial 
and through which both parties co-operate in meeting their respective aims.  


The following lists some key tenets of the partnering approach: 


• Joint planning and decision making in both programmes and finance. 


• Information sharing.  


• Joint risk and performance management. 


• Joint continuous improvement of the delivery of products, services and capabilities. 


It is considered that partnering with Industry will produce the following benefits: 


• Improved speed of delivery of programmes. 


• Reduced acquisition and support costs. 


• Increased availability of aircraft to the front line. 


• The retention and sustainment of the skills necessary to provide onshore military aircraft Design 
Authority, systems engineering and through-life support capabilities. 


• Enhanced confidence and deeper mutual understanding. 


• More assured revenue streams for Industry based on long-term support and ongoing development 
activities rather than a series of large new equipment procurements. 


4.4 Contracting for Availability  


4.4.1 The DLO’s Transformation Staircase 


Since shortly after its formation, the DLO has been transforming the support arrangements for its various 
defence platforms, systems and equipments in such a way that more of the risks are transferred to Industry. 
The so-called ‘transformation staircase’ illustrates successive steps in moving away from traditional support 
arrangements, where the DLO pays Industry to repair items and supplies it with the piece part spares to do so, 
ultimately to those where the UK MoD pays Industry to provide specified levels of military capability. 


                                                      
21. Lean manufacturing production lines flow continuously whereas, in the aircraft maintenance world, the best that can be achieved 


is a regular pulse between successive maintenance phases. 
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Figure 4: The DLO’s Transformation Staircase. 


• Spares Inclusive Support. Here, Industry is paid a fee to repair equipment, but it must source its own 
piece part spares and consumables. 


• Contracting for Availability (CfA). Under CfA arrangements, Industry’s payment is linked directly 
to quantitative measures of the provision of a platform or equipment’s availability for use. Such 
requirements are expressed in output terms which should be directly related to (and flow from) the 
relevant Customer/Supplier Agreement (CSA) that the DLO has with the FLCs. 


• Contracting for Capability (CfC). CfA Key Performance Indicators (KPIs) are measures of 
platform or equipment availability. Ultimately, however, the DLO is aiming to contract with Industry 
against measures of capability. One example is where the UK MoD pays for air-to-air refuelling 
capability and allows its contractor to benefit from aircraft not required by the RAF in peacetime by 
generating revenue through commercial use. 


5.0 AIRCRAFT SUPPORT TRANSFORMATION EXAMPLES 


5.1  Examples of Lean Transformation 


5.1.1  Tornado Depth Support 
Support for the RAF’s Tornado fleet has been rationalised with the adoption of the Forward/Depth construct 
and the formation of a single DSU ‘hub’ for the vast majority of Tornado DSAs at RAF Marham, one of the 
RAF’s largest Tornado MOBs. Lean tools have been used extensively in establishing ‘pulse lines’ at Marham 
including Combined Maintenance and Upgrade (CMU) work to the airframes and significant engine, 
hydraulic and avionic DSAs. 


Expected benefits are listed as follows: 
• A 50% reduction in operating costs per flying hour over 5 years. 
• A £321m (50%) reduction in the aircraft’s support budget. 
• The number of aircraft undergoing DSAs at any one time will be reduced from 22 to 16 by 2008. 
• Approximately 500 fewer personnel will be required for Tornado GR4 support. 
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5.1.2 Tornado Forward Support 


At RAF Lossiemouth, Lean tools have been used to improve many aspects of the way squadrons support their 
aircraft. For instance, a consolidated team of personnel has been formed to undertake FSA rectification work 
far more efficiently and dispersed operation of aircraft from Hardened Aircraft Shelters has been ceased.  


5.1.3 Harrier Depth Support 


Support for the Harrier fleet has also been rationalised with the adoption of the Forward/Depth construct and 
the formation of a single MOB-based, Harrier DSU ‘hub’ at RAF Cottesmore. Again, Lean tools have been 
used to establish on- and off-aircraft ‘pulse lines’ and the CMU approach has also been adopted. 


Expected benefits are listed as follows: 
• A £4m reduction in the aircraft’s support budget over 4 years. 
• The number of aircraft undergoing DSAs at any one time has been reduced from 9 to 6. 
• The adoption of an an-aircraft pulse-line has reduced Harrier GR7 turn-round times from 120 days to 


80 days. 
• Approximately 310 fewer personnel will be required for Harrier support. 


6.0 NEXT STEPS 


6.1 The Defence Industrial Strategy  
Published in June 2006, the UK MoD’s Defence Industrial Strategy (DIS) [5] recognised the important 
contribution that the UK’s defence industry makes to delivering military capability and challenged the whole 
of the defence acquisition community, within both the MoD and Industry, to improve performance in the 
delivery of capability to the Front Line whilst increasing value for money. The DIS recognised that, with 
today’s increasing emphasis on agility, the concept of Through Life Capability Management would need to be 
adopted in order to ensure that military capability is built from the most cost-effective mix of components and 
is both affordable to operate through life and readily adaptable. 


6.2 Through Life Capability Management 
The traditional approach to defence equipment procurement has been to design and manufacture successive 
generations of platforms (or at least to fund major upgrade packages) each with step changes in capability. 
The concept of Through Life Capability Management (TLCM) centres on support, sustainability and the 
incremental enhancement of existing capabilities from technology insertions. In TLCM, the emphasis will be 
on developing the systems engineering competencies necessary to facilitate gradual capability evolution. For 
its part, Industry will benefit by having longer, more assured revenue streams based on long-term support and 
ongoing development rather than a series of large new equipment procurements. 


6.3 Enabling Acquisition Change 
The Enabling Acquisition Change (EAC) Report [6] was commissioned to advise what changes should be 
made to the UK MoD’s organisational structures, processes and behaviours in order to achieve the goals of 
TLCM. Whilst recognising that the UK’s track record in delivering for its Armed Forces highly capable, 
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battle-winning equipment within available resources was excellent, the report also observed that the UK 
MoD’s acquisition system has a history of suffering from what it called ‘…a conspiracy of optimism…’: 
targets and incentives are often poorly aligned; behaviour is stove-piped; and boundaries between 
organisations make the achievement of a through life approach difficult. 


The report made a significant number of recommendations including the following: 


• The reinforcement at every level of the acquisition system of the message that improved skills are key 
to improving the UK MoD’s TLCM performance. 


• The UK MoD should maintain a clear focus on committing sufficient resources to the early stages of 
new projects. 


• The establishment of an integrated procurement and support organisation by merging the UK MoD’s 
Defence Procurement Agency and the Defence Logistics Organization to be led at 4-star level, or 
equivalent. It has recently been announced that the new organization is to be known as ‘Defence 
Equipment and Support’ lead by the ‘Chief of Defence Materiel’. 


• The reinforcement of the notion of through life delivery by setting targets for the delivery of a defined 
level of project performance and its cost effective sustainment through life. 
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SLIDE 1 – INTRODUCTION 


NATO RTO Applied Vehicle Technology Panel AVT-144 Workshop 
Enhanced Aircraft Availability through Advanced Maintenance Concepts and Technology  
3 to 5 October 2006 


Defence:  
France, Czech, Germany, Sweden, UK, Canada, USAF, USN, ONR, Australia 


OEM:  
Boeing, EADS, Dassault 


Technology:  
BAe, Messier Dowty (CA), Casebank (CA), Smiths  


National:  
NLR, DSTL, DSTO, NRC 


SLIDE 2 – MILITARY NEEDS 


• Right diagnostic tools for field use, e.g. reliable condition status, no fault found/CND, BITE responses on 
startup. 


• Planning tools adaptable to changing fleet sizes, roles, environments, flying rates, staffing, e.g. providing 
depth support at front line. 


• Documented case studies of systems engineering designs and validations for planned and fielded fleets. 


• Data access?: Probability distributions for delays, operations and maintenance. 


• Case studies of incentivized contracting methods with integrated teams. 
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SLIDE 3 – CASE STUDIES 


• Poland – with cost reduction. 


• France – SIMMAD, pilot training. 


• Czech – fleet management. 


• Boeing – LR transport and strike aircraft. 


• Canada – Maritime Helicopter acquisition program. 


• USAF – Smart Operations depot development with Lean methods. 


• OCCAR – A400. 


• US – Avionics test equipment- Smart Test. 


• Canada – Integrated Diagnostics System. 


• UK fault identification and maintenance/supply process. 


• UK-US – Aircraft Electrical HM. 


• France – System analysis with damage for flight worthiness. 


SLIDE 4 – CONCEPTS AND TECHNOLOGIES 


• Conventional and On Condition Maintenance and Support. 


• Integrated on-board-off-board OCM, HUMS, PHM. 


• Lean Enterprise. 


• Maintenance Free Operating Periods- Maintenance Recovery Periods. 


• Open architecture CBM. 


• Operations modeling tools at systems and LRU levels for forward and depth use at acquisition and mid 
life update. 


• Module matching tools for lifed items. 


• Damage accumulation estimation and repair (full – expedient) tools. 


• Smart Strut with sensor, usage monitor. 


• Sensors: Disc/blade HM with tip timing, corrosion, NDT scanning and phased array, virtual (power 
fluctuation). 


• Data exploitation with adaptive, diverse tools. 


• Advanced test methods and specialized test equipment. 


SLIDE 5 – OPPORTUNITIES AND CHALLENGES 


• Integrate new technologies and cost understanding to incorporate diagnostic and prognostics into 
operations with net benefits(s). 
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• Enable work/data/knowledge sharing: industry, government, military. 


• Integrate processes within evolving military organizations: operational, environmental, financial people 
changes. 


• Enable technology development: OEM-user-developer including cross functional assessments and 
Terminology database.  


• Adapt planning tools to Make full use of all data streams and mid-life updates. 


• Identify, develop and validate physics of failure understanding. 
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ABSTRACT 


In response to the increasing demand for Canada to participate militarily in NATO and other International 
efforts aimed at stabilizing situations which pose a threat to world-wide peace, Canada’s Department of 
National Defence (DND) has had to re-focus its staffing priorities on core military functions. On the heels of 
an almost decade long period of Government directed downsizing and budget reductions, which began in the 
early 1990’s, DND has been forced to consider cost-effective alternatives to the traditional DND-labour 
intensive approach it has followed for acquiring and providing support to major Weapon Systems such as 
aircraft, ships and tanks.  


Amongst many initiatives, DND has been exploring how to more cost-effectively leverage Industry support in 
functions traditionally performed organically within DND. This has included use of Performance Based 
Management concepts such as those being utilized by the US DoD under the banner of Performance Based 
Logistics (PBL). The Maritime Helicopter Project (MHP), charged with procuring a fleet of Maritime 
Helicopters (MH) to replace its aging Sea King fleet, and to set-up an integrated support capability with the 
selected OEM, was one of the first DND Major Crown Projects to seriously investigate and pursue the 
incorporation of a broad spectrum of such concepts within its procurement strategy and contractual 
documentation. 


The focus of this paper is on the use of operational availability (AO) as a Key Performance Indicator (KPI), 
not just for the aircraft, but for all of the organizations involved in supporting its operation. Specifically, it 
addresses the approach developed by the MHP for holding each of the DND and ISS Contractor 
organizations responsible for supporting MH operations, accountable for their contribution to the 
achievement of fleet AO. This contribution, generically referred to as organizationally attributable aircraft 
unavailability (AU-Org), is referred to as AU-DND and AU-C for DND and Contractor-attributable AU, 
respectively. The paper discusses a refinement of the traditional AO model and how it will be utilized in 
conjunction with the invocation of a system engineering standard to require the Contractor to ‘design’ an 
Integrated Support Service (ISS) Capability which will demonstrably be able to achieve specified AU-C 
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requirements. As novel as this may be to some readers, the key innovation discussed in this paper is the in-
service methodology that will be used to measure aircraft unavailability. This measurement will be performed 
in a way that unambiguously attributes the measured level of AU-C to specific organizations involved in 
providing support to the Weapon System inclusive of organizations within DND and the ISS Contractor team. 
In addition to providing relevant technical and organizational background details, the paper concludes with a 
précis of factors critical to the successful implementation of the discussed AO measurement concepts. 


1.0 INTRODUCTION 


The Canadian Department of National Defence (DND), like many of its western military counterparts around the 
world, have, since the early 1990’s, been subject to significant Government directed downsizing and reductions 
to both capital and O&M budgets. Whether in response to these initiatives or coincidental to them, some level of 
coping was enabled by emergent methodologies/concepts such as business process re-engineering, alternative 
service delivery, and to a lesser degree, the Kaplan and Norton balanced scorecards. Although in recent years the 
operational demands have increased due to terrorist-propagated conflicts, there has not been a commensurate 
increase in either staffing or funding. The effect has been most pronounced in National Defence Headquarters 
which includes the group responsible for the acquisition and support of all materiel used by the Canadian Forces 
inclusive of new fleets of operational equipment such as aircraft, ships and tanks. 


Within this group, referred to as the Associate Deputy Minister (Materiel) Group, or ADM(Mat) for short, 
early in the turn of the century, it had become increasingly apparent to senior Project and Weapon System 
managers that there was insufficient quantity of qualified and experienced HR to support continued use of the 
Materiel Acquisition and Support (MA&S) processes that had been institutionalized to that point in time. The 
key features and associated major shortcomings of this “traditional” approach have been characterized in an 
ADM(Mat) sponsored study as summarized below: 


• DND Project Offices over prescribe the methodologies (e.g. LSA as per MIL-STD-1388) and 
deliverable data by and with which, respectively, DND will acquire and/or establish the support 
resources deemed to be needed to assure that an effective level of support will be provided to military 
operators, but without the benefit of sufficient verification due to cost constraints. 


 DND not only incurs the cost of producing often voluminous Contractual documentation, but 
often pays for data which may not be required while assuming the full cost-risk of OEM estimates 
that with experience are often proved to be inaccurate (too high or too low). 


• During implementation of a new fleet of systems (e.g. aircraft), DND separately competes for a scope 
of in-service support that is limited to: re-supply of spare parts (e.g. both consumables and 
repairables); the provision of component R&O and major system; and, the provision of technical 
investigations and engineering support. The OEM has seldom been awarded even a contract even to 
provide in-service technical investigation and engineering support for the aircraft he produced. 


 The practice of tendering many small support contracts squarely places DND in the role of system 
integrator and has promoted a fragmented industrial base in Canada. 


 Beyond the limitations of acceptance testing, OEMs are not held accountable for system 
performance shortcomings once the system is fielded. 


• Contracts, which are awarded to individual suppliers, are typically structured with a method of 
payment that is based on cost of time and materials. 
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 Use of time and materiel based Contracts leaves little motivation for Contractors to improve 
component performance, in fact, this would be a major dis-incentive to the Contactor as the more 
an item breaks, the more the Contractor is paid. 


• DND organically provides all logistics support to end-user operators, with the exception of that 
indicated above, on the belief that scales of economy are realized by centralization of functions. 


 Centralization of support functions have left DND with a support capability that is not only 
fractured (i.e. not integrated), but removes the practical possibility of inter-function enhancement 
trade-offs in consideration of the cost-effective achievement of system level objectives. 


 There is no organization that is centrally accountable for all common organizational factors that 
affect fleet performance or the overall cost-effectiveness of fleet support. 


Being the lead Air Force major capital project during this time period, the Maritime Helicopter Project (MHP) 
provided ADM(Mat) an opportunity to investigate and be the lead implementer of resolutions to the above 
noted shortcomings. One of the resolutions adopted was to seek to establish a long-term contractual 
relationship with an OEM. This resolution was incorporated into the MH procurement strategy which 
reflected the Government of Canada’s intent to award, to the single OEM which emerged as the least cost 
compliant respondent to an RFP, the following Contracts to begin at the same point in time: 


• A Contract for the procurement of 28 Maritime Helicopters with an award fee for on-time delivery of 
the first MH; and 


• A 20 year performance based Contract for the set-up and provision of a wide scope of support 
services. 


Other resolutions, now referred to in ADM(Mat) as Optimized Weapon System Support concepts, including 
those associated with the establishment of an AO centric performance based contract, were determined through 
an extensive consultation with Aerospace Industry in general, and specifically, prospective MHP bidders. This 
pre-RFP release consultation occurred during the 2000-03 time period. Final resolutions were incorporated 
into the requirement specifications, statements of work and other contractual documentation contained in the 
RFP that was released to Industry in early 2004. Later that same year, on November 30th, the Government of 
Canada awarded the above listed contracts to Sikorsky Aircraft Corporation, and so doing marked the 
beginning of a new era in the In-Service Support posture for aircraft fleets operated by the Canadian Forces.  
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Figure 1: The Canadian Forces new Maritime Helicopter, dubbed the CH148 Cyclone, is a derivative 
of the civil certified S-92A SuperhawkTM Helicopter produced by Sikorsky Aircraft Corporation. 


2.0 OBJECTIVE 


The main objective of this paper is to provide the reader with an understanding of the approaches that will be 
taken to ensure specified AO requirements for the CH148 Cyclone will be satisfied, and specifically, the 
methodologies that will be employed to measure AO performance so as to achieve organizational 
accountability for the outcomes. This accountability is referred to in the MH In-Service Support Contract as 
Performance Based Accountability (PBA).  


3.0 OVERVIEW OF THE CH148 SUPPORT CONCEPT 


In order to better appreciate the challenge before DND in establishing a performance-based ISS contract that 
is AO centric, it is important for the reader to understand that both DND and the Contractor will be required to 
work in a coordinated manner to achieve the level of fleet AO specified by DND in the MH Requirement 
Specification (MHRS). A summary of the CH148 support service responsibilities of each of DND and the 
Contractor is provided in Table 1. It is particularly important for readers to note that the prime mission of the 
CH148 requires it to be operated from Her Majesty’s Canadian (HMC) Ships which are deployed to locations 
around the globe including climatic environments that range from arctic to tropical. The aircraft may also be 
deployed to land-based theatres-of-operations. For this reason, DND will be responsible for the conduct and 
control of all first and second level on-aircraft maintenance of the CH148 Cyclone. 
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Table 1: Division of CH148 support service responsibilities between DND and the Contractor. 


Function DND Contractor 


Maintenance 
Support 


Conduct and control all first and second 
level on-aircraft maintenance at each of 
two main operating bases and while 
deployed aboard HMC Ships, and 
second level off-aircraft maintenance of 
components as determined by the 
Contractor through the performance of a 
LORA. 


Aircraft third level R&O including 
periodic painting; Provision of Field 
Service Representatives at each of two 
main operating bases, and Mobile Repair 
Party support as requested by DND. 


Supply Support Management of supply chain and 
ownership of Government Supplied 
Materiel (<1% of aircraft inventory); 
ownership of contractor supplied items 
installed on the aircraft and 
custodianship of uninstalled materiel 
while deployed. 


Management of warehouses on east and 
west coast main operating bases 
including timely provision of serviceable 
spare parts to point-of-maintenance; 
management of the CH148 supply chain 
including packaging and 
transportation/shipping of components 
between the warehouses and individual 
suppliers, and to deployed CH148 
helicopters; arrangement for depot level 
R&O of repairables. 


Support and Test 
Equipment (STE) 
Support 


Management of supply chain and 
ownership of Government Supplied 
Materiel; custodianship and care of STE 
used during deployments aboard HMC 
ships. 


Timely provision of serviceable STE to 
the Point-of-Maintenance including 
maintenance and repair of STE as 
required to maintain its serviceability. 


Training Support Delivery of CH148 operations and 
maintenance training including use of 
operational flight simulators and aircraft 
maintenance trainers, and training in the 
use of Integrated Information 
Environment tools. 


Development of all CH148 operations 
and maintenance training content and 
courseware, except operational tactical 
training; provision of serviceable 
operational tactical simulators and 
aircraft maintenance trainers to meet 
training schedule requirements. 
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Function DND Contractor 


Engineering/ 
Logistics Support 
Analysis Support 


Approval of proposed Class 1 design 
changes to the CH148; participate in 
IPT for all ECP development including 
Software Change Requests; provide full 
scope of engineering support and 
management for GSM; facilitate the 
identification of technical problems 
against the MHWS inclusive of 
software. 


Provision of configuration and data 
management, timely investigation and 
resolution of technical problems raised 
against the CH148 type design inclusive 
of the maintenance program, and 
development of MHWS design change 
requirements – includes all engineering 
specialty disciplines including LSA; 
Provision of an MH Avionics Equipment 
Integration Environment (MHAEIE) 
provision of a software maintenance and 
enhancement services within a Software 
Support Facility (SSF) located at the east 
coast main operating base. 


Integrated 
Information 
Environment 
Support 


Provide Certification and Accreditation 
of contractor supplied I.S. installed on 
or accessed from the Defence Wide 
Area Network; maintenance and 
enhancement of DND supplied I.S. 


Provision, maintenance and enhancement 
of information systems capable of 
satisfying the requirements of the: 
Integrated Electronic Technical 
Information Service; the Contractor 
Integrated Technical Information 
Service; and the Training Information 
Management Service. Provision of timely 
help desk support to DND. 


4.0 OPERATIONAL AVAILABILITY BACKGROUND 


4.1 The Importance of Aircraft Operational Availability to a Military Force 
Performance Based Contracting (PBC) is a key component of DND’s emerging strategy to partner with 
Industry for the provision of long-term integrated support services for flight and maintenance operations. 
Typically, these contracts will specify a wide scope of performance requirements that are associated with 
quality and timeliness of goods and services provided by a single support Contractor; however, the critical 
requirement from a strategic perspective is end-system AO. For a new fleet, the AO requirement is typically 
first specified in a document known as the Statement of Operation Requirements (SOR) prepared by strategic 
level operational planning staffs. The importance of AO to the Canadian Air Force, and military forces in 
general, is illustrated in Figure 2 below. 
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Figure 2: The importance of aircraft AO to a Military Force. 


The successful completion of a mission depends upon many factors as illustrated. First, the aircraft design 
inclusive of flight and mission systems must be capable of reliably performing specified functions. Both the 
inherent mission capability and the reliability associated with the use of mission systems in the prescribed 
environment is a product of the design activity of the OEM team. This is often accomplished as an integrated 
effort of an aircraft manufacturer and mission system vendors. Another important factor is the efficiency with 
which flight line maintenance organizations are able to make flight ready and dispatch aircraft that are 
available for assignment to operations. Lastly, the mission readiness of the fleet is determined by the level of 
knowledge and skills of aircrew to operate the aircraft to accomplish mission goals, and the availability of 
mission capable aircraft to be assigned to the flight schedule. Each of the determinants of mission success are 
of importance. A deficiency in any determinant will adversely affect the outcome. All of the dispatch 
reliability, aircraft availability and aircrew proficiency in the world cannot make up for an aircraft whose 
fundamental capability is deficient. Conversely, if the standards set for all determinants are exceeded save AO, 
all of this capability is of little use if an aircraft is unavailable to be assigned to meet the mission requirements 
of the moment.  


4.2 Operational Availability – Brief Historical Overview  
Logisticians and engineers, and academics have long been aware of factors that contribute to the achievement 
of AO for a major weapons system such as an aircraft; however, the focus of design methodologies and 
associated standards have been on system reliability and maintainability factors. Some methodologies that 
readily come to mind are: Reliability Centred Maintenance; Failure Modes and Effects Analysis (FMEA); and 
Logistics Support Analysis (LSA). Maintainability analyses have typically excluded delay time factors as 
uncontrollable by the designer, and as such, definitions and demonstrations always assume that required 
resources (e.g. qualified and authorized HR, spare parts, support and test equipment, etc) are readily available. 
Although advanced techniques have evolved to model the supply chain for a system, no model has been 
advanced that factors both equipment and ISS design capabilities into consideration to realize a standard for a 
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single measure of effectiveness such as AO. As such, despite advances in each of these separate areas of focus, 
the achieved levels of AO for aircraft fleets operated by military air forces in general, and Canada in particular 
are, on the balance, mediocre, not only for legacy fleets, but for many newly acquired fleets as well. 


Other factors that have combined to result in this unsatisfactory outcome include:  


• Inadequate investment in R&M testing combined with weak contractual clauses for in-service 
accountability have resulted in significantly lower equipment R&M performance than predicted by 
the OEM. 


• Inadequate investment in procurement of spare parts. 


• Poor responsiveness of procurement/delivery systems to variances in equipment performance relative 
to that which was predicted. 


• Inadequate obsolescence management. 


• Insufficient access to OEM design data to enable in-context root cause analysis. 


• In-service logistics support information systems failure to collect complete, accurate and standardized 
data with respect to the performance of the system, as well as that of the support organizations. 


• Accountability ambiguity for the performance of unavailability drivers. 


The last two items in the above list are of particular relevance to this paper. Although it is and has been 
relatively simple to generate an accurate measurement of AO for a fleet of equipment, because of the diversity 
of unavailability drivers which have their effect in overlapping periods of time, on simultaneously occurring 
on-system maintenance tasks, it has been historically impossible to isolate specific unavailability root causes 
which would be an essential input to a Pareto of organizational accountability. This practical ambiguity has 
forced DND in-service Weapon System managers to focus on secondary performance indicators such as 
system reliability. However, as discussed, due to other issues, this has not resulted in a significant 
improvement in system AO performance.  


5.0 RE-THINKING OPERATIONAL AVAILABILITY 


5.1 General 
In considering alternative approaches to AO specification and measurement, the PMO assessed each individual 
approach or approach variation to a set of criteria known as SMART: Specific; Measurable and Model-able; 
Agreeable; Realistic and Reflective; and Time-Bound. It was additionally required that the data required for 
performance measurement had to be collected within an Integrated Information Environment (IIE) as part of 
the routine work of those performing the activities of interest to the measure. That said, the only constraint 
from the perspective of performance measurement was that organizational attribution data had to be invisible 
to those inputting the data; no constraint was imposed to require the IIE to make use of legacy forms or work 
processes. The plan is to leverage Information Technology as much as possible to ensure the data collected 
will be accurate and complete, so that measurement outcomes using such data will be irrefutable to both DND 
and the Contractor. 


The genesis of the AO measurement approach eventually adopted by the PMO was achieved by performing a 
top-down decomposition of AO into mutually exclusive unavailability driver (AU) design attributes of the 
Weapon System as illustrated in Figure 3. Reading the figure from left to right, the first branch of the 
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breakdown identifies the two main categories of AU drivers as being: the design of the Integrated Service 
Support (ISS) System; and aircraft design. The former is a function of aircraft unavailability (AU) that has 
been historically associated with Active Maintenance Time (AU,MDT), and the latter, Maintenance Delay Time 
(AU,MDT). These in turn are further sub-divided into more specific cause factors. The specific meaning of these 
terms is discussed in more detail below. Through an association of the resources or services to be provided by 
either DND or the Contractor, AU factors are re-combined into organizationally attributable sub-groupings 
(e.g. AU-C and AU-DND for aircraft unavailability controllable by the Contractor or DND, respectively). These 
sub-grouping are combined to yield the same fleet AO value. 
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Figure 3: Decomposition of Aircraft AO by Design Attribute to the Organizational Level. 


5.2 Operational Unavailability Drivers 


5.2.1 General 


As illustrated in Figure 3, the AO of a system can be determined by its operational unavailability (AU), the two 
major determinants of which are: the practically measurable elapsed time required to actively perform on-
aircraft maintenance, AU,AMT (Aircraft Operational Unavailability – Active Maintenance Time); and the 
elapsed time that maintenance is interrupted or delayed because of management related delays or the 
unavailability of a required resource, AU,MDT (Aircraft Operational Unavailability – Maintenance Delay Time). 
This is further explained below. 


5.2.1.1 Active Maintenance Time (AMT) 


AMT that is practically measurable includes the elapsed time taken by a qualified and authorized technician to 
perform an on-aircraft maintenance task (OAMT) inclusive of various administrative supporting tasks such as 
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reviewing maintenance instructions, obtaining and setting up Support and Test Equipment or tools, and 
making entries into the maintenance record set. Many of these administrative supporting tasks are so integral 
to the performance of a maintenance task that to attempt to separate out measurement of the elapsed time 
taken to perform them would not be practical to implement. In general, maintenance may be sub-divided into 
inherent and non-inherent maintenance as follows: 


a) Inherent (Inh) On-Aircraft Maintenance (OAM). Inherent OAM is that maintenance anticipated to be 
required based upon the known failure characteristics of the aircraft when it is operated IAW 
prescribed procedures and within environmental limits. This includes scheduled maintenance  
(i.e. preventive) and unscheduled maintenance (i.e. corrective) performed at a Base Level (BL) – first 
and second level maintenance – OAMBL, and Third Line OAM (OAMTL).  


b) Non-Inherent (Non-Inh) On-Aircraft Maintenance(OAM). This includes maintenance which arises 
due to: aircraft modification requirements; aircraft operations outside of the approved flight envelope 
(e.g. hard landing); damage incurred as a result of the aircraft being struck or striking other objects 
(e.g. battle damage or bird strike, respectively); etc.  


5.2.1.2 Maintenance Delay Time (AMT) 


MDT is the elapsed time that performance of a maintenance task is interrupted due to time waiting for a 
management decision or because one or more resources required to control and/or conduct maintenance is or 
are unavailable. Resources include, but are not limited to:  


a) People – technicians that are duly qualified and authorized to conduct aircraft maintenance;  


b) Parts – spare repairables and consumables including GSM – Government Supplied Materiel;  


c) Data – technical data required to conduct maintenance (e.g. maintenance instructions applicable to an 
observed fault usually provided in a Technical Manual); 


d) Information Systems (Info Systems) – hardware and software used to display maintenance instructions, 
record maintenance transactions, order materiel, etc (e.g. Interactive Electronic Technical Manuals; 
Computerized Maintenance Management Systems; Supply Chain Management Systems; etc);  


e) Support Equipment (Spt Equip) – support and test equipment including tools; and 


f) Unsafe Conditions – involves ambient conditions (e.g. temperature, wind, weather, etc for work that 
must be done outdoors), motion states for aircraft operated from and maintained on ships, and lighting/ 
daylight for post maintenance test flight purposes.  


6.0 DESIGNING THE SUPPORT TO SUPPORT THE DESIGN: THE 
APPLICATION OF SYSTEMS ENGINEERING TO THE IN-SERVICE 
SUPPORT DOMAIN 


6.1 Specifying Contractual AU Requirements 
PMO MHP used the above AO model construct to establish AU sub-requirements unique to each Bid solution 
with the separate input of each of the Bidders during a Pre-Qualification Process. It did this by first 
establishing the requirement for fleet AO, and amount of AU performance for AU,AMT-DND and AU,MDT-DND. The 
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performance reservation for DND attributable aircraft operational unavailability was obtained through an 
analysis of maintenance data captured for legacy fleets. PMO MHP also developed a prediction model for 
AU,AMT-C that factored into consideration standard R&M performance attributes as well as those directly 
associated with the maintenance concept for the Maritime Helicopter. The requirements, performance 
reservations and model were then given to Bidders for use in predicting AU,AMT-C leaving an allocation for 
AU,MDT-C to be calculated as the only unknown variable in the equation provided in Figure 4.  
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AO =     1    - +  AU-DND]+     AU,M DT-C[AU,AM T-C


 


Figure 4: Aircraft design contribution to the achievement of aircraft AO. 


6.2 Deriving and Allocating AU Sub-Requirements 
Although the MHP OEM-Prime Contractor will be accountable for the on-going achievement of the AU-C 
requirement for the time period of the contract following aircraft acceptance, PMO MHP requires the 
Contractor to follow the system engineering life cycle processes prescribed in ISO/IEC 15288 to develop, set-
up and provide an integrated support solution that will satisfy these requirements. This necessitates that the 
Contractor derive performance requirements for AU-C sub-measures and allocate these requirements to the 
aircraft or applicable contractor supplied support services as indicated in the Figure 5 below. 
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Figure 5: Weapon System design allocation to AU-C sub-metrics. 


Support service IPTs for their part will develop new models or leverage existing models including those 
mandated by DND in the contract to determine whether the allocated requirements can be satisfied, and if not, 
a Weapon System Engineering led trade-off analysis will be performed. Prior to acceptance by DND of the 
ISS into service, the MHP OEM-Prime Contractor will be required to formally demonstrate to DND the 
compliance of their ISS design with DND specified requirements including those for AU,AMT-C and AU,MDT-C 
performance. This demonstration includes DND validation of the models which the Contractor will have 
developed for predicting AU-C performance, as well as any scenario based input data used by the model.  


7.0 THE STRATEGY FOR MEASURING ORGANIZATIONALLY 
ATTRIBUTABLE OPERATIONAL AVAILABILITY  


7.1 General 
Notwithstanding the unique challenges of the ISS set-up phase from a support service design perspective, the 
critical success factor for implementation of a performance based contract that is AO centric, is the ability to 
measure organizationally attributable AU performance in a manner that all accountable parties will agree is 
complete and irrefutably accurate. This ability is a function both of a measurement process inclusive of 
business rules that will produce a mathematically valid result, and of the technology to accurately capture the 
appropriate input data. Although subject to implementation constraints not yet fully known by DND, the first 
condition has been satisfied with DND’s provision of a requirement specification for AU measurement that 
was accepted by all Bidders prior to release of the RFP. 


The measurement methodology specified is built on the fundamental definition of AO, which essentially 
involves summing mutually exclusive organizationally attributable aircraft unavailable time for each aircraft 
in the fleet, and dividing the cumulative result with the Total Program Time (TPT). To perform this arithmetic 
function involves capturing within the fleet Computerized Maintenance Management System (CMMS), in real 
time, each date/time that the aircraft availability and downtime state changes, first and most fundamentally at 
the maintenance task level. The difference in date/time for successive state changes, when associated with a 
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captured data attribute that explains the cause of the change, enables organizationally attributable elapsed 
times to be calculated.  


AIRCRAFT DOWNTIME


Unallocated MAMT MMDT-C


Measurement Points


t=Tt=0
Computerized
Maintenance
Management
Info System


Performance
Measurement


System


LEGEND
MMDT-C (Measured Maintenance Delay Time – Contractor Attributable)
MMDT-D (Measured Maintenance Delay Time – DND Attributable)


AU,MDT-C


D
A
T
A


MMDT-D


AU,MDT-D


 


Figure 6: Measuring organizationally attributable aircraft unavailability at the task level – Build #1. 


7.2 Measuring Organizationally Attributable Aircraft Unavailable Time at the Task Level 
To illustrate the basic measurement approach, consider an on-aircraft downing event (OADE) that is 
comprised of a single corrective maintenance task as depicted in Figure 6 above. At the date/time that an 
observation is entered into the fleet CMMS of the existence of an unserviceable condition, the aircraft 
availability state will change from available to unavailable, and it will change back from unavailable to 
available when the appropriate certification is provided that the applicable corrective maintenance task has 
been completed. The elapsed time between these two points in time is called the Measured Maintenance Task 
Time (MMTT), and is also the Measured Downing Event Time (MDET) for this simple example. Hidden 
within this amount of elapsed time is the DND and Contractor Attributable Measured Maintenance Delay 
Time (MMDT) and Measured Active Maintenance Time (MAMT). 


However, within the maintenance task, the task status may change from active to inactive or delayed as a 
function of the availability of resources, or the time taken by management to assign, from a pool of potentially 
limited resources, a technician with the necessary qualifications and authorizations to perform a given 
maintenance task. Given that some delay causes will be traceable to the unavailability of a Contractor supplied 
resource, such as a replacement part, and some to a resource to be provided by DND, such as a qualified and 
authorized technician, it will be relatively easy to calculate the Contractor and DND attributable MMDT, 
MMDT-C and MMDT-D, respectively. The difference between the MMTT and the sum of MMDT-C and 
MMDT-D will be the Measured Active Maintenance Time (MAMT) for the OAMT. If the maintenance task 
is non-inherent (e.g. repair required as a result of a Bird Strike), or the maintenance task is for an item 
supplied by the Government of Canada (i.e. Government Supplied Materiel), the full duration of the MAMT 
will be attributed to DND, if not, a separate calculation process is required to apportion this block of time 
between DND and the Contractor. 
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7.3 Attributing Accountability for Measured Active Maintenance Time – the Book Value 
Concept 


7.3.1 Background  


A separate process is required to apportion MAMT between the Contractor and DND because, in the case of 
the MH fleet, DND is performing organizational level on-aircraft maintenance, and the Contractor is being 
held accountable for the duration of the maintenance downtime even though the Contractor will not control 
the performance of the technicians. While this is completely logical from a design perspective, the logic may 
not be intuitively obvious, especially from the perspective of the accountable Contractor who does not directly 
control the maintenance workforce.  


From a design perspective, the major determinants of aircraft downtime are the inherent reliability and 
maintainability characteristics of the aircraft which, though subject to satisfying customer requirements, are 
controlled by the OEM-Contractor. Additionally, in the case of the MH Project, the OEM-Contractor will also 
produce and be responsible for the maintenance of the Interactive Electronic Technical Manuals and 
Computerized Maintenance Management System the layout/design of which could be a significant 
maintenance turnaround time driver. The OEM-Contractor will also be responsible for producing the technical 
training course curricula, courseware and training aids that will be used in the delivery of technical training, 
and as such, will largely determining the aircraft type specific knowledge of a DND technician which is 
another maintenance downtime driver.  


All of this said, if the non-accountable organization which performs on-aircraft maintenance is highly 
inefficient in that function, the downtime will be significantly greater than inherent minimums. Such a 
circumstance would be fundamentally unfair to the organization accountable for the inherent design 
capability. Although DND does not consider itself to be any more inefficient than it’s civilian equivalent 
organizations, it agreed that some mechanism was required to limit the Contractor’s liability for design 
attributes only (i.e. active maintenance time). After some considerable deliberation on the subject, DND 
decided to leverage a modified form of a concept well used in the Automobile repair industry – that of the 
Book Value (BV), referred in PMO MHP contractual documents as the Active Maintenance Time Book Value 
(AMTBV). For brevity sake, AMTBV will be hereafter abbreviated to BV. 


The BV is basically a design characteristic of an OAMT, and at the limit, is the minimum elapsed time 
required for the task to be performed (excluding delays). The nuance between a BV and maintainability 
metrics such as MTTR or MTTRS is that the BV is provided for all inherent on-aircraft maintenance tasks, 
whereas, maintainability metrics are typically estimated for a physical item. Another distinction is that the BV 
is intended to include some aspects of administrative support time such as: time required to consult technical 
manuals; time required to record maintenance work progress; time required to set-up Support and Test 
Equipment (STE); etc. The good news is that BVs can be produced for qualified OAMT with only minor 
adjustment to standard maintainability roll-ups accomplished by Logistics Support Analysis Record systems 
widely used by defence aviation industry. 


7.3.2 General Application of the Book Value 


The BV will be used by the Performance Measurement System to apportion unallocated MAMT between 
DND and the Contractor for qualified OAMT (e.g. mainly inherent maintenance of the airframe and 
Contractor produced LRUs). In general, the Contractor will be accountable for the lesser of the MAMT or the 
BV for a task. If the MAMT is larger than the BV, DND will be accountable for the difference. To reduce the 
effort required to validate BVs as part of aircraft acceptance and eliminate disputes over their accuracy, DND 
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has specified the requirement for an auto-adjustment process to compensate for estimation inaccuracies that 
are not found during acceptance testing.  


Returning to our simple example of an On-Aircraft Downing Event that is comprised on one task, as 
illustrated below in Figure 7 and Figure 8, one will observe that after organizationally attributed MMDT is 
subtracted from the MMTT there is an amount of MAMT that is ‘unallocated’. This unallocated MAMT is 
compared to the BV for the task, resulting in the apportionment between the Contractor and DND as 
illustrated. 


AU,AMT-C AU,AMT-D


Active Maintenance Time BOOK VALUE


Unallocated MAMT


t=Tt=0


Performance
Measurement


System
MAMT-C MAMT-D 


LEGEND
MAMT-C (Measured Active Maintenance Time – Contractor Attributable)
MAMT-D (Measured Active Maintenance Time – DND Attributable)


Allocated MMDT
(see Figure 5)


 


Figure 7: Use of BV to apportion Unallocated MAMT when BV < Unallocated MAMT. 
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Figure 8: Use of BV to apportion Unallocated MAMT when BV > Unallocated MAMT. 


7.3.3 Measuring Organizationally Attributable Aircraft Unavailable Time at the Downing 
Event Level – Treatment of Multiple Simultaneous Tasks 


The application of this measurement approach to an OADE that is comprised of a single OAMT is all well and 
good, but the reality is that most OADE involve multiple simultaneously performed OAMT. This is certainly 
true for pre-planned OADE such as a Consolidated Maintenance Schedule, but also for unplanned OADE due 
to the simultaneous occurrence of multiple independent failures. To account for this reality, the MHP 
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measurement approach incorporates a normalization process as illustrated in Figure 9. Through this process, 
the outputs of measurement attribution conducted at the task level are first summed for all OAMT contained 
within the OADE, as is the MMTT for each OAMT. As illustrated below, these yield the following 
summations: ΣDEMAMT-C; ΣDEMAMT-DND; ΣDEMMDT-C; ΣDEMMDT-DND; and ΣDEMMTT. For 
complex downing events, it is expected that ΣDEMMTT will be significantly greater than the MDET. 
Normalization of the OADE summations will be accomplished by multiplying the ratio of each summation to 
the ΣDEMMTT by the MDET to yield each of MAMT-CDE, MAMT-DNDDE, MMDT-CDE and MMDT-
DNDDE.  


MDET-DMDET-C
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X


ΣDEMAMT-D
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Figure 9: Normalizing MMTT to real-time to yield organizationally attributable MDET. 


7.4 Calculating Organizationally Attributable AU at the Fleet Level for a Fixed Period of 
Time (e.g. Daily, Weekly, Monthly, Quarterly, Annually) 


Once measured maintenance task time and associated delay times are normalized within downing event, 
calculating organizationally attributable AU-C is a simple arithmetic summation of organizationally attributed 
downing event data for all events contained within the measurement period. As such, when each of MAMT-
CDE, MAMT-DNDDE, MMDT-CDE and MMDT-DNDDE are summed for each OADE for each aircraft in the 
fleet over an annual measurement period (AMP), the yield is MAMT-CAMP, MAMT-DNDAMP, MMDT-CAMP 
and MMDT-DNDAMP, respectively. Finally, when these are proportioned with the Total Program Time (TPT) 
for the fleet, the result is the measured values for AU,AMT-C, AU,AMT-DND, AU,MDT-C and AU,MDT-DND. 


8.0 CRITICAL SUCCESS FACTORS (CSF) FOR THE MEASUREMENT OF 
ORGANIZATIONALLY ATTRIBUTABLE AIRCRAFT OPERATIONAL 
AVAILABILITY 


8.1 General 
For the purposes of this paper, CSF are divided into those which are technical and those which are 
organizational, and those which have a combination of technical and organizational factors. Technical CSFs 
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speak to the enabling environment while CSFs that are organizational are associated with cultural and human 
behavioural issues.  


8.2 Technical Critical Success Factors (CSF)  
The first technical factor that is critical to the success of the measurement of AO as described in this paper is 
having access to a robust electronic means of capturing maintenance transactional data. Such a capability must 
capture data in real time, or synchronized real time (i.e. each transaction entry should be date/time stamped), 
and the data must be irrefutably complete and accurate.  


A second technical CSF is the complete automation of the calculation and reporting of current levels of 
performance. Although the process for measuring AU-C performance involves the execution of arithmetic 
calculations that are not complex, the sheer volume and ordering of such calculations dictates a process that is 
automated. Creation of such a capability demands a system engineering approach to design so that the end 
result is fully verified and validated. This will also serve to minimize, if not totally eliminate, any disputes 
associated with errors in the calculation function once the system is implemented; although, the capability will 
be required to be re-verified and re-validated any time a change is made to it.  


8.3 Combined Critical Success Factors (CSF)  
A CSF that has both technical and organizational components is the requirement for organizational attribution 
of events to be automated. The main user who will input data with which organizationally attributable 
operational unavailability will be measured is the technician who needs to be focused on performing his or her 
job IAW prescribed standards, not on thinking about the organizational cause of the maintenance he or she is 
performing. This would introduce an element of human bias into the measurement function, which would 
unnecessarily lead to disputes. As such, the enabling environment must be designed to automatically capture 
the data, which together with design data, can be processed by a measurement tool, using pre-determined 
business rules, to assign organizational responsibility for every logically separable slice of time. When such is 
not possible, provisions for organizational attribution must be left to the management function and subject to 
Contractor acceptance.  


Another combined CSF is required to minimize the potential for human bias in the input function. To avoid 
Average Measured Active Maintenance Time being forced to an associated task Book Value, it is critical that 
this value not be visible to those performing or directly supervising the performance of maintenance tasks. 
The intent is to allow for the duration of a maintenance task to vary as a function of the natural variance of 
drivers such as: individual proficiency levels; personal health and motivation; location of an aircraft relative to 
support resources; the ambient conditions and environment within which a task is performed; and the 
condition of items requiring maintenance. In this way, significant differences between Average Measured 
Active Maintenance Time and the Book Value for a task is more likely to be real than biased with the latter 
being a another cause for disputes.  


8.4 Organizational Critical Success Factors (CSF)  
It is possible to have the most technically robust Performance Measurement System (PMS), and yet 
experience failure in its implementation because insufficient attention is paid to organizational CSF. In 
recognition that organizations not accustomed to working in an environment that is quantifiably performance-
oriented will ultimately resist changing to such an environment, it is critical that management take positive 
action to educate the workforce at all levels. It is also critical that management develop positive and not 
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personally punitive strategies for correcting for performance shortcomings. The PMS is a powerful enabler of 
positive or negative change depending on how it is used. 


8.5 CSF Summary 
In the MHP, the technical CSF will be realized through their inclusion in requirements for the provision of an 
Interactive Electronic Technical Information System (IETIS) with which maintenance data is to be captured 
by DND, and of a Performance Measurement System (PMS) with which current levels of performance are to 
be measured and reported. The provision of these enabling systems will be subject to the same ISO/IEC 15288 
systems engineering processes that are required to be applied to the provision of each of the support services. 
As for the Organizational CSF, this will be addressed as an element of the MH Project Implementation Plan. 


9.0 APPLICATION OF OPERATIONAL UNAVAILABILITY CONCEPTS 
WITHIN THE MHP ISS CONTRACT 


9.1 Contractual Accountability Provisions 
The most basic accountability provision of the MHP ISS Contract is the scaling of ISS payments to the 
Contractor as a function of the number of hours flown by the MH fleet in a given Fiscal Year. This is known 
as Cost-per-Hour, or Power-by-the-HourTM1. If the aircraft does not fly, the Contractor does not get paid. For 
planning purposes, DND has projected a nominal annual flying rate, and provides a guaranteed minimum. 


The ISS Contract also incorporates a number of dis-incentive and incentive adjustments to Cost-per-Hour 
payments based upon levels of performance achieved relative to specified requirements for several 
performance measures. The key dis-incentive is that associated with a failure of the Contractor to satisfy the 
AU-C requirements; for each percentage point AU-C is above the specified requirement the Cost-per-Hour rate is 
reduced by one percent, to a maximum of 15.00%. Satisfaction of this key contractual requirement is also a 
gate through which the Contractor would be eligible to earn incentive payments against additional 
performance requirements that are incentivized.  


Although performance measurement will begin upon DND acceptance of the MH, the financial accountability 
provisions of the Contract will not be enforced until the Fiscal-Year following that in which the MH fleet has 
accumulated a grand total of 10,000 flying hours from the date/time of acceptance. This is intended to provide 
appropriate duration of time for initial learning related impacts on performance to be realized without formal 
consequences that would be inappropriate, and for the Contractor to fine-tune the PMS to provide the most-
accurate outputs practicable. 


9.2 MHP Implementation Status and Schedule 
As of January 2007, Sikorsky has achieved the critical design review milestone for the aircraft, and the 
preliminary design review milestone for the Integrated Support System. Over the next two years, the design of 
the Performance Measurement Service and its associated Integrated Information Environment Enabling 
System will be finalized and implemented. DND will participate in this process in an advisory capacity only 
to clarify stakeholder requirements, to witness iterative verification activities, and to conduct final scenario 
based validations both of each individual support service, and of the entire integrated support system.  


                                                      
1  Power-by-the-Hour is a registered trade name owned by Rolls-Royce plc. 
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10.0 CONCLUSION 


The Defence Industry within Canada and its allies will perform an increasingly vital role in supporting DND’s 
ability to achieve mission success. This will be accomplished within contractual frameworks that are 
optimized to leverage commercial best practices in consideration of operational constraints, and within which 
provision is made for PBA. The DND MHP has been cited in this paper as a lead DND implementer of a 
performance based contract that is AO centric. 


As a key determinant of military mission success, fleet AO is decomposable into organizationally attributable 
unavailability metrics. The MHP used such decomposition as the basis for specifying Contractor attributable 
unavailability requirements, AU-C in its In-Service Support Contract with Sikorsky Aircraft Corporation. 


Contractor-attributable aircraft unavailability requirements are divided into two groupings each of which are 
treated as system design attributes. AU-C due to active maintenance time, AU,AMT-C is treated as a design 
attribute of the aircraft system, and AU-C due to maintenance delay time, AU,MDT-C is treated as a design 
attribute of the contractor supplied support system. For this reason, PMO MHP has required the Contractor to 
apply a system engineering approach to the design of these each of these entities, which will culminate in a 
demonstration of the design’s compliance with the applicable AU-C requirements. 


When an aircraft is fielded, organizationally attributable aircraft unavailability must be measurable in a way 
that the outcomes are irrefutable by any and all organizations involved in providing support to MH operations. 
This paper describes a measurement model that accomplishes this aim by separating maintenance task time 
into organizationally-attributable maintenance delay time and active maintenance time. Organizational 
attribution of delay time is accomplished by associating the cause of the delay (e.g. unavailable resource) with 
an organization’s specific related responsibilities. Comparing the average Measured Active Maintenance Time 
for a task with its Book Value will be used to organizationally separate active maintenance time; this will limit 
the Contractor’s liability for downtime to a maximum of the Book Value. The Book Value is the duration of 
time, agreed to by the operator and the OEM, that it will take a qualified and authorized technician to perform 
a task in a representative support environment. The model also has a means for treating multiple simultaneous 
maintenance tasks within a downing event to provide an aggregation of AU for each accountable organization. 


The main accountability provisions in the MH ISS Contract are financial in nature. The first is payment that is 
based on the product of the number of hours flown in a given Fiscal Year and the quoted rate per flight-hour. 
The second is a dis-incentive adjustment to the rate should AU-C requirements exceed maximums specified in 
the ISS Contract. The last financial provision, eligibility for which is conditional on AU-C requirements being 
satisfied, is an incentive program based on levels of performance achieved relative to other performance 
requirements specified in the ISS Contract.  


PMO MHP has recognized and acted upon the factors that are critical to the successful implementation of the 
measurement model described in this paper. Even more important than the various technical CSF which are 
associated with the Information Technology enabling system, are organizational CSF to address cultural 
acceptance of transitioning to a an environment that is quantifiably performance-oriented. 
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ABSTRACT 


The accession of Poland to NATO has considerably affected Polish military aviation. Changes of standards in 
force at that time as well as a demand for compatibility with the armed forces of other NATO member states 
have forced a number of changes in all areas of activity. This paper is an attempt to cover some selected areas 
of ITWL’s (Polish Air Force Institute of Technology) activity dedicated to the Aircraft Maintenance/Support 
Concepts. Some specific solutions have been presented. Also, general conditions and the peculiarity of the 
Aircraft Maintenance/Support Concepts in Poland have also been discussed. 


1.0 PECULIARITIES OF POLISH CONDITIONS 
Polish military aviation comprises the Air Force, the Navy aviation and that of the Army. At present, there are 
20 types of aircraft operated thereby. The operated fleet comprises, with only few exceptions, aircraft and 
other systems manufactured in the XX century in the ex-Soviet Union and Poland.  


When the systems were being introduced into service, Poland was a member of the Warsaw Pact. Hence, the 
aircraft and other military equipment apart, also the Soviet maintenance system was adopted. All aircraft and 
helicopters introduced into service were provided with maintenance, following service life periods determined 
by the manufacturers. The maintenance practice was based on the ‘safe-life’ philosophy.  


A difficult time of transition comprised political and economical changes, but not only. Poland joined NATO, 
and our relations with the Soviet Union (later on, with Russia) came loose. Aircraft in service were divested of 
the manufacturers’ supervision, and the overhaul depots could gain the spares and introduce new technologies 
only with great difficulty.  


The cold war came to its end, which resulted in the rapid reduction in expenses of purchasing new armaments. 
Such being the situation, ITWL (i.e. the Air Force Institute of Technology) initiated a number of projects to 
attain the following objectives: 
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• To provide for operation and maintenance of aircraft at the minimum manufacturer’s contribution; 
• To most advantageously use the manufacturer-determined service lives of systems in service; 
• To find scientific grounds to decide whether operation lives should be extended; and 
• To increase availability and accessibility of aircraft in service.  


A number of projects initiated at the Institute resulted in quite a few developments introduced into service and 
everyday practice of the Polish military aviation. The SAN system to collect and analyse maintenance and 
operation-related information, flight parameters decoding system THETYS, and flight data recorders of the 
IP- and S- series are only few examples of implemented solutions. As far as lives of aircraft structures are 
concerned, lack of information from the FSFT (full-scale fatigue tests) on the Soviet-made aircraft is probably 
the greatest problem. Lack of design data has to be overcome, and it is usually done by means of reverse-
engineering techniques.  


The R&D work performed at ITWL is financed mainly by the Ministry of National Defence, the superior 
body to the Institute. The Institute is not a part of the Air Force. It provides support for all three Services that 
build up the Armed Forces, i.e. the Air Force, the Navy, and the Army. Since the Institute is a scientific 
organisation, some funds come from the Ministry of Science and Higher Education. 


2.0  THE COLLECTING AND ANALYSIS OF MAINTENANCE & OPERATIONAL 
DATA  


The Air Force, the Army, and the Navy of Poland use a unified system to collect, process, and analyse 
operation- and maintenance-related information on military aircraft, i.e. the SAN system [2].The SAN system 
consists of: 


• Main system modules including subsystems to record and process data on aircraft operation; 
• Cumulative operational-data bank with processing subsystems; 
• Central operational and reliability data bank with processing subsystems; and 
• Module to analyse military aircraft operation and reliability rates.  


The system allows: 
• To collect, process, and transmit data on the operational use and maintenance of military aircraft 


according to rules and regulations of the Polish Armed Forces, those issued by the Engineering 
Service for Aeronautical Systems, and documentation carried on board of military aircraft; and 


• To control processes of military aircraft servicing, including routine and periodic maintenance and 
inspections to check aircraft health/maintenance status, and to examine availability and reliability of 
the fleet. 


Verification and unification of information on damages to aircraft and helicopters, stored in some operation/ 
maintenance data collecting systems of older types, resulted in a coherent data bank. The following items are 
identified: 


1)  Object (aircraft): 


 Aircraft type and version. 


 Aircraft user (JW/air base number). 
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2) Total amount of operational use before failure: 


  Since commissioning: 
o How many hours. 
o Number of landings. 


 Since last maintenance: 
o How many hours. 
o Number of landings. 


3) Circumstances of failure occurrence: 


 Date of failure. 


 Under what circumstances symptoms of failure were found. 


 Flight conditions. 


 Who found the failure. 


4) Effects upon flight safety. 


5) Effects upon the crew and their performing the task. 


6) Way the failure was repaired, repair time, labour demand, and down-time. 


7) Faulty part. 


8) Failure symptoms: 


 Code and description of aircraft failure symptoms. 


 Code and description of symptoms of a failure to a device or unit. 


 Code and description of a failure to a part. 


9) Cause of a failure: 


 Code and description of failure cause. 


10) Faulty device or unit: 


 Serial number. 


 Year of production. 


 Number of repairs. 


 Work units since commissioning. 


 Work units since last repair. 


 Code of work unit. 


11) Maintenance data of a faulty engine: 


 Code of a particular version of the engine type. 
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 Serial number of the engine. 


 Operational-use time since commissioning. 


 Code number of last repair. 


 Operational-use time since last repair.  


The recorded data are used to prepare analyses, forecasts, and reports. By way of example, percentage shares 
of failures to individual structures and systems of the Mi-14 helicopter are presented below, in Fig. 1. 
Predictions on reliability and safety rates supplement statistical analyses. A typical time interval covered by a 
forecast is two years. Predictions are prepared using the following techniques: statistical forecasting, time-
sequence analysis, and artificial neural networks. 


47%


13%
3%


35%


2%


Avionics Airframe Engine Electonics Armament


 


Figure 1: Percentage shares of failures to main structures and systems  
against the total number of failures recorded on the Mi-14 helicopters. 


3.0 AIRCRAFT/HELICOPTER’S SERVICE LIFE EXTENSION 


3.1 The Monitoring of Aircraft Service Loads 
The monitoring of aircraft service loads is one of fundamental tasks performed to ensure safety of operating 
them. The task is of particular significance to structures operated according to the ‘damage tolerance’ concept. 
Structures operated according to the ‘safe life’ principle usually do not need service loads to be monitored all 
the time. Flight data recorders built in operated aircraft provide capabilities to monitor service loads, e.g. 
loading cycles nz. In the case of aircraft furnished with flight recorders, initiation of procedures that enable the 
monitoring of the airframe’s fatigue wear, even if these aircraft are operated according to the ‘safe life’ 
principle, is not too complicated and should bring long-term advantages. Data on service loads, collected by 
ITWL, are used in a few different ways presented further on.  
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3.1.1 A Comparison of Actual Service Loads to Those Assumed by the Manufacturer at the Stage of 
Defining the Airframe’s Life 


A comparison between an actual service profile of an airplane and that assumed while finding service life thereof 
enables verification of service lives (working-life limits) determined by the manufacturer. The knowledge of 
service profiles assumed by the manufacturer is a necessary condition. Fig. 2 shows the comparison between 
service profiles of two different groups of MiG-29s. 


 


Figure 2: Service profiles of the two groups of MiG-29s. 


The green line (the upper one) and the lower blue line illustrate the service profiles of a typical MiG-29 
operated by the two different air forces. 


The broken red line illustrates the service profile assumed by manufacturers while determining life of the 
MiG-29’s airframe. Differences between the ways of operating the aircraft result in different rates of service 
lives getting exhausted. Service lives of the aircraft described by the first profile get exhausted twice as fast as 
the manufacturer has assumed, whereas the same rate for the second aircraft proves to be twice as low (as 
compared to the assumptions).  


The above-shown comparison evidently proves advisability of monitoring loads that affect aircraft. Any 
decision on extending service lives of aircraft, on repairs/overhauls and inspections could be based on the 
information about actual fatigue wear. Results affect the aircraft availability. 
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3.1.2 Relative Comparisons of Actual Fatigue-Wear Rates of Lifting Structures of Aircraft Within 
Some Specific Population 


If there is no information on the method of determining service life of an aircraft, including the assumed 
service profile, verification of the actual fatigue wear of the structure using the collected records on 
accomplished flights proves impossible. However, even such being the case, analysis of service loads can 
deliver some interesting conclusions. It is possible to compare fatigue-wear rates of individual aircraft. Such 
comparison gives a useful measure that facilitates classification of aircraft according to actual wear-and-tear 
and therefore, to indicate the aircraft that shows the highest fatigue damage. 


Another way to compare loading spectra consists in making use of standard spectra defined for airplanes or 
helicopters of some specific type and application.  


3.1.3 Estimation of Fatigue Life of Some Selected Structural Components 


The utilisation of collected information on service loads to estimate fatigue lives of some selected structural 
members has been described in more detail in 3.2. 


3.1.4 The Construction of Database on Service Loads for the Needs of Future Design Work  


The collected data recorded with flight recorders can be used as a basis to find standard loading spectra for 
newly designed structures. Standardised spectra can be constructed using these records. They are to be used in 
laboratory testing work, any kinds of analytical and conceptual work. 


3.2 Fatigue Life Estimation 
If fatigue life is known, it is possible to control the scope of aircraft life still left. Fatigue lives of airplanes are 
determined in the course of a full-scale fatigue test (FSFT). High cost of full-scale fatigue tests is a real 
limitation. Analytical and numerical calculations offer an alternative way to estimate fatigue life; however, 
accuracy thereof is considerably lower. While calculating fatigue life, both the ‘safe S-N curve’ method and 
the da/dN analysis are used. Three elements are necessary to calculate fatigue life. These are as follows: 


• Stress field in the structure under analysis; 


• Loading spectrum; and 


• Material characteristics. 


The stress field in the structure under analysis is found by means of the finite-element (FE) technique. Prior to 
suitable numerical analyses intended to determine the stress field, a computer-based model is generated. When 
original technical documentation remains beyond our reach, the computer-based model is generated using 
measurements taken on a real object. A mechanical or optical scanner is used to take these measurements. Fig. 
3 shows an exemplary application of the manually operated Microscribe 3DX scanner – here: to measure the 
shape of a wing-to-fuselage fixing node.  
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Figure 3: The reverse engineering technique in practice. 


The loading spectrum is another element of great importance, which proves indispensable in fatigue 
computations. Records from flight recorders and flight-test results are both the source of information on 
aircraft-affecting loads. They are used in numerical calculations. 


Up to the present, a number of different concepts of how to find loading spectra have been in use at ITWL 
while making calculations. One of them consists in finding average spectra equivalent to 10 hours of standard 
flight. Such a spectrum has proved representative for some specific population of airplanes or helicopters. The 
constructing of average spectra needs three stages. They are as follows: 


• To find an average service profile; 


• To examine strains/stresses in the course of flight; and 


• To numerically define average spectra. 


Finding an average service profile for some specific aircraft population consists in defining a number of flight 
components and the percentage share of each in the total time of operational use of the aircraft. Flight 
components are defined in such a way as to make them correspond to some characteristic portions of flight. 
Hence, hover, left turn, etc. are types of flight for a helicopter, whereas dive, climb, flight at some specific 
airspeed – for an airplane. Determination of flight components should be based on information recorded by a 
flight recorder, since any recorded time instance can be automatically assigned to only one of the flight 
components. 


Measurements of loads and strains in some selected locations of the airframe structure are taken in the course 
of test flights with special-purpose monitoring and measuring instruments/systems engaged. Tests of this kind 
are carried out to collect loading spectra typical of all flight components flown by a given aircraft.  


The construction of average spectra consists then in composing the recorded portions of test flights according 
to the proportion determined with the average service profile.  


Apart from the above-mentioned concept of average spectra, other applications of data recorded with flight 
recorders and of in-flight taken measurements are also possible.  
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3.3 Diagnostic and NDI Systems 
Many years’ experience in the field of aircraft operation and maintenance proves that even in the course of 
operational use of systems designed and operated according to the ‘safe life’ principle, various kinds of 
failures to their structures may occur. These failures, e.g. cracks, are hazardous to safety of aircraft operation 
and introduce disturbances (resulting in, e.g. downtime) in the whole process of operating the system.  


Application of advanced diagnostic systems, including the NDI ones, enables early detection of failures and 
malfunctions. The early detection means at least some increase in safety as well as some considerable 
reduction in repair/overhaul cost owing to having stopped failure growth/propagation.  


ITWL’s specialists have invented and manufactured numerous diagnostic instruments and systems to support 
ground staff responsible for aircraft maintenance. The SD-KSA field system to monitor health/maintenance 
status of the MiG-29’s clutches is one of them. The principle of operation of this system is based on the 
examination of quality of current delivered by the Mig-29’s generator. It has been assumed that the wear-and-
tear of alternator-driving mechanisms (clutches) results in disturbances of angular velocity of alternator’s 
rotor; this can be found in the course of spectral analysis of the alternator-delivered current.  


 


Figure 4: The system in operation. 


With all tests successfully completed, the system has been introduced into service at air bases, which operate 
the MiG-29s. The system is easy to use. Taking measurements consists in connecting the sensor to the power 
supply system of the aircraft. Checks of this type are performed in the course of maintenance and ground 
running of an aircraft engine.  


Another diagnostic system is one to monitor health/maintenance status of blades of a turbojet. The tip-timing 
technique has been applied to measure vibrations of the compressor and turbine blades. A microwave probe 
enables examination of blades in the hot section of an engine.  
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Figure 5: A microwave probe. 


The large-scale introduction of such solutions results in considerable increase in safety of aircraft operation on 
the one hand, and on the other hand, in reduction of downtime/time of remaining grounded, because severe 
failures could be avoided and time for repairs – shortened.  


As far as the non-destructive inspection (NDI) is concerned, application of automatic testing equipment results 
in similar time savings and increase in aircraft availability. Systems used by ITWL to assess aircraft 
health/maintenance status are, e.g. the MAUS and the DAIS. 


The DAIS (D-Sight Aircraft Inspection System) is an optical system that enables us to quickly evaluate to 
what degree corrosion has affected rivet joints of the aircraft under examination. Furthermore, the system 
facilitates detection of dents, cracks, and faults in composite materials. The primary advantage of the system is 
that a pretty large area can be quickly inspected. 


 


Figure 6: The DAIS in operation. 


Another NDI system, i.e. the MAUS is an automatic scanner that enables various measuring probes/sensors to 
be mounted. The automatically imposed travel of the measuring head considerably reduces inspection time. 
The extended measurements-displaying module is another advantage of the system. 
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4.0 CHANGES IN MAINTENANCE SYSTEMS  


As already mentioned, airplanes and helicopters operated in Poland are subject to maintenance according to 
the ‘safe life’ principle. The only exception is a group of the MiG-29s gained from Germany. Previously all 
these aircraft were subject to the on-condition maintenance. Some new approach, and consequently, a new 
way of providing maintenance for these aircraft resulted from collaboration between the previous user and the 
OEM. After Poland purchased these aircraft, a decision was made to adopt the same maintenance model 
hitherto in use. It proved to be a real challenge for the engineering and logistics services. In quite a short time, 
a plentiful set of documents that regulate formal affairs, manuals, technical reports, etc. had to be adopted and 
implemented. Problems with translation documents into Polish were also overcome.  


A number of courses of instruction were carried out in close collaboration with the German party. The 
German Advisory Group was established. The Group stayed in Poland throughout the initial stage of 
implementing this new system.  


Introduction of this new, MiG-29-dedicated maintenance model proved a labour-consuming task. However, 
considerable and comprehensive effects were gained. They included: 


• 30% reduction in cost of overhauls (major repairs); 


• Extension of times between Intermediate Inspections from 100 hrs to 150 hrs, and from 200 hrs to 300; 


• Only 26 life-limited parts left (e.g. RD-33, KSA-2, K-36DM, ...); 


• Improved spare parts management, e.g. extension of shelf lives of the spares; 


• Service Loads Monitoring Program has been launched (indirect and direct); and 


• Expected 35-40% reduction in total maintenance cost.  


A split in the hitherto used system proved to be a disadvantage affected by implementation of the new 
maintenance model for the MiG-29 aircraft. Nowadays, there are two groups of the MiG-29s, each operated 
and maintained in a different way. The split has resulted in establishing two systems, i.e. the maintenance and 
the logistic ones. Such situation has proved impractical and causing problems at all levels. Hence, integration 
of both systems seems to be a natural solution: aircraft operated in Poland up to the present should be included 
in the new system. 


Changes in the maintenance system are also introduced for aircraft of Polish design and construction. First and 
foremost, they refer to routine-maintenance schedules. The maintenance system originally introduced for 
aircraft of Polish design and construction proved very conservative and hence, time-consuming and inducing 
shutdowns for maintenance. The experience gained and a thorough analysis thereof have permitted 
modifications of relevant rules and regulations in force until now. New maintenance manuals have been based 
on both data collected in the SAN system, as well as knowledge and experience of scientists and users. In 
general, the changes consisted in reducing frequency of inspections and better synchronisation thereof with 
training programs (training aircraft); also, in modifications of the scope of particular inspections.  


The above-mentioned changes are expected to bring about some increase in aircraft availability, with the 
hitherto reached reliability level – maintained. 
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5.0 CONCLUSIONS 


Political and economical changes in the Central Europe at the end of XX century had considerable effect upon 
present status of military aviation in Poland, including aircraft maintenance strategies. The accession of 
Poland to NATO has forced changes aimed at reaching compatibility with armed forces of the NATO member 
states. The changes could not be introduced at once. The process to reach and meet West-European standards 
has been under way up to the present. The most evident change in the field of aircraft maintenance is that 
some elements of maintenance practice, based on the ‘damage tolerance’ philosophy, have been introduced 
into areas reserved for the ‘safe life’ concept.  


Aircraft structures constructed according to the ‘safe life’ principles will never reach the ‘damage-tolerant’ 
level. Nevertheless, introduction of new maintenance systems, measuring techniques, algorithms to find 
fatigue wear, etc. has already resulted in the increased safety of operating these aircraft. It also brings about 
considerable savings.  


Introduction of the F-16 into service with the Polish Air Force has proved a turning point as far as the 
military-aircraft maintenance system is concerned. It is only the operational use of the F-16 that will enable us 
to overcome problems of hardware and organisational compatibility with other NATO member countries.  


All activities performed on and for the Soviet- and Polish-made aircraft have prepared us to face these new 
challenges. 
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ABSTRACT 


In recent years there has been an increased research activity on aircraft health monitoring tools. Numerous 
studies have been carried out as a response to the demand for a better damage detection in inaccessible 
areas. In most of these studies, the hidden corrosion events are significantly related to the nature and 
magnitude of corrosive environment present in the localized hidden areas.  


Because of the difficulty in accessing hidden zones and the limitations of NDE currently used, primarily 
corrosion damages go undetected in the hidden areas during routine maintenance inspection. For old 
aircraft, the accumulation with time of even weak/least corrosive environments can produce serious structural 
damage, as demonstrated by enormous weight loss of material in some parts. In many critical aircraft parts 
the undetected corroded surfaces may lead to structural concerns acting as promoters and/or initiation sites 
of stress corrosion cracking and corrosion fatigue phenomena. 


In an earlier effort, galvanic probes were designed and employed to measure galvanic current using 
electrochemical technique to monitor the corrosivity of an environment on a continuing basis in inaccessible 
areas. Among them, the ICS (Intelligent Corrosivity Sensor) has been the most successful application: this 
probe is a galvanic device that uses the condensed moisture and the environment’s pollutants as an 
electrolyte, generating a cell current that relates to the corrosivity of the condensed film. 


In the present work, a preliminary study has been done on modified ICS, to develop a probe for specifically 
measuring the corrosion structural part as in lap joints; i.e., probes were installed on the internal side of 
sandwich specimens made of Al 7075-T6 alloy. Preliminary results show that the sensor output from such 
tests can be used in the evaluation of hidden surface corrosion and serve as a meaningful tool to provide quite 
an accurate warning for subsequent inspection. 


1.0 INTRODUCTION 


In recent years there has been an increasing research activity on aircraft health monitoring tools. A lot of 
studies in this area have been made as a response to the demand for better corrosion detection in inaccessible 
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areas. Hidden corrosion damages are significantly related to the nature and magnitude of corrosive 
environment present in various locations of an aircraft. Primarily, such areas go undetected during routine 
maintenance inspections. It is because of the difficulty in accessing such zones and the limitations of NDE 
currently used. In many critical aircraft parts, the undetected corroded surfaces lead to structural concerns 
acting as promoters and/or initiation sites for stress corrosion cracking and corrosion fatigue [1]. The Aloha 
Airline Boeing 737 accident, when a part of the front top fuselage was blown away during flight, has been a 
well documented case of multi-site fatigue damage in the fastener hole areas due to corrosion effects; it was 
because environment can easily penetrate and condense in almost any location and crevices, adding pitting 
and crevice corrosion to mechanical stress concentration sites. On old aircraft, the accumulation with time of 
even weak/least corrosive environments can lead to serious structural damages, as demonstrated by enormous 
weight loss of material in some parts [2].  


2.0 BACKGROUND 


Currently the assessment of corrosivity of an environment is the cumulative result of outdoor, long-term 
exposure tests and accelerated laboratory tests. Although these tests have been somewhat successful, the 
prediction (extrapolation) of the real life of an aircraft part is typically inaccurate. This is because of the 
occurrence of rapid weather changes that modify the environment continuously and affect the localized 
chemistry in crevices or tight geometries.  


In the last years probes based on well-known techniques have been developed, to monitor the corrosivity of an 
environment on a continuous basis and also in inaccessible areas [3]. Amongst them, the Intelligent 
Corrosivity Sensor (ICS) has been the most successful development [4]. This probe is comprised of a series of 
interdigitated strips of two alternating different materials (gold and cadmium), deposited on a non-conducting 
polymer with a little gap that serves as an insulator between the two metallic strips. At relative humidity 
values greater than 50% the condensed moisture and the environment’s pollutants create a thin liquid film on 
the strips, which serves as an electrolyte. Upon short circuit of bimetallic strips through an external electronic 
device such as a zero-resistance-ammeter a galvanic potential is developed between the two metals and 
corrosion of the anodic element occurs. The magnitude of this galvanic cell current gives a measure of the 
corrosivity of the condensed film. Corrosivity measurements above certain values can serve as a warning 
signal during maintenance operations, promoting inspection on aircraft areas exposed to the same ICS 
environment. A number of experiments have been done in the past by putting these sensors under coatings and 
inside hidden structural areas and composites in order to study the effects of environment on the degradation 
mechanisms of these materials. In the present work, a preliminary study has been done on modified ICS, to 
develop a probe for specifically measuring corrosion of the actual metal than the environmental corrosivity. 
Sandwich specimens were designed to simulate lap joints and experiments were performed to monitor 
corrosion of the internal side of the sandwiched plate. 


3.0 EXPERIMENTAL 


3.1 Instrumentation 
In this study ICS was modified by cutting away the Cd deposited strip (Figure 1) and connecting the gold 
terminal directly to aluminum plate of the sandwich by means of conductive paint. The aluminum was thus 
short circuited to the gold cathodic strips (element) through an electronic module that served as zero-
resistance ammeter, data logger and controller. The sensor-unit connections were sealed with bee’s wax, to 
avoid humidity attack and ensure the re-use of the ICS system. Data are stored in the module memory, and 
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then downloaded through RF transmission at 916 MHz (wireless communication) to a PC station. The details 
of the ICS and its function are described elsewhere [4].  


 


Figure 1: Modified ICS. 


3.2 Data Analysis and Interpretation 
The principles involved in the use of this probe are those of galvanic corrosion; the driving force is the 
difference in electrode potentials. When gold and aluminum are galvanically coupled, the former being noble 
metal acts as the cathode, while the active aluminum becomes the anode. When applied to reactions in which 
the cathodic reduction is under diffusion control, for each dissimilar metals couple the corrosion current (Icorr) 
is proportional to the measured galvanic current (Ig). This current is a function of the environment, because the 
constant proportionality factor depends upon three important environmental variables: temperature, relative 
humidity and the electrolyte composition. The galvanic current is then analytically transformed into 
cumulative damage by integrating it over time and then re-plotting it again with time. 


3.3 Procedures 


The experimental program to explore the applicability of the ICS probe as a direct corrosion sensor was 
pursued in two ways. These were identified as (i) different accelerated exposure conditions and (ii) different 
sandwich coupon assemblies, thus, generating two sets of data. Generally, measurements have been performed 
connecting an Al7075-T6 bare metal plate to the second gold strip of the ICS with a conductive paint. A scrim 
cloth was placed between aluminum and the cathodic gold strips, to avoid direct contact of gold strips of the 
sensor element with the aluminum plate (see Figure 2). The scrim cloth serves to make an electrolytic contact 
when gets wet in the presence of moisture or salt fog. Sandwich coupons of untreated (bare) metal plates of 
Al7075-T6 were joined by an adhesive tape during the first set of measurements; the coupons were placed in 
continuous high humidity (T=37 °C, near 100% RH) environment (Table 1). Three sensors and three different 
aluminum sheets have been used for three durations of the exposure times. 
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Figure 2: Use of scrim cloth. 


Table 1: Materials and Methods. 


Taped Sandwich Coupons Riveted Sandwich Coupons 


Al 7075-T6 bare (untreated) plates, 
2.5’’x2.5’’x0.063’’ 


Scrim cloth, 1.5’’x1.5’’ 


NaCl 3.5% aqueous solution 


Conductive paint 


Bee’s wax 


Exposure: R.H. 100%, T=37.0° C 


Al 7075-T6 bare untreated plates, 
2.5x2.5’’x0.063’’ 


Scrim cloth, 1.5’’x1.5’’ 


High strength aluminum rivets (∅= ‘’) 


Trivalent chromium pretreatment; 


Alodyne 1200 (Cr+6 treatment or CCC) 


Conductive paint 


Epoxy primer (MIL-P-23377 type I, class C) 


Polyurethane topcoat (MIL-C-85285C, type I) 


Sealing compound (AMS-S-8802, class B1/2) 


Bee’s wax 


Salt spray chamber: meeting requirements of 
ASTM-B-117 method 


In the second set of measurements, three sets of two or six of AL7075-T6 metal plates were pretreated as 
follows: as cleaned (degreased and deoxidized), chromium (III) and chromium (VI) pretreated as conversion 
coatings. Before two likewise plates were sandwiched, the anode of the ICS was connected to the interior 
surface of the plate as described before. After connecting the sensors, coupons were pneumatically riveted 
with high strength aluminum rivets. This simulated typical aircraft fabrication or maintenance operation. All 
sandwich test coupons were sealed only along the external edges and not around the fasteners4 (Figure 3). 
Then the assembly was coated with epoxy primer and polyurethane topcoat meeting the requirements of MIL 
specifications (Figure 4). Finally, coupons were placed in the horizontal position inside a salt fog cabinet 
(Figure 5) meeting the requirements of ASTM B 117-02 standard (Table 1).  
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Figure 3: Sandwich 
test coupons sealing. 


Figure 4: Sandwich 
test coupons.  


Figure 5: Salt fog 
cabinet rack. 


4.0 RESULTS AND DISCUSSION 


Basically, from the first set of measurements it was observed that monitoring the sensor output versus time 
produces transient (oxidation) curves that are parabolic in nature, and without any sudden output signal 
variations (Figure 6). Parabolic curves are typically fitted to equation (1): 


 Y2 = Kp.X + C equation  (1) 


where Y is the sensor output and X the time of exposure. The parabolic constant Kp here seems to correlate 
with the nature of environment, while C perhaps represents exposure time, alloy type, corroded surface area 
and/or thickness/area of the gold sensor (cathodic area). Predictably, the parabolic curve seems to indicate that 
the corrosion reaction is controlled by the diffusion of reactants through the corrosion product layers/thickness 
(system resistance).  


Cumulative charge vs. exposure time
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Figure 6: Cumulative charge vs. exposure time. 


During the first 100-hour exposure period in near 100% RH, sandwich coupons were used to compare sensor 
output data with real material mass (weight) loss of the metal plate serving as anodic. A strong correlation was 
found as shown in Figure 7, which suggests the utility of the modified ICS technology in corrosion detecting 
and monitoring. 
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Figure 7: Correlation of coupon corrosion with sensor output. 


The mass loss correlation with the sensor output was done through use of Faraday’s law. Here the corrosion 
current produced by the material loss was converted in to charge or coulombs and then calculated by means of 
equation (2): 


 Coulombs = (Mass Loss (g) x 96500 x n (electron transfer)) / Atomic weight of aluminium equation  (2) 


The values obtained from above calculations were related to the sensor output data, to determine the constant 
factor Ig/Icorr through the Cs/Cc ratio (Table 2). 


Table 2: Correlation of sensor output with the actual mass loss (corrosion)  
of the anodic Al plate during 100% RH exposure tests. 


 Sensor output Anodic plate metal loss  


 


Duration 
(hours) 


Cs 


Measured 
cumulative 


charge 
(Coulombs) 


Ws 


Calculated 
material 


weight loss 


(mg) 


Wr 


Measured 
material weight 


loss 


(mg) 


Cc 


Calculated 
cumulative 


charge 
(Coulombs) 


 


Cs/Cc 


17 10.3 ± 1.6 0.9 ± 0.1 9.5 ± 1.1 102 ± 12 0.10 


27 16.0 ± 2.4 1.7 ± 0.2 11.5 ± 0.4 123 ± 4 0.13 


42 32.0 ± 5.1 3.4 ± 0.5 16.6 ± 2.6 178 ± 28 0.18 


66 37.2 ± 3.6 4.0 ± 0.4 19.0 ± 0.9 204 ± 10 0.18 


98 68.0 ± 4.7 7.3 ± 0.5 30.0 ± 2.9 322 ± 31 0.21 
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It should be noted that after an initial conditioning of nearly 50 hours, the correlation factor becomes better 
and almost constant, i.e., ~0.2. Thus, indicating that a data collected over a long period of time would show a 
good reproducibility between sandwich coupons and different sensors. 


Salt fog exposed sandwich coupons had poor surviving time, because salt moisture could quite easily 
penetrate the bee’s wax used as seal between the plates and ICS unit. This destroyed the electronic module, 
which recorded the data. Although these limitations required further experimentations by means of new 
sealing systems, nevertheless it proved as a useful tool in making a comparative evaluation of various surface 
treatments and their corrosion resistant properties. In particular it was able to discriminate between the 
protective behavior of Chromium (III) and Chromium (VI) pretreatments. 


During recent years considerable evidence has been developed to indicate that both Cr(VI) and Cr(III) oxide 
layer coming from hexavalent chromate conversion coating (CCC) and Trivalent chromium conversion 
coating, respectively inhibit the cathodic reaction (oxygen reduction) on Al alloys and forms a protective film 
that inhibits localized corrosion [5,6,7]. In addition, CCC has an active corrosion inhibition, due to the 
presence of Cr(VI) that provides self-healing properties for dynamic repair of defects; the high chromate’s 
mobility and solubility inside the moisture producing corrosion seems to explain this particular behavior 
[8,9,10]. In short exposure period tests, although both pretreatments work well producing low Ig values, the 
comparison of the ICS cumulative charges allows to confirm that the most cathodic-anodic protection given 
by CCC permits less aluminum corrosion than the Cr (III) pretreatment (Figure 8). Based on the outputs 
observed during the tests (Figure 9), it is possible to extrapolate different slopes and demonstrate that two 
different corrosion rate processes operate - an indication that there is an evidence of early corrosion way 
before the surface degradation becomes appreciable by traditional accelerated tests and visual inspection 
methods. On the other hand, long-term salt fog exposures allow distinguishing two phases in the cumulative 
charge versus time behavior.  
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Figure 8: Different conversion coating data during salt fog exposure. 
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Figure 9: Cumulative charge behavior during salt fog exposure. 


As shown from the Cr(III) pretreated coupon data (Figure 10), the first phase shows the protective activity of 
the pretreatment, a very low but increasing cumulative charge values suggestion that Cr(III) oxide layer 
perhaps acts as a primary barrier coating against environment, being effective for more than 15 days exposure. 
The second part of the curve, characterized by a different slope, shows much higher charge values good 
enough to be easily detected, represents a massive environment attack on substrate suggesting that this 
pretreatment is no more protective or able to inhibit corrosion. Other specific factors are supposed to affect 
time at which the protection is over, such as the lack of sealing efficiency (Figure 11) and some penetration 
moisture pathways forming in the fasteners hole areas (Figure 12). However, the graphs shown above do 
suggest that ICS technique can be used to monitor pretreatment efficiency, thus providing a meaningful 
warning signal before visual degradation of riveted parts, like crevice, pitting and mass loss can be observed. 
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Figure 10: Cr(III) 
pretreated sandwich test 


coupon data. 


Figure 11: CCC 
pretreated coupon 


sandwich test coupon: 
inside view. 


Figure 12: Cr(III) 
pretreated sandwich 
test coupon: inside 


view. 


5.0  CONCLUSIONS AND POTENTIAL PAYOFFS 


The ICS technology as used developed in this study can work very successfully as a direct corrosion probe for 
metal substrates. Preliminary data show that sensor output can be used as a meaningful tool in the evaluation 
of hidden surfaces corrosion, providing a quite accurate warning for subsequent inspection. 
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In near 100% RH, the bee’s wax allows units to survive and to be re-used. The following factors that would 
further improve and/or extend this kind of corrosion monitoring should be considered in future works: 


• Better sensor element design with more consistent gold film geometry on the sensor should improve 
confidence and data reproducibility; 


• Use of better sensor sealing system on sensor/unit connections and better protection of ICS in high 
aggressive environments; and 


• For aircraft application, both ICS monitoring systems, some working as corrosivity sensors and some 
working as corrosion sensor, would produce a more comprehensive data for even better prediction of 
the structural health in wide inaccessible areas. 
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1.0 BACKGROUND 


In the early 1960s, the US Department of Defense (DoD) first defined three levels of repair: depot, 
intermediate, and organizational. Generally, on-system repairs and maintenance are a function of 
organizational level units and off-system repairs are generally performed by intermediate levels of 
maintenance. Intermediate-level maintenance also includes automatic and manual testing, printed circuit board 
repair, and fabrication or manufacture of some components. Depots perform major overhaul and complete 
rebuilding of parts. In practice, depot and intermediate repairs for avionics systems are often equivalent since 
both levels of maintenance use the same or similar testers and test programs.  


The single largest problem facing automatic testing in DoD is the proliferation of automatic test equipment 
that occurred from the 1960s to the 1990s. Typically each new weapon system would develop and field its 
own set of testers. This led to a situation where there are over 400 different test systems in use across DoD. 
This proliferation problem led to implementation of DoD-wide Automatic Test Systems (ATS) policy.  


The DoD ATS policy states that: 


“To minimize the life cycle cost of providing automatic test systems for weapon systems support at 
DoD field, depot, and manufacturing operations, and to promote joint service automatic test systems 
interoperability, Program Managers shall use approved DoD ATS Families as the preferred choice to 
satisfy automatic testing support requirements. Commercial-off-the-Shelf (COTS) solutions that 
comply with the DoD ATS Technical Architecture should only be used if the Milestone Decision 
Authority concurs that an approved DoD ATS Family will not satisfy the requirement. Automatic Test 
System selection shall be based on a cost and benefit analysis over the system life cycle.” 


The policy lists the approved DoD ATS Families (Navy’s Consolidated Automated Support System (CASS), 
Army’s Integrated Family of Test Equipment (IFTE), the USMC’s Marine Corps Automatic Test Equipment 
Systems (MCATES) and the US Air Force/Navy Joint Service Electronic Combat Systems Tester (JSECST)).  


Also, four goals have been established to guide DoD’s way forward as it modernized its ATS:  


• To reduce the total acquisition and support costs of DoD ATS. 


• To improve the inter- and intra-operability of the Services’ ATS functions. 


• To reduce logistics footprint. 


• To improve the quality of test. 
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Joint Service teams are working with industry to define needed interface standards (see Figure 1 below) that 
will help us meet our four “goals” and to develop and implement next generation test technologies. As legacy 
testers are modernized and the DoD moves to the next generation test systems, the number of tester types will 
be greatly reduced while inserting or selecting technologies which will make our systems cheaper, faster, 
scalable, interoperable, more capable, smaller and more mobile. 


2.0 ATS ARCHITECTURE FRAMEWORK 


Architecture requirements for all DoD systems, including ATSs, are detailed in the Defense Information 
Technology Standards and Profile Registry (DISR), the replacement for the DoD Joint Technical Architecture. 
The DoD ATS Framework, Figure 1 below, is a mandatory requirement for all DoD ATS acquisitions and 
contains the Key Elements and associated specifications and standards that form the open architecture 
approach for DoD ATSs. The ATS Framework currently comprises 24 key elements in various stages of 
maturity, and will continue to evolve as test technology evolves. A Joint Services Framework Working Group 
has been established to continually assess the framework and to work with industry and standards bodies to 
develop and demonstrate the remaining undefined specifications and standards to satisfy ATS Framework 
requirements.  


 


Figure 1 – The DoD ATS Framework. 
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3.0 TEST TECHNOLOGY DEVELOPMENT 


DoD’s ATS strategy is to jointly develop and insert test technology while leveraging the Research and 
Development efforts of the Services, industry and coalition nation partners. The Services work closely with 
industry through many organizations and consortia. The Joint Service Next Generation Test Technology 
(NxTest) Team periodically holds test technology reviews with industry, and has developed close working 
relationships with the ATS leadership in coalition partner countries. 


There are two reasons for developing test technologies: (1) to add capability to our test systems to meet 
emerging weapon system test requirements (the technologies must be four times as accurate as the weapon 
system component being tested), and (2) to replace existing test capability to address obsolescence, improve 
quality of test, improve through-put, satisfy new operational needs and provide scalable, mobile and smaller 
testers. 


Following are some of these emerging hardware and software technologies being demonstrated and, in some 
cases, implemented by the Services in DoD. These technologies offer unprecedented opportunities for 
improvement in warfighter support throughout DoD including improved aircraft readiness and mission 
reliability. 


3.1 Advanced Synthetic Instruments 
Test and measurement requirements have been traditionally satisfied with a suite of test instrumentation that 
required a single test instrument for each type of test to be performed on any electrical/electronic signal. 
Present day commercial technology allows a signal to be converted into a digital representation that can 
subsequently be analyzed using high-speed digital signal processing (DSP) techniques to verify the signal’s 
characteristics. This approach to signal characterization is known as synthetic instrumentation, which can be 
thought of as “software instruments”. As a result of implementing Synthetic Instruments, it is now possible to 
satisfy the signal’s measurement requirements with one synthetic instrument thereby eliminating the need for 
numerous, dedicated, single-function measurement instruments. Synthetic Instruments based test systems will 
facilitate the introduction of new test capabilities via software modification verses the introduction of peculiar 
new hardware and software. Synthetic Instruments will also allow for scalable systems capable of supporting 
all levels of maintenance. 


Synthetic Instruments eliminate redundant Automatic Test Equipment (ATE) overhead, hardware, and ATE 
functionality, and create needed instruments/functions via software. For example, the CASS Modernization 
Program may replace at least 12 existing separate RF stimulus & measurement instruments with a small 
Synthetic Instrument package. 


Synthetic Instrument demonstration programs are currently underway. The expected benefits include at least a 
65% decrease in hardware (and associated support costs) and footprint. 


3.2 Programmable Serial Bus Test 
Current test systems require a separate test instrument card for each bus type used by avionics systems. We 
are working with industry that has developed a synthetic Bus Test Instrument (BTI) capable of assuming a 
wide range of serial bus protocols required in military and aerospace test environments. The BTI possesses 
built-in “morph-ability” to assume the bus protocol language of serial communications buses used in 
operational or factory environments. Because it is able to both emulate and test serial buses, it eliminates the 
need for a broad range of individual, protocol-specific test instruments.  
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Each BTI has four independent bus modules that support MIL-STD-1553, MIL-STD-1773, TIA/EIA-RS-232, 
TIA/EIA-RS-422, TIA/EIA-RS-485, H009, ARINC 429, and more. With an innovative load-and-forget 
programming environment, native support for popular buses, and the flexibility to emulate custom buses or 
variations of standard buses, each of the four bus modules (channels) provides the option to emulate a wide 
variety of serial bus communications and test those protocols, at any time. 


The expected benefits are a reduction in footprint (5 or more cards are replaced by 1 card) and higher quality 
tests with increased capability. 


3.3 Reusing Diagnostic Data  
Emerging software technologies based on a Windows-based operating system and a browser-based test 
program set (TPS) developer interface using eXtensible Markup Language (XML) technologies will have 
many benefits, not the least of which is facilitating reuse of diagnostics data. The Automatic Test Markup 
Language (ATML), a subset of XML developed by industry and DoD for test software development, will 
facilitate improved integrated diagnostics. Standardized XML File Structures, Schemas and Tags will be 
utilized in a .NET environment as interface control standards between weapon system platforms and 
maintenance systems for high fidelity interoperability and to pass diagnostics data both up- and down-line.  


The new environment will also provide the ability to develop Knowledge-Based TPSs using Test 
Requirements Modeling. These significant software advances open the door to dynamic test strategies to make 
use of platform maintenance information to direct the flow of activity during TPS execution. Directed TPSs 
will reduce the time to repair by sending the test software to the most likely cause of the failure instead of 
performing a full end-to-end run. Test strategies can be revised on the fly based on historic and real-time 
maintenance data. 


“Smart” TPS concepts are being developed for improved test program performance. These use weapon system 
platform Built-in-Test (BIT) data to direct a start point in a test program based on this BIT data and yield a 
25% runtime savings. Historical maintenance data captured automatically is reused to improve diagnostics 
decisions and to reduce fault isolation ambiguity. The Smart TPS project is currently being demonstrated at 
Naval Air Station Lemoore, California on the F/A-18 APG73 Radar Receiver and Super Hornet Flight Control 
Computer. Results to date have been promising, and plans are underway to expand Smart TPS to other 
weapon systems including V-22 and H-60S. The F/A-18 platform has also implemented Smart TPS with 
Raytheon to support a commercial repair contract for the ALR-67 weapon system. 


3.4 Multi Analog Capability (MAC) 
The MAC Instrument Subsystem is the technological breakthrough that is allowing traditional ATE to 
perform as functional testers. A single C-size VXI card provides 32 channels with 6 test instruments behind 
each test pin. Each of these 32 independent channels can function simultaneously as one of six instruments: 
function generator, arbitrary waveform generator, digitizer, digital multimeter, limit detector, and timer 
counter. Additionally, each channel can share triggering with every other channel. This capability is being 
introduced into DoD testers with the first application being several F/A-18 units formerly tested on the 
Intermediate Avionics Test Set which are being rehosted to the Navy’s CASS. The functional test requirement 
would previously have been impossible to satisfy since CASS is a serial parametric tester. However, with 
three MAC cards installed, CASS now has 576 instruments that can all be used simultaneously making CASS 
capable of parallel, functional test. 
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Although the MAC provides tremendous improvement in parallel processing capability, the traditional analog 
instruments cannot be 100% replaced as the current MAC has only 80% range and accuracy of the traditional 
instruments. An enhanced MAC version that sacrifices pin count for greater range and accuracy has been 
developed to replace the current MAC. 


The demonstrated benefits include a significant reduction in some test program runtimes and a real-time 
functional test which will yield higher quality diagnostics and improved test verticality. 


3.5 High Density Analog Instrument 
The High Density Analog Instrument provides a parallel stimulus and measurement capability for high-speed 
functional and operational analog testing. It has eight single-ended system-per-pin channels, including up to 
sixteen 200 MHz universal timers, 50 M Sample/second 12-bit digitizers and 50 MHz 12-bit arbitrary 
waveform generators. It also includes a 6.5-digit digital multimeter and a 2-channel 500 MHz digital sampling 
oscilloscope. The High Density Analog Instrument accurately emulates complete system-level operation of 
the traditional test instruments. 


Since this single card can completely replace several traditional instruments on a card, the expected benefits 
are significantly reduced test times (parallel testing) and reduced footprint. 


3.6 Common Tester Interface (CIT) 
An Industry/Government Working Group is developing a common standard pin map for the physical mating 
of the interface device to the automatic tester. Specification requirements include scalability, frequency 
coverage from DC to light, cost, reliability, etc. An IEEE standard P1505 is in process. 


The key benefit of implementing the CTI is that it for the first time could provide a standard test system 
interface to help effect interoperability across DoD testers. The CTI is scalable, allowing a smaller interface 
on smaller systems while allowing the smaller test system’s test program adapter to interface with a larger test 
system using CTI. 


4.0 SYSTEM-LEVEL DEMONSTRATION 


The Agile Rapid Global Combat Support (ARGCS) Advance Concept Technology Demonstration project is 
demonstrating most of the test technologies discussed above in a combat support system that will provide 
electronic systems support at all levels of maintenance. ARGCS can be used to test, troubleshoot, and repair a 
wide range of digital, radio frequency, analog, and electro-mechanical units. The concept is a DoD-common 
core system using common control and support software with complementing/augmenting power, and 
stimulus and measurement hardware as necessary to meet specific test and diagnostics requirements. 
Integrated diagnostic feedback capability will be included so that diagnostic data captured during the 
maintenance cycle can be reused.  


Reconfigurable and scalable, ARGCS will be easily and quickly deployable worldwide with reduced airlift 
and logistics footprint requirements. A key performance parameter will be interoperability among weapon 
systems of not only the US Services but also those weapon systems used in coalition partner nations. 


At the completion of the ARGCS development effort, the system will be evaluated starting in April 2007 as 
part of the Joint Military User Assessment and the End User Evaluation.  
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5.0 AN EXAMPLE: THE US NAVY STORY 


The Consolidated Automated Support System (CASS), the Navy’s standard automatic test systems family, is 
being fielded to replace over 30 legacy automatic testers. Analysis shows that CASS will bring a reduction in 
Total Ownership Costs of $3.8 billion. To date, CASS has fielded over 600 mainframe testers and will 
ultimately support almost 3,000 Navy and Marine Corps avionics and electronics units. The CASS program 
was initiated in the early 1980s in response to many problems with automatic testing identified by a special 
study team chartered by the Secretary of the Navy. The actual design of CASS dates from the mid- to late-
1980s. The initial CASS stations were ordered in 1990 and CASS entered the fleet in 1994. The last of the 613 
production Mainframe CASS stations was ordered in 2002 and delivered in December 2003. The initial CASS 
stations are 15 years old. Modernization of the early CASS stations is driven by several factors including 
instrument age and associated obsolescence, condition of the station infrastructure (rails, wiring, etc), 
inflexibility of the architecture, and emerging test requirements that cannot be economically satisfied by the 
current CASS station configurations.  


Goals of the CASS Modernization Program, called eCASS, include incorporating the test technologies needed 
to satisfy weapon system testing and operational requirements, implementing a modern open architecture 
based on the DoD ATS Architecture Framework to facilitate future upgrades, ensuring that test programs are 
fully transportable, providing for interoperability with other Services, and reducing ownership and 
obsolescence costs. The Navy’s vision for eCASS is that it will have a much smaller footprint with more test 
capability; have faster run times; implement multi-lingual test environments; facilitate factory-to-field use of 
test software; be interoperable with other Services’ ATE; be more scalable to needs; reduce acquisition and 
support costs; implement the “Smarter” diagnostics concepts; provide faster and better diagnostics; and reduce 
the “no fault found” rate.  


6.0 IMPACT OF THE TEST TECHNOLOGY DEVELOPMENTS ON WEAPON 
SYSTEM READINESS 


In addition to satisfying DoD’s four main ATS goals (reducing ownership costs, facilitating interoperability, 
reducing footprint, and improving the quality of test), the test technologies discussed in this paper improve 
weapon system readiness by reducing the turn-around time for off-system repairs. Mission reliability will be 
improved because the new test technologies will enable the next generation testers to provide a more thorough 
verification of system readiness. Since many test instruments will be replaced by a few synthetic instruments, 
the new testers will be smaller and have fewer test assets. This will lower acquisition and support costs and 
reduce logistics footprint, enabling the systems to be more easily be transported where needed world-wide.  
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ABSTRACT 


This paper presents briefly the FMV: s approach to improve systems availability by using an “old”, but still 
very efficient process: Life Cycle Management (LCM) process. Naturally the process was improved during the 
last past years due to the changes, both conceptual and structural, of the Swedish Defence. After a short 
introduction about these changes and transformations, it presents to the reader the impact of the APP to the 
Swedish Air force. It follows a more detailed presentation of the Availability Performance Program, its 
concepts to improve availability and to reduce the costs. Finally it ends with a few words about how the 
program was performed during the acquisition of two major systems of the Swedish Defence: JAS 39 Gripen 
and NSHP-Nordic Standard Helicopter Program (NH-90). 


It should be mentioned here that APP is not a program specifically designed for the Air Forces, even if this 
paper shows its applicability only in this area. Also this paper should not be interpreted as a dissertation 
about LCM or about the APP, but a simple clarification of the slides which already had been shown at the 
workshop. 


1.0 INTRODUCTION 


FMV is an independent, civil authority, with a focus on high technology. Our work takes care of the needs for 
technical solutions and material for Sweden’s security. You can also summarize FMV with these words: 
business skills and technology – for people, security and the environment. FMV contributes to strengthening 
Sweden’s security and defence ability through advanced, flexible (interoperability) and cost efficient materiel. 
FMV is changing and renewing to adjust for the restructuring of the Swedish defence from an invasion-based 
to a task force-based defence. 


Our primary task is to provide the Swedish Armed Forces with equipment, systems, and methods that are 
effective today as well as tomorrow. FMV also represents the government in complex international 
transactions and businesses. 


For us, it is important to have an overall perspective with focus on our customers. Based on our clients’ needs, 
we identify, develop and supply materiel and technical solutions. We have technical, commercial and 
international competencies that act together under the supervision of experienced project managers. 


FMV delivers complex products for both military and civilian use, and has an extensive service portfolio: 



mailto:sorin.barbici@fmv.se





The Integration of an Aircraft Availability Performance 
Program with Life Cycle Management in the Swedish Air Force 


5 - 2 RTO-MP-AVT-144 


 


 


• Commercial support and procurement – To secure FMV’s business focus, we work continuously with 
coordination and commercial tracing from strategy to delivery, during both national and international 
collaborations. 


• Modelling and simulation – FMV offers an advanced environment for simulation based acquisition, 
for example systems and enterprise analysis, business modelling, crisis management analysis, analysis 
of future international operations and technology demonstrators.  


• Investigations – FMV investigates, for example the effects of outsourcing, on assignments from the 
government. We advise, support and offer analyses.  


• Validation and verification – FMV has test ranges in several places in Sweden. Each of them has 
different capabilities and focus for testing. Examples of our resources are that we have the larges test 
ranges in Europe on land, the most modern dynamic field simulator and highly skilled and 
experienced personnel.  


• International materiel cooperation and export support – FMV participates in a wide range of 
collaborative forums in which possible collaboration is discussed. EDA’s work has been 
comprehensive and has covered research matters, defence materiel and the defence market. NATO 
activities have been expanded through the inclusion of new programmes in fields including security 
and anti-terrorism measures. 


• Certification services – The certification activity has been established as an independent function 
within FMV with the designation “Swedish Certification Body for IT Security”, short title CSEC. 
CSEC is ready to undertake its first certification assignments. Building up this activity has taken three 
years reckoned from the start in 2003. International recognition of the certification scheme according 
to the Common Criteria Recognition Arrangement is anticipated before the end of 2006. 


• Qualified advisement to owners and customers, primarily within commercial, technical and legal 
areas. 


Some of the larger projects in which FMV participates extensively are shown in Figure 1. 
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Figure 1: Some of the larger Swedish defence projects in which FMV participates. 


Figure 2 shows the FMV’s contribution and an idea about the amount of work we spend during the materiel 
system life cycle as well as how the amount of work is divided between FMV and industry. The picture is also 
trying to show what we do and a little about how we do it. In the same time the picture is changing quite fast 
as a result of the transformations which take place both within the Swedish Defence and within FMV. 


 


Figure 2: Typical work share between FMV and industry. 
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Today’s defence systems involve materiel which is more complex and which embodies more integrated 
functions than in the past. As a result, maintenance costs in many areas are comparable with, and in some 
cases exceed, the original purchase price of a system. This requires focusing more closely on maintenance in 
the overall materiel process. Good planning in this respect can ensure that both the investment in maintenance 
resources and the future costs of operation and maintenance can be held down. Success in this depends on the 
close integration of availability questions as part of the overall activity throughout the useful life of the 
materiel system. 


The way in which this work is approached within FMV is known as Life Cycle Management or LCM. LCM is 
a method of conducting a continuous logistic support analysis in a structured and controlled way, i.e. a 
procedure designed to control the procurement, development and operation of a materiel system in order to 
achieve high reliability and low through-life costs. The LCM activity is conducted mainly in project form 
where a high degree of adaptation to the particular requirements of the project concerned, combined with clear 
objectives and milestones, are important ingredients. 


The scope of this paper is not to define or describe in details the LCM process. There are already a lot of 
different documents around the world which do this. The scope is mainly to show very briefly how the work is 
done within FMV. 


During the last ten years a lot of changes took place in the world. Some of these changes have a political 
nature some of them have a technological nature but even changes on a more philosophical nature took place. 
All these changes influence naturally even Sweden and the Swedish Armed Forces (SwAF). 


The Operational Concepts which are general descriptions of how military forces intend to fight and conduct 
their operations in the future changed. These new concepts originate from innovative ideas about how to fight 
as well as notions concerning how advances in technology might be applied to warfare. All this generated the 
needs for new processes, new requirements for new or modified weapons systems or equipment, as well as for 
new doctrine, force structure, training, and education. The SwAF are discussing now and implementing as 
well, about concepts as Network Based Defence. The SwAF in its acquisition process is looking to acquire 
functions rather than systems (Figure 3). 
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Figure 3: The Swedish Armed Forces (SwAF) in its acquisition  
process is looking to acquire functions rather than systems. 


Figure 4 reveals only a few of the other factors which increase the needs of reshaping the Swedish Defence. 


 


Figure 4: A few of the other factors which increase the need to reshape Swedish defence. 
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The acquisition process has to change too. Usually the defence systems acquired in the past had a life length 
of more than two decades. Today a system design allows continuous growth and adaptation to new task and 
new technology without extensive reconstruction, with other words an evolving system. 


We can get in just a few years a whole new system with a whole new functionality. That means that the 
system we bought today is not the system we will operate tomorrow. Practically the systems life length is 
unknown. 


If the system will increase its capability in a very short period of time, do I need in the near future as many 
systems as I intend to purchase today in order to achieve the same goals? How we will handle the spare parts 
for the system is even more complicated! 


The technology development is no longer linear! That gives us less and more unreliable data for prediction of 
the failure rates. The life length of the components is even shorter. The cost of hardware and software 
development is changing with age. 


All of these facts enforce changes in our LCM process and in our models too. How we will handle the LCC 
model in the future will probably change.  


Even the procurement agency (FMV) is affected by all the transformations above. That is shown by: 


• A higher demand on systems co-ordination – capability to build system of systems; 


• No longer land, sea and aerial forces just one defence; 


• A changed acquisition process; 


• The necessity of an overhaul of the interface with industry; 


• A higher demand on interoperability; 


• New demands to change the competence profile; and 


• Adjustments of the boundaries between the actors involved. 


2.0 LIFE CYCLE MANAGEMENT – FMV’S ROLE  


With all the above changes and challenges in mind FMV still has to provide the Swedish Armed Forces with 
the necessary material system for future operations, i.e. both the technical system and the integrated 
Operational and Support (O&S) system. 


And the LCM process (Figure 5) is still the right tool for the job. Now, it may be so that LCM process has 
evolved from the “old days” and there are a lot of different definitions and approaches which one can find 
around the world but in the view of the author, even if we are talking about functions or systems of systems or 
capabilities, at the end of the discussions we still have to acquire a material system. We may have to do a lot 
of other things before a procurement decision is taken but when it does we should apply the “old” LCM 
process to the materiel system throughout the whole of its useful life, from the earliest studies until phase-out, 
and it should entails, among other things: 


• Influencing the operation and logistic support assumptions and the availability performance (AP) 
requirements for both the technical system and the logistic support system. 
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• Analysing the economical consequences of the AP requirements to ensure that adequate financial 
provision is made in the budget. This should applies both to the procurement of logistic support 
system resources and to the subsequent operating and support costs. 


• Controlling the activities of the supplier during the design, development and production phases. This 
is made possible by writing into the contract an appropriate Statement of Work, a so-called Logistic 
Support programme, for the purpose of ensuring that the reliability, maintainability and logistic 
support requirements are taken into account at the design phase. 


• Iteratively develop an optimized maintenance concept. 


• Realising the support concept through an optimized acquisition of logistics support resources. 


• Integration of the support system specific to the materiel system concerned with the existing 
Operating, Support and Maintenance system (O&M system). 


• Gather and analyse experience data from the operation to monitor the AP and the remaining LCC. 


• Systematically, at an early stage, plan for the systems last period of operation and phase-out. 


 


Figure 5: Life Cycle Management (LCM concept in the Swedish Armed Forces. 


Figure 5 illustrates the LCM process as FMV is applying it. The picture enlarges the process during the 
acquisition phase that is mainly because the department I am working with has this part of the process in its 
focus. The focus it’s changing depending on the department within the agency.  
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Figure 6: The major parts of the Operation and Maintenance (O&M) system. 


Actually FMV is working with the entire O&M system, or the logistics support system, which is described in 
the figure above. The agency is doing that by covering three main functions shown in Figure 7. 


 


Figure 7: The three main functions of O&M. 


These functions are described as follows: 
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a) Maintain and Develop the Logistic Support System – The purpose of this function is to provide the 
Swedish Armed Forces with a flexible and efficient operation and maintenance support in war, crisis 
and peace. This function consists of short- and long-term adjustment of the Logistic Support System 
to new technical systems and activity demands and continuous coordination and integration of the 
Logistic Support System. These tasks are accomplished by producing development strategies for and 
actively develop the Logistic Support System. The objective will be obtained by: 


• Creating development strategies; 


• R&D in LCM; 


• Actively utilize new IT possibilities; and 


• Actively develop existing rules and routines. 


b) Strategic Support – This function involves a continuous support to responsible persons within the 
Swedish Armed Forces related to preparation for basic decisions concerning long- and short-term 
planning regarding materiel, operation and maintenance. The basic decision includes technical, 
structural, economical as well as commercial areas. The task is accomplished by identifying problems 
and possibilities in due time, and with established and new methods/models present a basic decision 
with the right quality. 


c) Production Support – This function involves a direct and continuous support to personnel engaged in 
accomplishing operation and maintenance. This is done by supplying support systems as well as 
technical and economical competence. The assignment is accomplished by securing the unity of and 
balance between tasks, organisation and resources. Possibilities are thus created for high production 
efficiency. 


To enable the materiel to be utilized correctly in peacetime as well as in time of crisis or war, there is a need 
for properly functioning common O&M system which does not necessarily require to be changed for each 
new type of materiel. When future operation and support of a materiel system is being planned, it is important 
to find an optimum trade-off between the general elements of the O&M system and the additional elements 
specific to that particular materiel system. This trade-off is addressed in the LCM process. 


As en example the O&M system is largely common to all Air Force materiel but it also contains components 
specific to some particular materiel systems. The task of the Swedish Air Force requires a good interaction 
between many different systems as Figure 8 is claiming. Sweden has only in the Air Force over 500 different 
operational systems but only one integrated operation & maintenance system. 
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Figure 8: Single integrated O&M system covering all Swedish Air force materiel. 


Translating this in economical terms it means that the Swedish Air Force turnover is about 3,000 million 
Swedish kronor (SEK) per year while the maintenance costs are approximately 3 % of the materiel value. The 
“old” LCM process did his job well here! 


3.0 AVAILABILITY PERFORMANCE PROGRAM (APP) 


An APP consists of a number of engineering methods and organizational routines that will control the logistic 
support analysis work to be performed within a specific project, or for a specific product. 


The aim of the APP (Figure 9) is to ensure that the delivered materiel system will fulfil the contracted 
requirements on availability performance and that LSC is being minimized. It should describe the statement of 
work to be performed during development and production and also produce all the data needed for 
optimization and acquisition of the necessary maintenance resources. 
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Figure 9: The Availability Performance Program (APP). 


The availability performance program is a very important part of the LCM process but one should be aware of 
that the program cost a lot of money to perform and that is why it should to be tailored to the need of the 
specific project. APP requires that qualified personnel are available both at the contractor and the customer 
and also, very important, that the program is accepted within the contractors organization. 


Some of the performed tasks and subtasks throughout the program are listed below: 


• Requirements specification and breakdown. 


• Reliability analysis: 


 Reliability block diagrams. 


 Predictions. 


 FMEA/FMECA. 


 Fault Tree Analysis (FTA). 


 Software reliability. 


• Maintainability analysis: 


 Test and fault localization analysis (BIT). 


 Methods for corrective maintenance. 


 Methods for preventive maintenance. 


 Design features. 


 Predictions of MTTR and BIT effectively. 
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• Supportability analysis: 


 Configuration analysis (define MSIs). 


 Modularization/ standardization. 


 Maintenance need analysis (RCM). 


 Repair/discard analysis. 


 Level of repair analysis (LORA). 


 Identify and dimension the logistics resources. 


• LCC analysis: 


 Evaluation of proposals and design alternatives. 


 Identify cost driving characteristics in both the technical system and the maintenance system. 


 Control the development towards a low LCC. 


• Test and evaluation. 


• Feedback from tests and prototypes (FRACAS). 


• Verification. 


Did someone find something new in the list above? I do not think so! Everything is “old”! 


The problem is not how you verbalize the task but in how you do, carry out, the task today. The information 
technology today increases the possibilities to performer better analyses with better and more accurate results. 
And there a lots of analyses to perform! That is why the program can be expensive because of all these 
analyses which can take a lot of time and resources. The information technology gives to the analyst today a 
lot of powerful tools and a lot of information to investigate. Sometimes too much information! On the other 
hand shortage of exact data is not a limitation or an excuse. There are always possibility to do sensitivity 
analysis on “cost drivers” that gives sufficient result for decisions on distribution of requirements and 
requirement levels. 


The first thing to do is to analyse the requirements. It is very IMPORTANT that the contractor will understand 
your organization, your definitions and your requirements as well as how you are going to use the system! 


The requirements must not be missed or misunderstood and must be possible to verify too. 


Be distinct about your operation profile too, because different operational profiles give different requirements 
on availability performance. 


A poor analysis of the requirements leads to poor material system and expensive logistics system. If the 
requirements are on a too high level the acquired system will be too expensive. 


Therefore the requirement analysis should consist of two major parts: 


1) Select type of requirement, and here the selected requirements should: 


 Fit the user; and 
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 Be possible to put out as requirement on the technical system. 


2) Select an optimal requirement level due to : 


 Possible technical solutions; 


 Maintenance organization; 


 Transport organization; and 


 Costs, etc. 


Figure 10 and Figure 11 exemplify the requirements break down process, and the picture themselves are pretty 
much explanatory as they are. Availability performance requirements for the technical system are refined to 
form requirements for the products to be procured. This results in detailed reliability, maintainability, logistic 
support requirements and requirements for Statements of Work. 


 


Figure 10: Requirement analysis and specification. 







The Integration of an Aircraft Availability Performance 
Program with Life Cycle Management in the Swedish Air Force 


5 - 14 RTO-MP-AVT-144 


 


 


 


 


 


Figure 11: Breakdown of availability requirements. 
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The only thing we want to add here is that the following areas must be covered in a specification of 
availability performance to do a good acquisition: 


• Evaluation principles. 


• Assumptions. 


• Requirements on the system – availability performance. 


• Requirements on data and information to be delivered in the proposal. 


• Requirements on deliveries of the support system. 


• Requirements on the contractor, availability performance program. 


• Requirements on verification. 


The objective for all defence materiel systems is to achieve the required operational performance within the 
constraints of the funding available. Operational performance can cover both the strict requirements specified 
and the user’s experience of operating the materiel concerned, e.g. how easy it is to use and maintain, aspects 
which taken together characterise a functioning system. 


Operational performance includes both technical and availability performance (see Figure 12). By technical 
performance we mean the technical characteristics of the system which describe how it functions. This could 
refer, for example, to speed or radar range. 


 


Figure 12: Operational performance breakdown with examples of parameters which affect it. 


The LCM process applies primarily to availability performance, i.e. those characteristics which determine 
when the system is functioning and how the situation is handled when it ceases to function.  
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Availability performance thus depends both on the characteristics of the technical system and on the capacity 
of the maintenance system. This enables trade-offs to be made between these characteristics so that the 
reliability performance can be achieved at the lowest possible cost. 


The analyses that have to be performed are related to this trade-off. In fact we do almost simultaneous 
analyses regarding how much effort shall be put into the technical system and how much into the logistics 
support system as well as analyses to adjust, to balance, the logistics system itself (see Figure 13). All these 
analyses are enriched by LCC analyses. 


 


Figure 13: The process of analysing the availability requirements. 


These analyses can apply both to future materiel and to the modification of a materiel system or a support 
concept, e.g. prior to a reorganization.  


Studies preceding the selection of a future materiel system are largely concentrated on determining the right 
requirements and the right levels for these requirements. 


During the study phase, work on determining the necessary financial provision is also carried out. On the basis 
of the preliminary support system assumptions, the financial implications are clarified with regard both to the 
LCC and to the budget. 


Life Cycle Cost (LCC), another concept that is central to APP, is a measure of the overall financial 
consequences of a system or equipment over the whole of its useful life. By the overall financial consequences 
we mean not only all the costs associated with procurement and development of the materiel system but also 
the cost of procuring various support system resources and the future costs of operation and support. These 
latter costs of procuring support system resources and the future costs of operation and support are known as 
the Life Support Cost (LSC), and it is this part of the LCC which is most often used in the LCM process. 
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Using LCC methodology implies that all decisions on, for example, requirement levels, time out for 
maintenance etc., technical design solutions and support concepts are based on an overall assessment of all the 
cost implications of the decision concerned. This applies to decisions relating to procurement costs and to the 
future costs of operation and support. The importance of this methodology remains the same regardless of 
where in the life cycle of the materiel system the particular decision is to be taken. Thanks to this approach, 
we will always have an overall picture of all the costs which will arise throughout the life cycle for a materiel 
system and unnecessary surprises can thus be avoided. 


The LCC approach is a precondition for being able to make the right trade-offs between the operational 
performance of a materiel system and its costs. 


The principle of the LSC analysis is illustrated in Figure 14. 


 


Figure 14: Life Support Cost (LSC) analysis for trade-off between O&M cost and aircraft availability. 


All these analyses, or main activities, in the program covers the work required to ensure that the availability 
performance and maintenance characteristics of the technical system are defined and verified to the best extent 
possible taking account of the project’s phase of life. The focus is on the technical system as well as on the 
logistic support system. We mention here some of the analyses which should be performed: 


• Analysis of Incidence of Faults. This is an analysis of the reliability characteristics of the technical 
system. The analysis is based on information relating to use (operating and support assumptions) and 
to the design of the technical system and experience of its use. It covers such activities as: 


 Predictions; 


 Fault modes, effects and criticality analysis (FMECA); and 


 Statistical analysis of operating data, etc. 
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• Analysis of Maintenance Actions. Information relating to the incidence of faults needs to be 
complemented by the identification and description of the maintenance actions (corrective and 
preventive) required to be performed on the technical system. Analysis of maintenance actions 
involves, for example: 


 Maintenance requirement analysis using methods such as Reliability Centered Maintenance; 


 Level of repair analysis (LORA); and 


 Testability analysis. 


• Analysis of Resource Requirements. Following on from the maintenance requirements, defined in 
foregoing activities, the maintenance resource requirements (personnel, equipment, documentation 
etc) needed for the performance of the maintenance actions are then identified. 


• Verification of the Reliability Performance. Verification involves comparing the availability 
performance data obtained by analysis of the technical system with the requirements specified. 
Verification can be carried out either theoretically, by comparing analysis data with requirements, or 
by means of practical tests and demonstrations, e.g. by subsequent follow-up of operating experience 
or by accelerated life testing. 


The main product of the APP consists of defining a logistics support system which in an optimum way meets 
the system requirements with the given availability performance for the material system. The logistics system 
is both outlined in a support system concept which describes briefly, how system support will be approached, 
and detailed in the final documentation. This contains information as to how logistic support is to be organised 
and what resources will be required. 


Figure 15 shows a part of the iterative process involving the optimization and acquisition of the maintenance 
resources and is trying to illustrate the connection between different studies. The point is that the planned 
maintenance concept shall be realized through an optimized acquisition of resources. 
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Figure 15: Part of the iterative process involving the optimization  
and acquisition of maintenance resources. 


Tender evaluation of availability performance and maintenance (Figure 16) is also a part of the LCM process 
intimately connected with APP (se next figure). The activity gives you the opportunity to perform both a 
qualitative evaluation and quantitative evaluation of the contractors. And this is done by reviewing the tenders 
regarding data and completeness, evaluating the project risk, LCC and fulfillment of the requirements and not 
in the least how well does the offered solution fit into our existing infrastructure. 
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Figure 16: Sequence of work during tender evaluation. 


4.0 SOME EXAMPLES 


4.1 The Jas 39 Gripen 
When the first studies to replace the old airplane system, Viggen, once upon a time in the 70’s, the Swedish 
government demanded that the trend that showed increased costs with every new airplane generation should 
be broken. The new aircraft system should be developed towards a much lower LCC despite the new and 
much more sophisticated technology involved. 


Bearing this in mind, FMV started the studies to find the solution for the new operational performances 
required with a very restricted budget. Pretty soon everybody understood that without a very accurate and 
careful execution of the availability performance program the assignment was almost impossible to achieve. 


Jas 39 (Figure 17) is one of the most successful LCC projects with reference to design to budget and the 
availability performance program in the FMV’s history. And the trend was broken as Figure 18 shows. 
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Figure 17: Jas 39 Gripen aircraft. 


 


Figure 18: Trends in Swedish fighter aircraft development, production and O&M costs.  


Analyses and studies made at the beginning of the project gave a prerequisite picture which included both 
availability and capability requirements. These requirements were described in a” System Development Plan” 
which became in facts the Swedish Air force order to FMV. 
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Some of the parts of the System development plan, stipulating even which analyses to be made are outlined 
below: 


• References to contractual requirements. 


• A norm organization and other prerequisites regarding operations and maintenance. 


• Formulae and rules for calculations requirements (e.g. the LCC-model). 


• The contractual status of all input parameters. 


• Definitions. 


• Requirements breakdown. 


• Predictions. 


• Maintenance needs studies. 


• Maintenance task analyses. 


• LORA. 


• Repair/discard analyses. 


• LSC analyses. 


• System analyses. 


• Development of a maintenance plan. 


• Recommendations of spares, ground support equipment, packing, training, etc. 


In other words the whole Availability Performance Program. It was actually the first time when the program 
was executed entirely, every bit of it. 


Most of the availability requirements turned into critical constraints for the way in which the logistics system 
was accomplished. That because the Air force requirements referred mainly to the mission production during 
military readiness period of the system and the operation profile through this period is much tougher than the 
peace time period. Consequently the maintenance work – flow is larger. 


These requirements could be express as follows: 


“A squadron JAS39 with X a/c shall be able to produce Y missions of Z ordered with a probability  
of P%.” 


This requirement is of course specified more in detail regarding definitions of what is meant with a mission, a 
squadron and some additional prerequisites. But it was in facts the requirements on the mission production 
which formed the foundation of FMV’s tender documents to the contractors. 


The availability requirements breakdown was made in such a way that gave the contractor the opportunity to 
weigh himself between different requirements and in the end to choose the most profitable solution. 


In other words the requirements was formulated such as the most cost-effective solution for the Air force will 
be the most profitable for the contractor. 
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The contractual requirements included: 


• Total failure rate (failures/fh) – reliability. 


• Mission success probability – reliability too but intended to 
steer the number of critical failures. 


• Downtime (h/fh) – this requierment is a combination of 
reliability and maintainability aimed to influence the design 
of the technical system towards a planned mission production 
during war time. 


• Maintenance work load (mh/fh) – aimed to control the labour costs during peace time. 


• Turn-around times. 


• LSC – designed as an incentive (bonus/fine) for the contractor to develop a system with low support 
costs during its life lengh. This kind of requirement should be carefully formulated - you have to 
consider the consequences. 


The contract incorporated even some warranties: 


• Design guarantee. 


• Production guarantee. 


• Special guarantee on the control system. 


• User cost guarantee during the initial period of operation (500 fh per a/c). 


• Options: 


 Maintenance cost at central workshop. 


 Turn around times at the central workshop. 


And also some requirements regarding the verification which included: 


• Mainly a theoretical verification; 


• Some practical demonstrations; 


• 3000 first flight hours; and 


• Discrepancies to be fixed in mod-line at no extra cost for FMV. 


As a result of the efforts involved in all the analyses made during the fulfilment of the Availability 
Performance Program the LSC was drastically reduced, if an evaluation is made with the previous airplanes in 
the Swedish air force, as shown in (Figure 19 and Figure 20). 
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Figure 19: Trend in maintenance cost (kronor) per flight hour in Swedish fighter aircraft. 


 


Figure 20: Trend in maintenance manhours per flight hour in Swedish fighter aircraft. 
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Figure 21: History of achievement/shortfall in key reliability, availability, and mission  


success metrics on the Jas 39 Gripen program compared to aircraft specification. 


The project has during the development years reported directly to the Swedish government the results of the 
contractual agreed business meetings with the industry (PVT – Project evaluations meetings). These meetings 
were aimed to verify and evaluate the availability requirements and if necessary to modify the design in order 
to fulfil the requirements. These meetings continue even today, only the name is changed, SVT – system 
evaluation meetings. The project’s remaining risks was also debated. The figure also shows that some of the 
requirements were more difficult to accomplish, because the interaction between requirements. 


The same evaluation was made for the marginal value of the support costs. As we see in Figure 22, the costs 
are almost 15 % under the contracted value at PVT6, 1992, which entitled the industry to a substantial bonus. 
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Figure 22: Ongoing estimates of Life Support Cost (LSC) compared with the contracted level. 


4.2 Nordic Standard Helicopter Program (NSHP) 
In 1999 the Armed Forces of Denmark, Finland, Norway and Sweden decided to purchase a multipurpose 
medium-heavy helicopter, capable of being furnished for different missions required by the Nordic countries. 
The concept covered a National Core Helicopters based on one Common Nordic Standard Helicopter. The 
Nordic countries involved have agreed upon that the procurement process up until contract award will be done 
in accordance with Swedish laws and regulations. According to the Program Agreement, Försvarets 
Materielverk (FMV), Sweden, was the Executive Agency for the NSHP. 


From a Swedish point of view the procurement effort started because the Swedish Defence searched for a 
common solution to replace the old Swedish Hp 3 used by the Air Force and Hp 4 used by the Navy.  


At that time the other Nordic countries was also searching for similar systems, which led to the idea of a 
common Nordic procurement in order to strive for advantages concerning procurement, maintenance, 
education, interoperability and cooperation. 


The concept implicated also the fact that most of the helicopters should operate from land, but some of them 
should operate from ships too, with additional requirements. This generated different versions, but in order to 
achieve the over all objectives, the helicopters still should have a high degree of commonality. 


Figure 23 shows the different systems which were subject to the procurement studies. 
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Figure 23: Candidate aircraft for the Nordic Standard Helicopter Program (NSHP). 


The multi-national Nordic Standard Helicopter Programme is an example of how the life cycle costs can 
support the tender evaluation process. 


This example is focusing on the acquisition phase of the LCM process again, and again it shows the 
importance of the LCC in the APP. It may be a little bit monotonous but this case is different and it shows that 
there is no universal solution for how you put the LCM process into practice. 


Figure 24 shows the different types of helicopter the project planned to procure. It was declared that FMV´s 
experiences and competence concerning LCC-evaluations should contribute to the NSHP -project. Each 
nation had different Flight hour usage and Helicopter basing, which made the LCC -evaluation procedure 
complex. The acronyms used in the figure are as follows: 


• TTT (Tactical Troop Transport). 


• OTT (Operational Troop Transport). 


• SAR (Search And Rescue). 


• CSAR (Combat Search And Rescue). 


• ASW (Anti Submarine Warfare). 


• MEDEVAC (MEDical EVACuation). 


• CG (Coast Guard= Norway). 


• National Fixed (National variant). 


• National CP (Complete Provision, national variant). 
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Figure 24: Proposed variants of the Nordic Standard Helicopter. 


All the participating nations’ requirements were implemented in a common Nordic Requirements Document. 
This document defined those requirements that were considered common and those which were specific to a 
particular nation. The request for quotation stipulated prospective contractors to provide detailed data to 
enable the evaluation of performance and reliability. In addition, this information would be used to estimate 
the life cycle cost. The evaluation of system availability and life cycle cost were performed for each 
participating nation’s individual life cycle cost model. 


A summary of user data and tender data that was included in each nation’s life cycle cost model is shown in 
Figure 25. The figure also shows how the calculated estimates for cost of spare parts were used as input to the 
model. All the nations’ specific life cycle cost models were then combined in a total life cycle cost model, 
representing a combined life cycle cost for all the participating nations. 
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Figure 25: Summary of user and tender data included in each nation’s life cycle cost model. 


LSC analysis defined in this way aimed to: 


• Identify cost-driving characteristics such as critical items and actions to improve LSC; and 


• Evaluate alternative design solutions. 


The LSC analysis produced a basis for trade-off between different alternatives referring to the technical 
system; logistics support resources and maintenance organisation levels. LSC and availability performance 
characteristics had been calculated and evaluated against stated system requirements and undertakings. It was 
the supplier’s responsibility to identify cost-driving characteristics of both the NSHP System and the logistics 
support system and to derive actions to minimise LSC. 


Analysis to identify and document the need of logistics support resources to operate the NSHP in accordance 
with stated requirements as well as analysis of the need of maintenance and associated resources in 
combination with the results of the Availability Performance and Life Support Cost (LSC) analyses was 
performed by both the suppliers and FMV. These analyses gave a cost-effective recommendation for the 
Maintenance Plan and for dimensioning of the support system. 


The suppliers also needed to perform Reliability-Centred Maintenance (RCM) analyses in order to identify 
and document the preventive maintenance task requirements. The need for preventive maintenance was 
correlated to the reliability performance of the system. 


The Supplier analysed the configuration of the technical system for identification and classification of its 
spares, which were classified in LRU, DU, SRU and DP respectively. 


The Supplier analysed also the cost-effectiveness of the recommended repair/discard decision on LRUs and 
SRUs. The following had to be considered: 


• Number of failures expected during the life cycle and need for preventive maintenance. 


• Cost of repair (manpower and discardable parts).  
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• Cost of investment in support system (spares, test equipment, instruments, tools, training, 
documentation, etc.). 


• Utilisation of common used support resources. 


• Acquisition cost of each LRU and SRU. 


A basic thing in FMV’s way of doing LCC-evaluation is to make your own LCC-calculations based on the 
data given by the Tender. Figure 26 shows how this data was assorted in the LCC-model called LISA. LISA 
was used manage the amount of different LCC-calculations caused by the different Tenders and countries 
involved. Concerning optimization of Spares, FMV/NSHP used the OPUS-model. As indicated in the figure, 
the “availability requirement” is expressed as “Maximum Waiting Time” which was one important criterion in 
the LCC-evaluation. 


 


Figure 26: Schematic of the life-cycle cost (LCC) model for the Nordic Standard Helicopter  
Program (NSHP). Aircraft availability, expressed as the maximum allowable  


waiting time, is an important input to the model. 


The requirement for spares was calculated, by the agency, using a logistics and spares optimisation model, 
based on the individual nation’s operational profile. The criterion for the cost modelling was based on the 
MWT (Mean Waiting Time) for spare parts together with the unavailable time due to preventive and 
corrective maintenance. The system availability requirement was given as 80% (see Figure 27). By using this 
approach all the tenders were normalised and compared using the same performance level. The calculated 
costs for spare parts were used as an input to the life cycle cost evaluation. 
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Figure 27: For evaluating tenders for spare parts, the life-cycle cost  
of the aircraft was estimated for an aircraft availability of 80%. 


This means that a tender with a lower technical availability in comparison with other tenders would have to 
“pay” the difference by adding a higher cost for spares to the LCC. This will lead to different MWTreq for 
different tenders, during the evaluation. Since size of the areas in the picture will look different for different 
Tenders, also the MWTreq will be different. 


Some of the results from the life cycle cost tender evaluation are presented in Figure 28. The figure shows the 
sum of all the participating nations’ life cycle costs per tender. The cost for total life cycle cost, acquisition, 
operation and life support have been normalised to Contractor F to provide a relative comparison. 
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Figure 28: Comparison of estimated life-cycle costs for four of the NSHP tenders. 


The life cycle cost tender evaluation process generated many different diagrams that presented different 
aspects and the cost drivers for each tender. 


When analysing the life support costs in more detail it became clear that the investment in spare parts differed 
significantly between the tenders. The difference was explained by the different maintenance concepts offered 
by each contractor. The analysis showed that Contractor H had the lowest costs; however Contractor F was 
selected as the winning tender due to other considerations. The life cycle cost analysis results were used as a 
baseline for negotiating the contract. In addition, the life cycle cost analysis was also used to establish a 
support cost baseline prior to negotiating a contractor logistic support contract. 


The results from LCC (LSC)-evaluation did in practice not separate the choice for those helicopters that 
Sweden took interest in. Sweden bought 18 NH-90 helicopters with an option on another 7 aircraft. The 
Contractor is not bound up to any LCC (LSC)-commitment such as bonus/fines for example. However, the 
contractor is committed to warranties concerning certain requirements on failure rates, MTTR, man-
hour/flight-hour and on requirements on corrective and preventive maintenance on aircraft-level. The failure 
rates will be verified but the verification will be made only on those LRUs that are common for Sweden and 
Norway. 


No” feed-back meetings”, involving any attempt to make the contractors to do modifications to lower the 
helicopters failure rates etc, took place. However the project did have more than one meeting per Contractor in 
order to get enough accurate and complete data to make complete and comparable LCC-calculations. 


After the NSHP project declared that it had no further need of LCC-evaluations, Sweden in a later stage, 
continued to do LCC- evaluations. These evaluations were caused by planned changes in the amount of 
procured helicopters and updated logistics data from the contractor. 
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The calculations had a meaning to supervise that the LCC-results contractors were consistent. The results as 
said did not affect the choice of the supplier. 


Although that the LCC-results did not point out any helicopter in particular, it is an advantage to know that 
LCC is pretty similar and independent of what choice you do. 


As a consequence of that the NSHP-project accomplished a LCC-evaluation, made it possible to create a High 
Cost Item Ranking list with 4 relevant criteria: 


• Availability (actually the technical availability). 


• Investment costs for LRUs and spare parts. 


• Cost of LRU-repair and/or cost for consumption of spare parts. 


• Purchase price/LRU. 


When the evaluation process was finished and the NSHP-project had chosen a supplier, negotiations started to 
compel him to do such a list based on the above criteria. An examination embracing the top 20 – 30 % (70 – 
80 LRUs) was made for each criterion and as a result a specific warranty for the failure rates of these items 
was established. 
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1.0 INTRODUCTION 


Under a duty of care and in-line with the UK Civil Aviation Authority requirements for large helicopters, in 
2000 the UK Ministry of Defence (MOD) introduced a Health and Usage Monitoring System (HUMS) for one 
of its helicopter fleets. Subsequently, the MOD fitted HUMS to several other helicopter fleets, and has an 
intention for future fits too. 


To date the emphasis has been on the Health Monitoring aspects of HUMS, in particular with respect to 
automated rotor track and balance, and the analysis of drive-train vibration. This has led to some significant 
successes with the detection of failing gearboxes. 


The need to maximise the exploitation of the HUMS data in terms of cost/benefit, improved availability and 
improved airworthiness, however, has led to a growing emphasis in developing prognostic capability with the 
further possibility of a move from preventive maintenance to condition based maintenance.  


The vast amount of data available, together with the rapid improvements in computer processing speed and 
storage capacity has also led to prognostics being significantly more viable than in the past. 


There are a number of definitions of prognostics but for the purposes of this discussion paper it is proposed 
that “prognostics is the estimate of remaining useful life from the initial diagnosis of a component/system 
fault.” 


The estimate of remaining useful life does have to take into account the rate of degradation of the failing 
component, and in turn, this requires an objective view of the degree of severity, or otherwise, of the future 
usage of that component/system. In a similar way, in order to make this forecast it is necessary to fully 
understand the usage that underlies the initial development of the fault. 


2.0 USAGE MONITORING 


Currently usage is measured by the pilot’s watch, yet, an integral part of the HUMS is the Flight Data 
Recorder (FDR) which in the case of one helicopter type involves the acquisition of over 130 engineering 
parameters containing a potential wealth of information to support diagnostics, but also capable of 
interpretation to give a more objective view of usage, and this on an individual aircraft basis. 
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An objective view of individual aircraft usage is also likely to impact on the lifing of aircraft components in 
terms of cost benefits through extending usage, or improving airworthiness through identification of 
particularly adverse usage that might lead to early component failure.  


The move from a safe-life approach for helicopter components to a damage tolerance approach would be 
facilitated by a more objective view of usage. Again with likely benefits in through life cost reduction and 
improvements in airworthiness. 


3.0 FLEET USAGE MANAGEMENT SYSTEM  


Over a number of years the UK MOD has worked closely with MJA Dynamics (now known as GE Aviation – 
Southampton) to develop the Fleet Usage Management System (FUMS). FUMS development has focused on 
three main areas: 


a) Usage Monitoring. 


b) Data Fusion (DF). 


c) Intelligent Health Monitoring (IHM). 


For the purpose of this paper only those aspects of FUMS related to Usage Monitoring will be discussed.  


4.0 FUMS – USAGE MONITORING 


FUMS uses two methods to monitor aircraft usage: 


a) Comparison of the Actual Usage Spectrum with the Design Usage spectrum based on Flight Regime 
Recognition analysis of the aircraft’s FDR data. (See Figure 1). From a comparison of the actual and 
design usage spectra shown in Figure 1 it can be seen that for the 156 flights monitored the aircraft 
spent more time on the ground than was anticipated, significantly less time in straight and level flight 
and more time low level flying. The significance of this, particularly with respect to lifing issues, can 
only be fully assessed by taking into account the Design Authorities assessment of the flight loads 
associated with the flight regimes. 


b) Usage Indices (UIs), based on a rainflow analysis technique, are used to quantify the cyclic nature of 
certain key parameters such as indicated airspeed, control movements, engine temperatures and 
pressures, and pressure altitude. The results are summarised as a single figure for each parameter for 
each flight, the higher the figure the higher the “severity” of use (see Figure 2). Each bar, in the bar 
chart in Figure 2, shows the usage index for a flight based on indicated airspeed. Initial investigation 
of the high severity value shown by the yellow bar can be carried out by viewing the actual indicated 
airspeed record for that flight shown by the blue line graph. In this case the reason for the high 
severity score is the large number of take-offs and landings, GAG cycles.  
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Figure 1: Comparison of Actual Usage Spectrum (green) and the Design Usage Spectrum (blue). 
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Figure 2: Usage Index Summary View. 


5.0 USAGE SPECTRUM 
Currently the Royal Air Force are required to carry out a Manual Data Recording Exercise every three years 
in order to assess the Actual Usage Spectrum, and then supply the results for comment to the appropriate 
Design Authority. FUMS provides the potential to carry out that assessment at anytime, and also for specific 
theatres of operation, specific squadrons or specific operating bases. 


The Actual Usage Spectrum is a simplified summary of flight regimes to facilitate manual recording. 
Typically, when carrying out a flight loads survey for a prototype aircraft the Design Authority would look at 
well over a hundred flight regimes. FUMS can be set up to readily monitor this refined spectrum for 
individual flights, and by linking this data directly with the flight loads the fatigue damage for individual lifed 
components can be measured. Conceivably the weighted amalgamation of the fatigue increments could be 
used as a single parameter indication of “severity”. This single parameter could then be used to investigate 
correlation of component failures with “severity” of use and thus provide the bases of a prognostic/condition 
based maintenance approach. 
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6.0 FATIGUE SYNTHESIS 


FUMS usage indices can provide a very good basis for the synthesis of fatigue, and hence a virtual fatigue 
meter for lifed components or critical aircraft structure (See Figure 3). 


 


Figure 3: Synthesis of Fatigue for an Engine Component using a Neural Network and UIs. 


Figures 3 and 4 show the results of a collaborative work between MOD, GE Aviation, BAe and Rolls Royce. 
Two usage indices, U1 and U2 based on two compressor shaft speeds, were calculated for each of 500 flights. 
The two UIs were input to a neural network. The target training data for the neural network consisted of the 
Rolls Royce calculated low cycle fatigue increment for a specific engine component for each flight.  
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Figure 4: Results of Synthesised Fatigue. 


The output of the neural network when plotted against the RR LCF data showed a very good straight-line 
relationship with a correlation of 0.997 after only two thousand iterations. 


7.0 OTHER USAGE FACTORS 


There are of course a number of factors that can impact on failure rates that cannot be identified from the FDR 
data, such as All Up Mass, Centre of Gravity (FUMS calculation of AUM and Cof G from FDR data is under 
development), operational factors, environmental factors, corrosion, pilot skills.  


8.0 CONCLUSIONS 


Whilst HUMS is fitted primarily as a diagnostic tool, the integrated FDR system opens up a more objective 
approach to identifying usage, and for individual aircraft. 


Currently the UK MOD, in conjunction with Smiths Aerospace ES-S, is developing its Fleet Usage 
Management System to provide Data Fusion, Intelligent Health Monitoring and Usage Monitoring. 
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FUMS measures aircraft usage through a comparison of Actual and Design Usage Spectra, and also by 
analysis of the cyclic nature of certain key parameters to provide a Usage Index. 


Both approaches to usage monitoring within the FUMS are capable of adaption to provide a virtual fatigue 
meter, and hence individual component life tracking. 


9.0 DISCUSSION POINTS 


Current technology enables the use of virtual fatigue meters. 


FDR has been traditionally fitted to aircraft in order to facilitate accident investigation. As such, no attention 
has been paid to downloading FDR data as a matter of routine as would be required if it were used for usage 
monitoring. 


How can a more objective view of individual aircraft usage be best utilised to improve availability in the near 
term? 


DO 178-B “Software Considerations in Airborne Systems and Equipment Certification” are the generally 
accepted guidelines for aircraft software, but can impose considerable cost penalties when used for software 
used in ground station support. There is a need for a new standard particularly with the further development of 
usage and condition based maintenance support software. 


The extension of Maintenance Free Operating Period (MFOP) approach as the route to condition based 
maintenance. 


A move from safe-life to damage tolerance might well have financial cost advantages but would this be at the 
cost of an increased maintenance workload? 
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ABSTRACT 


Smiths Aerospace Electronic Systems is working on a number of research programmes focused on extending 
and improving the existing monitoring functions on aircraft into true Integrated Vehicle Health Management 
(IVHM). Chief amongst these are: 


• TATEM (Techniques and Technologies for New Maintenance Concepts), a 40M€ European 
Commission project involving 60 companies from a wide spectrum of aerospace organisations, 
including airlines, airframers, suppliers and research institutes; and  


• AEPHM (Advanced Electrical Power Prognostics and Health Management), a joint USAF AFRL 
project with Boeing Phantom Work, St Louis. 


These projects show the increasing awareness and interest in IVHM and the role that it has to play in 
increasing aircraft safety whilst also reducing the operating costs. 


There is no doubt that improvements in the maintenance process can contribute to both improved operability 
and increased aircraft safety. With ongoing force size reduction programmes and ever increasing operational 
demands aircraft availability and mission reliability have become increasingly important over recent years, 
these two factors when combined with maintenance related costs give the overall measure termed 
“Operability”. Experience has shown that it is simple to keep any two of these three parameters under control 
but the true challenge for the future is to optimise all three to ensure that the correct numbers of mission 
reliable aircraft are available at the minimum cost. 


Recent civil aerospace studies have shown that maintenance activities can account for as much as 20% of an 
operator’s direct operating costs and have remained at this level for many years. Detailed analysis of this 
shows that there is clear scope for increasing the efficiency of the maintenance process. For example, it is 
estimated that line mechanics spend 30% of their time trying to access information to diagnose and rectify 
failures. Additionally, the occurrence of the need for unscheduled maintenance can introduce costly delays 
and cancellations if the problem cannot be rectified in a timely manner. 


In a recent survey the incidence of human error in the maintenance task was estimated as being a contributing 
factor in 15% of aircraft incidents. 
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Existing aircraft systems tend to be limited in both their collection of data and the integration of the available 
data sources. This has tended to lead to a situation where the operator can become overwhelmed by the 
variety and disjointed nature of data sources and “not see the forest for the trees”. Modern IVHM systems are 
working to overcome this problem by integrating all the condition monitoring, health assessment and 
prognostics into an open modular architecture and then further supporting the operator by adding intelligent 
decision support tools. 


There have been two major enabling technologies that has allowed IVHM to become a real system and 
provide these clear safety and costs benefits for operators.  


The first is the evolution of modern integrated aircraft architectures. In older systems all data produced 
needed to be communicated by dedicated connections, to dedicated onboard data storage media for post-flight 
analysis using independent ground-based systems. This leads to additional weight and complexity on the 
aircraft, and then slow and unconnected analysis of the data on the ground.  


Modern systems, such as the Smiths Modular Processing System (MPS), selected for the Boeing 787, 
Lockhead C-130 AMP and Northrop Grumman X-47, provide a modular computing hardware platform and 
partitioned operating system that will host the software applications of the airplanes avionics and utilities 
functions. The system replaces the traditional, unique, standalone, computers that are fitted to common 
aircraft. This Modular Processing System enables the evolution towards a truly integrated data management 
system which will enable data to be communicated in a common format in a common physical and logical 
maintenance infrastructure. This will include onboard communication media, air-ground communications 
media, air and ground computing resources and data storage and access devices. 


The second major evolution is the publication of open standards for IVHM systems, the leading standard, 
which is being used on both TATEM and AEPHM, is the Open Systems Architecture for Condition Based 
Maintenance (OSA-CBM). This was developed under a NAVAIR Dual Use Science and Technology 
programme that completed in 2002. This published standard allows multiple companies to work together to 
produce the software components for an optimised IVHM system and ensures that all of the data is available 
in a single location, and format, for the operator. 


The AEPHM programme is used as an example of an IVHM system, where microprocessors embedded in 
digitally controlled power distribution systems, as well as in the digital controllers within these systems, 
provide an unprecedented, affordable and inherent opportunity to monitor an electrically powered vehicle’s 
systems health. Data transmitted to, and from, these controllers can be used to characterize the system and 
component operating signatures, thereby enabling advanced diagnostic and prognostic capabilities, through 
diagnostics, prognostics and decision aiding algorithms.  


The AEPHM architecture supports system level fusion of evidence and state information from multiple 
sources to improve estimates of degradation. Phase I of the program was completed with an end to end, 
hardware-in-the-loop (electric actuator, fuel pump, fuel valve, arc fault, and power distribution unit) 
demonstration with on-line data generation to show the integration of the technology into a realistic setting.  


1.0 INTRODUCTION 


The concept of modern Integrated Vehicle Health Management (IVHM) Systems can be directly traced back 
the original Health and Usage Monitoring Systems (HUMS) developed for helicopter during the 1980s and 
90s.  







The Use of On-Board Condition Monitoring, Usage 
Monitoring, Diagnostics, Prognosis, and Integrated Vehicle 


Health Management to Improve Aircraft Availability and Mission Reliability 


RTO-MP-AVT-144 22 - 3 


 


The concept of Prognostic Health Management (PHM) for engines has been widely embraced but the 
remainder of the aircraft still lags some way behind and this paper will look at how IVHM could help improve 
availability and how systems such as the Smiths Aerospace Common Core System (CCS) will allow this to 
happen. 


Figure 1, shows how early warnings of failed components allow the ground crew to prepare for the arrival of 
the aircraft and hence reduce the time required for turn-around. It also shows how, if the fault can be detected 
at an early stage, the need to perform maintenance at the turn-around might be eliminated. Whilst these 
potential benefits are well understood and have been written about for many years [1], no comprehensive 
health management systems are yet in service, this paper will look at the reasons for this and showcase recent 
work which demonstrates that the technology is now finally ready for such a system to work in practice. 


IVHM: Changing Maintenance
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Figure 1: The effect of IVHM on TAT. 


2.0 PROBLEMS OF SYSTEM BY SYSTEM PHM APPROACH 


Historically Health Monitoring Systems have been implemented on “where necessary for safety” basis. This 
has created a situation where an aircraft may have several separate Health Monitoring Systems for specific 
parts, classically the engines on fixed-wing aircraft and the drivetrain on helicopters. 


This approach has led to several significant problems when attempting to scale this up to the whole aircraft, 
namely: 
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• Weight: For most PHM systems most of the weight is classically in the wiring, so scales as a factor of 
both aircraft size and the number of systems monitored. 


• Cost: Buying and installing separate monitoring systems for each aircraft system would be an 
enormous investment and undertaking. Any such installation would undoubtedly require the aircraft 
to be out of service for sometime, hence further increasing the costs. As a baseline it currently costs 
up to £100,000 ($180,000) to buy and fit a helicopter HUMS to cover the drive-train. 


• Complexity: By purchasing independent monitoring systems for each aircraft system the operator 
could have to deal with multiple ground stations and interfaces and train their personnel to use all of 
these separate systems. Also, it is highly probable that these systems could, and at times would, 
provide contradictory results. 


These have often been cited as the reasons why there has not been more widespread uptake of Health 
Monitoring Equipment. One of the first programmes to invest in a comprehensive IVHM system was the Joint 
Strike Fighter (JSF), where mission readiness and availability requirements have driven the need for IVHM. 


3.0 MODERN AIRCRAFT SYSTEMS 


One of the biggest changes in the design of modern aircraft systems has been the development of Integrated 
Modular Avionics systems. These systems such as the Smiths Aerospace Common Core System (CCS) 
selected for the Boeing 787 provide a common avionics platform on which multiple applications can be run in 
parallel. This has provided a major breakthrough in terms of both hardware and especially software with these 
common systems providing a suitable platform for running numerous applications with different requirements 
and criticality levels without needing a separate “box” for each system. 


As part of this seed change in the design of systems, aircraft have implemented high speed digital buses such 
as IEEE-1394B, on JSF, and AFDX, on 787 and A380. The Smiths Remote Interface Unit (RIU), Figure 2, 
variants of which have been selected for both JSF and 787, allows up to 200 signals to be collated near to the 
point of generation and streamed onto these buses hence reducing the wire count by up to 2 orders of 
magnitude. 
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Figure 2: Smiths RIU. 


Once these signals have been collected by the RIU they can be made available in the central CCS in a 
standard format making any storage, processing and further distribution much simpler. 


4.0 CONCEPT OF IVHM 


These modern systems have finally allowed the realisation of IVHM as the RIU / RDC and CCS combination 
has tackled the major challenges identified above. 


• Weight: The RIU / RDC has eliminated the excessive wiring that would have been required for multiple 
individual systems. Also the CCS allows the IVHM software and algorithms to be run alongside the 
other airborne software avoiding the need for dedicated IVHM hardware, even extending as far as 
utilising the aircrafts normal communication methods, a major breakthrough compared to the dedicated 
PCMCIA card readers classically required in the cockpit for helicopter HUMS. 


• Cost: By utilising the existing aircraft hardware in terms of both processing and network capability 
the cost of installation now becomes one of sensors, something that modern “virtual sensing” 
techniques are tackling, and software which can be installed without significant aircraft downtime. 


• Complexity: By transmitting all of the data over common buses and to a common core the complexity 
is greatly reduced and this has been tackled even further by developments such as the Open Systems 
Architecture for Condition Based Maintenance (OSA-CBM) initiative [2-5]. The maintenance 
technician can now expect one coherent interface to the entire maintenance system. Current research 
is looking at taking this even further to provide a “Process-Oriented” structure to the data displayed at 
the point of need [8]. 


In addition to this it has also placed all of the data in one place which has opened up the possibility to see the 
bigger picture of how the aircraft is performing, this truly is a case of the “the whole is greater than the sum of 
the parts”.  
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However to realise a workable system still requires an open software architecture where airframers, equipment 
suppliers and specialist PHM companies can provide the tools to turn this data in to information, knowledge 
and finally actions. This is where developments such as OSA-CBM are allowing the further realisation of 
these systems. 


The goal of OSA-CBM is “to facilitate the integration of PHM components from a variety of sources. OSA-
CBM is striving to build a de-facto standard that encompasses the entire range of functions from data 
collection through the recommendation of specific maintenance actions”. 


OSA-CBM has now been published as a Machinery Information Management Open Systems Alliance 
(MIMOSA) standard, defining an open architecture for implementing IVHM systems. It is a cross industry 
standard, which, for aerospace, has been implementations in development by Boeing Phantom Works, Smiths 
and the TATEM project. The OSA-CBM framework is shown in Figure 3, and full documentation, UML 
models and XML schemas may be downloaded from the MIMOSA and OSA-CBM websites [2,4]. 


 


Offboard Processing 


Onboard Processing 


#7 PRESENTATION 


#6 ADVISORY GENERATION 


#5 PROGNOSTICS 


#4  HEALTH ASSESSMENT 


#3  STATE DETECTION 


#2 DATA MANIPULATION 


#1 DATA ACQUISITION 


Presentation layer is the MMI 


AG utilizes spares, logistics, manning to 
optimise maintenance operations 


Prognostics aims to predict future health 
trends and provides certainty levels 


HA determines current health. 


SD compares data to specific features and 
determines state 


DM does the initial signal processing and 
data reduction 


Data Acquisition is sensor and / or A/D 
conversion 


 


Figure 3: OSA-CBM. 


The combination of the RDCs to remove the dedicated sensor wiring, common computing platforms such as 
CCS and the maintenance software architectures such as OSA-CBM have now made it possible to have the 
benefits of PHM without the pain, and this is the true concept of IVHM. 
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5.0 AEPHM 


5.1 Introduction 
As an example of a future IVHM system application for a military aircraft and the use of the generic 
approaches described above, this paper will look at the Advanced Electrical Power Prognostics and Health 
Management (AEPHM) programme. 


The Aircraft AEPHM program was a Dual Use Science and Technology (DUS&T) program being sponsored 
by the Air Force Research Laboratory (AFRL-PRPE) Power Division. Boeing Phantom Works in St. Louis 
was the prime contractor for the AEPHM program with Smiths Aerospace as the principal subcontractor. 


The objective of the program was to demonstrate health management technologies that will enable condition 
based maintenance and thus improve the availability of military aircraft, and analogously, the dispatch 
reliability of commercial aircraft. Aircraft electrical power distribution systems receive increasing focus on 
safety concerns in both civilian and military aircraft. The trend toward more electric aircraft is accelerating the 
incorporation of flight-critical electrical components such as actuators, fuel/hydraulic pumps, valves, or fans. 
Methods to accurately predict impending failure of electrical loads and to predict/protect against arcing faults 
in aircraft wiring will improve flight safety in addition to enabling more predictable aircraft operation.  


The outline of the AEPHM programme can be seen in Figure 4. 


 


FR
EQ


UEN
T


PRO
BA


BLE


OCCA
SSI


ONAL


REM
OT


E


IMPRO
BAB


LE


CATAST


CRITIC
MA


NE


0


10


20


30


40


50


60


70


80


90


Q
U
A
N
T
I
T
I
E
S


FMEA CRITICALITY MATRIX


Cost/Benefit
System Definition
Transition Plan


Selected
Applications


Laboratory Demonstrations
• Subsystem Hardware
• Data Set Generation
•H/W in the Loop Test and Demo


Technology Transition


ƒ(
x) 
=


∫ −+ 743 2 xx


• Signal Processing, Diagnostics, Prognostics
• Model Based, Causal Networks
• Electrical Subsystem Expertise


TRANSDUCER


#2 SIGNAL PROCESSING


#3   CONDITION MONITOR


DATA ACQUISITION


#4  HEALTH ASSESSMENT


#6 DECISION SUP PORT


#7  PRESE NTATION


#1  SENSOR    MODULE


#5 PROGNOSTICS


HTT P
XML


HTT P
XML


HTT P
XML


RT
CORB A


C


o


m


m


N


e


t


w


o


r


k


RT
CORB A


RT
CORBA


XML-RT
CORBA


TRANSDUCER


#2 SIGNAL PROCESSING


#3   CONDITION MONITOR


DATA ACQUISITION


#4  HEALTH ASSESSMENT


#6 DECISION SUP PORT


#7  PRESE NTATION


#1  SENSOR    MODULE


#5 PROGNOSTICS


HTT P
XML


HTT P
XML


HTT P
XML


RT
CORB A


C


o


m


m


N


e


t


w


o


r


k


RT
CORB A


RT
CORBA


XML-RT
CORBA


PHM Open S/W 
Architecture


•Software Development 
and Integration


•Onboard/Offboard 
Allocation


Data 
Sets


•
•
•


Subsystem 
Knowledge System


Software


Commercial 
Aircraft


Space Vehicles
/Station


Military 
Aircraft


• Reqmts
• Candidate
Applications


Algorithms


Subsystem Demonstrator Laboratory


UCAV 


Subsystem 
Demonstrator 
Laboratory


UCAV 
• Models/Simulation
• Ground Based Reasoner 
• Maintenance Data Warehouse
• Support Systems Interface


FR
EQ


UEN
T


PRO
BA


BLE


OCCA
SSI


ONAL


REM
OT


E


IMPRO
BAB


LE


CATAST


CRITIC
MA


NE


0


10


20


30


40


50


60


70


80


90


Q
U
A
N
T
I
T
I
E
S


FMEA CRITICALITY MATRIX


FR
EQ


UEN
T


PRO
BA


BLE


OCCA
SSI


ONAL


REM
OT


E


IMPRO
BAB


LE


CATAST


CRITIC
MA


NE


0


10


20


30


40


50


60


70


80


90


Q
U
A
N
T
I
T
I
E
S


FMEA CRITICALITY MATRIX


FR
EQ


UEN
T


PRO
BA


BLE


OCCA
SSI


ONAL


REM
OT


E


IMPRO
BAB


LE


CATAST


CRITIC
MA


NE


0


10


20


30


40


50


60


70


80


90


Q
U
A
N
T
I
T
I
E
S


FMEA CRITICALITY MATRIX


FR
EQ


UEN
T


PRO
BA


BLE


OCCA
SSI


ONAL


REM
OT


E


IMPRO
BAB


LE


CATAST


CRITIC
MA


NE


0


10


20


30


40


50


60


70


80


90


Q
U
A
N
T
I
T
I
E
S


FMEA CRITICALITY MATRIX


Cost/Benefit
System Definition
Transition Plan


Selected
Applications


Laboratory Demonstrations
• Subsystem Hardware
• Data Set Generation
•H/W in the Loop Test and Demo


Technology Transition


ƒ(
x) 
=


∫ −+ 743 2 xx


ƒ(
x) 
=


∫ −+ 743 2 xx


ƒ(
x) 
=


∫ −+ 743 2 xx


ƒ(
x) 
=


∫ −+ 743 2 xx


• Signal Processing, Diagnostics, Prognostics
• Model Based, Causal Networks
• Electrical Subsystem Expertise


TRANSDUCER


#2 SIGNAL PROCESSING


#3   CONDITION MONITOR


DATA ACQUISITION


#4  HEALTH ASSESSMENT


#6 DECISION SUP PORT


#7  PRESE NTATION


#1  SENSOR    MODULE


#5 PROGNOSTICS


HTT P
XML


HTT P
XML


HTT P
XML


RT
CORB A


C


o


m


m


N


e


t


w


o


r


k


RT
CORB A


RT
CORBA


XML-RT
CORBA


TRANSDUCER


#2 SIGNAL PROCESSING


#3   CONDITION MONITOR


DATA ACQUISITION


#4  HEALTH ASSESSMENT


#6 DECISION SUP PORT


#7  PRESE NTATION


#1  SENSOR    MODULE


#5 PROGNOSTICS


HTT P
XML


HTT P
XML


HTT P
XML


RT
CORB A


C


o


m


m


N


e


t


w


o


r


k


RT
CORB A


RT
CORBA


XML-RT
CORBA


PHM Open S/W 
Architecture


•Software Development 
and Integration


•Onboard/Offboard 
Allocation


Data 
Sets


•
•
•


•
•
•


Subsystem 
Knowledge System


Software


Commercial 
Aircraft


Space Vehicles
/Station


Military 
Aircraft


Commercial 
Aircraft


Space Vehicles
/Station


Military 
Aircraft


• Reqmts
• Candidate
Applications


Algorithms


Subsystem Demonstrator Laboratory


UCAV 


Subsystem 
Demonstrator 
Laboratory


UCAV 
• Models/Simulation
• Ground Based Reasoner 
• Maintenance Data Warehouse
• Support Systems Interface


 


Figure 4: AEPHM Overview. 
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A major objective of the AEPHM program was to identify the data needed to achieve a desired level of health 
management and explore economical approaches to access the required data. The key element in this effort 
was the modification of a Power Distribution Unit (PDU), see Figure 5, to support health management data 
acquisition and processing. A modified Smiths Aerospace PDU was used in the demonstrations to access data 
on electrical loads and perform health management processing.  


 


Figure 5: Smiths PDU. 


Prognostics and health management (PHM) applications for electrical subsystems were identified, algorithms 
developed and integrated into an PHM demonstration system that would support the operator/commander, 
logistics and maintenance functions. The program demonstrations were implemented based on an open 
software architecture to facilitate integration of multiple components. The primary focus for the design and 
demonstrations to determine the potential value of AEPHM technology, were electrical systems like those 
used now being implemented on advanced, more electrical, unmanned combat aircraft. The program strongly 
emphasized the characterization of faults/degraded modes using seeded faults and accelerated wear tests to 
develop realistic diagnostic and prognostic models. 


The first phase of the AEPHM program that was completed in July of 2005 resulted in a demonstration of 
health management for actuators, fuel pumps and valves, and arc fault protection (AFP). The second phase of 
the program has gone onto address generator health management. 


The AEPHM system is based on characterization of degraded modes using test fixtures to emulate realistic 
operating conditions and collect data. Electro-Mechanical Actuators (EMA), fuel pumps and fuel valves were 
tested in the Boeing Subsystem Demonstration Laboratory. Arc and wire fault testing and data collection was 
performed in Smiths Aerospace laboratory facility in Cheltenham, UK, [6]. 


Electrical actuation was a key area of interest because of its pervasive use on UAVs. The actuator selected for 
experimentation and demonstration was a 135 VDC brushless motor unit, Figure 6. This model has previously 
been used for flight control applications for UAVs and has dual motors powering a drive train that includes 
bearings, a gear drive and a ball screw.  
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Figure 6: AEPHM Actuator Test Rig. 


The motivation to develop PHM for electrical actuator was 1) to avoid gear, bearing or ball screw failures that 
would lead to an in-flight actuator mechanical jam and negatively impact safety and mission reliability and 2) 
improve mission availability and reduce support costs by implementing prognostics for motor and mechanical 
drive. 


Data collection to characterize actuator fault modes consisted of performing accelerated wear tests in the 
actuator test fixture with defined load scenarios or profiles. Four actuators of various levels initial of wear 
were subjected to a combination of accelerated life tests and targeted fault insertions. The actuators that were 
run to failure were physically examined after the failure to verify the type of fault or degradation that had 
occurred. 


Based on the extensive data collected from these tests four actuator PHM health indicator algorithms were 
developed: torque efficiency, freeplay, motor performance and vibration analysis. Figure 7, shows the results 
of load independent motor performance algorithms for 5 degradation states at 2 load settings. This algorithm 
showed how the degradation of the motor coils could be measured from data available with the Smiths PDU 
and calculated independent of the load on the actuator. 
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Figure 7: Smiths Load Independent Motor Performance Algorithms Results. 


The objective of the fuel system PHM was, as in the case of actuation, to avoid in-flight failures and improve 
mission availability by reducing downtime. A 270 VDC transfer pump, Figure 8, was used in the tests. Fault 
modes associated with catastrophic fuel pump failure (bearing failure, dry running, foreign object) were 
characterized, as recommended by manufacturer, by artificially loading the pump by controlling a valve on the 
output side.  
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Figure 8: AEPHM Fuel System Test Rig. 


Data to characterize the pumps faults was collected using the capabilities of the PDU and a pump PHM health 
indicator was developed, see Figure 9. Since pump control is based on constant power, it is not possible to 
detect this reduction in motor RPM from the control signal interface with the pump. 
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Figure 9: AEPHM Fuel Pump Results. 


In a similar fashion, failures that would cause electrically actuated fuel valves to bind during opening or 
closing were investigated. Motor performance was characterized by loading an arm attached to the valve. Two 
algorithms were developed to detect conditions that load the motor. Both algorithms were based on the slope 
of the time versus current curve required to close or open the valve. One used data available to the vehicle 
management system and the other data from within the PDU. Both algorithms yield similar results; being able 
to trend an increasing load placed on the valve. 


Each of these areas of work showed the benefits that can be achieved without the need to add extra sensors to 
vehicle. 


5.2 System Integration and Demonstration  
The algorithms that generate indications of actuator and fuel system health as well as the trending and 
prognostic algorithms were integrated into an end to end (sensor to decision aiding for the operator or 
maintainer) system demonstration as shown in Figure 10. The system was configured to run using hardware 
inputs or stored scenario data.  
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Figure 10: AEPHM System Integration. 


System modules were configured in accordance with the Open System Architecture for Condition Based 
Maintenance (OSACBM) standard. The demonstration scenarios included the generation of gray scale health 
indicators for the actuator, pump and valve and trending and prognostic projections for the actuator bearing 
failure and fuel pump as the motors were progressively loaded.  


In regard to data handling, it is envisioned that the health indicators for the various subsystems would be 
generated based on onboard processing and downloaded to ground based processing capability which would 
trend and prognosis system health as well as provide the necessary projections to decision aids for the 
maintainer and operator. 


The full test facility for arc fault existed only at Smiths Facility in Cheltenham, UK. Similarly the hardware 
laboratory to support actuator and fuel system hardware in the loop existed only in the Boeing Subsystem 
Laboratory. However, data streams from all systems were available for ‘integrated’ demonstrations.  


The AEPHM program established the feasibility of detecting and trending actuator and fuel system 
degradations as well as the role of the PDU as an effective device for implementing arc fault protection and as 
a means to perform data collection and processing in support of electrical system PHM.  


The actuator and fuel system health indicators and trending/prognostics were based on a handful of test cases. 
Even this handful was sufficient to show a definite trend to failure that can be used in the short term to aid in 
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the avoidance of in-flight failures. For actuators, further work is needed to refine these indicators and health 
projections under various conditions as well as to differentiate between component degradation modes (e.g., 
bearing, ball screw and gear). The challenge here will be to determine whether additional sensors (e.g., 
accelerometers) are needed to achieve this differentiation. 


5.3 Reasoning with Design Data 
A Failure Mode and Effect Analysis (FMEA) can serve many purposes and is commonly used in the design of 
a new system to identify possible component failure modes and failure rates, their effect on sub-components 
and criticality, and to test the impact on system functionality. A FMEA can be an effective way of capturing 
the a-priori diagnostic knowledge of a new design. A FMEA will describe the system components, the ways in 
which these components can fail along with expected failure rates, and can be extended to include events or 
detecting tests that are expected to be triggered given a component’s failure mode for design testability 
analyses. This design data may contain hundreds or thousands of propositions describing the causal 
associations between components, failures and detecting tests. 


The knowledge captured by a FMEA and testability analysis can be utilized in the early construction of a 
diagnostic reasoning engine. If it is acknowledged that: there will be a need to update and adapt knowledge 
acquired through infield experience, there will always be inherent uncertainty in the true state of events and 
their fault isolation capabilities, and there will be a need to provide outputs or take inputs to be fused with 
other diagnostic sub-systems; then the Bayesian approach to diagnostic inference has to be a prime candidate. 
Notwithstanding some of the practical difficulties that can impact the construction of a Bayesian inference 
engine, it is virtually unrivalled in terms of a theoretically sound and generic approach to reasoning with 
multiple (and possibly conflicting) pieces of evidence. 


Out of the range of Smiths work in this area [7], this paper focuses on Smiths work on a Boeing fuel system 
shown in Figure 11. The major components include the: 


transfer tanks, wing tanks, engine feed tanks, pumps, valves, plumbing that includes pipes and  
t-connections, power distribution units and remote interface units. 
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Figure 11: AEPHM Fuel System for Diagnostic Reasoning. 


The components are grouped into major subassemblies: 


left and right transfer tanks, left and right wing tanks, left and right engine feed tanks, transfer 
plumbing, interconnect and crossfeed, and right and left engine feeds. 


The structure of the causal network is simple. The failures causally connect to detecting tests and their 
probability of occurrence is determined from the failure rate information in the FMEA. The failures also 
connect directly to their parent component, which in turn can be connected to other components through the 
component hierarchy. The causal network allows the modelling of the probability of a test being triggered 
given multiple failure combinations. The statistics for such a model are not contained in the design data, and 
indeed it is hard to imagine the collection of sufficient data from in-field experience that would allow such 
combinations to be reliably modelled. Therefore noisyor gates are used to constrain the causal network’s 
model to those probability estimates contained in the FMEA. 
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The large size of the network required the development of some novel techniques in dynamic restructuring to 
exploit the current information scenario to identify network substructures that can compile and inference 
independently whilst reaching the same conclusion as though the network were kept complete. 


Causal networks have fundamental benefits over logic type reasoning systems. First, is the ability to perform 
non-monotonic reasoning which is fundamental for correct diagnosis. Another is that partial state evidence 
can be entered. For example, a valve might have states open, closed and partially open. When entering 
evidence for this valve it might not be possible to define its true state but it may be known for example that 
the valve is definitely not closed. Causal networks can also be adapted with in-field experience to learn 
updated probability distributions. The causal network can also suggest when evidence is not consistent (e.g., a 
sub-system failure has led to false indications on tests). 


In summary, the diagnostic knowledge contained in a FMEA and other design data can be automatically 
mapped into a causal network. This causal network provided a sound representation of the knowledge that 
exists prior to in-field experience. The parameters of the network can then be updated as in-field experience is 
acquired. This allows optimal diagnostic reasoning to be automatically and directly produced from required 
design data, thereby removing the need for the manual development of the aircraft and system “diagnostic 
fault tree”. 


5.4 Summary and Conclusions 
The AEPHM program established the feasibility of detecting and trending actuator and fuel system 
degradations as well as the role of the PDU as an effective device for implementing arc fault protection and as 
a means to perform data collection and processing in support of electrical system PHM.  


Actuator and fuel system health indicators and trending/prognostics were developed that can be used in the 
short term to aid in the avoidance of in-flight failures. For actuators, future work is needed to refine these 
indicators and health projections under various conditions as well as to differentiate between component 
degradation modes (e.g., bearing, ball screw and gear).  


An integrated end to end Health Management solution was demonstrated using public standards for software 
module interfacing and data transmission. 


6.0 WHERE NEXT FOR IVHM? 


Projects such as TATEM [8] and AEPHM have shown that operators could gain substantial benefits from a 
truly Integrated Vehicle Health Management solution, these include: 


 Optimisation of maintenance intervals. 


 Leaner maintenance regimes / reduced activity and shop-time. 


 Reduction in spares inventory. 


 Fewer unscheduled activities. 


 More technically advanced and integrated a/c and systems. 


 Support for the increased use of electrical systems. 


 Less ‘Technical data’….and more ‘Technical Information’. 
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 And, in the future could even help organisations achieve: 
 Greater flexibility of organisations and processes. 
 Greater organisational integration and collaboration. 


However, for these benefits to be achieved the developers of these systems must understand the needs of the 
end users. The target for any such system designer should be how does this help to achieve: 


“the right qualified person is at the right place at the right time; with the right tools, the right parts 
and the right information; doing the right economically opportunistic maintenance, seamlessly 
integrated throughout the organization as well as the external value chain network” 


Smiths experience in developing both Health Management and other large integrated solutions has led to the 
following recommendations for IVHM system designers: 


1) Understand the operators need for an Integrated “End to End” solution. 


• Develop solutions based on operators needs! 


2) Use and support Open System Architectures for IVHM Solutions. 


• Accept that no one organisation can expect to provide the whole solution. 


• Use an architecture that allows for future developments and changes. 


3) Ensure the architecture is open, and simple to use for the other solution providers. 


• Respect that 3rd party organisations need to be able to retain their IPR. 


• Ensure support for integration of 3rd party, and Operator developed enhancements. 


Smiths and Boeing Phantom Works are continuing their close working relationship beyond the AEPHM 
programme to develop extensions to the OSA-CBM tool chain to help meet these needs [9]. 
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ABSTRACT  


Availability is a system performance parameter which provides insight into the probability that an item or 
system will be available to be committed to a specified requirement. Depending on the application, 
availability can be defined to include reliability, maintainability and logistic support information. For fleet 
management purposes, the ability to quantify availability in terms of all of its contributing elements is 
essential. This paper provides a discussion on a steady state operational availability model which can be used 
to assist the Canadian Air Force in its aircraft fleet management requirements. 


The availability model embodies scheduled and unscheduled maintenance and allows for impact analysis 
using in-service maintenance data. The model is sensitive to fleet size, aircraft flying rate, frequency of 
downing events, aircraft maintainability, scheduled inspection frequency, and scheduled inspection duration. 
The predictive capability of this availability model is currently providing the Canadian Air Force with a more 
sophisticated maintenance analysis decision support capability.  


In order for this paper to be available for general distribution, it must be unclassified. As a result, the case 
studies presented do not reveal the actual operational availability of any Canadian Air Force fleet. However, 
the level of detail provided is more than adequate to illustrate the case studies and give insight into 
applications of the availability model.  


Key Words: Operational Availability, Impact Analysis, Aircraft Downtime Prediction, In-Service Data 
Analysis 


NOMENCLATURE 


MTBDE = Mean Time Between Downing Event 


MTTRDE = Mean Time To Restore Aircraft After Downing Event 


MTBM = Mean Time Between Maintenance 


MDT = Mean Maintenance Downtime 


Per = Periodic Inspection Frequency (Major Hardtime Inspection) 
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Supp = Supplementary Inspection Frequency (Minor Hardtime Inspection) 


DLM = 3rd Line Inspection Frequency (Major Structural Inspection) 


MPT = Expected Time To Complete Periodic Inspection 


MST = Expected Time To Complete Supplementary Inspection 


MDLMT = Expected Time To Complete 3rd Line Inspection 


YFHPAC = Yearly Flying Hours per Aircraft (Equipment Utilization) 


N = Number Of Downing Events For A Fixed Period Of Time  


μL = Lognormal Mean 


σL = Lognormal Standard Deviation 


TT = Total Time (For one year 8760 calendar hrs) 


OT = Operating Time 


ST = Standby Time 


SDT = Scheduled Downtime 


UDT = Unscheduled Downtime 


1.0 INTRODUCTION & BACKGROUND 


The Canadian Air Force has initiated an R&D project directed at supportability analysis for aircraft fleets. A 
required element in the supportability analysis research is establishing the ability to carry out risk and impact 
analysis as it pertains to operational availability (Ao). The reason operational availability has been selected as 
a measure of interest is that the primary goal of aircraft maintenance operations is to achieve the highest Ao 
possible. In addition, availability is an indicator which can be used for assessing fleet capability. This paper 
will discuss the development and use of an operational availability model that is based on aircraft level 
information and parameters extracted from in-service maintenance data.  


2.0 MODEL DEVELOPMENT & ANALYSIS 


2.1 Availability Theory 
The definition of availability for this paper comes from MIL-STD-721 and is defined as “A measure of the 
degree to which an item is in an operable and committable state at the start of a mission when the mission is 
called for at an unknown time.” This by itself is inadequate and must be expanded to specifically define the 
availability measure of interest. For this paper, all references to availability refer to operational availability 
which is defined as including all possible events which cause an item to be unavailable, without restrictions. 
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This should not be confused with inherent availability and achieved availability which are measured under 
ideal conditions. In addition, the calculations and derivations shown are for steady state operational 
availability, alternatively called the uptime ratio.  


The typical method of determining availability using in-service data is to observe the equipment state over 
time and determine the ratio of uptime to total time. This approach is basically a measurement activity in 
which historical availability levels are determined. It is important to note that in this availability measuring 
approach there are many possible classifications of time. However, fundamentally, the item being observed is 
in either an available or an unavailable state. The breakdown of time associated with either of these two states 
can arbitrarily be assigned to a time category, as required for analysis. The division of time used by the 
Canadian Air Force for operational availability measurements is given in Figure 1. 


 


Figure 1: Division of time used by the Canadian Air Force for operational availability measurements. 


Using the breakdown of time given in Figure 1, Ao can be calculated using eqn (1).  


UDT +  SDT+  ST+ OT
 ST+ OT = Ao        (1) 


Eqn (1) is very similar to other operational availability expressions, (Refs. 1- 3) with the exception that 
logistic and administrative delay time is incorporated in scheduled downtime (SDT) and unscheduled 
downtime (UDT). The reason is that the Canadian Air Force’s maintenance data collection system does not 
categorize downtime by logistic or administrative delay.  


To solve for availability in eqn (1), operating time (OT) and standby time (ST) must be known. Using a 
maintenance data collection system to collect information can pose a problem, since equipment downtime, 
rather than uptime, is recorded. This results in the requirement for availability to be estimated by using one 
(100% available) minus the unavailability. Unavailability can be calculated using eqn (2).  


UDT +  SDT+  ST+ OT
UDT + SDT = Ao        (2) 


Although this approach does allow for operational availability to be calculated, it is restricted in usefulness. The 
impact of changes to those factors which impact Ao can not be predicted; they can only be measured. In fact, the 
factors which actually impact on Ao are not identifiable in eqns (1) and (2). For this reason, operational 
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availability models have been developed which allow for Ao to be calculated as a function of mean time 
between maintenance (MTBM) and mean maintenance downtime (MDT). MDT is usually defined to include 
downtime associated with all forms of maintenance and includes logistic and administrative delay. The standard 
expression found in literature for Ao as a function of MTBM and MDT (Refs. 3- 4) is given in eqn (3). 


 MDT+ MTBM
MTBM = Ao          (3) 


Again there are variations of eqn (3), which may or may not expand MDT into maintenance, logistic and 
administrative components. Of interest is that the time domain must be consistent across all parameters. Often 
one will see MTBM expressed in operating hours and MDT expressed in man hours. The problem with eqn 
(3) is that both unscheduled and scheduled maintenance are grouped together, even though each has a 
different maintenance downtime and time to maintenance requirement distributions. In fact, scheduled 
maintenance is not random at all and should not be linked with unscheduled stochastic events. In addition, the 
transformation from operating hours to calendar or clock hours is not readily apparent.  


Markov availability modeling can be used to obtain the point availability, A(t). However, there are several 
reasons why this approach has not been explored. Markov models are easily solved with exponential failure 
and repair time distributions, but are much more complex when distributions such as Lognormal must be 
incorporated (Ref. 5). This is significant, since none of the repair time distributions used in this paper are 
exponential. Finally, point availability estimates derived from Markov analysis are not required for steady 
state risk assessment. What is required for in-service data analysis within the Canadian Air Force is that the 
method used for predicting availability be simple to understand and easy to implement. An availability model 
meeting this requirement has been developed. The model used is simply a further derivation of eqn (2) in 
which scheduled and unscheduled downtime (SDT and UDT), as a function of utilization, are predicted. 


2.2 Unscheduled Downtime 
Downtime as a result of unscheduled maintenance is a function of two parameters: the rate at which 
maintenance is required and the amount of time required to restore the system to a serviceable state. When 
considering the availability of an aircraft fleet, it is necessary to determine the downing rate, or the rate at 
which the aircraft is made unserviceable, regardless of the number of maintenance demands the aircraft has 
for each downing event. This downing event can, therefore, be caused by the failure of a component, a 
perceived failure, the requirement for a removal of a time expired item, a configuration change, the 
embodiment of a modification or any combination of these listed activities. What this does not include is the 
requirement for a scheduled preventive maintenance inspection. The parameter used to express the occurrence 
of unscheduled maintenance demand is the mean time between downing events (MTBDE), which becomes a 
measure of the entire system’s in-service reliability. Research into quantifying MTBDE from in-service data 
has determined that for Canadian Air Force fleets MTBDE is exponentially distributed. Therefore, MTBDE 
can be estimated by dividing the total airframe or flying hours by the total number of unique downing events 
which occur during a stated period of time, as given in eqn (4).  


Events Downing Of Number Total
Period For Hours Flying Total = MTBDE      (4) 


For every downing event, there is a corresponding time required to restore the aircraft to an available state. The 
mean time to restore the aircraft (MTTRDE ) is the expected time, in calendar hours, for which an aircraft was 







Operational Availability Modeling for Risk and Impact Analysis 
 


RTO-MP-AVT-144 31 - 5 


 


 


unavailable and could not fly due to a downing event. Because there is a possibility that an aircraft may have 
several maintenance actions (MA) charged against it, all of which may have been opened and closed at different 
times, it is necessary to determine the earliest date and time at which any of the MAs were opened, and the latest 
date and time at which any of the MAs were closed. The difference between these two times becomes a time to 
restore observation which can be used to estimate a time to restore distribution. An analysis was carried out for 
all Air Force fleets which confirmed that the time to restore distribution is Lognormally distributed. As a result, 
MTTRDE must be estimated using the Lognormal distribution. This is done by finding estimators for the 
Lognormal mean (μL) and standard deviation (σL) from the time to restore data and then using the Lognormal 
parameters to determine MTTRDE. Eqn (5) gives this standard transformation (Ref. 6). 


exp 2
 + 


DE


2
L


L = MTTR
σμ          (5) 


Eqns (4) and (5) describe how in-service data are used to obtain MTBDE and MTTRDE. However, what is 
required is an expression which incorporates both MTBDE and MTTRDE to predict unscheduled downtime in 
calendar hours based on utilization. To do this, MTBDE must be normalized on calendar hours. This is done 
by incorporating a utilization factor (YFHPAC) to determine the number of downing events (N) for a fixed 
period of time (one year) as shown in eqn (6). 


MTBDE
YFHPAC = N          (6) 


The unscheduled downtime can now be found using eqn (7). 


MTTR x N = UDT DE          (7) 


This equation can be further expanded to incorporate MTBDE as eqn (8). 


MTBDE
YFHPAC x MTTR = UDT DE         (8) 


Eqn (8) can now be used to estimate the total unscheduled downtime for an aircraft using MTTRDE , MTBDE 
and YFHPAC. To illustrate this calculation, let MTBDE = 10 flying hours and be MTTRDE = 30 calendar 
hours. If the utilization for a year is 1000 hours per aircraft, then the unscheduled maintenance downtime is 
predicted at 3000 calendar hours per year, or 3 calendar hours for every flying hour.  


2.3 Scheduled Downtime 
Scheduled downtime can be calculated by estimating the number of scheduled maintenance events and 
multiplying each event by its expected completion time. For Canadian Air Force aircraft maintenance, there 
are essentially three types of scheduled maintenance events: supplementary inspection which is similar to a 
civilian aviation “A” check, a periodic inspection which is more in depth than an “A” check but less in depth 
than a civilian aviation “C” check, and a major structural inspection which is similar to a “C” check. When a 
periodic inspection is carried out, it counts as both a supplementary and periodic inspection. On some 
Canadian Air Force fleets, when a major structural inspection is carried out it counts as both a periodic and 
structural inspection. In addition, each aircraft type in the Canadian Air Force has different frequencies of 
scheduled inspections and expected inspection completion times.  







Operational Availability Modeling for Risk and Impact Analysis 
 


31 - 6 RTO-MP-AVT-144 


 


 


The inspection frequencies are established based on a Reliability Centered Maintenance program. The actual 
inspection durations used in the model are estimated from in-service time to complete inspection data. 
Analysis of this data for all Canadian Air Force fleets has established that the scheduled downtime durations 
are normally distributed. Thus, the expected time to complete an inspection is obtained using an arithmetic 
mean of the inspection completion time data.  


The estimation of the number of scheduled maintenance inspections required to support an aircraft is a 
function of aircraft utilization. The number of periodic inspections required is given by eqn (9). 


Per
YFHPAC = sInspection Periodic Of Number


     (9) 


If the completion of a structural inspection includes the completion of a periodic inspection, then the number 
of period inspections required is given by eqn (10). 


DLM
YFHPAC - 


Per
YFHPAC = Insp Per Of Number


     (10) 


The contribution to scheduled downtime from periodic inspections, assuming periodic inspections are not 
carried during a 3rd line inspection, is given by eqn (11).  


 MPTx 
Per


YFHPAC = Downtime Periodic
      (11) 


Using this same approach, the contribution of supplementary inspections to scheduled downtime is given by 
eqn (12), and the contribution of structural inspections to scheduled downtime is given by eqn (13).  


 MSTx )
Per


YFHPAC-
Supp


YFHPAC( = Downtime Supp
     (12) 


 MDLMTx 
DLM


YFHPAC = Downtime Structural
     (13) 


The downtimes for each inspection type as a function of utilization (YFHPAC) can be combined into eqn (14) 
to give the expected downtime for an aircraft due to scheduled inspections. 


YFHPAC x MDLMT] x 
DLM


1 +


 MSTx )
Per
1-


Supp
1( +  MPTx 


Per
1[ = SDT


      (14) 


To illustrate how eqn (14) can be used, consider the aircraft inspection data contained in Table 1. If we use a 
utilization factor of 1000 flying hours per calendar year the scheduled downtime per aircraft per year can be 
calculated directly at 861 calendar hours per year. This is 0.861 calendar hours of scheduled maintenance for 
every flying hour.  
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Table 1: Aircraft inspection data. 


Aircraft Inspection Data 


Supp 450 flying hours 


MST 75 calendar hours 


Per 900 flying hours 


MPT 300 calendar hours 


DLM 3600 flying hours 


MDLMT 1600 calendar hours 


2.4 Steady State Operational Availability Model 
Now that both scheduled and unscheduled downtime can be calculated directly, a final equation for operational 
availability can be represented by eqn (15). 


)
TT


UDT + SDT( - 1 = Ao         (15) 


Using the values for scheduled downtime (SDT) and unscheduled downtime (UDT) previously calculated in 
the paper in eqn(15) results in a predicted steady state operational availability of 56%.  


To validate the model, the predicted steady state Ao can be compared to the actual observed availability for 
some fixed time period. This was done by calculating a predicted operational availability for all Canadian Air 
Force Fleets and comparing these values to the actual measured operational availability for each fleet in 1993. 
This validation exercise consistently gave predicted results which were within ±10%. Differences in results 
between observed and predicted Ao can be attributed to the variability in the statistical estimators of the model 
parameters. In addition, there is no evidence to suggest that the observed operational availability for a one 
year time period should be exactly representative of the steady state Ao. 


The real value of the model is not only to provide an estimation of availability, but also to provide a risk 
analysis tool. Changes in any of the 9 parameters which are evaluated to solve eqn (15) can be measured in 
terms of their impact on Ao. To further illustrate the applicability of this model, three additional examples will 
be solved. All case studies are real with actual results provided. However, some of the input parameters 
required to duplicate the calculations have been omitted so that the true operational availability of the 
discussed fleets is not revealed. 


3.0 OPERATIONAL AVAILABILITY EXAMPLES 


3.1 Case 1 
Case 1 provides an example of how aircraft utilization impacts availability. The Canadian Air Force uses 
Lockheed Hercules (C-130) as their primary air transport vehicle. Two of the operational bases that operated 
this aircraft type in 1993 were 8 Wing Trenton, Ontario and 18 Wing Edmonton, Alberta. Given that these two 
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bases have similar roles and maintenance practices, one would expect them to have comparable steady state 
operational availabilities. In fact, this is not the case: the observed Ao at these two bases is consistently 
dissimilar. Prior to the research associated with the development of an Ao model, a persistent difference 
between bases was attributed to other factors, like better maintenance practices of one base over the other. 
However, this is incorrect. Trenton’s aircraft utilization from Apr 93 to Mar 94 was approximately 250 flying 
hours per aircraft higher than Edmonton’s utilization. Using the methodology given in this paper and each 
base’s aircraft utilization as input parameters, it was found that there should be a steady state difference in Ao 
of approximately 10%. What in the past was viewed as a problem, should instead be accepted as normal, 
based on the differences in aircraft utilization. 


The fact that availability is a linear function of utilization is intuitive. If an aircraft is not flown, then the 
expected availability should be 100%, and conversely the more an aircraft is used, the lower the anticipated 
availability.  


3.2 Case 2 
Case 2 provides an example of how differences in aircraft reliability can impact availability. The F-18 Hornet 
is used as a fighter aircraft by the Canadian Air Force. One of the operational units which operate this aircraft 
identified a possible problem with the level of effort required to maintain the initial production lot (Lot 5) of 
aircraft received by the Canadian military from McDonnel Douglas. Analysis of in-service data confirmed the 
concern raised by the operational squadron. The maintenance person hours per flying hour (MPH/FH) for Lot 
5 F-18 aircraft was statistically higher than the rest of the fleet (10.2 vs 6.1 MPH/FH). This difference in 
maintenance burden is attributable to a reliability cause factor. The reliability difference can be seen by a 
comparison of MTBDE parameters. Lot 5’s MTBDE is 2.8 flying hours and the MTBDE for non-Lot 5 
aircraft is 3.6 flying hours. 


The impact of this difference in aircraft reliability on availability can be predicted using the model discussed 
in this paper. Assuming all other parameters are the same across all aircraft lots, then the difference in aircraft 
reliability will result in an availability difference of approximately 8% based on current utilization levels. This 
information is critical to the decision making process because the impact of no change can be quantified and 
used in a cost benefit analysis.  


3.3 Case 3 
Case 3 provides an example of how changes in a scheduled inspection program can be translated into 
availability. The Canadian Air Force operates the Sea King helicopter (CH124) as its primary naval support 
aircraft. One of the activities undertaken by the Air Force in support of this fleet is scheduled inspection 
rationalization. Using the Ao model the impact of changes in inspection schedule can be quickly quantified. 
Consider the CH124 which has just undergone a change in periodic inspection frequency, from 400 to 500 
flying hours. This change in frequency was input into the model, with the resulting improvement in steady 
state operational availability predicted at 4.5%.  


What is interesting in this example is that when inspection intervals are projected beyond 500 flying hours as 
shown in Figure 2, the marginal benefits gained in operational availability decrease as the inspection interval 
increases. To illustrate this, consider the fact that the cumulative improvement in operational availability from 
changing the inspection interval from 200 hours to 500 hours is approximately 30%. A further 300 hour 
increase to 800 hours only results in a predicted cumulative improvement of 10%. This means that availability 
as a function of increasing periodic inspection interval is asymptotic to some limiting steady state availability 
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value. The difference between this limiting availability and 100%, is the level of unavailability attributable to 
all other parameters in the model. This is important since any decision to increase the inspection interval 
beyond 500 hours should not be based on potential improvements in availability, but instead on reductions in 
maintenance costs.  


 


Figure 2: Improvement of operational availability with increased  
inspection frequency (CH-124 Sea King helicopter). 


4.0 FINAL DISCUSSION 


This paper has illustrated an application of using in-service maintenance data to construct a risk analysis 
availability model. This analysis capability can be of significant value in predicting availability and 
performing impact assessment on those parameters, which affect availability. The discussion provided shows 
that there are alternative approaches to modeling availability, however, the methodology used here allows for 
the separation of scheduled and unscheduled maintenance parameters within a single availability model. There 
is no reason why this approach can not be used by other industries to analyze in-service availability. 


The final test for this model will be in its acceptance throughout the Canadian Air Force as a valid and 
effective analysis tool. An interactive risk analysis tool has been programmed in PASCAL which will provide 
for Ao risk analysis sessions for all current Canadian Air Force fleets. At this time, the program is in the Beta 
test stage awaiting endorsement from the Air Force aerospace engineering community. 
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ABSTRACT 


The motivation to invest continued effort into the subject of aircraft availability springs from the following: 


a) Resources for new acquisitions are steadily falling; 


b) Cost of maintaining legacy systems are ever-increasing, yet they will need to be retained for periods 
well past their originally envisioned lives; and  


c) Combat readiness, based on recent experience, is looming as a big issue for military establishments in 
many countries. 


To a military commander, safety, reliability and combat readiness of his high-value assets are of prime 
importance. The same is largely true in the civilian sectors. As a result, one has to err on the conservative 
side, but the dilemma is that conservatism needs to be well quantified because undue conservatism is wasteful 
and insufficient conservatism could be fatal. Moreover, early diagnosis of impending failures assists the 
commander in effective resource management by making possible forestalling actions. To achieve such an 
objective, three extremely difficult problems need solution:  


a) Diagnostic systems must keep false calls, both positive and negative, to an absolute minimum, for 
otherwise the costs of maintenance and the fearsome prospect of non-availability of assets when 
needed will escalate exponentially. 


b) Data documenting malfunctions and defects will need to be gathered for prognosticating the state of 
health of the system through robust statistical approaches, yet the data gathering requirements cannot 
be burdensome.  


c) Certain modes of failures in aging systems may not be amenable to prognostication through diagnosis 
and health monitoring; hence they need to be defended against through innovative design strategies.  


Efficient gathering of in-service data is of course a prerequisite to achieve the objectives. However, data 
gathered in the absence of agreement by the design and manufacturing, operator, and maintenance communities 
as to what data elements need to gathered and archived, and how exactly the data are going to be used has 
always been the bane of such efforts. Thus, data gathering efforts must have the following attributes: timeliness, 
high integrity, standards, security, and, above all, they should not become an unbearable burden to the 
maintenance community whose duty it is to also keep downtime to an absolute minimum. In the same context, 
consideration of new technology for data collection, archival, and retrieval may be useful. 
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The topical areas that will be addressed in this paper are: 


• Design improvement to provide better reliability and maintainability; 


• Maintenance Strategies and Maintenance Concepts; and 


• Data evaluation, data assessment and economic decision support. 


All three areas will discuss in the context of means to reduce life cycle cost and improvement of availability. 


1.0 INTRODUCTION 


Military operators require high levels of mission effectiveness and supportability to ensure that all scheduled 
missions can be successfully completed. The emphasis must be on safe and reliable aircraft operation under all 
environmental conditions and with minimal logistic support resources. To achieve this goal tremendous effort 
has been spent to improve the design for better maintainability and reliability. However, in service experience 
shows that operational interruptions due to unscheduled maintenance remains a dominant factor during 
operations and that there are deficiencies in aircraft diagnostics in particular when we are talking about fault 
isolation capabilities.  


To fulfil current and future defence requirements we have to offer a maintainable design combined with 
integrated support solutions. 


The scope of the paper is to provide an overview about maintenance strategies and methods to be used to 
ensure high level of supportability and maintainability. The second part of the paper will discuss the 
Integrated Logistic Support methods and tools to be used in design and product support. The last part is 
focused on information services including diagnostic and health management as the most promising 
technology to improve aircraft and fleet availability and to reduce life cycle cost.  


The content of the paper is prepared according to the guideline of the workshop. In this context the paper is 
designed to provide an overview and background information rather than a full understanding of the 
complexity of aircraft availability management. 


1.1 Definitions 
The definitions in this chapter originate from the European Standard EN 13306 [1], unless otherwise 
indicated. This standard was approved by the CEN in 2001. CEN is the European Committee for 
Standardization, which was founded in 1961. Cf. [CEN01], [I-CEN05]. 


Maintenance is understood as the “combination of all technical, administrative and managerial actions during 
the life cycle of an item intended to retain it in, or restore it to, a state in which it can perform the required 
function.” As this definition clearly shows, maintenance is a cross-sectional responsibility.  


1.2 Technical Aspects  
Technical aspects of maintenance must be considered in all phases of an items life cycle. During conception 
and construction phases engineers have to keep maintainability in mind, which is the “ability of an item under 
given conditions of use, to be retained in, or restored to, a state in which it can reform a required function, 
when maintenance is performed under given conditions and using stated procedures and resources.” 
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The desired reliability, the “ability ... to perform a required function under given conditions for a given time 
interval”, as well as the durability, the “ability ... to perform a required function under given conditions of use 
and maintenance, until a limiting state is reached” also have to be taken into account. 


If an item should be relevant to the safety of a system, redundancies, either active (i.e. all items performing 
the same function operate simultaneously), or standby redundancies (i.e. one part operates, the others remain 
inoperative until needed) will have to be planned. 


A helpful tool at this stage of the planning process can be Failure Mode and Effect Analysis (FMEA), a 
technique that tries to predict causes and effects of failures. The knowledge of failure behaviour is essential. 
While the item is in operation, failure can occur as wear-out-failure, whose “probability of occurrence 
increases with the operating time or the number of operations ... or ... applied stress”, as well as ageing failure, 
whose “probability of occurrence increases with the passage of time.” Failure can also be random.  


If information regarding failure behaviour is not available it can be obtained by a variety of testing methods, 
e.g. accelerated life cycle tests. Since failure behaviour is hardly ever deterministic, it is often modelled using 
statistical distributions. 


1.3 Administrative Aspects 
The administrative aspects of maintenance are extensive. They extend from strategic decisions (e.g. 
organisational structure of maintenance operations) down to operative decisions (e.g. which documentation of 
maintenance activities to use). Since this sub area is not of focal interest to this paper, it will not be discussed 
at this point. 


1.4 Managerial Aspects 
 [CEN01] defines Maintenance Management as “all activities of the management that determine the 
maintenance objectives, strategies, and responsibilities and implement them by means such as maintenance 
planning, maintenance control and supervision, improvement of methods in the organization including 
economical aspects.” 


This definition involves all levels of an organization, and stresses once again the cross-sectional character of 
maintenance.  


Figure 1 illustrates some of the other organisational units that interact with maintenance. While CEN’s 
definition does not directly mention legal aspects, those may not be forgotten, and can constitute restrictions, 
as far as maintenance intervals or replacement policies are concerned. 
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Figure 1: Interfaces of Maintenance. 


2.0 UNDERSTANDING OF ENHANCED AVAILABILITY 
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Figure 2: Optimization throughout the Life Cycle. 


Each operator is looking for a high utilization rate of the aircraft or fleet which means less downtime due to 
scheduled maintenance or to minimize operational interruptions due to unscheduled maintenance. These 
operational requirements are a trade off in the design to maintainability and high reliability to affordable life 
cycle costs. 


Because it is so important to understand the requirements of enhanced availability the following chapter will 
try to explain the terms Higher Utilization, Reduce Operational Interruptions and Life Cycle Cost in more 
detail. 


Higher Utilization:  maximize the time where the product can be operated. 


The related challenges can be grouped as follows: 


• Scheduled maintenance should be reduced and optimizes as per aircraft usage. 
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 Generally there are different levels of effort imaginable to realise a Usage Monitoring. Low effort 
on Usage Monitoring results in low costs but a high loss of Remaining Useful Life [RUL]. The 
benefit of high effort is the maximum exploitation of RUL but at the same time the costs for 
Usage Monitoring System are higher. Increasing investments for developing and producing a new 
WS have promoted the tendency to extend the in-serve time of existing WS. The initially planned 
in-service time is ensured by the experiences of a fatigue test, which is initiated in the design 
phase. When extending the in-service time the experience of operational usage, which might 
differ from the assumptions made in the design phase, becomes more and more important. 
Changing boundary conditions, such as modified parameters of operational usage and 
modifications of the Weapon System itself, require high accuracy in evaluating individual 
operational usage. 


• More flexibility should be provided for maintenance planning and management. 


 This relates strongly to the maintenance strategies to be selected to ensure high utilization. Trends 
are showing an increase application of condition based maintenance, predictive based 
maintenance and maintenance free operating periods, thanks to new technologies e.g. health 
management capabilities new concepts are becoming mature for operations. 


• Precise decision making based on reliable aircraft and fleet information.  


 Integrated maintenance information systems are key enabler to acquire, process, and distribute the 
information across all maintenance related processes to support a better and reliable decision 
making.  


Reduce Operational Interruptions:  Improve Mission Reliability. 


The related challenges can be grouped as follows: 


• Assessment of failures & damages should be as fast as possible. 


• Improved trouble shooting capabilities rely on improved diagnostic to isolate the failure and link the 
maintenance action to the relevant maintenance procedure.  


• Unscheduled maintenance actions should be avoided during Turn Around Times. 


• Reduce Operation and Support Costs. 
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Figure 3: Current Cost Breakdown of Product Support in the Development Phase. 


The following conclusion can be determined from Figure 4. The Customer spends for the Acquisition 
(Research & Development Phase + Production Phase) 40% of the total Life Cycle Cost of the acquired 
Weapon System. The rest 60% of the cost occur in the Operation and Support Phase. But it is exactly during 
the Research & Development Phase, when these costs are being fixed, by determining the reliability and 
maintainability which are mandatory to the Operation & Support cost. 


 


Figure 4: Opportunity (early impact of decisions of LCC) to reduce cost as per Phases. 


It is obvious that the customer wants not only to acquire the best performance for its weapon System, but the 
optimum balance between performance & supportability (which will determine the availability of the Weapon 
System). 


A Cost Efficient System depends on the efficiency of the Weapon System and what this Efficient System 
costs in its entire Life Cycle.  
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Figure 5: Cost Efficiency. 


Not seeing the Operating & Support Cost in its real cost relevance is for sure the responsibility of poor 
management that will be surprised by high Operation & Support costs, and a reduced availability of the 
Weapon System what will lead to a System that may have great performance, but low availability that at least 
will lead to an inefficient system, that also is not cost efficient.  


3.0  MAINTENANCE STRATEGIES 


3.1  Maintenance Strategy Planning 
Maintenance strategy planning (MSP) cannot be discussed detached from investment planning. By 
determining which items to procure and determining the operating time, it sets the basic parameters for MSP. 
The economic life time is determined by investment policies. In most cases it is be possible to prolong the life 
of an item by maintenance measures, but technological progress or legal restrictions (often environmental) 
render the item obsolete. Also, it may be more cost-effective to replace an item, as compared to successively 
replacing many parts of that item. On the other hand, it would be too costly to replace an item each time a 
failure occurs. A proposed compromise is the classification of failures into two categories:  


• Failures, that are so grave they raise the question of whether to replace the item by a new one. 


• Failures, that are corrected by maintenance means. 


MSP then encompasses all preventive and corrective maintenance activities, whose costs do not exceed the 
costs of a replacement item. To identify a useful maintenance strategy, STRAUSS proposes a mathematical 
model [2] that sufficiently represents the actual item to be maintained. He first differentiates economical and 
technical characteristics of the item. This is done for three reasons: 


• Wear will at first result in a change of the actual technical state of the item. 


• This change in the technical state may lead to a change in an item’s economic properties. 


• Only if these correlations are properly understood and modelled is it possible to determine 
economically reasonable technical maintenance activities. 


Then, meaningful condition features are developed, which allow to distinguish different conditions (both 
economic and technical). In the proposed model, these condition features are expressed by vectors. Technical 
vectors are matched to economic vectors, to describe the influence of one on the other. Wear is modelled 
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using statistical functions since it is assumed that in most cases the technical state of an item is not directly 
observable. Maintenance activities are represented by altering the relevant elements of the concerned vectors.  


ROKOHL [2] takes a slightly different perspective. He presents the investment process as a rotation process of 
investing, de-investing and reinvesting. The maintenance process is seen to be starting with investing, and 
ending with de-investing. During the reinvestment phase, when assets generate capital flow, maintenance 
compensates for an items decrease in value caused by wear. The consideration of maintenance aspects during 
the procurement process and the determination of the optimum point of time to replace an item are 
responsibilities of maintenance managers. 


According to ROKOHL, maintenance and investment are alike in two characteristics: investment, as well as 
maintenance activities, commit capital and share a renewal characteristic.  


The actual maintenance strategy planning process is subdivided into four phases: Inducement, Selection, 
Optimization and Supervision: 


• Inducement: Planning and execution of maintenance activities are induced by an item’s diminishing 
value, caused by wear or aging. Information is gathered, to facilitate an exact formulation of the 
planning problem at hand. Appraisal factors, as well as precise formulation of objectives, are 
established. 


• Selection (Finding and evaluating): All suitable strategies are considered. Using the established 
appraisal factors, the number of possible strategies is reduced, leaving only the most promising ones. 


• Optimization: This phase is largely determined by the choice of optimization method. Because of the 
complexity of the planning problem at hand, strictly mathematical analysis is seldom feasible. 
ROKOHL suggests the use of operations research methods and simulation. 


• Supervision: Actual states and planned states on an item are matched. Deviations are analyzed, and 
results are used to improve strategies by starting a next round of strategy planning. Often cost-benefit 
analysis is put to use. 


Regardless of which approach is put to use: the result of maintenance strategy planning activities will be a 
decision in favour of a specific maintenance strategy that, given an organisation’s current circumstances, 
seems optimal. 


In the following, possible maintenance types and strategies will be presented. 


3.2 Classifications 
Maintenance Strategies have to entail instructions concerning three questions: 


• Maintenance Type. 


• Point in time, at which maintenance activities are to be carried out. 


• Extent, to which maintenance activities are to be carried out. 


STURM discusses three maintenance strategy types: 


• Damage Based Maintenance is a failure strategy. No preventive maintenance activities are carried out 
(As a result, the point in time of maintenance activities is random). An item’s failure usually results in 
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down time for a larger system. Therefore, a quick decision has to be taken, whether an item is to be 
repaired completely (i.e. after the correction the item’s conditions equals that of a new item), or to be 
repaired by a minimum amount (i.e. item is able to carry out required function for a limited period of 
time). Damage Based Maintenance uses up the entire wear reserve, which is advantageous. On the 
other hand, it is nearly impossible to plan and coordinate maintenance activities. Also, consequential 
damage may occur in connected items.  


• Time Based Maintenance is planned and preventive. Maintenance is carried out after fixed time 
intervals TN. Should a failure occur, only minimum repairs are carried out. Alternatively, the 
previously planned maintenance activities are carried out, and a new maintenance cycle is started 
(This may not be possible for certain items, whose maintenance schedules are determined by external 
factors, such as seasons). This maintenance approach allows for very good planning and high 
reliability. Unfortunately, only part of the wear reserve is used, and partly unnecessary measures are 
costly. 


• Condition Based Maintenance tries to combine the advantages of the two previous approaches. All 
available methods are used to obtain information to determine the technical state of an item (These 
may include, among others, inspections, monitoring and compliance tests. This is done at regular 
intervals or online). Results are compared to desired states, and decisions are made, if maintenance is 
necessary or not. In conclusion this enables the user to maximize the use of the wear reserve, while 
maintaining a high reliability. Still, knowledge of the technical state may be faulty due to ineffective 
or inaccurate indicators.  


The expense that accompanies the detection of these actual conditions is largely influenced by the type of 
detection used. Subjective detection, which relies on human senses, generally uses little time and is not very 
cost-intensive. One detriment, however, is the dependency of results on the inspector’s experience. 


Objective detection, which uses instruments to measure values or parameters, is independent of this 
experience, but costs may be considerably higher. If continuous detection is needed, inspection devices will 
have to be fixed to the item that has to be inspected. Measured values can be input into a diagnosis system that 
can ensure a high reliability of monitoring. Discontinuous detection will frequently require the inspected item 
to be off-line. As compared to continuous condition detection, more maintenance personnel is needed. 


Once values and parameters have been obtained, an item’s condition has to be evaluated. In a simple 
approach, the item may be deemed “operative” (i.e. no further maintenance measures are necessary) or 
“inoperative” (i.e. corrective maintenance has to be carried out). In a superior approach, the remaining wear 
reserve is predicted. To do so, the given condition feature, the limiting value as well as the rate of change are 
used to extrapolate the remaining service life. 
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Figure 6: Maintenance Strategies and Concepts. 


Preventive Maintenance is performed before an item reaches a disabled state or fails. This can be done based 
on an item’s condition (Condition Based Maintenance), or in accordance with established intervals of time or 
established number of operating cycles, without previous condition investigation (Predetermined 
Maintenance). 


Corrective Maintenance is carried out after a fault has been observed, and intends to put an item back into a 
state, in which it can perform the desired function. This can be done right away (Immediate), or it can be 
delayed until a later point in time (Deferred). Predictive Maintenance, which is Condition Based Maintenance 
that derives a forecast of an item’s degradation from the analysis of significant parameters. 


Strictly Periodic Maintenance Strategies dictate preventive complete maintenance after a fixed operating time 
τp since last preventive maintenance measures. Thus, there are fixed dates for maintenance activities. Should 
a failure occur, minimum or complete repairs are carried out. 


Flexibly Periodic Maintenance Strategies plan prophylactic complete maintenance after reaching a certain up 
time τp since the last preventive or corrective (complete) maintenance. If an item fails, it is restored to its 
original state. Then a decision is made, if the next maintenance date is to be scheduled (τp) after the last 
prophylactic or corrective maintenance activity. 


Diagnostics Strategies use preventive diagnostics and maintenance activities depending on these diagnostic 
findings. Diagnostic activities may be periodic or continuous. Prophylactic maintenance is carried out after 
reaching a certain up time τp since the last preventive or corrective (complete) maintenance. Consequently 
dates are fixed, but the extend of may depend upon the diagnostics findings.  
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Figure 7: Maintenance strategy types. 


Table 1: Nomenclature of Figure 5. 


Type of preventive measures  Extend of regeneration  Type of diagnostics 


S strictly periodic C complete  P Periodic 


F flexibly periodic M minimum C Continuous 


N no preventive measures  - no diagnostics 
 


All of the above mentioned strategies are useful, given the right circumstances. This far, maintenance types 
and strategies have been presented. To put these to use effectively, comprehensive concepts have to be found 
to incorporate all useful strategies.  


3.3 Reliability Centred Maintenance (RCM) 
Reliability Centred Maintenance is one of the most recent maintenance programs. Figure 8 illustrates the 
maintenance strategies it tries to optimally combine.  
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Figure 8: Components of an RCM Program. 


RCM was first introduced in 1978. It tried to compensate the major shortcoming of Preventive 
Maintenance(PM): two of the basic assumptions of Preventive Maintenance had been proven false for a 
majority of equipment: there was no strong correlation between age and failure rate, and statistical modeling 
of failure behaviour was imperfect in most cases. 


The principles of RCM were first put to use by industries that cannot afford failures, like aircraft, space and 
defense. This imperative leads to four key objectives of RCM:  


• Inherent safety and reliability levels of equipment have to be ensured, to protect users (and customers). 


• When deterioration occurs, equipment has to be restored to these inherent levels by maintenance 
activities. 


• Should the inherent reliability prove inadequate, information has to be gathered to enable design 
improvements. 


• All this has to be done at minimum total cost, i.e. maintenance costs and economic consequences of a 
failure have to be taken into account. 


The approach to the installation of a RCM program requires an analysis that takes five major steps:  


• Step 1. System and system boundaries have to be identified, incorporating resources and constraints. 


• Step 2. Sub-systems and their components are identified to the required level. 


• Step 3. Functions of components are examined (primary vs. support, continuous vs. intermittent). 


• Step 4. Failure and failure modes are defined (hidden failures, potential failures). 


• Step 5. Consequences of these failures are identified, focussing of safety, availability and cost. 


It is easy to see that these steps will impact on all the phases of any equipment’s life cycle. To achieve and 
maintain a high level of reliability, RCM utilizes three types of maintenance tasks: 


• Time-directed tasks (PM), which are scheduled. 


• Condition-directed tasks (PdM), which are performed when needed. 
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• Failure-finding tasks (part of Proactive Maintenance), which try to find failed hidden functions. 


If none of these tasks are applied, which may be the case if maintenance activities cannot prevent failure, Run-
to-Failure is chosen, a thinkable option for certain equipment. Maintenance tasks are only applied of they aid 
in preventing failures or lessen failure consequences. If this is not possible, the design limitations have to be 
acknowledged. 


At this time, the four components - Reactive, Preventive, Predictive and Proactive Maintenance of RCM are 
inspected. 


Reactive Maintenance only dictates maintenance activities only after a functional failure occurred. It is also 
referred to as Run-to-Failure (RTF) or fix-when-fail maintenance. This technique should only be applied for 
small, non-critical or redundant parts. Also, a high percentage of unscheduled maintenance activities and high 
spare part inventories have to be accepted. 


Preventive Maintenance, also called time-driven or interval-based maintenance, relies on a regular schedule to 
inspect, clean replace or repair parts. For this technique, it is consequential that the failure characteristics of 
the maintained system are known. This knowledge may derive from two sources, either from experience or 
from failure distribution statistics. In both cases inspection intervals should become shorter as the anticipated 
failure draws nearer.  


If there is no information concerning the failure characteristics, a so-called conservative approach can be used, 
where equipment is monitored weekly, biweekly or monthly, which in most cases is excessive. 


As mentioned before, a PM approach should only be used for parts that are subjected to wear, and to parts 
whose failure patterns are known. For some parts a Weibull distribution can be used to model that failure 
behaviour. That these failure patterns do not apply to other equipment does not mean that said equipment does 
not age or is not subjected to wear. But it does mean that failure behaviour is not significantly determined by 
age. In those cases, PM should not be used. 


Predictive Testing & Inspection (PT&I) uses information about an item’s condition to schedule maintenance. 
It is also labelled Predictive Maintenance or Condition Monitoring. This information can be gathered using a 
range of non-intrusive testing techniques and performance metrics of the equipment. The data has to be 
analyzed, which may be done through trend analysis, pattern recognition or correlation of multiple 
technologies. 


By continuously monitoring a system’s condition, it is possible schedule and coordinate maintenance tasks 
before failure occurs. Since not all components qualify for condition monitoring, it is futile to use PT&I as the 
only maintenance technique. 


Proactive Maintenance is a new technique. Its ultimate goal is to fix equipment forever, or in other words, to 
make maintenance unnecessary. To do so, it uses several techniques, which will briefly be presented: 


• In a first step, maintenance and maintainability are accounted for when purchasing new equipment. 
Thus, specifications for new or rebuilt equipment will contain requirements for capabilities to easily 
obtain condition data while the system is operating (on-line monitoring). In addition, failure histories 
of equipment families are documented and used, along with LCC).  


• Should a failure occur, the cause of the failure is determined Root-Cause Failure Analysis(RCFA), to 
avoid fixing just the symptoms of a malfunction. Instead, emphasis is placed on determining the cause 
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of the problem as quickly as possible whilst keeping in mind economical aspects. Then the cause of 
the problem is corrected. The whole process is documented, to help avoiding this failure cause in the 
future. RCFA is an essential module of the “fix forever” mentality. 


• In some cases it will be necessary to replace a component with a new, superior component. Then, 
Reliability Engineering is used to redesign, modify or improve the existing component. The extent of 
this redesign may vary, from using new materials to the construction of an entirely different 
engineering solution to a given problem. 


• Reliability calculations are proposed. Mean Time Between Failures (MTBF), failure rate and 
availability should be available to maintenance and operations staff. 


Many elements of RCM only became possible in the last decade, through the higher availability of cheap and 
reliable information technology. As technical progress in sensors and engineering sciences continues, RCM 
will continue to increase in effectiveness and, ultimately, in importance for organizations. 


3.4 Availability Centred Maintenance (ACM) 
Availability Centred Maintenance ACM is a further development of Reliability Centred Maintenance (RCM). 
It was introduced by GE Power to take into account some of the deeper Customer – Manufacturer 
relationships that had evolved. 


Manufacturers no longer simply supply products, but rather offer closed service packages. In these 
Contractual Service Agreements (CSA), the manufacturer will generally guarantee a certain availability of an 
asset. In that case the responsibility for maintaining the item lies with the manufacturer. It is not uncommon to 
outsource maintenance activities. In consequence, maintenance becomes “a three person game that is 
extremely difficult to manage. Availability can be seen not as result on three parameters; maintainability, 
reliability and logistics. But availability can also be seen as the criterion through which the best combination 
of maintainability, reliability and logistics can be determined. 


The following seven steps in the ACM procedure are proposed: 


• Analysis of the Process & Instrumentation Diagram and equipment specifications. 


• Analysis of the operating conditions. 


• Collection of reliability data for the equipment. 


• Analysis of reliability data for the equipment. 


• Definition of the maintenance tasks relating to the equipment. 


• Random simulation of risks and ranking of Availability Importance (AI) of each component. 


• Definition of optimum spare parts list and location to achieve the required level of availability. 


4.0 INTEGRATED LOGISTICS SUPPORT (ILS) 


4.1  General 
The prime mission of the Air Forces is the defence of their Nations. The ability to achieve this mission is 
directly related to Availability to Air Force Systems. Air Force Systems must be operational, available at any 
time a mission demand occurs. 
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The Availability of an Aircraft System is dependant upon Reliability (or the probability that the system will 
continue to operate and complete a specific mission, Reliability is an Aircraft Up-Time measure) and the 
Maintainability (or the ability to shorter the Downtime for maintenance and repair).  


An important part of the Acquisition Phase (Development and Production) is the planning, programming, 
development, acquisition, and delivery of the support resources to ensure the supportability and readiness of 
an Aircraft weapon system. The ILS is the management and technical process that provides integration of all 
phases of supportability. 


It is obvious that Logistic Support problems can limit an Aircraft’s availability. Air Forces carefully monitor 
statistics on those Systems which are not operationally ready, because of maintenance or supplying 
difficulties.  


They recognize the importance of having the Planning, Maintenance Data, Spares parts, Technical 
Publications, Test Equipment, and trained Personnel etc necessary to maintain the Aircraft properly. This 
reduces the resulting maintenance Downtime and increases the Availability.  


Integrated Logistic Support (ILS) ProcessIntegrated Logistic Support (ILS) Process


Development Process (Structure, System, S/W, Equipment)


Support Engineering (Supportability) Process


Optimization


Specification Development Qualification


Specification Analysis Verification


Input


Input


Optimization Input


Optimization


Support Strategy Logistic Support
Analysis (LSA)


Support
Resources


 


Figure 9: Integrated Logistic Support. 


The ILS is defined as a unified and iterative approach to the management and technical activities needed to: 


• Influence operational and materiel requirements, system specifications, and ultimate design or 
selection (in the case of commercial and NDI (Non Developmental Items). 


• Define the support requirements best related to system design and to each other. 


• Develop and acquire the required support. 


• Provide required operational phase support for best value. 


• Seek performance, readiness and LCC improvements during all phases of the Program in order to 
meet requirements. 


• Repeatedly examine support requirements throughout the in-service life of the System. 
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The ILS is the management process to facilitate development and integration of the individual support 
elements to design and development (or acquire), produce and support Systems. The ILS considerations are 
addressed early in the Pre-Development and the Development Phases and continue in varying degrees 
throughout the entire Life Cycle of the system.  


Logistic Support must receive proper emphasis and effort during the planning and design of Air A/C weapon 
systems. It is crucial that Reliability and Maintainability constraints be considered during the design process. 
In view of this Logistic Support requirement and Analysis must be applied during the System Engineering 
process, to bring together (integrated) Design / Development and Logistic Support concepts, and as a 
consequence application of the Integrated Logistics Support concept, since the early Phases of a Programme. 
The objective: a Design that is supportable instead of supporting a determined Design. The result: a Weapon 
System that is designed for Supportability and ready to meet mission requirements.  


Additionally to the Design Interface, the Support System also includes Planning, Maintenance /Support 
Analysis and Data, Spares parts ,Handling ,Storage and Transportation, Technical Publications, Test 
Equipment, trained Personnel, Training Equipment, Facilities etc . All of these logistic areas are referred to as 
Integrated Logistics Support Element (I.L.S.E.) and must be managed throughout the Life Cycle of the 
aircraft. The Life cycle of an A/C system includes system Design and Development, Production and 
Deployment, Operation and Support. Generally speaking 60 to 70% of Life Cycle costs are spent in Operation 
and Support. For every 1€ cost spent in acquiring an Aircraft system, approximately 2 times equivalent cost 
are spent in Logistic Support. In view of the tremendous support costs, Reliability, Maintainability, Logistics 
Supportability must be designed into the weapons system. More specifically, at the time weapon systems are 
being designed, attention must be given to supportability impacts of the design. Further, the support 
requirements are developed simultaneously with the A/C system. As Reliability is designed into a weapons 
system fewer spares, repair parts, facilities and technical manuals will be required. Incorporating 
consideration for maintainability into the design, such as standardization and interchange ability of parts, 
accessibility and simplicity reduces the number of personnel and the level of skills required to carry out 
maintenance. 


Note:
The shown processes are of iterative character
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Figure 10: Logistic Support Analysis (LSA) Process. 
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The basic elements of ILS are: 


• Design influence and integration, to include logistic-related Reliability, Availability, and 
Maintainability/Testability (RAM). 


 The ILS process is concerned with Design influence, mainly in Reliability and 
Maintainability/Testability characteristics (to reduce Operating and Support costs and simplify 
equipment operation and maintenance) and design, development, testing, and acquisition of the 
items of support (to assure satisfactory operation and readiness of the system/item).The degree of 
effectiveness of ILS in terms of design influence dictates to a large extent the demand placed on 
support requirements. 


• Elements of support: 


 010-ILS Management / Support Planning. 


 020-LSA / SAS (Logistics Support Analysis / Software Support Analysis Hardware and Software) 
Maintenance Planning. 


 030-Material Support, including Packaging, Handling and Storage. 


 040-Technical Publications. 


 050-Aerospace Ground Equipment. 


 060-Personnel Training. 


 070-GTAs Ground Training Aids and Training Equipment. 


 080-Facilities. 


 090-CETS / FSRs Contractor Engineering Technical Support /Field Service Representatives. 


 100 Air / Mission Crew Training Aids (Simulators). 


4.2  Logistics Support Analysis  
Logistic Support Analysis or LSA is an analytical-engineering process. When LSA has been performed, the 
mission equipment is designed to be supportable at the least LCC. Industry and Customer Program Managers 
are responsible for assuring that all Weapon Systems designed developed and produced (or procured from 
Suppliers) are logistically supportable. Therefore, if system design is to be influenced for supportability and 
logistic support resources are to be identified in the Acquisition process. The objectives of LSA are twofold: 


• To influence system design for supportability; and 


• To identify the logistic support requirements. 


First, impacts on system supportability are identified based on system design characteristics. LSA gives the 
Program Manager the opportunity to influence system design to accommodate specific logistics requirements. 


For example, a system can be designed to be maintained by a high level technician with 5 common hand tools 
within 2 hours in existing facilities and with common support equipment. The 2nd LSA objective is to identify 
the ILS Requirements associated with the system design as the mission equipment is developed, operation and 
maintenance tasks required to support the system are being identified. In addition to the tasks themselves, the 
data for Spares, Technical Publications, AGE Training (manpower, skill levels), and Facilities etc. are 
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identified that are necessary to carry out those tasks. Thus, LSA is a structured way to get the designer to 
consider the supportability impacts of his design and also requires the designer to identify and document those 
Logistics Support requirements needed to support the design. 


LSA is a support engineering process. LSA is regulated by 2 military standards: Mil Standard 1388-1A and 
Mil Standard 1388-2A/2B. The requirements in both Mil Standards are applicable throughout all phases of the 
System Life Cycle. LSA starts in the conceptual phase of the system acquisition cycle, where various ideas are 
being tested and demonstrated to prove, whether or not, they meet Air Force needs. LSA considers the support 
concepts needed to keep the systems operational. In addition, LSA applies to all Defence acquisition 
programs, which includes aircraft, missiles and equipment, and systems going into space.  


LSA applies to these systems within the Definition Design and Development, Production and Operation and 
Support.  


LSA also applies to modification programs on existing systems. Mil Standard 1388-1A describes the 15 LSA 
tasks, its goal is to present a single uniform approach to causing support requirements to be integrated with 
system requirements and design Mil Standard 1388 1A , as it is called, is a tasking document which is 
comprised of scientific and engineering tasks which, when performed in a logical and iterative nature, 
comprise the LSA process. The data generated as a result of performing LSA tasks is called LSA 
documentation.  


5.0 INTEGRATED MONITORING AND RECORDING SYSTEM 


The general aim of monitoring a system is the prediction of the remaining useful life and the determination of 
maintenance action according to economic constrains. Since especially military aircraft are exposed to a wide 
range of usage, the condition state is one of the substantially limiting factors for the in-service life time. 
Generally there are different levels of effort imaginable to realise a Usage Monitoring. Low effort on Usage 
Monitoring results in low costs but a high loss of remaining useful life. In this case high scatter factors have to 
be applied. The benefit of high effort is the maximum exploitation of the remaining useful life but at the same 
time the costs for usage monitoring system are higher.  


Increasing investments for developing and producing a new WS have promoted the tendency to determine 
more accurately the system or component usage and allowing nowadays to implement a more flexible 
maintenance policy or to enable the customization of maintenance programmes based on accurate condition 
monitoring capabilities. The presence and effectiveness of Condition-Based Maintenance (CBM) systems is 
growing rapidly under market demand for minimum Life Cycle Costs, ever increasing data processing and 
storage capability, and widespread implementation of network technology. Life Cycle Costs can be reduced 
and aircraft fleet availability can be improved through implementation of health monitoring technologies, 
optimal maintenance practices and continuous design improvement. 


The Eurofighter Typhoon aircraft consist of an Integrated Monitoring and Recording System IIMRS) software 
fitted to each Eurofighter (see Figure 11). The IMRS forms an integral part of the Avionics suite on 
Eurofighter. Its main functions are:  


• Structural Health Monitoring facility. 


• Mission data loading facility. 


• Video voice recording facility. 
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• Mission data recording facility. 
• Crash recording facility. 
• Maintenance data loading facility. 
• Limited configuration checking facility. 
• Maintenance data recording facility. 
• Special study recording facility. 
• Warnings handling facility. 
• IBIT handling facility. 
• Recording of consumables information facility. 
• Erasure of secure data facility. 


 


Figure 11: SHM and integral part of the Integrated Monitoring and Recording System Eurofighter. 


Maintenance Data Panel  


The Maintenance Data Panel (MDP) is a fixed on-aircraft piece of equipment that displays information to the 
support personnel allowing them to query on-aircraft systems data. SHM details available on the MDP show 
the total life consumed by each SHM monitored location and information on SHM event messages that may 
have occurred on the previous sortie.  


Portable Maintenance Data Store  


The Portable Maintenance Data Store (PMDS) is a solid state memory device approximately the same size as 
a cigarette packet (»100*60*25 mm). The PMDS is used to transfer SHM, engine and maintenance data to and 
from the aircraft.  


As a consequence of rapidly growing network capabilities also the on ground segment is being a part of the 
aircraft’s integrity certification process, concepts and initiatives have emerged that are intended to handle the 
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data flow on ground as well as the follow on logistic processes. Derived from the strong health monitoring 
initiative around the Eurofighter Typhoon aircraft, analysis and synergy has to be established based on 
information being generated from the following tools, systems and actions: 


• Aircraft system health (ASH). 
• Structural health monitoring (SHM). 
• Engine health monitoring (EHM). 
• Secondary power system health monitoring (SPS). 
• Logistic software package (EFLog). 
• Non-destructive inspections (NDI). 
• Experience capturing systems (ExCS). 
• Aircraft integrated systems (AIS). 


Information regarding all this is currently downloaded by different means and protocols and it is a major need 
to get this organize to get maximum use of the health data. 


It is important to understand how and where the data and information are used in the supportability process. 
The are two main decision support levels which are called “Tactical Level” and “Strategic Level” which 
require a different detail of information. Figure 12 details the two levels of decision support and provides a 
rough indication what type of information is needed. 
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Figure 12: The main Decision Support Levels. 


5.1 Tactical Level 
The objective at tactical level to support operational planning including trouble shooting, maintenance 
planning at aircraft level etc. To ensure an efficient operational support the following main features are 
required: 
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• Decision support technologies; 


• Information to be provided to the point of operations; and 


• Data management services from operational- to strategic level. 


The efficiency of the decision support, the supply and logistic services can be measured by through the 
operational availability equation where mainly the time of corrective maintenance shall be optimized.  
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5.2  Strategic Level 
At the strategic level we have other stakeholders in the process which require a different set of information. 
The main objectives at strategic level are: 


• To maintain readiness and safety performance of the fielded equipment; 


• For diagnosis, to fix the problems we have; 


• For prognosis, to indicate incipient conditions before the failure occurs, to separate real problems 
from anomalous conditions; 


• For verification of corrective action implementation; 


• To focus maintenance efforts; 


• To optimize operational usage; and 


• To optimize operation and support cost and to optimize availability. 


At strategic level the optimization of operational availability is related to reduce the total preventive 
maintenance time and the predicted maintenance delay time. 


TCM = Total Corrective Maintenance Time 
TPM = Total Preventive Maintenance Time 


CDT – Corrective Maintenance Delay Period 
PDT – Predictive Maintenance Delay Period
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The optimization of operational availability and the reduction operation and support cost is strongly dependent 
on the efficiency of the maintenance information management system and the usage of information resulting 
from the analysis of the health data. The key success factor in the aircraft and fleet availability management is 
the capability: 


• To link the results of the in service data analysis with system knowledge. 


• To perform a cross functional system health assessment. 


• To perform health assessment at aircraft and fleet level. 


• To distribute the right information to right person in the supportability process. 


For Eurofighter Typhoon EADS Military Air System has developed a life cycle management platform which 
offers the following main functionalities (see Figure 13): 


• Status and Condition Monitoring from serial to system level. 


• Status and Condition Monitoring at Aircraft and Fleet Level. 


• Cross functional health assessment at system and aircraft level. 


• Decision Support, which: 
 Provide remaining life based on aircraft usage at aircraft, system and sub-system level; 
 Provide inputs for predictive maintenance planning based on A/C usage, trend and prognostic; 
 Provide verification for system modifications and upgrades; 
 Provide verification of corrective maintenance; and 
 Maintenance Free Operating Time. 
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Figure 13: Product Life Cycle Management SW for Eurofighter Typhoon. 
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6.0 SUMMARY AND CONCLUSION 


Maintenance and availability management of aircraft is a complex process that has consolidated over the past 
decades significantly. This complexity combined with all the safety and reliability issues related to it have 
made this process difficult to modify. However this complexity should not prevent from continuously 
questioning the different steps performed with respect to advanced technology being provided. 


The variety of activities mentioned in this paper with regard to designing, monitoring and managing 
availability or deterioration in general of aircraft show that availability management combined with life cycle 
cost optimization is a major concern.  


Despite of significant activity going along with aircraft and fleet availability management the process is 
unfortunately not complete, mainly due to the fact that the interface between monitoring systems, the 
subsequent management of aircraft life limitations and repair limits is still missing. A broader thinking in 
terms of life-cycle cost has become highly important. 


Technology and software tools exist for implementing a larger vision for Health Management. Advanced 
diagnostic and prognostic strategies that incorporate data/knowledge fusion, artificial intelligence techniques 
and probabilistic will greatly improve Health Monitoring and Health Management capabilities and will maybe 
influence the RCM process (see also the paper from G. Fresser).  


Obtain enhanced availability is an optimization process throughout the whole life cycle. Improve diagnostic 
and prognostic capabilities link to economic decision support capabilities are key functionalities to introduce 
new maintenance concepts and strategies combined with integrated data management solutions.  


The process of how to maintain the Aircraft is mandatory to understand in order to introduce new technologies 
because the operator has finally accepted to change existing processes and procedures.  
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