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[bookmark: _Toc40958633]Abstract

The reliability of machines has recently become a growing concern for Ford Motor Company. Despite the creation of a preventative maintenance team and a greater emphasis on preventing breakdowns, the new Dragon headline, still deploys old maintenance strategies. This dissertation focuses on the creation of a reliability centered maintenance (RCM) plan to ensure that the machines continue to operate normally as the user intended and evaluate new maintenance tasks that are more in line with changing expectations. This report achieved the aims with extensive research on components that contribute to the manufacturing of the Dragon product. This included carrying out analysis on primary and secondary functions of each component with the aim of acquiring greater understanding and knowledge. The information gathered, enabled the formation of the failure mode and effect analysis process and risk analysis tables. 
The research produced a variety of key findings. The current maintenance strategy was based on the previous generations ideology that all components failed with age; therefore, most components were changed at periodic intervals. Not only did this disagree, with recent data that suggested only 11% of component failure is due to their age, but it also resulted in an increase in the mean time between failure (FMEA), during the overhauling period. Research of other maintenance methods and tasks has found that the overhauling maintenance strategy can be replaced with methods such as scheduled on-condition tasks, scheduled discard task and visual inspection. Even though there is an indication that these can be cost effective and less time consuming, the research indicates that some do present many problems.
The primary conclusions drawn from this report were that by using the RCM plan, it is clear that the current approaches to maintenance on the Dragon headline are outdated and need to be changed There are a variety of better maintenance techniques that can be used that can reduce cost yet still improve the reliability of the machines. The research argues for a review of new maintenance tasks on Dragon, which considers factors such as implementation costs and safety and can be achieved around the production schedules.  
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[bookmark: _Toc40958637]1. Introduction

Over the past decade, more and more interest has been generated in the study of reliability of machinery within engineering organisations. The Oxford Dictionary (2020) defines reliability as ‘the quality of being able to work or operate for long periods without breaking down or needing attention,’ and it is usually this definition, to which companies strive to achieve from their physical assets. Even though organisations today, focus entirely on achieving high reliability through the use of different maintenance techniques, it was not always seen as important or necessary (Mockler & Lee, 2016). 
Reliability through the maintenance of physcial assets, was not generally conceived until the 2nd generation of maintenance, with many supervisors before hand, percieving the preservation of machines as a hinderance instead of a benefit to the production line (Peng, 2018). In the opinion of Gharehpetian & Agah (2017) however, the attitude soon changed, when connections were seen between machine availaibility and increased profits. It was during this period that the reliability of machines was seen as being extremely important and the use of reliability centered maintenance (RCM) was first considered and adopted. It was seen that an RCM plan was not only beneficial to the machines, but also simultaneously created a positive culture and a safer place to work.
At Bridgend Ford, the Dragon project is a state of the art, production line that currently uses old 2nd generation maintenance techniques, therefore, this project will focus on the implementation of a reliability centred maintenance strategy for the Dragon headline. It will use a variety of analysis techniques to identify the functions, failure modes, consequences and improvements for the many different types of systems or machines available. Due to time constraints however, none of the suggested improvements will be implemented and the project will, therefore, look to evaluate different types of recommendations that may improve how each machine or system is maintained.

[bookmark: _Toc40958638]1.1 Relevance of Project
The nature of cutting costs and improving productivity, can be the difference in an organisation staying or falling out of buisness, therefore, due to competition, market and design changes, companies require constant innovation on cost cutting strategies so that they maintain or become a leader in their fields. With the aim to increase cost effectiveness, Ford Motor Company adopt a philosophy of allowing factories to compete for future new business and products. This not only drives the reduction in the cost of producing these products but also increases production, as factories from around the world promote themselves, in a bid to achieve future buisness. With this in mind, it is important that the dragon project at bridgend is succesfull in terms of production with a cost effective maintenance strategy.

[bookmark: _Toc40958639]1.2 Project Objectives
The projects primary aim will be fulfilled with an attempt to complete a variety of objectives. These have been suggested to maximise the implementation of an RCM plan to the Dragon headline. These include -
 Research the primary and secondary functions of single or multiple machines and systems that are going to be analysed as part of the RCM plan, so that a better understanding can be established. 
 Create an FMEA table of the main components of the single or multiple machines being analysed and use the FMEA to identify high risk components that will need further investigation.
 Identify current maintenance strategies used and take advantage of the FMEA tables to develop new maintenance techniques that could effectively maintain the components. 
[bookmark: _Hlk37759993] Identify the costs of the current maintenance strategies used and consider how the new techniques could create savings. 
 Evaluate each suggested improvement by acknowledging its feasibility, cost effectiveness and reliability.

[bookmark: _Toc40958640]1.3 Benefits of RCM 
In a new modern machining line such as Dragon, there is a lack of data with regards to breakdowns and repairs and the operation of all components and systems of each machine are relatively unknown. There is a period after the initial installation, whereby the machine vendors will remain in the plant for a short time to train, troubleshoot and modify certain components so that both Ford and the vendors are satisfied with the outcomes, however, once this period is over, the procedures are transitioned entirely to the Ford personnel. RCM is deemed as an engineering framework that allows for Ford to establish an entire maintenance regime for the dragon headline. It develops a complete understanding of both primary and secondary functions of all components that promotes higher problem-solving skills to diagnose faults quicker without the need of deliberating with machine vendors (Barai, et al., 2012). This could prevent a failure from occurring or reduce the cost of repairs. 
The implementation of an RCM strategy greatly benefits a production line as its goal is to improve reliability and the availability by getting the maximum use out of its equipment (Shagluf, et al., 2014). It does this by creating an efficient maintenance approach at lower costs. If the organisation is asset-intensive, then an RCM strategy improves its cost effectiveness, as assets would only be acquired if they are high risk and preserve the main functions of the machine. As stated by Sifonte & Reyes-Picknell (2017), RCM focuses entirely on physical assets and their functions which in turn allows for operators to reasonably predict or assess if there is a problem with a machine. 
Once the functions have been ascertained, a FMEA table can be produced to identify component failure modes. The organisation can then allocate different maintenance approaches depending on their risk to the business (Vishnu & Regikumar, 2016). Maintenance tasks such as preventative or predictive maintenance can be performed on components deemed a higher risk, whereas components that are not critical, can be left to “run to failure”. This is advantageous to an organisation as it provides better efficiency in terms of employing the right resources to a maintenance task., especially if the variety or volume of equipment are limited in the plant (Carlson, 2012).

[bookmark: _Toc40958641]1.4 Project Limitations
Unlike other areas of the Bridgend Engine Plant with decade old machining lines, the Dragon engine is a new product with new production lines. This provides a lack of historical data which could have been used to help create the RCM plan by identifying components with high failure rates. Another limitation is the decision by Ford Motor Company to cease production at Bridgend and move all Dragon assets to other Dragon production sites around the world. As a result, the findings of this report will not be implemented and the report will, consequently, only suggest improvements that could be made. 






[bookmark: _Toc40958642]2. Introduction of Ford

Ford Motor Company is an American automotive organisation that is responsible for the large-scale manufacturing of cars in 81 facilities around the world. Founded in 1903 by Henry Ford, it has been family controlled for over 100 years with the Ford family members retaining 40% of the voting rights (Ward, 2016). Within its European operations, Ford has an engine manufacturing facility based in South Wales. Even though the company have plans to cease production at the site, it is still required to produce engines in high volume and quality to meet contracts with internal and external customers.

[bookmark: _Toc40958643]2.1 Henry Ford’s assembly line
At the beginning of the 19th century, car ownership was considered an upper-class novelty and the only means of transport for much of the population was by horse and cart. With the necessity for people to travel greater distances for job opportunities and food, Martel (2008) acknowlodges the populations desire for a cheap, reliable car, available for the mass market. It was during this period that Henry Ford changed the automobile industry for future generations. Ford perfected the art of assembly lines by having trained workers to perform a unique task at various stations connected by multiple conveyor systems. Figure 1 demonstrates one workers station installing wheels to the car. This manufacturing technique, allowed for the simultaneous drop in production cost whilst also vastly increasing production volume. Marilyn (2016) comments that Henry Fords ambition was to manufacture the highest volume of cars possible at the lowest cost.
[image: http://static3.businessinsider.com/image/525304d46bb3f72033fdcbb8-1200-924/1913_1staline_highlandpark.jpg]








[bookmark: _Toc40040752]Figure 1 - One workers station on Fords assembly line (Davies, 2013)

[bookmark: _Toc40958644]2.2 Bridgend Ford
In 1977, on a Greenfield site in Bridgend, construction began on a new Ford engine plant that would specialise in manufacturing petrol engines for future Ford vehicles. Production started in 1980 on its first product known as the CVH engine. Used in the third generation of the Escort, it would continue to be built up until the year 2000. Throughout the plants 40-year history, a variety of other Ford products, including other companies’ engines, have been produced there. These are demonstrated in table 1 below - 

	Engine
	Year Manufactured 

	CVH
	1980-2000

	Zeta
	1992-2004

	Si6 Volvo
	2006-2015

	Sigma 
	1998-2020

	AJ 133
	1991-2020

	Dragon
	2018-Present


[bookmark: _Toc40958464]Table 1 - Engines manufactured at Bridgend Engine plant

[bookmark: _Toc40958645]2.3 Dragon Project
In 2014, Ford of Europe approved an investment of £181million for its Bridgend engine plant to manufacture the latest fuel-efficient petrol engines. This had initially been to produce 250000 units, however, due to the economic climate, this had been reduced to 125000 units per year, with the line built to allow for the initial volume. The dragon engines are the next generation to the older sigma products and built at Bridgend are the 1.5, three cylinder, PFI and GTDI derivative of engines. Out of the 125000 unit, 80% will be GTDI and 20% PFI. Due to fords strategy of building products within their marketplace, the company designated 5 plants (Figure 2) around the world to produce the dragon engines at different times. The engine sites and year of dragon production are as follows -

[bookmark: _Hlk36397561]ChEP - Chihiahua Engine Plant (2015)
CqEP - Chongqing Engine Plant (2016)
SaEP - Sanand Engine Plant (2017)
BEP - Bridgend Engine Plant (2018) 
[image: ]TEB - Taubate Engine Plant (2019)
[bookmark: _Toc40040753]Figure 2 - Location of Dragon manufacturing facilities (Doyle, 2019)
The Dragon project at Bridgend, consists of three machining lines that produce the Head, Block and Crank of the engine, and these are transported and assembled on the Dragon assembly line.



[bookmark: _Toc40958646]2.4 Location of Dragon headline in Bridgend

Below in figure 3 is the location of the Dragon headline compared to other production lines at Bridgend Engine Plant. 
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[bookmark: _Toc40040754]	Figure 3, Location of dragon headline in relation to other areas in Bridgend (Doyle, 2019)


[bookmark: _Toc40958647]3. Dragon Headline

The dragon head production line composes of a multitude of equipment and machinery that are either involved in transferring, washing, or modifying the head component of the engine. They are split into 5 zones throughout the line as shown in figure 4.



[image: ]
[bookmark: _Toc40040755]Figure 4, Layout of the dragon headline (Ford, 2019)



[bookmark: _Toc40958648]3.1 Process Map of Headline
The process map in figure 5, gives an overview of the process on the headline and helps to understand the importance of each step.
Rework/Scrap

Op 30 - 45sec
Input  Aluminium cast - 20sec

	Op 50 - 279sec


Op70 - Intermediate wash - 65sec

Op80 - 81 sec

	
	Rework/Scrap

Op100 - 278 sec

	
Rework/Scrap

		
	Op120 - 444 sec


	Rework/Scrap
Rework/Scrap

	
Op220 - Final Wash - 81sec
Op170 - 294sec 

	
		Rework/Scrap


		Output - Manual Load - 20secs
Op250 - 60sec
Op240 - 40sec


[bookmark: _Toc40040756]Figure 5, Dragon headline process map (Doyle, 2019)
[bookmark: _Toc40958465]Table 2, Key of the process map (Doyle, 2019)
	


	

Decision on scrap or rework of the part

	
	
Gauge station whereby part features are measured to specification

	


	
Operation or process stage within the manufacturing line




[bookmark: _Toc40958649]3.2 JPH and Pareto Chart
[image: ]Due to the dragon headline being a new production line, with the first component being manufactured in December 2017, there is no historical data on breakdown maintenance and the line consistently runs at 26 jobs per hour as seen in figure 6. 








[bookmark: _Toc40040757]Figure 6, Current JPH of Dragon headline (Ford, 2019)

As proposed by August (1999) the introduction of a RCM process is usually met with resistance and many organisations are reluctant to take it on. Smith & Hinchcliffe (2006) agree by acknowledging that due to budget restrictions within a company, an RCM programme on a piece of equipment, must be justified so that it will provide compound returns and maintain future production levels. On this basis, for the dragon headline, cycle times of each machine is considered with the use of a pareto chart. This is to identify the percentage of time a particular machine is in contact with the component which may indicate a high priority need for a robust RCM programme.
 The pareto chart in figure 7, displays what percentage of the cycle time is designated to each machine type on the headline. It can be seen that the Grob machines contribute over 65% of the enitre cycle time on the headline. This justifies performing an RCM analysis on the grob machines, as they are important in the manufacturing of the Dragon head. 









[bookmark: _Toc40040758]Figure 7, Pareto Chart comparing the machines use on the Dragon headline








[bookmark: _Toc40958650]4. Literature Review 

This chapter will focus attention on the information accumulated in the literature search. It will explain the application of maintenance used throughout previous generations, as well as examining the history and implementation of Reliability Centred Maintenance. 

[bookmark: _Toc40958651]4.1 Maintenance 
Maintenance is a performed activity that has the aim of preventing failure by preserving the current working order of a component or equipment and its intended function (Velmurugan & Dhingra, 2015). As observed by Lee & Scott (2009) an organisations quality, cost effectiveness, equipment availability and safety performance, depend on the correct integration of maintenance and if the right type have been used effectively. Despite pressures from management to hit production targets, Moubray (2001) argues that maintenance must be an essential part of a manufacturing process and adopted into an organisations production plan.

[bookmark: _Toc40958652]4.2 Types of Maintenance 
The affiliation between the different types of maintenance can be seen clearly in figure 8 and shows that maintenance can be initially divided into corrective or preventive maintenance. Preventative maintenance is further split into condition-based monitoring, periodic overhauls, and scheduled failure findings. Corrective maintenances can occur after or before a failure occurs, therefore, it can be seen to be planned or unplanned.  	
[image: ]
[bookmark: _Toc40040759]Figure 8, Different types of maintenance (Sjoholt & Bouwer, 2018)

[bookmark: _Toc40958653]4.3 Generations of Maintenance
In recent history, maintenance programmes have been utilised in a variety of countries, cultures, and organisations, however, the earliest known programme began with the construction of the pyramids by the Egyptians. In those days, workers were required to perform daily inspections on their tools to identify defects. The Egyptians understood that damaged materials were likely to delay the completion time and increase the hardship during the manufacturing stage (Levitt, 2003). 
Since these early days of basic inspection, Yang, et al. (2016) suggests maintenance has had to dramatically evolve because of advancements in the technology of physical assets, demand for higher quality and larger volumes of production. Kobbacy & Prabhakar (2008) agree that maintenance within an organisation has slowly had a transformation from being an economic burden, to being valued and having a better perception. In Kobbacy & Prabhakars (2008) view, companies consider the correct maintenance strategy as a pathway to completing buisness objectives and a long term future towards success. 

[bookmark: _Toc40958654]4.3.1 First Generation 
The development of a reliable maintenance philosophy has not occurred overnight, with many significant stages being observed throughout the last century. Arunraj & Maiti (2007) view the first generation as being prior to World war 2. In this period, machines were very simple, with very few moving components. Reactive maintenance was the normal procedure as there were no method or technology available to predict when a breakdown was likely to occur. According to Manickam (2012) organisations deployed a strategy of ‘Fixing it, when it breaks’, and they see the process of carrying out maintenance, as a ‘Necessary evil’. It was seen that all machinery would go through a wear out stage after a certain age limit was reached, shown in figure 9, whereby the chances of failure would increase. 

[image: ]




[bookmark: _Toc40040760]Figure 9, First generation view on failures (Manickam, 2012).

[bookmark: _Toc40958655]4.3.2 Second Generation 
The period of the second generation of maintenance, occurred during 1939 - 1980 and in Moubrays (2015) view, the pressures of World War 2, became directed at industry, with the rise in demand for food, goods and manufacturing equipment. This was intensified, due to shortages of manpower created by a dramatic increase in army registrations for the war effort. Not only this, but a rise in investment and technology, give rise to more complex machinery and a greater cost in fixing repairs. As a result, organisations began to consider downtime in their production line and the first analysis of preventing breakdowns were seen.

Maintenance Department
Due to the evolving complexity of machinery, industries started to develop departments focusing entirely on maintenance. Merrick, et al. (2016) state that the rise in technical machinery, required skilled workers with a company emphasis on training and technical knowledge. It was seen that a separate department, would allow better planning, communication and motivation for employees to successful maintain equipment. 

Lifespan and Availability of Machinery 
It was beginning to become an understanding that production levels were strongly linked with the availability of machines, therefore, Maltese, et al. (2014) inform that a significant shift in focus occurred in establishing a period of downtime to carry out preventative maintenance on the machines. This would not only increase the lifespan of machinery but also reduce breakdowns that would reduce machine availability. 

Maintenance costs
During the 1960s, it was seen that the costs of maintenance was rising sharply, with Moubray (2015) suggesting that a vast amount of expenditure and capital, was being tied up in assets,   therefore, this led to the introduction of planning of how and when the maintenance should take place. This would allow an organisation to maximise machine life and plan when an asset can be purchased.

3.3.2.1 Bathtub Model 
Throughout the second generation, Gulati & Smith (2009) highlight that the main focus was on reducing maintenance costs, while increasing an items availability and lifespan. Manickam (2012) agrees and adds that the maintenance philosophy on equipment failure was viewed as the bath tub model shown in figure 10. 
[image: ]






[bookmark: _Toc40040761]Figure 10, View of failures during the second generation (Manickam, 2012)

The curve consisted of three stages. These are high infant mortality, constant failure rate and increase failure rate. The model suggests that machines have a high failure rate at the beginning due to installation and start up problems, however, this normally settles creating the normal running of the machine. The last stage of the model suggests that the machine will enter the worn out stage due to an increase in time. Siddiqui (2009) agrees that this was the standardised view during the 1960s and informs that this ideology was particulary prevelant in the thought process of engineers throughout the airline industry as disussed later. 

[bookmark: _Toc40958656]4.3.3 Third Generation 
Towards the latter stages of the 20th century, a greater emphasis was placed on higher quality, cost effective techniques and increased reliability within industry. Machinery continued to become more complex and maintenance was given far more priority in the organisation than in the first and second generation. 
Maintenance Techniques 
The advancement in technology allowed better maintenance equipment and techniques to be exploited. These include -
. FMEA (Failure Mode and Effects Analysis).
. RCM (Reliability Centred Maintenance).
. CBM (Condition Based Monitoring).
. Teamwork strategies.
These techniques created seamless work systems and improved practices that allowed for maintenance to be carried out effectively (Hood, 2015).

Legislation 
During the 1990s, many environmental and safety legislation were introduced to combat many issues such as workers health and climate change. These were new factors to consider compared to previous generations and organisations understood that higher production was directly linked to improved safety and environmental conditions. As a result, Manickam (2012) states that maintenance was now seen as a ‘profit contributor’ compared to a ‘necessary evil’ as before. 
[bookmark: _Toc40958657]4.3.4 Fourth Generation 
Instead of treating all maintenance techniques as individual components, Howard (2018) claims that companies have began to malgamate the procedures to work together using advanced technology. Bokrantz, et al. (2017) agree by stating the 21st century is starting to bring the fourth generation in the evolution of maintenance known as the digital revolution. This is the combination of all maintenance strategies through the use of smart machines communicating through a central hub, advancements in 3D printing technologies and artificial intelligence.  Bokrantz, et al. (2017) go on to suggest however, that in this present day, organisations are in a transition period between carrying out the old ideoligies of past generations and planning the introduction of new futuristic virtual maintenance, whereby machines themselves, inform us when a component should be changed. Below are equiment and plant expectations for the 4th generation stage of maintenance.

Equipment level 
 Equipment becoming more modern, enabling maintenance to be simpler yet more effective.
 All machine data is gathered in a ‘cloud’ allowing for real time performance on components, so spares can be ordered virtually. 
 Smart machines that make decisions by themselves with self-diagnostic technology. 
 Huge data from machines encourages analysis and understanding which promotes critical thinking in terms of maintenance (Manickam, 2012).

Plant level 
 Maintenance workers receive continual training to improve competency with the complex machinery. 
 Maintenance decisions driven by data from predictive analysis.
 Virtual reality, 3D printed spare parts and universal machine iPad tablet used to identify faults.
 Real time screens revealing oil levels, temperatures and component conditions to be available to all maintenance personal so that they can be proactive to reduce downtime (Howard, 2018).
 All maintenance teams and different plants collaborate and share information openly and transparently so that best practices are identified (Arunraj & Maiti, 2007).
[bookmark: _Toc40958658]4.4 Reliability Centred Maintenance
Maintenance has undergone significant modification in the past century as previously discussed, whereby, a shift has been seen from scheduled, preventative maintenance, towards predictive maintenance. There is now a greater focus on the physical assets of a production line and the ability to maintain their present operating context for as long as possible (Mokashi, et al., 2002). As stated by Campbell, et al. (2016) the RCM concept, focuses on maintaining the reliability of physical assets with the aim of increasing cost effectiveness, availability, understanding and uptime. 

[bookmark: _Toc40958659]4.4.1 History
Throughout the mid 20th century, airline engineers assumed that every type of equipment followed the bath tub curve, therefore, according to Wasson (2015) the maintenance strategy was developed around this. The bathtub curve indicated that a component would start to fail at a certain age, therefore, the airline industry developed a plan of introducing two intervals every year where all components were changed. It was during this period, as a result of high maintenance costs and accident rates, a variety of major airlines, including boeing, conducted numerous reliability studies on the equipment used on their planes. Hupje (2018) believes that the assumption by engineers that every component had a time period of reliable service, was wrong in almost ever case. 
According to August (1999) research conducted by Rowland and Heap (United Airline engineers) evaluated the performance of nearly 800 mechanical and electrical equipment, and came to the realisation that the failure rate of components, follows one of six failure patterns as shown in figure 11. 
[image: Image result for rcm 6 patterns of failure"]
[bookmark: _Toc40040762]Figure 11, Failure patterns of components (Rosales, 2010)

Smith & Hinchcliffe (2006) observe that only a fraction (4%) of the graphs actually copied the pattern of the bathtub curve and more importantly, only 11% of the patterns demonstrated a correlation between high failure rates and the age of the component. Robinson (2014) notes that infant mortality accounts for a high percentage (68%) of failures, therefore, makes a suggestion that new components are very likely to start off having high failure rates. This seems to indicate that the overhauling of all equipment on a routine basis experienced in the aircraft industry, could have been linked to their high accident rate and their need for a review. The 6 patterns of failure are explained below – 

Bathtub (Pattern A) - A high rate of failure at the beginning, followed by a constant rate. As the time inreases, the componet goes through a wear phase, with a increase in the rate of failure. Only 4% of all equipment follow this pattern, 
Wear out (Pattern B) - It is seen as the classic example of the first generations view on machine life however, in reality, only 2% of equipment follow the pattern. It shows a constant failure rate from the beginning, with a wear out phase towards the end of the machines life. 
Fatigue (Pattern C) -  A gradual increase in the probability of failuire with no distinct stage of wear out. There is no identifible age limit on the component.
Initial Break-in period (Pattern D) - When the item is new, it experiences a low probability of failure, however, this increases until a constant level is reached.
Random (Pattern E) - It indicates that a constant level of failure occurs throughout the entire lifespan of the product with no indentifiable reccommended age. 
Infant Mortality (Pattern F) – This pattern accounts for over 68% of all equipment and begins with a high infant mortality. This drops to a constant rate of failure with no age of the product identified.

In tangent with the analysis carried out by Rowland and Heap, the Federal Aviation Administration (FAA) and the airlines combined, to create a task group known as the Maintenance Steer Group (MSG) dedicated to improving the maintenance strategies and accident rates experienced (Mockler & Lee, 2016).The MSG and united airlines, combined to combat the high accident rates, which concluded in the creation of a Reliaiblity Centred Maintenance plan for all aircraft in the aviation industry. This is shown in the table 3 -

[bookmark: _Toc40958466]Table 3, MSG development of a maintenance strategies (Anandhi, et al., 2014)
	1968 - MSG1
	A comprehensive evaluation on current methods began, examining all aspects of maintenance associated with the available aircraft. The Maintenance, development and evaluation programme was established by the Maintenance Steer Group. It started to investigate the failure patterns of all components. Due to major funding by Boeing, it was agreed that MSG1 would be established to solely focus on the Boeing 747 aircraft (Wilmeth & Usrey, 2000).

	1970 - MSG2
	Carrying on from MSG1, MSG2 was an improved programme that learned from previous mistakes. It focused on condition monitoring techniques using the RCM method on the DC-10 and DC-8 aircraft (Mockler & Lee, 2016).

	1980 - MSG3
	This was the final report, written by united airlines engineers that is still used in the 21st century. It accounts for all RCM processes developed in both MSG1 and MSG2 and it is spread out over the entire aviation industry. The lessons learnt, including all failure patterns developed for Boeing aircraft, are shared with other airlines so that similarities can be investigated, and RCM methods applied. 



At the end of the analysis, the MSG and united airlines had developed and used an RCM strategy that enabled the correct maintenance to be carried out on each component, in line with what pattern of failure it followed. Figure 10 demonstrates the effectiveness of the introduction of the RCM strategy in the aviation industry. It indicates that the after the MSG3 was introduced, whereby the RCM programme was rolled out to the entire airline industry, there was a dramatic drop in the number of fatalities per year. This was witnessed, even with a significant increase in the number of passengers carried. Figure 12 shows that in the most recent data in 2010, the deaths per year compared to the passengers carried is dramatically decreasing and moving apart.  

[bookmark: _Toc40040763][image: ]Figure 12, Graph showing fatalities with the volume of passengers carried.


[bookmark: _Toc40958660]4.4.2 RCM implementation steps
Once a component has been chosen for an RCM analysis, Moubray (2001) advises that the following steps should be taken - 

4.4.2.1 Functions and desired standards of the asset
Before any maintenance is chosen for a particular asset, it is crucial that a detailed study should be carried out to examine what role the asset was initially purchased to perform. It is important that the RCM study, focuses first, on the current correct operating procedure and if it can carry out these tasks. This is the reason why the first step of RCM is to determine the function and desired standards of the asset. Moubray (2001) states that for anyone considering to undertake an RCM analysis, then they must be absolutley clear, that they understand the processes and mechanical structure of the equipment/machine.  Insaurralde (2019) explains that a purchaser of equipment, will demand a certain level of performance , however these can be seperated into main and secondary functions-
Main functions - These are viewed by Lees (2005) as functions that define what the assets were bought to achieve. It covers potential categories such as volumes, speed and storage capacity. As mentioned by Insaurralde (2019), the primary functions must be clearly outlined, as the maintenance strategy will depend on the equipments usage.
Secondary Functions -  If an item has primary functions, then there are usually a variety of secondary functions that may be less detectable than primary functions but are still very serious if problems arise. Gupta & Mishra (2016) comment that secondary functions should not be overlooked and must be seen as important to analysing the many ways a system can fail. Moubray (1991) agrees by explaining that the failure of secondary functions can have even more servere consequences than the failure of a primary function. Moubray (1991) suggests that secondary failures include containment, safety structural supports and enviromental regulations. 

4.4.2.2 How the asset can fail to fulfil its function
The next stage of an RCM analysis is to focus on the primary and secondary functions and look to determine how these functions can be lost. Insaurralde (2019) labels the loss of a function as a ‘functional failure’ and suggests that the failure can be either be a total or partial loss,whereby the asset is not working to the required expected performance 

4.4.2.3 The causes of each functional failure
Once all the functional failures have been identified, Press (2018) states that it is normally reccomended to discuss and investigate how the failed states have occurred. Rohde (2007) usually refers to the failed states as failure modes and these are the factors that have contributed to the functional failure. Even though it is suggested that the failure modes result in the functional failure, Daley (2014) cautions that
 the failure modes are ‘reasonable likely’ the main cause of failure and that there is potential that it could be intiated by something else. 
During the search for failure modes, factors such as human error, should not ignored as the RC requires that all elements have to be included in the process. It is usually seen that most failures have occurred by wear and tear or the complete deterioration of a component. Kritzinger (2017) suggests that a consideration should take place of the source of information about the failure modes, as it is important to gather the correct information to make the cause easier to determine. Moubray (1991) agrees and adds that one of the best and most accurate sources of information is from the machines operator, who interacts with the machine on a daily basis. Other sources of information include vendor manuals, craftsmen or history records. 

4.4.2.4 What happens during each failure?
Investigating what occurs during the appearance of a failure mode is the 4th stage of an RCM analysis and these are recognised as failure effects. It is at this part of the process in which all effects need to be collected effectively to correctly establish the consequences of the failure. Rausand (1998) suggests that when examining the failure effects, the following should be recorderd - 
 Evidence that the failure has happened.
 Does the failure pose a safety or enviromental issue?
 Is production affected?
 What can be done to repair the affects from the failure?
At this time, a failure mode and effect analysis table can be produced to summarise the previous three stages of the RCM process. As informed by Jahan & Orouei, (2017) an FMEA is an efficient tool and analytical technique for identifying the failure modes of a system. It can be extremely helpful in recognising the causes of a failure and discovering soloutions to eliminate them. 
When a failure occurs, Moubray (2001) discusses the need to indicate how production is affected and for how long. This is normally given in terms of downtime, which is described by Naitove (2018) as the amount of time that a machine is not operating or manufacturing a component. Nwanya & Udofia (2017) agree, but believe that due to a failure, downtime is the total time a machine is out of service; from the moment it fails, to the moment it is operational again. This is demonstrated in figure 13.


[bookmark: _Toc40040764][image: ]Figure 13, Total downtime (Hood, 2015)

4.4.2.5 The consequences of each failure
One of the underpinning key objectives of an RCM analysis is to minimise or completely avoid the consequences of a failure. Wartgow (2019) discusses the importance of RCM in an organisations decision on spending vast resources prioritising failures. It is no benefit in focusing time and effort on failures that have very little or no conesquences at all. On the other hand, if the consequences are very serious, there an organisation may justify going to extreme lengths to eliminate the consequences. Moubray (1991) observes that a preventative maintenance task is only worth doing, if it effectively tackles the consequences of the breakdown that is it determined to prevent. 
The RCM process, classifies failure consequences into four separate catergories listed and explained below - 


Hidden conesquences
Most failures will inevitably show warning signs such as alarms or lights, and many will give failure symptoms such as quality issues, increased energy use, unsually smells or abnormal fluid loss. Takahashi, et al. (2011) claims that these types of failures are evident and eventually someone will notice and take the necessary action. Smith & Mobley (2011) argue that the main consequence of hidden failures are multiple failures, therefore, the organisation should investigate the serverity of these. 
Safety and Enviromental consequences 
Historically, machines have been built with the goal of producing products to a high quality and at a high production rate, with operator safety being an afterthought. Mantel (2019) insists that this was the same viewpoint as with failure occurrence. Moubray (1991) agrees with this stance and highlights that an RCM asks whether there is a possibility of someone getting hurt or killed from a failure mode. Safety also includes the surroundings and whether or not  the failure mode can affect people not involved with the machine. According to Wiseman (2017) RCM states that an enviromental consequence is the actual breach of an environmental legislation such as the Clean Air at Work Act 1993 by a failure mode, therefore, a consequence such as this needs to be investigated. 

Operational consequences 
The primary function of all machinery within an organisation is to produce a component to a certain quality within a particular timeframe, therefore RCM views a failure mode that affects primary functions, as operational consequences. Alencar & Almeida (2015) state that a failure mode which has an operational consequence, affects the income capabilities of an organisation and this usually is financially higher than the repair process. Moubray (1991) agrees and adds that operational consequences affects an organisation in four ways. These are outputs, quality, operation costs and customer satisfaction.

Non-Operational consequences 
These are failure modes that are not directly related to the operation and a manufacting production line. As seen by Sjoholt & Bouwer, (2018) the only consequences related to these failures are the cost of repairs, therefore, a preventative task is only beneficial, if the repair costs is more than these tasks. Moubray (1991) agrees by stating that if this isnt the case, then the application of scheduled maintenance is not cost effective and advantageous. 

4.4.2.6 What tasks should be implemented to prevent the failures from occurring?
Once the consequences have been determined from the failure modes that can potentially occur, the next stage of the RCM is to focus on the feasibility of suitable preventative maintenance tasks to prevent or limit the failures. During this section, two issues will be discussed that may require different preventative tasks -
· Relationship between the age and failure rate of a component
· The process once a failure has been noticed

4.4.2.6.1 Age related failure
As mentioned previously in the chapter, during the period known as the 2nd generation of maintenance, procedures were based on the theory that components deteriorated with age. As a result, organisations adopted a maintenance strategy that involved setting up a task of partially or fully overhauling components at set intervals every year. As mentioned by Moubray, (2001) these methods can be seperated into two categories -

Scheduled Discard Tasks 
A scheduled discard task is the replacement of a component from a machine or system regardless of its condition at the time. Smith & Mobley (2011) suggest that this should only occur if evidence has indicated that the component is highly likely to fail if left to continue production. Even though Moubray (2001) states this as a proactive task, Barai, et al. (2012) indicates that this method is usually adopted as the main maintenance strategy on an organisations production line, even if the components do not display evidence of likely failure. 

Scheduled Restoration Tasks
A scheduled restoration task is the complete replacement of all components or subcomponents at a set interval that restores the capability of a system regardless of its condition at that time. Even though this strategy can be advantageous to a system that increases failure with age, Anandhi, et al. (2014) suggests that using this as a widespread maintenance strategy is neither efficient or cost effective and may lead to a sudden increase in failures. As researched by Ahmadi (2010) the use of scheduled restoration tasks was the primary maintenance strategy used in the airline industry prior to the RCM investigation and attributed to the high accident rate witnessed. 

4.4.2.6.2 Non age-related failures
Already established in the literature review is the recognition that 89% of failures are not related to the age of a component, therefore, overhauling equipment with the aim of reducing higher failure rates, is not effective. As a result, a different maintenance strategy needs to be applied. 

Scheduled on condition tasks
Even though most equipment failure is not age related, they usually display a warning sign before they actually fail, therefore,  a scheduled on-condition task, is a maintenance method for checking for potential failures before they may occur (West, 2020). This can be displayed as a P-F curve as shown in figure 14. It demonstrates the point at which the failure first occurs when the component can first be detected using a scheduled on-condition task and the point where it has failed.
[image: ]
[bookmark: _Toc40040765]Figure 14, P-F curve (Blann, 2019)
The period between point P and F is described by Gulati & Smith (2009) as the P-F interval. This is the time from the point of being able to detect a potential failure, to the component actually failing. During this period, action can be taken to completey avoid or prevent the failure from occuring and these are known as scehduled on-condition tasks. According to Moubray, (2001) it is known as predictive maintenance, as the failure is attempted to be predicted based on its current condition. Scheduled on-condition tasks normally involve two different approaches -
Condition Based Monitoring - These are techniques that use different types of equipment to detect potential failures. They measure a variety of failure effects such as electrical, particle, temperature an physical effects (Noman, et al., 2019).
Product Quality Variation - The emergence of a failure in the product after a manufacturing process, can be the indication of a potential failure. A technique using process is known as statistical process control. It involves measuring a specific part of a component such as dimensions and weight, then using it to draw conclusions about the process (Moubray, 2001).

4.4.2.7 What should be done if a suitable task is not found?
If a suitable task cannot be found that sufficiently reduces the likelihood of failure or the consequences from occurring, then Moubray (2001) insists that appropriate tasks should be considered. These include - 
 Failure-Finging tasks - This is associated with hidden dangers and the result is to hopefully reduce this consequence to a manageable, tolerable level. Methods of failure-finding tasks include carrying out regular fault finding techniques such as the half split method, six point method and input output technique. It even includes incorporating daily visual tasks into an operators routine to indentify problems that may have be missed by maintenance personel. 
 Redesign - When a suitable task cannot be found to reduce a failure affecting safety or the environment, then the component or process must be changed. Flynn, et al. (2007) recommends a full review into any redesign, as may not elimnate the problem, yet still become expensive. This is   further strengthened in the opinion of Plucknette (2009), who mentions that often, the redesign creates a worse situation with greater problems than before. 
.No Scheduled Maintenance - If the problem does not pose a risk to safety or the environment and doesn’t affect the buisness, then it can be left to operate until a function failure occurs. Moubray (2001) argues that this doesn’t mean it is forgotten about and ignored. It simply means that a neither a preventative task or a scheduled task can be found in its present form. Shagluf, et al.  (2014) views this as a typical run to failure default action and acknowledges that there must be assets in place when the failure occurs.























[bookmark: _Toc40958661]5. Grob CNC Machine

[image: ]As explained by Smith (2013), a computer numerical control (CNC) machine processes a component to the required specifications by following a coded programme. It is a highly precise tool that makes extremely accurate movements to either cut, ream, tap or brush a part. The dragon headline uses nine G500 Grob CNC machines, as seen in figure 15, to manipulate the head to the necessary measurements.
[bookmark: _Toc40040766]Figure 15, G500 Grob CNC machines used on dragon headline 

On the headline, transportation of engine heads can be displayed as inputs and outputs. At the input stage, the component is placed via a conveyor system, into a safe area, whereby a gantry can attach itself. Once connected to the gantry, it is placed above a Grob, ready for the machine door to be opened. The part is then placed onto the adapter plate inside the machine and the part is then manufactured to the required dimensions. After being machined, the part is positioned so that the output stage of the process can begin. This involves the door opening and the gantry collecting the part to be placed onto another conveyor system. This operation occurs at Op50, Op100, Op120 and Op170 a schematic of the process can be seen in figure 16.
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[bookmark: _Toc40040767]Figure 16, Input and Output of Grob cutting process (Ford, 2019)

[bookmark: _Toc40958662]5.1 Primary Functions
When examining the bigger picture, Ford Motor Company’s primary aim is to deliver high quality products to customers within an agreed time. For the dragon headline in Bridgend, this means satisfying their internal customer in the assembly line, as well as focusing on the external customer in the assembly plants around Europe. 

[bookmark: _Toc40958663]5.1.1 Cycle Times 
To ensure that the demand matches the rate of production, it is important that each Grob machine does not over cycle. Table 4 demonstrates the required cycle times for each operation. 

[bookmark: _Toc40958467]Table 4, Required cycle times for each operation (Ford, 2019)
	Operation
	Required Cycle Time (sec)

	Op50
	278.6

	Op100
	277.7

	Op120
	443.4

	Op170
	293.8




[bookmark: _Toc40958664]5.1.2 Cutting processes and Quality
The dragon component will pass through four CNC operations along the headline. These are OP50, 100, 120 and 170. Each operation consists of two or more Grob machines that follow the same coded control functions to cutting the many part features on the component. At each operation, the Grob machines contain a different coded program as shown in the tables below. 

Op50
[bookmark: _Toc40958468]Table 5, Cutting process of Op50 Grob machine (Ford, 2019)
	Part Feature 
	Derivative 
	Dimension (mm)

	Intake/ exhaust spring inside chamfer diameter and depth
	GTDI
	0.375 ± 0.25 (Depth)
27 ± 0.25 (Diameter)

	PCV vent holes diameter and depth
	GTDI
	12 ± 0.25 (Diameter)
161.35 ± 0.35 (Depth)

	PCV drain back hole diameter and depth
	GTDI
	109.75 ± 0.25 (Depth)
6 ± 0.25 9 (Diameter)

	VDE oil feed hole diameter and depth
	GTDI
	8 ± 0.25 (Diameter)
109.69 ± (Depth)

	Intake/exhaust guide holes diameter 
	Common
	11 ± 0.2

	Exhaust seat pocket depth and diameter
	GTDI
	5.91 ± 0.1 (Depth)
21.5 ± 0.15 (Diameter)

	Intake seat pocket diameter and depth
	GTDI
	5.51 ± 0.1 (Depth)
31.2 ± 0.013(Diameter)

	Drain hole diameter and depth
	GTDI
	8 ± 0.25 (Depth)
48.1 ± 0.25 (Diameter)

	Various features and surface finish 
	GTDI
	Various




Op 100
[bookmark: _Toc40958469]Table 6, Cutting process of Op100 Grob machine (Ford, 2019)
	Part Feature 
	Derivative 
	Dimension (mm)

	Fuel rail fixing holes
	Common
	M6x1

	Cam carrier fixing chamfer drill depth
	GTDI
	1.3 ± 0.44

	VDE spray bar hole diameter and depth 
	Common
	7 ± 0.25 (Diameter)
3.6 ±  0.9 (Depth)

	Counter Bore Depth 
	GTDI
	5.7 ± 0.44

	Cam Carrier fixing thread form and depth 
	GTDI
	M6x1 
22.35 (Depth)

	M6 tapped through holes 
	Common
	M6x1

	Water jacket core plug ream diameter
	GTDI
	16.022 ± 0.022

	IEM coolant hole diameter and depth
	GTDI
	3 ± 0.25 (Diameter)
1.3 ± 0.37 (Depth)

	Exhaust/ intake lash adjusters drill depth
	Common
	12.025 ± 0.015 (Diameter)
25.5 ± 0.25 (Depth)

	Various features and surface finish
	GTDI
	Various




Op 120
[bookmark: _Toc40958470]Table 7, Cutting process of Op 120 Grob machine (Ford, 2019)
	Part Feature 
	Derivative 
	Dimension (mm)

	Head dowel holes diameter
	Common
	12.136 ± 0.02 (Diameter)

	Intake valve guide chamfer depth
	GTDI
	28.1 ± 0.1 (Depth)

	Exhaust valve guide chamfer depth
	GTDI
	24 ± 0.1 (Depth) 

	 TC coolant hole thread form and depth
	GTDI
	M6 x 1
20 ± 0.1 (Depth) 

	Rear face Thread
 
	GTDI
	M6 x 1

	Fuel rails holes tap
	GTDI
	5.153 ± 0.1 

	Intake manifold dowel holes drill depth
	Common
	6.415 ± 0.28 (Depth) 

	Fuel injector pocket holes diameter
	Common
	21.4  ± 0.25 (Diameter)

	Spark plug holes diameter
	GTDI
	26 ± 0.25 (Diameter)

	Spark plug minor diameter 
	Common
	12.780 ± 0.133 (Diameter)

	Spark plug holes depth
	GTDI
	5.4 ± 0.2 (Depth)

	Intake seat depth 
	GTDI
	9.4 ± 0.1 (Depth)

	Exhaust seat depth 
	GTDI 
	10.3 ± 0.1 (Depth)

	Intake valve guide chamfer depth
	GTDI
	28.1 ± 0.1 (Depth)

	Exhaust valve guide chamfer depth
	GTDI
	24.± 0.1 (Depth)

	Various features and surface finish
	GTDI
	Various




Op 170
[bookmark: _Toc40958471]Table 8, Cutting process of Op170 Grob machine (Ford, 2019)
	Part Feature 
	Derivative 
	Dimension (mm)

	Main oil galleries, OCV oil feed reamed holes diameter and depth
	GTDI
	12.022 ± 0.022
9.60 ± 0.45

	Front cover fixing and primary drive holes form
	Common
	M8 x 1.25

	 Thermostat fixing and front cover holes form and depth
	Common
	M8 x 1.25 
20.6 min (Depth)

	 Primary drive hole depth
	GTDI
	6.912 ± 0.45 (Depth)

	Front cover NVH fixing holes form and depth
	Common
	M10 x 1.5
24 ± 0.2 (Depth)

	Water jacket plug ream depth
	Common
	14.300 ± 0.45 (Depth)

	Direct injection bores diameter
	GTDI
	7.750 ± 0.011 (Diameter)

	Cam journal oil feed holes diameter and depth
	GTDI

	5.00 ± 0.25 (Diameter) 
23.36 min (Depth)

	Carrier fixing diameter
	Common
	10 ± 0.02 (Diameter)

	Various features and surface finish 
	Common 
	Various




[bookmark: _Toc40958665]5.2 Secondary Functions
As mentioned in the literature review, secondary functions can be even more important that primary functions. The secondary functions within a Grob machine are extremely important to Ford as they do ensure they comply to certain regulations. They include safety and containment as shown-

[bookmark: _Toc40958666]5.2.1 Safety
Automated machinery requires special safety controls that are designed to reduce the likelihood of accident and injury. Derstine (2013) acknowledges that there are a variety of safety regulations that must be applied to new machinery before it is supplied to an organisation. The HSE, suggests that in the UK, machinery must abide by the Provision and Use of Work Equipment Regulations. This requires risks to employees who use machinery and equipment to be controlled and prevented whenever possible. This could be in terms of additionally training, firm guarding and clear instructions around the entire machine. In terms of the Grob machine, there are a variety of guards around and above the machine that protect all employees and visitors to the area. These are shown in figure 17.








High  guards to protect from gantry




[image: ]Side rails to reduce fall hazard








Toughened glass to protect operators



[bookmark: _Toc40040768]Figure 17, Safety features on Grob machine (Grob, 2013)

[bookmark: _Toc40958667]5.2.2 Containment 
One of the most important aspects of the machine is its ability to be completely sealed from the outside to enable the complete safety to the employees of Ford. To ensure that the risk is minimal, the doors have a rubber seal around their borders to ensure that no particles from the cutting procedure can enter the internal atmosphere. Along with this, the cutting fumes are filtered out through a series of filters known as the Keller system. The containment of the entire system can be seen in the figures 18 and 19.
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[bookmark: _Toc40040769]Figure 18, Grob machine with containment controls included[image: ] (Grob, 2013)






[bookmark: _Toc40040770]                                                                                     Figure 19, Grob machine without any containment controls (Grob, 2013)

[bookmark: _Toc40958668]5.3 Current Grob Machine Maintenance Strategy
At Bridgend engine plant, the concept of preventative maintenance has been a hindrance to production, therefore, it has rarely been adopted as a maintenance strategy and used effectively. Even though it is beginning to be used on PAG machining, older lines such as Sigma, continue to carry out reactive breakdown maintenance on all machines. As a result, the company has prioritised a preventative maintenance programme on dragon machining with the aim of reducing breakdowns and maintaining machine availability and productivity. The goal is to ensure that the machines continue to run efficiently, without systemic or repeat failures, for the duration of the dragon product cycle. 
The dragon engineering team have devised a preventative maintenance schedule whereby each machine on the entire line is inspected ever six months and overhauled every year.  All components (where practical) of a system are changed yearly, even if it is found to be in good condition. These types of tasks are known in the literature review as scheduled restoration and discard tasks. The full-service check sheet used when overhauling a Grob machine on the dragon headline can be seen in table 9.
[bookmark: _Toc40958472]Table 9, Year service of a Grob machine (Ford, 2019)
	Task 
	Current Maintenance Task
	Yearly Service Completed

	
	
	Yes
	No

	1. Pneumatic System
	Replace filters
	
	

	
	Replace silencer
	
	

	
	Replace external pipe work
	
	

	2. Central Lube System
	Replace filter
	
	

	
	Replace Breather
	
	

	
	Drain and change oil
	
	

	3. Hydraulic System
	Replace Filter
	
	

	
	Replace breather
	
	

	
	Drain and change oil
	
	

	
	Replace accumulator
	
	

	4. Spindle 
	Replace lip seal
	
	

	
	Replace clamping jaws
	
	

	5. Chiller System
	Replace chilled water filter
	
	

	
	Drain and change glycol fluid
	
	

	6. MQL System
	Change MQL oil
	
	

	
	Replace tank breather
	
	

	
	Replace filter element
	
	

	
	Replace quick valve
	
	

	7. Keller System
	Replace 1st and 2nd stage filters
	
	

	
	Replace impeller and renovated impeller
	
	

	
	Replace silencer
	
	




[bookmark: _Toc40958669]5.4 Costs of Maintenance strategy
For each full service on a Grob machine, table 10 details the cost for each component. The total cost required for all the Grob machines can then be calculated. This is the total cost for the current maintenance strategy applied to all CNC machines on the headline. 

























[bookmark: _Toc40958473]Table 10, Costs of current maintenance strategy (Ford, 2019)
	System
	Maintenance Task
	Cost of Task for Each Grob Machine Per Year
	Units Per Machine
	Cost for entire Dragon Headline Per Year

	Pneumatic System
	Replace Filters
	£26.03
	5
	£911.05

	
	Replace Silencers
	£2.60
	4
	£72.80

	
	Replace Pipework
	£5.70 per metre
	4 Metres
	£159.60

	Central Lube System
	Replace Filter
	£31.40
	1
	£219.80

	
	Replace Breather
	£10.90
	1
	£76.30

	
	Drain and Change Oil
	£6.67 per litre
	6 Litres
	£280.14

	Hydraulic System
	Replace Filter
	£41.00
	1
	£287.00

	
	Replace Breather
	£12.00
	1
	£84.00

	
	Drain and Replace Oil
	£4.025 per litre
	40 Litres
	£1,127.00

	Spindle
	Replace Lip Seal
	£21.00
	1
	£147.00

	
	Replace Clamping Jaws
	£102.00
	1
	£714.00

	Chiller System
	Replace Filter
	£22.00
	1
	£154.00

	
	Drain and Change Oil
	£9.80 per litre
	10 Litres
	£686.00

	Extraction Keller System
	Replace 1st Stage Filter
	£35.50
	2
	£497.00

	
	Replace 2nd Stage Filter
	£98.00
	1
	£686.00

	
	Replace Silencer
	£3.00
	1
	£21.00

	
	Rewire Motor
	£32.00
	1
	£224.00

	
	Replace Impeller
	£201.00
	1
	£1407.00

	MQL System
	Change MQL Oil
	£8.05 per litre
	20 Litres
	£1127.00

	
	Replace Tank Breather
	£4.00
	1
	£28.00

	
	Replace Filter
	£11.00
	1
	£77.00

	
	Replace Quick Valve
	£45.00
	1
	£315.00


[bookmark: _Toc40958670]5.5 Comparison of MTBF with Theory
in aircraft, it was found that over 68% of all components behave very similarly to figure 20. This, as mentioned by Bala, et al., (2018) is the bedding in process of new machinery, whereby problems can arise such as incorrect installation, component tolerance issues and component foundry defects. 
[image: ]
[bookmark: _Toc40040771]Figure 20, High infant mortality, machine failure rate (Goodman, 2020)

When compared to the MTBF of the Grob machines (Figure 21), the data strongly suggests the validity of the theory that was explained in the literature review. 

[bookmark: _Toc40040772]Figure 21, Graph indicating MTBF on dragon headline (Doyle, 2019)

Figure 21 demonstrates that for the first four months into manufacturing the dragon head, the line suffered from a MTBF of under 200 minutes. The graph then shows a significant rise until a steady MTBF rate was established. This is exactly what is expected, and it follows the infant mortality rate curve in figure 20.
Increase in MTBF corresponds to overhauling period.

[bookmark: _Toc40040773]Figure 22, Highlighting the dip in MTBF in September (Doyle, 2019)

A very interesting observation can be made during the month of September as shown in figure 22. When entering this month, the MTBF rate drops from 1200 to just above 600 minutes which is nearly a 50% increase in the number of time failures that have occurred in the previous four months. This means that a failure is occurring once every 600minutes, compared to once every 1200 minutes in the previous months. The dip in MTBF during the month of September, corresponds to the period in which all the Grob machines are overhauled as part of the maintenance plan. This means that most components on the CNC machines are either replaced or refurbed , where practical. This drop is again supported by the literature review and figure 20, which suggests that the probability of failure is at its highest at the beginning of a components working life. It is therefore clear that this report is justified, as the current maintenance program is resulting in unnecessary downtime. 
















[bookmark: _Toc40958671]6. Analysis and RCM of Grob Machine Components and Systems

The RCM method will be used to analyse a variety of Grob components that are crucial in the normal operation of the Grob machine . 

[bookmark: _Toc40958672]6.1 Minimum Quantity Lubrication 
During the cutting operation within the CNC machine, Smid (2003) explains that a huge amount of heat is generated for a short time when the tool contacts the workpiece. This can potentially lead to a blunt or even broken tool. To counteract this, most organisations adopt the use of a water solouble coolant that floods the entire part and tool at high pressure. The aim of this, as stated by Lee (2011) is to reduce friction between the part and tool, as well as being able to flush out the waste chips. Even though this can be effective, Smid (2003) suggests it is an expensive procedure which also has a negative effect on the surrounding enviroment. The systems uses high pressure pumps, storage containers and industrial filters that require vast amounts of energy to use and labour to maintain.
[bookmark: _Hlk33899515]To reduce the cost and environmental impact of flood coolant, the dragon headline uses a coolant process known as ‘Minimum Quantity Lubrication’ (MQL). According to Khan, et al., (2018) an MQL system aerolizes an oil based lubricant using compressed air, which is then transported at a high velocity towards the cutting tool.  An advantage of using MQL is the ability to achieve a faster velocity at the required place, compared to using coolant. This is also achieved using a much lower system air pressure, as demonstrated in figure 23.
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[bookmark: _Toc40040774]Figure 23, Flow rate comparison (Bielomatik, 2013)

The MQL system is comprised of a variety of components including an MQL tank, pneumatic unit, quick valve, vent valve and control unit. These are seen in figure 24 below -
MQL control unit


[image: ]

Quick valve 



Vent valve






Pneumatic unit
MQL tank



[bookmark: _Toc40040775]Figure 24, MQL system and the components (Bielomatik, 2013)

The system on the Grob machine is known as a 2-channel network as it combines to fluids such as oil and air. The oil fluid begins in the pressure tank, whereby the gear pump and 1.5kw motor send MQL oil at 2.5bar, through a filter element and then to the quick valve. This valve controls the dosage of MQL required for each tool and it knows this by receiving a signal from the control unit, which is controlled by the machines PLC. Alongside the MQL oil, the quick valve is also receiving a supply of air pressure at 5bar from the pneumatic unit. This reaches the quick valve after going through the vent valve, which is responsible for discharging pressure built up by the spindle. After the correct volume of oil is released by the quick valve, the oil and air travel separately along an item known as a lance at a velocity of 30m/s, whereby, they enter the rotary union. This component allows for the transmission of both fluids from a linear motion, into a rotary motion into the rotating tool within the spindle. Once into the tool, the two fluids are mixed as seen in figure 25 and the spindle rotating at 2500RPM, allows for the increase in velocity of the MQL oil, so that it can reach the manufactured engine head.

[image: ]





[bookmark: _Toc40040776]Figure 25, Fluids are mixed in the tool (Dreher, 2017)

[bookmark: _Toc40958673]6.1.1 Primary Functions 
The systems main primary function is to transport the liquid at a volumetric flow rate in the range between 5 – 300ml/h at a pressure of 2.5bar, which is significantly lower than a typical flood coolants volumteric flow rate of 20L/min. Khan, et al. (2018) informs that the main benefits of MQL are lowering the temperature between the tool and workpiece, improve the quality of the part and improve the tool life. 
The Grob machines use an MQL system which comprises of a Fluid unit, MQL controller, quick valve, vent valve and pneumatic supply. These are shown in figure 24. The purpose and function of the MQL system is to deliver the correct volume of liquid at the recommended pressure of 5 bar, to the tool located in the spindle. Additionally, the liquid must be accuratley released in the correct location on the part to be efficient in reducing friction and meeting the lines surface area specifications. 


Volumes of MQL 
The PLC within the Grob machine has 10 MQL programmes (table 11) that deliver different dosages of MQL liquid thoroughout the manufacturing process for each tool. 
[bookmark: _Toc40958474]Table 11, PLC programmes used for MQL (Bielomatik, 2013)
	PLC Programme
	Volume of MQL (ml/h)

	1
	50 

	2
	100

	3
	150

	4
	200

	5
	250

	6
	300

	7
	350

	8
	400

	9
	450

	10
	500




Required direction of MQL on Component 
Once the oil emulsion has left the tool, it is required to travel 360 degrees as displayed in figure 26. 
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[bookmark: _Toc40040777]Figure 26, Location and direction of the MQL travel (Dreher, 2017)

[bookmark: _Toc40958674]6.1.2 Secondary Functions
One of the main secondary functions of the MQL unit is the containment of the fluid until the point of exit at the tool tip. The cost of the fluid is £11.50 per litre and according to Bielomatik (2013) it is an irritant that can be harmful to the skin and eyes, therefore, it is essential that the system contains the fluid. In terms of machine efficiency, the system must also filter out any contaminents that may block or be ejected onto the part. The temperature of the oil is designed to stay within 20-30 degrees when all components such as the pump and motor are operational, therefore, a secondary function is for the system the stay within that window. 





[bookmark: _Toc40958675]6.1.3 FMEA

[bookmark: _Toc40958475]Table 12, MQL FMEA table (Doyle, 2019)
	[bookmark: _Hlk39605469]Component
	Function
	Failure
Mode
	Failure 
Effect
	S
	Cause
	O
	Current
Controls
	D
	Action
	R
P
N

	MQL
Tank
	Maintain fluid temp
	Large temp changes
	Viscosity of oil
	6

	Pump /
Motor 
fault
	2
	None
	2
	Monitor 
temp gauge

	2
4

	
	Maintain
pressure
	Pressure
Increase/
drop
	Oil ejection rate changes
	8
	Leak in tank or
system
	3
	Visual inspection
	3
	Leak test
Tank
	7
2

	
	Contain min
13L MQL 
oil
	Level falls below
13L
	Part receives no MQL
	1
0
	Leak in tank or not refilled
	5
	Machine notifies when empty
	2
	Refill Schedule
	1
0
0

	Quick
Valve
Unit
	Apply correct MQL
dosage
	Wrong MQL dose
selected
	Snapped tools or part soaked in MQL
	1
0
	Not Calibrated or blocked from high
contamination
	8
	None
	8
	Method of measuring ejection
Volume
	6
6
0

	Pneumatic 
Unit
	Supplies 5 bar of air to 
system
	Wrong air pressure
	MQL oil removed
or has not 
reached
part
	8
	Leak in system or blocked air filter
	1
	Visual inspection
	2
	Inspect value quarterly and check filter
	1
6

	Gear 
Pump
	Provide a constant supply of MQL to quick valve
	Reduction in pressure
	Quick valve runs dry
	8
	Worn gear teeth due to high oil contamination
or low tank level
	4
	Filter cleans oil 
	6
	Quarterly pressure checks and oil health
testing

	1
9
2

	Motor
	Convert electrical energy into
Mechanical
Energy.
	Over temp
	Risk of fire
	1
0
	Enclosed space or high oil contaminants
	3
	None
	3
	Thermal Imaging
	9
0






[bookmark: _Toc40958676]6.1.4 Risk Analysis

	10
	10
	20
	30
	40
	50
	60
	70
	80
	90
	100

	9
	9
	18
	27
	36
	45
	54
	63
	72
	81
	90

	8
	8
	16
	24
	32
	40
	48
	56
	64
	72
	80

	7
	7
	14
	21
	28
	35
	42
	49
	56
	63
	70

	6
	6
	12
	18
	24
	30
	36
	42
	48
	54
	60

	5
	5
	10
	15
	20
	25
	30
	35
	40
	45
	50

	4
	4
	8
	12
	16
	20
	24
	28
	32
	36
	40

	3
	3
	6
	9
	12
	15
	18
	21
	24
	27
	30

	2
	2
	4
	6
	8
	10
	12
	14
	16
	18
	20

	1
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10







High risk
Occurrence


Medium risk


Low risk



Severity


[bookmark: _Toc40958476]Table 13, Risk analysis tables of MQL system (Doyle, 2019)
	Component
	RPN
	Severity x Occurrence
	Risk category 

	MQL Tank
	24
	72
	100
	12
	24
	50
	
	
	

	Pneumatic unit
	16
	8
	

	Gear Pump 
	192
	32
	

	Quick Valve Unit
	660
	80
		

	Motor
	90
	30
	



It is observed from table 13, that the component with the highest risk to the business is the quick valve along with the MQL tank. The motor and gear pump also present a medium risk to the business.
[bookmark: _Toc40958677]6.1.5 Fishbone Diagram - Quick Valve 
Incorrect  volume of MQL oil released

High Contamination on Part




Blocked filter
Calibration


Tank Leak
Blocked valve


Wrong oil used
No supply of MQL oil


Quick Valve Problems



Empty tank


Pressure settings



Leak in system


Low/High pressure on part.


[bookmark: _Toc40040778]Figure 27, Fishbone diagram of High risk component (Doyle, 2019)
[bookmark: _Toc40958678]6.1.6 Consequences 
The quick valve, as reported, is a crucial component to the system as it converts an electrical signal from the control unit into a mechanical action, by controlling the required dosage of MQL oil for each tool. The FMEA and risk analysis table indicates that the highest risk to Ford Motor Company is the quick valve. This is due to two different factors seen below-

9.1.6.1 Hidden Failure
If the quick valve produces a failure such as supplying the engine head with too much MQL oil, then this would be very difficult for an operator to notice. The machine will not produce a fault and as there is no oil refill tracking system in place, each shift will not know when the MQL pressure tank was last refilled. If an oil tracking system was in place, then operators could easily identify how much oil each machine was using and possible identify a problem or carry out an investigation. Due to the difficulty of identifying the failure, the problem will  continue unnoticed until a serious failure occurred .
9.1.6.2 External Customer
The role of the MQL process,  is to use enough MQL oil so that it would burn off during the cutting process and not stay on the head once out of the machine. If a higher volume was expelled onto the part than what was necessary, then the MQL would stick to the part until it entered the last final wash (figure 28) on the production line. The final wash contains a wash media that has a variety of 
[image: ]








[bookmark: _Toc40040779]Figure 28, Final ABB Wash (Doyle, 2019)
chemicals with life prolonging additives. These help to maintain the structural integrity and the cleanliness of the aluminium material. As a result of the constant washing of excess MQL oil, this may result in contamination of the wash media which could remove or hamper the effect of the chemicals. When thinking of the bigger picture, a hidden failure such as this, can have a detrimental impact on the external customer whereby, potential failures are more likely. This could lead to an increase in warranty claims and a negative experience of Ford Motor Company from existing customers. As highlighted previous in the report, Ford headquarters in Detroit, award future investment on the performance and quality of a plant, therefore, it is vital that all engines survive their warranty period. 

9.1.6.3 Operational Consequences 
Another failure mode of the MQL procedure is the lack of pressure or volume reaching the part in the machine. Research by Ibrahim, et al. (2014) demonstrates that a lack of oil lubrication when cutting, not only poses the risk of damaged tools, but also may leave considerable evidence on the part itself. These include burs, scorching and chatter (Figure 29).
[image: ]










[bookmark: _Toc40040780]Figure 29, Chatter from low MQL pressure on intake valve seat (Doyle, 2019)

The lack of cutting lubrication pressure or volume also presents problems on the cutting tools. The MQL oils purpose is to reduce friction between the tool and the part so that the the tool can cut effectively, leaving a good surface finish. Another reason is to decrease the potentially high temperatures that can be created by the friction from the cutting motion. If left unchecked, the high temepratures can leave scorch marks on the part , as well as snapping or damaging the tool. Each tool does cost between £1200-£1500, (Bielomatik, 2013), therefore, any prolonged MQL issue, can have a detrimental impact on the production lines cost per unit. Figure 30, shows a comparison on the dragon cutting tools with and without the use of MQL oil. 
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[bookmark: _Toc40040781]Figure 30, With and without MQL temperature comparison when cutting (Dreher, 2017)

[bookmark: _Toc40958679]6.1.7 Scheduled On-Condition Tasks
A series of scheduled on-condition tasks could be implemented on the MQL system that would ensure the items named on the FMEA table, are maintained correctly. Especially the failures that could contribute to serious consequences for Ford Bridgend. 

9.1.7.1 Volumetric Measuring and Leak Test Unit
It was reported that before a failure occurred, there was a period known as the P-F interval , whereby, it was possible to correct or stop a failure from happening. At this present moment, there is no maintenance method of ensuring the quick valve is delivering the correct dosage of MQL or there is a leak, therefore, machines could already be in the P-F interval stage. To rectify this, a scheduled on-condition task to measure the correct volume could be used on a quarterly bases to remove the P-F interval. 
Below in figure 31, is a device known as a volumetric measuring and leak test unit which is currently being used in Fords Chihiahua engine plant in Mexico. This instrument is placed into the spindle as a new tool and the machine is programmed to activate all the 10 MQL programmes (Table 11) whereby different volumes of oil are measured. If there are any major discrepancies, the quick valve can be calibrated. Once calibrated, the measuring unit must be attached again and all programmes re-run. If there is still a problem with the data, further investigation, such as visual internal  inspections should be performed to identify leaks.
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[bookmark: _Toc40040782]Figure 31, Volumetric Measuring Unit used in Mexico (Doyle, 2019)

9.1.7.2 Spray Recording Board
The risk analysis demonstrated that the quick valve is a high-risk component to the MQL system and the FMEA showed MQL being sprayed in the wrong location on the part can have short- and long-term consequences for the overall business. These includes snapped tools and damage to the head. Analysis and research on the functions of the MQL system, which is part of the RCM methodology,  revealed that the oil must be ejected in a 360-degree pattern. After dialogue with Grob, it is recommended that a future maintenance known as the spray board test be conducted. It uses a board connected to the B axis turn table as seen in figure 32 and a programme entered into the PLC. The Grob will then perform a 20-minute test and the results can be analysed by removing the board from the machine. 

[image: C:\Users\DBOOROFF\Pictures\Spray test\20151210_082407.jpg]







[bookmark: _Toc40040783]Figure 32, Spray board test (Dreher, 2017)

9.1.7.3 Primary Effects Monitoring 
The FMEA analysis highlights the important of the correct temperature, pressure and tank level, therefore, it is recommended that the data from all gauges are monitored every three months. In terms of pressure and temperature, the data can be analysed using line graphs to identify trends. This can be utilised to predict and rectify potential failure. From figure 33 you can identify the gauges that would need to be monitored every three months.




MQL temperature gauge


MQL Level gauge 

[image: ]


MQL tank sight glass
Pressure gauge monitoring 




[bookmark: _Toc40040784]Figure 33, Gauges on the MQL system (Doyle, 2019)

9.1.7.4 Refill Schedule 
The headline does not currently have a process of refilling the MQL tank, therefore, it is carried out by an operator when required or noticed. Also, the machine only presents a warning regarding an empty tank and does stop its operation. The RCM has highlighted that a variety of components such as the gear pump and quick valve can experience problems without any MQL oil in the tank. The risk analysis deems these as medium to high risks to Ford, therefore it is advised that an oil refilling scheduled be implement as seen in table 14. The schedule is designed to refill each machines MQL every Friday and the litres required to totally fill each tank, recorded. The data can be analysed to understand the volumes and anomalies that may signal potential leaks or problems with the quick valve.  





	September

	Week 1
Litres Required
	Week 2
Litres Required 
	Week 3
Litres Required
	Week 4
Litres Required

	Op50
	
	
	
	

	Comments
	
	
	
	

	Op100
	
	
	
	

	Comments
	
	
	
	

	Op120
	
	
	
	

	Comments
	
	
	
	

	Op170
	
	
	
	

	Comments
	
	
	
	


[bookmark: _Toc40958477]Table 14, Oil Refilling Schedule (Doyle, 2019)


[bookmark: _Toc40958680]6.1.8 Recommended Maintenance Strategy
An analysis of the FMEA and risk tables, combined with the current maintenance methods has produced a recommended maintenance plan that should be used for future work. This is seen in table 15.









	Component
	Recommended Maintenance Task
	Frequency 

	MQL Tank
	Conduct an oil refill schedule
	Weekly

	
	Record and monitor oil temperature
	Every 3 months

	
	Inspect external pipework from tank
	Every 3 months


	
	Empty and clean tank
	Every year

	Gear Pump
	Record and monitor pressure gauge 
	Every 3 months

	
	Remove and inspect
	Every year

	Quick Valve 
	Perform leak test and volumetric measuring programme
	Every 3 months

	
	Conduct the  spray recording board programme
	Every 3 months

	
	Remove and clean
	Every year

	Filter
	Record filter gauge level, change if blocked.
	Every 3 months

	Pneumatic Unit
	Record and monitor air pressure gauge
	Every 3 months

	
	Inspect air filter
	Every 3 months

	
	Inspect air tubes
	Every 3 months


[bookmark: _Toc40958478]Table 15, Recommended maintenance plan (Doyle, 2019)





[bookmark: _Toc40958681]6.2 Hydraulic System

The mechanism of transmitting and controlling energy by pressurisation from one location to another using either a liquid or a gas, is known as fluid power. According to Fenton (2016) a hydraulic system, is a type of fluid power that uses an incompressable liquid to transmit large quanitites of energy from source to accuator. The source is usually a large electric motor, which converts electric energy into mechanical rotational energy to activate a pump. The pump converts the mechanical energy into high pressurised hydraulic energy by transporting oil from a storage tank to throughoutthe entire system.

Grob Machine
The location of the hydraulic system and its components can seen in figures 34 and 35. 
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Hydraulic System 





[bookmark: _Toc40040785]Figure 34, Location of hydraulic system on Grob machine (Doyle, 2019)
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Hydraulic Pressure Tank




[bookmark: _Toc40040786]Figure 35, Location of main external components of hydraulic system (Doyle, 2019)
The hydraulic system comprises of a large, pressurised, 40 litre hydraulic tank that stores Castrol Hyspin AWS 46 hydraulic oil. Gillies (2020) describes this oil to have extremely advanced anti-wear properties with oxidative stability to decrease the build up of sludge and contamination deposits. The 40 litre tank, as shown in figures 36 and 37 has a sight glass to detect the oils level and a drain valve to empty the tank. 
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[bookmark: _Toc40040787]	Figure 36, Hydraulic Tank (Doyle, 2019)   	                                   Figure 37, Sight glass (Doyle, 2019)
To allow the transportation of the hydraulic oil to all the required actuators, a 3KW electric motor combined with a gear pump produces a pressure between 120-130bar. The gear pump (figure 38) consists of an inlet and outlet pipe that are separated by a driver gear and driven gear which rotate and mesh into one another. The reduction in volume combined with the gears rotating at 3000rpm, forces the oil through the outlet pipe at the pressure required. 
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[bookmark: _Toc40040788]Figure 38, Hydraulic Gear pump (Mondello, 2011)

The pump and the motor are connected via a spider coupling and placed onto the motor as seen in figure 38. Its observed that once the oil is expelled by the pump. It travels through a pressure relief valve. As researched by Hos, et al., (2009) pressure relief valves are used in hydraulic systems to set a maximum pressure level. Once this level has been reached, the valve activates and releases the excess flow of oil back to the hydraulic tank. The valve on the Grob hydraulic system incoporates a spring that is set to 130bar, once the machines pressure increases greater than that limit, the spring contracts, allowing the oil to flow back to tank. The hydraulic motor, pump and relief valve can be seen on figure 39.
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[bookmark: _Toc40040789]Figure 39, Motor, pump and pressure relief valve in the Grob machine (Channel, 2019)

Once the oil has left the tank at a pressure between 120-130 bar, the system splits into two valves that control two areas of the system where the hydraulics are needed. These are for clamping the part and tool into place. The first area is in the spindle. As demonstrated in figure 40, the hydraulics control the movement of the drawbar when clamping and releasing the tools. 
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[bookmark: _Toc40040790]Figure 40, Drawbar position controlled by hydraulics (Mueller, 2016)
Once the part has been placed into the machine via the overhead gantry, it is required to be held in place whilst the spindle performs the cutting operation. The hydraulics control the position of two actuators that’s function is to grip the adapter plate in which the part is fastened too. This can be seen in figure 41.
[image: ]
	Hydraulically controlled grips required to firmly hold the part








[bookmark: _Toc40040791],Figure 41, Actuator controlled grips (Doyle, 2019)

[bookmark: _Toc40958682]6.2.1 Primary Functions
The hydraulic system is required by the Grob machine, to produce a constant pressure between 120-130 bar, so that the two main functions of holding both the tool and the part firmly in place, are achieved. For both holding the tool in the spindle and firmly attaching the part to the machine, the system must produce a clamping force between 18-25Kn.

[bookmark: _Toc40958683]6.2.2 Secondary Functions
There are several secondary functions that are connected to the hydraulic system including factors such as safety, containment and protection, however it also has secondary functions in the way the system performs. Even though its primary function is to provide enough clamping force, it also must be able to release its heat so that the temperature does not rise above the recommended 30 degrees. To ensure this, the tank must have been designed correctly to create a large enough surface area to release heat energy once the oil has returned to tank. 
One of the hazardous elements of a hydraulic system is the pressure to which it pumped too and as Wright (2018) argues, if not porperly contained, it can result in cuts, burns or even hydraulic ejection. In accordance, with the Pressure Systems Safety Regulations 2000, a hydraulic system must be designed and maintained to completely remove the likelihood of injury.
















[bookmark: _Toc40958684]6.2.3 FMEA

	Component
	Function
	Failure
Mode
	Failure 
Effect
	S
E
V
	Cause
	O
C
C
	Current
Controls
	D
E
T
	Action
	R
P
N

	Hydraulic Gear Pump
	Convert mechanical energy into hydraulic energy
	Wear on gears
	Low spindle clamping pressure or oil temp increase
	1
0
	Hydraulic oil contamination or low-quality fluid

	5
	Check pressure and temp every 6 months
	8
	Use hydraulic oil testing equipment
	4
0
0

	Motor
	Convert electrical energy into mechanical energy
	Over temp
	Risk of fire 
	1
0
	High oil contamination causing overload or position of motor
	6
	Check oil temp every 6 months
	6
	Thermal imaging camera inspection
	1
8
0

	Breather
	Remove air with changing oil level
	Blocked air filter
	Air getting into system
	5
	Leak in system or filter not changed regularly 
	1
	Change every year
	1
	Check quarterly and change every year
	5

	Pressure Vessel
	Create large surface area
	Surface area reduce
	Oil loses viscosity
	8
	Design fault or high contamination
	5
	None
	2
	Hydraulic oil testing
	8
0


	
	Contain minimum level of oil
	Lack of oil in system for oil clamping
	Part out of spec
	1
0
	Machine runs with low oil level and no refill schedule
	6
	Visual inspect for leaks
	2
	Refill schedule 
	1
2
0

	Filter
	Remove dirt from oil
	Blocked
	Large particles in oil
	5
	Not monitored and changed
	6
	Changed every year
	6
	Hydraulic oil monitoring
	1
8
0

	Pressure Relief Valve
	Protect system from high pressure
	Spring fails 
	System pressure increase
	8
	Becomes damaged with age
	6
	No current controls
	2
	Scheduled discard task
	9
6


[bookmark: _Toc40958479]Table 16, FMEA of hydraulic system (Doyle, 2019)






[bookmark: _Toc40958685]6.2.4 Risk Analysis
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Occurrence
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Severity


[bookmark: _Toc40958480]Table 17, Risk analysis table from the FMEA (Doyle, 2019)
	Component
	RPN
	Occurrence x severity
	Risk category

	Hydraulic Gear Pump
	400
	50
	

	3Kw Motor
	180
	60
	

	Breather
	5
	9
	

	Pressure Vessel
	80
	120
	40
	60
	
	

	Hydraulic Filter
	180
	30
	

	Pressure Relief Valve
	96
	48
	



It is clear from table 17 that the gear pump, motor and pressure vessel pose a medium - high risk to the business.
[bookmark: _Toc40958686]6.2.5 Interview with Line Process Engineer
The correct understanding of the hydraulic system is crucial to know the type of maintenance that needs to be applied. Appendix A shows that the hydraulic system plays an important role in the accuracy of cutting the engines, however, it also poses the biggest risk to the company in terms of safety. The hydraulic oil for example reaches pressure of 120 bar and in other parts of the plant, the motor has been known to overheat. Appendix A also highlights the potential impact to customers if a problem were to occur and this is demonstrated with the failure in Chihiahua Engine plant that was directly attributed to the hydraulic system. It was found that small fluctuations in the hydraulic pressure, caused by a failure of the gears on the gear pump, resulted in the grippers having a reduced pressure when holding the part. 

[bookmark: _Toc40958687]6.2.6 Consequences 
The primary function of the system is to provide the required force consistently, whilst clamping the tool and the work piece. Any failure in this function, can be a major detriment for the organisation by creating operational consequences. 

9.2.6.1 Operational Consequences
Any loss of clamping force on the part or the tool can have severe consequences for the business in terms of quality, income capabilities and customer satisfaction. As previously highlighted in the literature review, Moubrays (2001) research, suggests that potential operational consequences such as a quality issue, can hugely effect customer perception of the buisness which can inturn, lead to higher income losses than the actual repair itself. An example of a quality issue with the reduction of clamping pressure, is the capability of a machine feature being out of tolerance. This is because, the reduction in the clamping pressure, has allowed the tool to move slighty whilst cutting, creating a feature that is different to what is intended. If you examine the bigger picture, this may lead to a customer having a problem with the engine and increasing the warranty costs. If the warranty period is over, then it could lead to a reduction in customer satisfaction and future buisness lost. 

9.2.6.2 Non-Operation Consequences 
There is a high risk that a loss in clamping pressure can make the part and tool unstable during the cutting process. Potentially, this can lead to the part or tool ejecting from their holders and causing considerable damage in the machine. The Grob machine consists of a variety of advanced technical systems and components, therefore, if damage were to occur, a considerable amount of time would be needed, to rectify the damage. This would include, referencing all machine axis and manufacturing numerous extra parts to make sure all features of the head are in tolerance. 

[bookmark: _Toc40958688]6.2.7 Scheduled Discard Tasks
There are certain components of the hydraulic system that not only carry out important functions, but they are also relatively cheap and easy to replace.

6.2 7.1 Breather
Contamination in the air puts added pressure on the motor and gear pump therefore, the role of the breather is important in removing dirt from the system. Totten (2011) reports that it is substantially more costlier to remove dirt from the oil compared to the air as filters are far more expensive than hydraulic breathers. These can be as little as £5.00 to purchase and under 2 minutes to install. For this reason, it is recommended to change the breather each year so that the quality of the air is always high. 

6.2.7.2 Pressure Relief Valve Spring
A report conducted by Staunton & Cox (1995) on the service of pressure relief valves, found that the springs especially, are prone to mechanical stress from the constant pressure created by the hydraulic oil. Therefore, it is good practice to change them regulary to reduce the likelihood of them failing. The report suggests that the low cost of the springs, far outweigh the potential costs to a buisness if the hydraulic system was to run at too high of a pressure.

[bookmark: _Toc40958689]6.2.8 Scheduled On-Condition Tasks
Here are a variety of scheduled on-condition tasks that can be used on the hydraulic system

6.2.7.1 Clamping Drawback Force
The requirement to clamp the tool at a force of between 18-25 Kn, has been researched to be a primary function, therefore it is important to be able to obtain this data using a scheduled on-condition task. Figure 42 displays a mechanism of obtaining the clamping drawback force used in Fords Dagenham engine plant. 
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[bookmark: _Toc40040792]Figure 42, Dagenham engine plant Kelsch gauge to measure the spindles draw back force (Grob, 2016)

It involves using a kelsch gauge that is inserted into the spindle by a maintenance personnel and an operator then activates the spindles clamping function. The gauge simulates a tool and displays the drawback force that is required to enable a clamping force. In Fords Dagenham Engine Plant, this predictive technique is applied to each spindle every three months and all data is used to detect or predict potential failures. It is advised to implement this task at Bridgend to avoid the non/operational consequences already outlined. 

9.2.7.2 Hydraulic Oil Testing 
Even though Rosser (2020) discussed in the interview about possible future maintenance oil testing  methods, none are currently used and the current maintenance strategy is to replace the entire tank of every grob at a cost of £1127 every year. According to Moubray (2001) this is known as a scheduled discard task and it is performed regardless of the condition of the item. Components that fail with age follow either pattern A, B or C of the RCM graphs and in Tic & Lovrec (2011) view, hydraulic oil deteriates slowly, which is comparative to the fatigue failure pattern. Even though hydraulic oil will eventually wear out, Kucera, et al., (2013) argue that oil is needlessly changed in many organisations as it can usually last far longer than its expiry date. Instead of changing the oil, condition based monitoring techniques such as hydraulic oil testing can be carried out to ascertain the condition of the oil. If it is is good condition, then there is no need to change the oil. 
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[bookmark: _Toc40040793]Figure 43, Hydraulic Testing Machine (Doyle, 2019)
The equipment seen in figure 43 is the hydraulic oil testing currently used in Fords Dagenham Engine Plant. It is a Hydac oil analysis machine that costs £189.00 and its purpose is to analyse the particle concentration in a 100ml tube of oil. The machine will then display data of the oils viscosity, moisture levels, particle concentration and acid level (HYDAC, 2018). Even though oil analysis is common in identifying the condition of the oil, Mayer (2009) reports that most oil analysis investigations fail due to a number of factors. These include the time when oil is taken, frequency, temperature and condition of hydraulic tank. It is therefore, recommended that a full strategy and plan for the exact time and frequency of oil testing be established before it takes place. 

9.2.7.3 Thermal Imaging Camera 
The pump and hydraulic motor have the responsibility of transferring electrical energy into mechanical energy to create pressure at 120-130 bar and this has been determined to be a primary function of the hydraulic system. The FMEA deduces that a potential cause of overheating is due to bearing failure in the pump or motor and this is supported by Singh & Naikan (2017) whos research suggests that an early sign of failure or malfunction is heat. 
A predictive maintenance technique such as using thermal imaging cameras to detect heat can be implemented across all hydraulic systems on the Grob machines. The temperature of each motor should be taken every three months and used to predict any likelihood of failure occuring. A corrective maintenance task can then be performed to replace bearings, or the entire pump before any serious failure occurs. Figure 44, shows a thermal analysis conducted on two motors whereby one can be seen to be higher in temperature compared to the other. The investigation carried out in figure 44, would suggest that there is a problem with the pump and motor with a high temperature and it would need further investigation. 
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[bookmark: _Toc40040794]Figure 44, Comparison of motors using thermal imaging camera (Westerhold, 2020)
The benefits of this technique, as reported by Vollmer & Mollman (2018) are endlless. The technology helps an organisation in ways of cost, fault diagnosis and accuracy yet still providing a non invasive safe method of inspection. Even though the benefits are clear, Minkina & Dudzik (2008) argue that thermal imaging is not as advantageous as it seems. False, inaccurate readings due to reflectivity of different surfaces can lead to wrong overhauling activites and time wasted. Other limitations are the inability to read temperature through glass, erratic temperature differences and initial high costs of the equipment can be very expensive. 

9.2.7.4 Primary Effects Monitoring
The current maintenance strategy does not require the readings of the gauges that can be seen on the hydraulic system as in figure 45. Future maintenance activities should include the monitoring of these gauges every 3 months to clear see if any patterns are forming. It can be used as predictive maintenance to predict when a failure will occur and then intervene. Moubray (2001) describes the use of primary effects monitoring on the P-F curve, whereby you will start to see the indications of failure at point P with abnormal gauge readings. The use of gauge monitoring will allows you to investigate the cause before the curve reaches point F (the point of failure).
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[bookmark: _Toc40040795]Figure 45, Primary monitoring locations (Doyle, 2019)

[bookmark: _Toc40958690]6.2.9 Recommended Maintenance Strategy
After analysing the consequences and examining different ways of carrying out maintenance, table 18 shows alternative maintenance tasks that are recommended to be performed on the hydraulic system. 










	Component
	Recommended Maintenance Task
	Frequency 

	Hydraulic Motor
	Conduct thermography check
	Every 3 months

	Gear Pump
	Record pressure value
	Every 3 months

	
	Inspect teeth on gears
	Every year

	
	Check drawback clamping force with Kelsch meter 
	Every 3 months

	Pressure Vessel Tank
	Conduct oil testing 
	Every 3 months

	
	Clean inside and outside of tank
	Every year

	
	Monitor oil level
	Every 3 months

	Breather
	Replace for new
	Every year

	
	Inspect condition
	Every 3 months

	Filter
	Record gauge value
	Every 3 months

	
	Check condition 
	Every year

	Pressure Relief Valve 
	Check operation
	Every 3 months

	
	Replace for new
	Every year


[bookmark: _Toc40958481]Table 18, Recommended maintenance plan (Doyle, 2019)







[bookmark: _Toc40958691]6.3 Extraction System
During one complete cycle of manufacturing the aluminium part within the Grob machine, it will use a variety of tools to reshape the head via drilling, reaming and tapping. According to Chang (2005) the re-shaping of aluminium using high speed cutting tools, produces harmful fumes and dust that can affect the health of operators or maintenance workers in and around the machine. Cutting aluminium also produces different sizes of debris, ranging from fine dust particles, to large pieces of swarf. Palubicka (2016) points out that high levels of dust particles can not only begin to affect the quality of cutting operations such as surface finishes, but also become trapped deep with a component which require expensive procedures or extra checks to remove. 
Even though it is possible to remove the fumes out of the factory into the atmosphere, Hawkins & S, (2004) notes that the Pollution Prevention and Control Act 1999 prohibits this. The legislation requires industries to control and prevent emissions that are capable of causing pollution to the environment. As a result, each Grob machine has a two stage filter that removings 99.9% of dust particles from the cutting chamber and releases the air back into the production line atmosphere. As seen in figure 46, the air enters the filter through an inlet located beneath the system and works its way through two different filters, before leaving through a vent above. 
[image: ]
1. Dust particles extracted from cutting chamber.

3. Clean air released into factory environment.




2. Particles enter through inlet below.





[bookmark: _Toc40040796]Figure 46, Direction of dust particles from machine to internal atmosphere (Doyle, 2019)

The two stage filter systems manufactured by Keller, comprise of several components that are found in four different sections as shown in figure 47. These include a 3Kw motor, impellor, Hepa filter, filter elements, blowdown unit and a disposal container.  
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[bookmark: _Toc40040797]Figure 47, Components within the Keller unit (Doyle, 2019)

To enable the dust particles to move into and throughout the keller unit, a 3kw suction motor converts electrical energy into rotational energy. This energy transfers through a spider coupling and into a 500mm diameter impellor, whereby it rotates clockwise at 2000rpm to produce an a volumetric flow rate of up to 2500.The centrifugal pump as shown in figure 48 connected to the motor, is made up of eight equal fins and is located directly below the motor in a protective casing. The suction is created by centrifugal forces which forces the air to the outer side of the impellor and through the exhaust pipe at the top of the unit. 
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[bookmark: _Toc40040798]Figure 48, Centrifugal pump and motor with keller unit (Doyle, 2019)

The motor is controlled via the PLC and is activated for the entire cycle time of the machine. Once the fumes and dust particles have left the cutting chamber, they are placed into the section containing the 1st out of the two filters used. According to Keller (2014) the use of MQL in CNC cutting provides a different challenge in being able to remove it from the air. To achieve this, a type of filter known as Flexi P is utilised which consists of an inner and outer membrane. The outer membrane is a polyester sleeve that collects the MQL whilst the inner member seperates the air from chippings and dust over 50micron in size. Due to their ability to remove MQL from the air, the filters can become blocked, therefore, there is a pressure gauge that monitors the pressure within this chamber. Normally the pressure is maintained between 4-6bar, however when there is an increase, this opens a valve that allows air to blowdown the two flexi P filters at 10 bar. This is called the blowdown unit as seen in figure 49.
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[bookmark: _Toc40040799]Figure 49, Blowdown unit (Doyle, 2019)
The blowdown unit has two electromagnetic valves that are connected to the pressure gauge on the front of the keller unit. When these are activated, all dust particles and MQL oil attached to the filter are displaced below into disposal containers seen in figure 50.
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[bookmark: _Toc40040800]Figure 50, Disposal container (Doyle, 2019)

The 2nd stage filter, named by Keller (2014) as a KLR Hepa filter is located in a sealed chamber above the 1st stage filters and is designed to collect dust particles as small as 10 micron. It is equiped with 12 folded PTFE membranes in a sealed box (figure 51), which ensures a large surface area to thoroughly remove contaminents from the air. It has a reccommended operation period of up to 20,000 hours. 
[image: ][image: ]





[bookmark: _Toc40040801]Figure 51, Folded membranes provide a 2nd stage filter (Keller, 2014)

[bookmark: _Toc40958692]6.3.1 Primary Functions
The asset was purchased as an added accessory to the Grob machine to carry out two main functions. The first is to be able to filter out all contaminants from the cutting fumes so that the air complies with out regulations and is safe enough to be released back into the factory environment. The second function is the ability to create a volumetric flow rate of 2500 for the duration of the machine cutting cycle. This is to ensure that excess dust material does not affect the cutting performance and results. 

[bookmark: _Toc40958693]6.3.2 Secondary Functions
The importance of a filtration system to contain the air and dust particles until it is ready to be emitted is crucial to Ford Bridgend. Not only would a leak of dust particles pose a risk to the organisation with several legislation, but it could severely damage the health of all nearby workers. That is why the secondary function of containment can be more substantial than both primary functions. In terms of safety and protection, Martin, et al. (2013) states that aluminium chips pose a fire or explosion risk if in the presence of some oxidising substance, therefore, not only should it be able to keep outside chemicals from coming in, but it also should be able to withstand explosions to protect people in the immediate area.

[bookmark: _Toc40958694]6.3.3 FMEA

	[bookmark: _Hlk39608976]Component
	Function
	Failure
Mode
	Failure 
Effect
	S
E
V
	Cause
	O
C
C
	Current
Controls
	D
E
T
	Action
	R
P
N

	Motor
	Convert electrical energy into mechanical energy
	Loud noise or over temp
	Suction force change or fire risk
	1
0
	Ambient temp too high or bearing failure


	4
	Rewired each year
	8
	Acoustic camera as part of inspection 
	3
2
0

	Impeller
	Rotates at high RPM to create a vacuum
	Stress fracture from fatigue  or high vibration
	Ineffective
Extraction
System and fire hazard
	1
0
	Bearing failure or wrong design
	4
	Replaced each year with refurbed
	10
	Borescope inspection and vibration analysis
	4
0
0

	Blowdown
Unit
	Air blown through each 1st stage filters
	Low pressure or very high noise
	Blocked filter elements or operator ear damage
	8
	Silencer damaged or wrong pressure settings
	3
	Replace silencer each year
	3
	Quarterly Inspect pneumatic pressure and replace silencer each year
	7
2

	Filters

	Remove particles from cutting fumes
	Blocked or damaged
	Stress of pump and impeller
	9
	Wrong motor settings or failure of blowdown unit
	4
	Change filters each year
	1
	Quarterly inspect and record gauge
	3
6

	Disposal Container
	Collect debris from filter
	Become full
	Harder to dispose
	1
	Not regularly emptied
	2
	Empty every year
	1
	None
	2

	Maintenance
Doors
	Easy access to all sections of Keller unit
	Leak out harmful fumes
	Unfiltered particles breathed in by employees
	1
0
	Not fitted correctly or wear and tear damage
	2
	No current controls in place
	8
	Regular visual inspection
	1
6
0


[bookmark: _Toc40958482]Table 19, FMEA table for extraction system (Doyle, 2019)




[bookmark: _Toc40958695]6.3.4 Risk analysis
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[bookmark: _Toc40958483]Table 20, Risk analysis table (Doyle, 2019)
	Component
	RPN
	Occurrence x Severity
	Risk Category

	Motor 
	320
	40
	

	Impellor
	400
	40
	

	Blowdown Unit
	72
	24
	

	1st and 2nd Stage Filters
	36
	36
	

	Disposal Container 
	2
	2
	

	Maintenance Door Seals
	160
	20
	



Table 20 shows that all the components except the disposal container carry a medium risk to the business. 
[bookmark: _Toc40958696]6.3.5 Consequences
Research gathered in the literature review showed that there are different types of consequences from a failure occurring within a system. Here are the consequences with regards to the extraction system. 

6.3.5.1 Safety and Environmental Consequences
The HSE (2008) state that each year, thousands of workers within the UK contract lung conditions such as asthma and chronic pulmonary disease that are directly attributed to bad air quality within their work place. This includes workers inhaling air contaminents such as fumes, dust and small metal debris. To help improve air quality, the UK government has introduced a variety of legislation throughout the last 50 years -
Health and Safety at Work at Work Act 1974 - Ensures that every employer has a duty to protect their employees heath in the way they carry out their work. This incorporates, the installation  and testing of their products. The failure to enforce this act carries a two year imprisonment or an unlimited fine and it set a foundation other legislation to be established (HSE, 2017).
The Control of Substances Hazardous to Health Regulations 2002 - A crucial part of this legislation is the requirement for an organisation to maintain a piece of equipment on a regular basis and correctly obtain fluid that is hazardous to employees health. In the case of the Keller unit, the FMEA shows that door seals are a critical features of the maintenance doors and have a severity rating of 10 due to the risk of employee health complications. There are currently no visual inspections carried out that check these features therefore, it could be said that Ford Bridgend do not maintain the system correct and are at risk of not adhering to the legislation (HSE, 2017).

6.3.5.2 Operational Consequences 
A volumetric flow rate of at least 2500 is required to effectively remove the dust and fumes created, so that the quality of the product is not compromised. Not only does it remove the chance of abrasive particles damaging the part during cutting, but Youssef & El-Hofy (2008) suggest that the properties of cutting fluids such as MQL may be affected with high concentrations of dust. As stated in the FMEA, excess dust could be the result of a loss of suction power due to either block filters, motor/pump fault or blocked pipe. 
A servere consequence of this, is in the importance of MQL leaving the correct surface finish on features on the component, such as the gasket surfaces. If these surfaces are too smooth or rough, then this can either remove the grip required for an effective gasket seal or not allow the gasket to mesh with the surface imperfections, therefore, a leak will occur. Research by Fernie (2016) acknowledges that gaskets should last the entire lifespan of the engine or over 200,000 miles, however, poor gasket designs on areas such as surface finish, can result in a gasket failure in as little as 40000 miles. For the external customer, a failure of the gasket would require an immediate repair and a loss of confidence in the company. If this was to occur within the customers warranty period, then the fault would need to be repaired by the company which would require an extra cost. 

Along with the reduction in the quality of the head component, the lack of a suction force in the cutting chamber also presents other operation consequences. One such problem is the deposition of dust or large debris in areas of the component that would otherwise be clean. In normal operation, the component would be placed into a wash after each cutting operation whereby, the wash would use nozzles (Figure 52) to remove excess dust particles in the features just machined in the previous Grob machine. 
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[bookmark: _Toc40040802]Figure 52, Nozzles used in cleaning the component (Doyle, 2019)

Due to the dust particles depositing in isolated areas of the component, the company may have to design or add extra nozzles that eject water at different locations on the head. Not only would this require extra pressure from the wash pump, but it would also require downtime to redesign the nozzle bracket from figure 53. 

9.3.5.3 Hidden Consequences 
If the lack of suction from the keller unit is unnoticed, then a redesign of the wash would not take place, potentially allowing dirty engines leaving the plant and being placed in cars ready for the external customer. In a report conducted on mechanical wear, Hong, et al., (2018) explains that the most common types of failure in mechanical components such as engines is by friciton created by foreign debris. The debris will intially create a loss of power as excess heat and vibration. Then the  friction surface will begin to deform and become rough due to debris generation. The combination of these over a period of time will eventually lead to the failure of the component

[bookmark: _Toc40958697]6.3.6 Visual Inspection
There are a variety of components of the extraction system that are shown by the FMEA, to be suited for maintenance techniques involving visual inspection that can decrease maintenance costs. 

6.3.6.1 Eyesight
The current maintenance plan on the Keller Unit, involves changing all the filters at yearly intervals irrespective of their condition. This currently costs the company £1183.00 for all machines on the Headline. Even though research by Mang & Dresel (2017) demonstrate that filters follow the fatigue RCM curve explained in the literature review, Bonnick & Newbold (2006) suggest that the life of filters can easily be extended with regular maintenance such as visual inspection and cleaning. It is recommended that a new maintenance strategy be implemented which includes visual inspection and cleaning of all the filters every three months, including taking a reading of the visual pressure gauge seen in figure 53. The data should be collected every thee months, whereby the need for a filter change can be predicted. 
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[bookmark: _Toc40040803]Figure 53, Pressure gauge for the 1st stage filter (Doyle, 2019)

The FMEA also indicated how a leak of fumes from the maintenance doors, has a very high severity rating due to the risk of breaking legislation and harming employee’s health. It is recommended that the visually inspection of the door seals (figure 54) be included during the inspection of the filters. 
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[bookmark: _Toc40040804]Figure 54, Location of maintenance door seals (Doyle, 2019)

The main function of the system is to achieve a volumetric flow rate of 2500 , however, there are currently no measurement devices on the system showing that the flow rate has been achieved. A recommendation is to attach a flow meter to the inlet of the Keller unit to ensure that there is enough suction force being created from the impeller. Figure 55 shows an inlet pressure device already utilised on Keller extraction systems in Dagenham Engine Plant. 
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[bookmark: _Toc40040805]Figure 55, Pressure gauge installed at Dagenham engine plant (Ford, 2017)

6.3.6.2 Borescope
Due to the high RPM generated by the motor on the impeller, Kar, et al., (2015) states that fatigue fractures in areas of high stress concentrations are very common in areas along the vanes and bore. Failure features such as wallner lines, mist and hackle features emanate outwards from the bore which may stem from misalignment between the motor and impeller or continuous changes in centrifugal forces between cycles. In the current maintenance strategy, the centrifugal pump is removed from the machine for inspection whilst a renovated replacement is installed in its place. This procedure results in a two-hour downtime. 
Instead of removing the pump and motor, Dagenham Engine Plant use a flexible borescope to place into the pump on their Panther diesel machining lines, as seen in figure 56. In Boyces (2017) view, the flexible borescope is a sophisticated piece of equipment with a precise camera that is a very effective way of examining eternal components for use in maintenance planning, failure detection and scheduled disassembly. It usually has its own light source and has a large field of depth which reduces the needed from constantly refocusing. This not only reduces the downtime in carrying out the visual inspection, but it allows the effective visual inspection of all vanes. 
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[bookmark: _Toc40040806]	Figure 56, Using a borescope to examine the centrifugal pump in Dagenham Engine plant (Rosser, 2020)

[bookmark: _Toc40958698]6.3.7 Scheduled Discard Task
The blowdown unit uses two compressed air jets aimed into the two flexi p filters to clear them of large aluminium debris and excess MQL oil. Even though this is an effective way of removing aluminium, Berger, (2003) states that compressed air nozzles used in pneumatic systems to generate jets of air can reach noise levels up to 100db. According to the HSE (2019), the control of noise at work regulations 2005, requires that organisations whenever possible, keep noise limits below the recommended levels of 85 decibels. If this cannot be achieved, then the appropriate PPE should be available.
The role of the silencers in the blowdown units of each Keller unit, is to keep the noise levels below the recommended 85 decibels. Even though, PPE is available on the Dragon headline, there are no gauges displaying the noise levels of the blowdown units in case the silencers were to fail or become deteriorated. This could result in employees becoming exposed to high levels of damaging noise without realising they should be wearing PPE. It is, therefore, important that the silencers are in good working conditions to ensure the noise levels do not pose a risk the employees’ health. On this occasion, the current maintenance strategy of changing the silencers each year is the best practice. This is because it is very easy and quick to change, costs only £3 for a new silencer and ensures that the noise level are kept below the 85-decibel limit.  

[bookmark: _Toc40958699]6.3.8 Scheduled On-Condition Tasks
Below are a variety of scheduled on-condition tasks that can be implemented into the current maintenance strategy for the Keller system.

6.3.8.1 Vibration Analysis
The impeller plays an important role in transferring mechanical energy into the flow of fluid from the suction chamber, to the outside environment at a high rpm. Due to the constant acceleration and deceleration of the impellors, along with the centrifugal forces and fluctuating aerodynamic forces, excess vibration of the blades is very common which can lead to failure fatigue (Wang, et al., 2015). Other causes for high vibration include, bad coupling connection, imbalance of the blades or wear on blades. According to Trocel (2019), excess vibration in impellers are common signs of bearing issues which are used on the shaft connecting the impeller and motor. 
One technique of measuring the vibration from the impellor is by the use of accellerometers. These are electromechanical devices that are used to measure forces caused by acceleration and decceleration . The use of these devices can be seen in figure 57 measuring the vibration in a centrifugal pump and motor. 
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[bookmark: _Toc40040807]Figure 57, Accelerometers connected to motor and centrifugal pump (Varma, 2020)
In the Grob Keller unit, the devices can be attached to the outer casing of the impeller and data recorded in the form of graphs seen in figure 58. This will allow any abnormal vibrations to be easily identified.
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[bookmark: _Toc40040808]Figure 58, Acceleration displayed in frequency graph (Bond, 2011)

It is recommended that the data be extrapolated every three months to identify signs of high vibration. If there is a systemic problem with high vibration, even after potential causes such as bearings, impeller and motor have been changed or inspected, then the seventh step of the RCM process should be utilised. From the literature review section of the report, it emphasises the possible need for a redesign of the impellors as a possible solution. 
A report by Rajanand (2016) indicates that the best way to investigate areas of stress on an impellor is to conduct a finite element analysis using a CAD software like solid works. Not only will this allow you to construct and replicate the exact forces experienced on the impeller, but it also allows you to redesign using many different types of materials. Figure 59 illustrates an FEA analysis display on a similar impeller, with areas of red indicating stress concentrations and possible areas that may need to be altered. Even though FEA, can be used to analyse the impeller blade, Kim, et al. (2018) add that getting accurate results would rely on factors such as timescales, correct software and the required skills in using FEA. 
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[bookmark: _Toc40040809]Figure 59, FEA analysis of a similar impeller using in the Keller unit (SWS, 2019)

6.3.8.2 Acoustic Analysis
Sound, is the name given to a form of energy produced when an object or component vibrates and it is these vibrations that creates waves of pressure that travel through a fluid such as air (Loria, 2017). The noise and vibrations generated from a machine contains important information about the health of certain components and these can be measured using vibration measuring sensors. These convert the vibrations from certain components into its equivalent frequency domain and is displayed graph form. However, if the area that needs to be measured is difficult to reach or in extreme conditions, then the acoustic signals can be measured using a microphone (Singh, 2016). Even though acoustic analysis can be successfully used to detect abnormal vibrations, Nawafleh & Al-Kloub (2009) suggest that it can be hard to distinguish between background vibrations and the component you are studying. 
In the Keller unit, the motor and the centrifugal pump are connected by a shaft containing two angular contact bearings. The vibrations created from these, occurs between the ball bearings and bearing races. Singh (2016) points out that in normally working conditions, the vibrations from the interactions between these are consistently smooth, however, a reduction in the lubrication film, can cause an excitiation of the shaft, leading to high, abnormal vibrations. Other ways in which accoustic analysis can be utilised is in the impeller by measuring the fluctuations in pressure as the fan blades pass along a fixed point, however, Jeon (2005) states that vibration analysis is one of the most wider used and most effective form of a condition montioring technique on impellers. 
Even though accousting analysis is widely used, it is recommended that more research and study be conducted, as well as communication with vendors about applying the technology to the Keller unit during its cycle. Only then can it be deemed approriate and effective as a maintenance task

[bookmark: _Toc40958700]6.3.9 Recommended Maintenance Strategy
Table 21 below is a recommended maintenance strategy based on the results from the FMEA and Risk analysis conducted. 

















[bookmark: _Toc40958484]Table 21, Recommended maintenance plan (Doyle, 2019)
	[bookmark: _Hlk39146991]Component
	Recommended Maintenance Task
	Frequency 

	Filters
	Check and record pressure gauge on 1st stage filter
	Every 3 months

	
	Inspect 1st and 2nd stage filters for damage and overall condition
	Every 3 months

	
	Clean both chambers
	Every year

	Blowdown Unit
	Check and record blowdown pressure
	Every 3 months

	
	Replace silencer 
	Every year

	
	Clean blowdown unit
	Every year

	Doors
	Inspect seals on all maintenance and access doors for damage
	Every 3 months

	
	Inspect condition of doors
	Every 3 months

	Motor 
	Inspect wiring within motor
	Every 3 months

	
	Use acoustic camera during machine cycle
	Every 3 months

	Impeller 
	Inspect impeller and all vanes with borescope
	Every 3 months

	
	Record and analyse vibration analysis data
	Every 3 months

	
	Use acoustic camera during machine cycle to detect bearing abnormalities
	Every 3 months

	
	Thoroughly clean impeller
	Every year

	Disposal container
	Remove waste particles from container 
	Every 3 months

	
	Clean container
	Every year

	Inlet pipe
	Record inlet pressure from gauge
	Every 3 months




[bookmark: _Toc40958701]7. Recommendation Table - Safety and Union

The contents in table 22 displays information concerning the safety requirements and any union consultations that need to be address before applying the new maintenance techniques.

[bookmark: _Toc40958485]Table 22, Safety and union recommendation table (Doyle, 2019)
	Grob System
	Researched Maintenance Tasks
	Safety Concerns
	Recommended
Personal Protective Equipment 
	Risk Assessment Required (Y/N)
	Union Consultation 
(Y/N)

	Minimum Quantity Lubrication
	leak test 
gauge
	Partial machine entry
	Gloves and safety glasses
	Y
	N

	
	Spray  board
	Partial entry into machine 
	Gloves and safety glasses
	Y
	N

	
	Refill 
Schedule
	Oils hazardous to skin
	Gloves and safety glasses, 
	y
	Y - Specialised team already exists in plant.

	
	Visual gauge
	None
	None
	N
	N

	Hydraulic System
	Kelsch Gauge
	Partial machine entry
	Gloves and safety glasses
	Y
	N

	
	Oil Testing
	Oil temp and pressure
	Gloves and safety glasses
	Y
	N

	
	Thermal Camera
	None
	None
	N
	Y - Specialised team already operates in plant.

	
	Visual gauge
	None
	None
	N
	N

	Extraction System
	Borescope
	Working at height
	Harness, Ladder
	Y -Training
	Y- Safety training 

	
	Vibration Analysis
	Working at Height 
	Harness ladder and spotter
	Y - Training
	Y - Safety training 

	
	Acoustic Analysis
	None
	None
	N
	N

	
	Eyesight
	None
	None
	N
	N


[bookmark: _Toc40958702]8. Conclusion 

The dissertation began with the premise of proposing a reliability centered maintenance plan for the Dragon headline at Bridgend Ford and it identified important objectives that would need to be achieved to create a detailed RCM strategy. These included, identifying the primary and secondary functions of analysed components, creating an FMEA table to be able to anticipate possible failures, understand the current maintenance tasks used with their costs and to also evaluate suggested improvements to the maintenance programme. 
From the research conducted, it was clear that current maintenance tasks adopted on the headline, conformed with strategies used in previous generations; known as the 2nd generation of maintenance. These are known as ‘scheduled discard or restoration tasks’, and normally used on components that produce high failure rates with age. An example of their current use on the headline would be in the complete replacement of filters at a scheduled period every year, with a complete disregard of their condition. It has meant that for the entire operational period of the Dragon headline, components in very good condition have been replaced needlessly, due to 2nd generation ideologies. Not only has the report proved that this is not cost effective, but it also prioritises time and maintenance on components that are at a lower risk to the business compared to others. This is certainly true when analysing the FMEA of the extraction system. The risk of failure to the business to both the filters and motor is very high, however, the ability to detect the failure is considerably different. 
To be able to determine the correct maintenance tasks for each component, the report has first determined their primary and secondary functions. This is not only to better understand how they operate, but it also serves to recognise how the functions relate to factors such as safety, legislation, containment, speed and quality. The research conducted regarding this, has enabled the completion of the FMEA and risk analysis tables which are vital in deciding a different maintenance approach. Another aspect of understanding a failure and an important step of the RCM process is the identification of the consequences to the business, that a failure may bring. The report has utilised the risk analysis to consider environmental, safety, non-operational and operational consequences, as well as attempting to examine how hidden failures can affect the company. 
The goal of the RCM in this report was to provide a recommendation for better maintenance strategies and tasks for physical assets on the headline and this has been achieved using a variety of different techniques. Instead of continuing to apply 2nd generation maintenance techniques such as schedule discard tasks, the report has researched a range of scheduled on-condition tasks such as vibration analysis, acoustic analysis and thermal imagining, based on the FMEA and risk analysis, that would improve the current maintenance activities and cost effectiveness. On the hydraulic system for example, the scheduled on-condition task of testing the hydraulic oil, could save the company up to £1127 per year. Another type of maintenance plan suggested in the report, is the increase of visual inspection or primary effects monitoring. When gauges are monitored frequency throughout the year, the report indicates that it can be an effective type of predictive maintenance, allowing maintenance personal to detect and stop a failure before it occurs. 
Even though these new maintenance activities can be effective, the report also recommends that some caution and review be shown by the company before implementing the suggestions. Some of the technology is very new and can lead to premature maintenance actions that can be expensive, time consuming and possibly make the problem worse. The report does discuss the benefits of thermal imaging techniques, such as identifying bearing failure from high temperatures, however, it suggests that thermal imagining does have limitations that can give false, inaccurate readings. These include difficulties with components with glass surfaces, different surface reflectivity values and the potentially expensive upfront cost of the equipment. As a result, the report does recommend that further research be administered by the company as well as using additional methods to confirm suspects failures. 
Throughout the report, the RCM process has been strictly followed and it has allowed for the building of knowledge, increased communication and the ability to problem solve failures. Whilst the use of the RCM strategy has been advantageous and effective at distinguishing other techniques, the RCM is one of a number of maintenance strategies that could have been used, therefore, it does raise the question of whether another strategy would occur the same results. This highlights that further research needs to be conducted in this area. Overall, the RCM method in this scenario has promoted a positive culture around the Dragon headline and provided a foundation for discussion around improvements of current maintenance strategies that could be used at Bridgend or other facilities around the world. 
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	Interview 

	Paul Rosser - Headline Process Engineer

	

	Q1. How important is the reliability of the hydraulic system on the Grob Machine to Ford Motor Company?

	The hydraulic system is vital to the overall operation of the machine and plays a crucial role in ensuring all head features manufactured in the Grob machines are in tolerance. The ability of the system to use pascals principle to develop high clamping pressures enables the job and tool are held firmly in place. This is key for the longevity of each engine produced, as cuts within tolerance enable a higher efficiency of the four-stroke cycle. On other lines in the plant, a lack of understanding of hydraulic systems has been a considerable problem,. Many CNC machines designed like Grob, have suffered from bad hydraulic leaks, high levels of contamination and poor maintenance repairs. On dragon, Bridgend Ford hope the new culture and future advanced maintenance techniques can increase the efficiency of all Grob systems and create world class engines. 

	Q2. What components of the hydraulic system pose the biggest risk to the company?

	In terms of safety, the high pressures generated by the pump and motor pose an ejection risk to the everybody in the vicinity and accidents have occurred on previous lines from the degradation of hoses. Even though the system is brand new, pressure at 120bar still requires additional care. One of the main components on the system is the motor which has historically been susceptible to overheating, especially on the sigma machining lines. I suppose an area that could create problems for the company in terms of quality is the area of contact of clamping such as the jaws within the spindle and the jaws on B axis.

	Q3. Has there been any issues with engines from our external or internal customers that have been directly related back to the hydraulic system?

	The short timeframe of the dragon project has provided very limited data for all machining lines, however, there have been a few incidents in other dragon locations that the hydraulic system has been pinpointed as the root cause of a problem. In Chihiahua engine plant for example, there was a problem with the misalignment of the piston bores which resulted in over 1200 cars to be recalled and changed at a cost of over £1.7million. After an investigation, it was established that a fatigue failure occurred on the gear pump resulting in slight fluctuations in pressure. The pressure drop, slightly decreased the contact force on the block resulting in small movements whilst machining. This really highlights the importance of having clean oil in the system. 

	Q4. Even though the dragon facility is moving away from Bridgend, were there any plans to improve the hydraulic maintenance procedures?

	Whilst the current preventative maintenance plans on the hydraulic system change a variety of components at a scheduled date every September, there are many maintenance techniques used with equipment that could greatly benefit the reliability of the headline. It will be interesting to see the progress made in your project to identify equipment and tasks that are currently not used at Bridgend. 
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parts atter a breakage occurs stops the whole work. Maintenance was considered to be cost
consuming but necessary as the repair or replacement must be done because to work further
with the machine or equipment (Dunn, 2003) (Sherwin, 2000) (Waeyenbergh & Pintelon,
2002) (Moubray, 1997).

During the first generation of maintenance the views about the failure of equipments were
described as each and every machine or item wears out (Dunn, 2003).

I [ Life
‘Wear-out
Zone
Conditional
probability
of failure

Age ———»

Figure 12: Views on failure of equipments during First generation of maintenance (Moubray, 1997)

Started slow but upraised development of the musket part concept which had greater
adjustments combined with greater complex machines and plants which were to be maintained,
made the maintenance personal work to less skill and more problems solving ability. Other
criteria for the change were due to need of improving quality and the startup of automation in
production. The later development made the change of parts and assembly line were done in
faster pace, easily and in low costs. This development of changing with spare parts was
comnarativelys chean rather than renairing and clkille needed for ealving the renair:
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3.2.3 Bath-tub Curve:
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Figure 13: Typical bath-tub curve (Mobley 2002)

The typical bath-tub curve as explained by Tan Cheng in his report “A critical discussion on
Bath-tub curve” explains the formation by plotting the rate of failures towards operating life
time. The plotted result forms the bath-tub curve. The bath-tub curve or failure rate curve is
divided three zonal periods. The first period is Break in or start up, the second period is normal
life and the last zone is equipment worn out. The three zones forming the bath-tub curve is

explained by (Mobley 2002) as the new machine has high number of failures at starting due to

o
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