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Abstract 

Spare Parts Model for Additive Manufacturing 

Spare parts models have typically focused on the number of spares physically required to 

maintain system availability and optimize replacement policies, such as block or age 

replacement and variants thereof. In an era where additive manufacturing (AM), or 3D 

printing, as it is popularly known, has come of age for end-user parts, considerations 

must be added to traditional ways of thinking about spare part inventories. In aviation, 

large amounts of money are spent on spare parts, and owing to long lead times, large 

numbers of stock keeping units (SKUs) must be kept in inventory, driving up cost and the 

requirements of inventory storage space. Spare parts that are not consumed in a timely 

manner can become obsolete due to innovations, or can be damaged, lost, or stolen. This 

dissertation shows how AM can be used to optimize spares inventory and maintenance 

activities through a simulation for the replenishment of a modular system. The approach 

opens up a discussion on the new cost variables that become relevant when AM spares 

are also employed along with spares from traditional methods. A simulation model using 

two scenarios is presented, where only traditionally manufactured spares are used in the 

first (baseline), and the second is a hybrid of AM spares and those from traditional 

methods. The simulation shows that the introduction of 15% of additively manufactured 

spares to the inventory mix for maintenance spares reduced the overall replenishment 

lead time for a system by 14.4%, from 98.4 days to 84.2 days. It is also argued that AM 

introduces variables that express benefits that can be realized throughout the system’s 

lifecycle, particularly in the later stages. It is concluded that a spares inventory strategy 
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that uses both AM and traditionally manufactured spares is not only viable, but also an 

important option in the optimization toolbox. 
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Chapter 1. Introduction 

 

 

1.1 Problem Statement 

 

Spares inventory management is a major challenge for many enterprises. Every year, 

it results in operational and financial losses across industries. These challenges are often 

attributed to many factors, such as organizational culture, outdated systems or processes, 

long and variable spares lead times, and inaccurate forecasting of failures that require the 

spares. This challenge is even more critical in industries where high-dollar-value spares 

are kept, or where an outage owing to the lack of spares implies major business losses. 

Spare parts that are not utilized can also result in billions of dollars tied up in inventory or 

being written off due to obsolescence, loss, or damage.  

In commercial aviation, the Material Support Centre of Airbus Industrie is reported to 

have a warehouse with a capacity of 36,000 square meters for spare parts in Hamburg 

(White & Lynskey, 2013). Its competitor Boeing noted in its 1998 annual report that it 

had over 500,000 types of parts in its global spares inventory while reporting a $1.5-

billion-dollar change in gross inventory in its cash flow summary from 1997 to 1998 

(Boeing, 1998). A dissertation on a dynamic inventory/maintenance model stated that 

maintenance and reliability spending by the commercial aviation sector was $36.1 billion 

and was forecasted to exceed $62 billion by 2014 (Bates, 2007). The government sector 

has similar challenges pertaining to inventory.  
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In 2009, the military in the United States was reported to have spent $194 billion on 

logistics operations and spare parts supply chains, the breakdown of which was $104 

billion for supply, $70 billion for maintenance, and $20 billion for transportation. By the 

end of 2009, the U.S. military reported 4.6 million SKUs in spare parts inventory worth 

$94 billion (Khajavi, Partanen, & Holmström, 2014). Most of the spare parts are used 

infrequently and become obsolete with innovations, such as new materials that are lighter 

or stronger, or with the implementation of new design concepts. The U.S. Navy estimates 

the cost of obsolescence to be $750 million per annum (Khajavi, Partanen, & Holmström, 

2014). 

 

1.2 Problem Statement Elaborations 

 

Inventory challenges are perhaps some of the most studied of supply chain problems, 

partly because it is easy to understand their economic impact. That impact is the 

opportunity cost of the capital tied up in purchasing and storing the inventory. That 

capital could otherwise be deployed to productive enterprise activities; other potential 

negative impacts are write-offs due to obsolescence, damage, or loss. Depending on the 

industry, anywhere from 8%–25% of the bill of materials investment cost can be 

apportioned to the holding cost of inventory per annum (GAO, 1994). This range of 

holding cost is consistent for both governmental and non-governmental enterprises. 

Spares and the sustainment of systems are important topics in theory and practice. Some 
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notable examples can be found in both commercial and non-commercial spaces, where 

the lack of spares at the appropriate time and place was detrimental to system objectives.  

In U.S. military aviation, the Osprey V-22 program was plagued by multiple issues 

related to spares inventory while in the theater of war. Spare parts for this program were 

listed as a potential inhibitor for worldwide deployment in a congressional report. The 

report notes that although only 12 aircraft were deployed in Iraq, and spares for 36 

aircraft were on hand, only 13% of these parts were ones that were needed (Gertler, 

2011). The statement underscores the difficulty associated with forecasting the need for 

specific spare parts. In the case of military aircraft, spare parts that may be needed can be 

highly dependent on the deployment environment. To support the statement concerning 

deployment dependency for the types of spare parts needed, the same report noted that 

some operating environments like Afghanistan were harsher on the equipment than 

expected owing to the abrasive sand dust in the environment (Gertler, 2011).  

Spares-related issues for the above program highlight the need for a mechanism to 

mitigate forecasting errors that inevitably occur. With respect to the specific parts needed, 

flexibility may be required with respect to part material composition for different 

operating environments. Isolated or remote systems are particularly vulnerable if the 

specific spare parts forecast is wrong. In some operational environments like 

Afghanistan, abrasion resistance is an important attribute that was not captured in the 

initial requirements for the system, whereas corrosion resistance is an important attribute 

to consider for craft operated from carriers by the Navy. Needs that become apparent in 

system operation but could not have been captured in the requirements process can be 



4 

 

best accommodated with a process that allows for easy changes to alloy compositions 

when such needs arise.  

The Osprey program is not the only military aviation program plagued by spares-

related issues. A 1999 GAO report cites spares shortages impacting the U.S. Air Force, 

and the authors of the study conducted an in-depth analysis of the B1-B, F-16, and C-5 

aircraft. The report concluded that spare parts shortages led to a decrease in mission 

capability of 10.3% between 1990 and 1998 (GAO, 1999). It also asserted that 

management actions were the major cause of spares shortages, but the study does 

mention inaccurate forecasts as part of the root cause that was further exacerbated by 

management actions. Some of the management actions noted included allowing the use 

of spares apportioned for deployed assets in day-to-day operations, and excessively using 

maintenance resources to cannibalize parts from other aircraft to keep receiving aircraft 

mission capable (GAO, 1999).   

Many other instances have been written about where the lack of timely receipt of 

spare parts caused operational issues. It must be recognized that the fundamental 

challenge, or root cause, with respect to spare parts inventory is forecasting. Part of the 

challenge with forecasting for system repair and replacement is it is never known when a 

part will be needed and which part that is (Bates, 2007). In some cases, this is further 

confounded by the fact that the required part is dependent on the deployment 

environment, as the Osprey V-22 case illustrated. Extensive efforts have been made to 

model and profile fail trajectories and characteristics of certain parts over their useful life 

using stochastic methods. While these models are well understood for some parts, 

particularly those that are key, inaccuracy can seep in from contributions by system 
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interactions. A piece of the challenge for spare parts management then becomes one of 

how a systems maintenance strategy is arrived at when all the constituent parts have 

different fail distributions. The pursuit of increased forecasting accuracy for spares 

typically plateaus at some point where, beyond which, little else can be done for the 

system to improve forecasting accuracy.  

Additional efforts seeking increased forecast accuracy beyond the plateau can be 

extremely costly and incur diminishing returns. At this point, focus should switch to other 

levers that can be exercised to mitigate the accepted level of forecasting accuracy. These 

levers can be preventative maintenance (PM), or increasing the overall responsiveness of 

the spares supply chain. Stochastic models are then used as a basis for constructing 

preventative maintenance approaches to determine when spare parts ought to be ordered. 

Long and variable lead times associated with some spare parts further compound 

challenges associated with their timely availability. These long lead times are due to 

many factors, including the challenges of a multi-echelon supply chain and those related 

to raw material inventory. The challenges imply that responsiveness must be part of each 

link in the supply chain, and options must be considered that dramatically reduce lead 

times. A response to the uncertainty in the forecast manifests itself as the carrying of 

large amounts of inventory, which in turn means that more storage space is required 

(White & Lynskey, 2013).  
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1.3 Research Questions 

There are many challenges associated with spare parts. New or emerging technologies 

can sometimes be leveraged to solve or mitigate some of the challenges to traditional 

processes. A good example is how, in some cases, radio-frequency identification devices 

(RFIDs) have been used to mitigate inventory-related problems such as traceability by 

tracking inventory at a more granular level than was possible using bar codes (Hurtis, 

Knipfer, Thavasi, & Togwe 2012). Unlike traditional barcodes, RFID technology does 

not require line of sight for the record to be captured; proximity under the right 

conditions suffices.  

Additive manufacturing (AM), strictly speaking, cannot be considered “new,” as it 

has been around for approximately 30 years, with some of the first patents filed in 1984 

and granted in 1986 (Hull, 1986). It has matured over the last two decades to a point 

where over 20% of AM revenues come from direct parts manufacturing (end-use parts) 

and is projected to reach 80% by 2020 (Wohlers, 2013).  

In addition to the above, this study investigates the following questions: 

1) Why are AM parts still barely utilized in spares provisioning? 

2) How can AM parts fit into a system’s spare parts supply chain? 

3) Can the use of AM in systems allow for unique advantages? 

4) The use of AM has historically focused on earlier stages of the system’s 

lifecycles. Are there other stages where it might be more compelling to leverage 

AM’s unique attributes?  
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5) Are there any other potential positive effects that the use of AM in the context of 

the broader supply chain might provide? 

 

1.4 Research Motivation and Objectives 

 

This work is motivated by the understanding that novel technologies sometimes 

require new models, frameworks, and tools to facilitate decision making by a systems 

engineer or engineering manager. The purpose of this dissertation is to draw attention to 

new variables that become relevant when AM is compared with traditional methods of 

production. By using concepts from Systems Engineering as a backdrop, the supporting 

elements that are needed and the appropriate place of the new technology in the lifecycle 

are then revealed and exploited. The new variables are codified to allow for further 

discussion and research, particularly as they pertain to value comparisons between 

traditional production methods and AM. An example of how these new variables can 

enhance the holding cost equation is offered.  

Another objective is to provide an AM spare parts model that can be included in the 

systems engineer’s or the engineering manager’s toolset. The simulation model 

introduces an approach to how AM spares can be practically integrated into the spares 

inventory mix as part of the inventory optimization toolset. It is key to develop tools and 

processes that allow for the effective use of AM to facilitate its wider adoption and 

recognition of its place in supply chain resiliency strategies.   
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While some systems engineers or engineering managers currently regard AM as too 

expensive to consider, it must be recognized that the cost of producing a part via AM will 

continue to drop as new technologies are adopted and new materials are developed. 

Under current approaches when comparisons between traditionally produced and AM 

produced parts are made, the latter are always deemed as more expensive. Therefore, it is 

important to establish a lens through which the value of AM is judged fairly. The notion 

of cost versus value has been discussed before, where researchers have proposed that 

rather than focusing on “added cost,” it is crucial to consider the “added value” 

introduced by a technology (Zhu, Mukhopadhyay, & Kurata, 2012). Bearing this 

argument in mind, it is proposed that Systems Engineering form part of an appropriate 

basis upon which value-related implications and the attendant new variables introduced 

by additive manufacturing should be examined.  

Information pertinent to Systems Engineering, spares inventory strategies, supply 

chain and aviation maintenance, AM, and technology adoption is provided for context.  A 

simulation model that can be used as a decision aid to understand the impact of adding a 

varying percentage of AM spare parts to the spares inventory mix of a system of choice is 

also presented. 

1.5 Research Hypothesis 

 

Since it is known that AM has its limits, it is recognized that it cannot be used to 

manufacture all spare parts. Therefore, the best way to deploy the technology would be to 

use it in conjunction with traditionally produced spare parts. This leads to a comparison 

between two approaches, one that uses all spare parts made using traditional 
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manufacturing approaches, and another that uses a mixture of AM spares and ones 

manufactured by traditional methods. This can allow for AM to be targeted at spares 

where its unique attributes are most influential or, indeed, spares that cannot be easily 

manufactured otherwise. The question of whether AM can be used to reduce the overall 

system spare parts lead time is captured in the hypothesis statement below: 

 

 

(No difference in average spare parts lead time between a hybrid spare 

parts approach involving AM and traditional methods, and one involving 

only traditional fabrication methods). 

 

 

(An AM and traditional hybrid spare parts approach results in shorter 

average lead times than an approach involving only traditional fabrication 

methods). 

 

1.6 Relevance and Importance 

 

 

A considerable amount of research has been conducted on maintenance and inventory 

models for traditionally manufactured spare parts (Bates, 2007). To the best of the 

author’s knowledge, no study has shown how AM spares can be incorporated into the 

inventory mix in an optimal way to take advantage of some of AM’s unique value 
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propositions. While a growing body of work and some case studies that have shown that 

AM can be deployed for spare parts from a capabilities’ perspective, there are no models 

that show how this can be done. Most research efforts have focused on showing how AM 

can be used to improve the lead times of specific individual parts, but none has sought to 

examine the system-level effects of using AM for more than one specific part within a 

system. There have been some very successful examples of the use of AM technology in 

several areas in the medical, aerospace, and consumer goods industries.  

A confluence of factors has rendered AM poised for deeper market penetration and 

deployment in the next couple of years. The expiry of existing AM patents will further 

create room for enhanced participation and will lower the barriers to the introduction of 

new machine and material fabricators (Canessa, Fonda, & Zennaro, 2013). These market 

entrants will not only lower prices but will also drive further innovation as parties seek to 

differentiate themselves and gain or maintain leading positions in the market. The new 

variables introduced by AM and the promise of the technology’s ability to reduce overall 

system replenishment times are threads of investigation that will have impacts well 

beyond the spare parts scenario used in this study. 

 

1.7 Limitations, Assumptions, and Concerns 

 

The approach that is discussed is limited to methods that require powdered AM 

inputs, such as powdered metals, polymers, or ceramics. It can also be used for AM 

approaches like stereolithography, where a liquid polymer in a vat is hardened layer by 

layer. The stereolithography approach; however, requires some of the material to be 
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consumed in building the needed supports for the part, making it more wasteful. The 

proposed approach cannot currently be extended to approaches that start off with raw 

material not in powder or liquid form, as this would violate some of the assumptions 

made with respect to the volume, flow, and fungible abilities of the raw materials. Most 

AM processes do fall into the two categories.  

It is also recognized that AM is not appropriate for everything, and therefore is used 

only in situations where it is appropriate. Challenges pertaining to tolerances, surface 

properties, dimensional accuracy, and post processing requirements have been recognized 

in the past (Huang, Liu, Mokasdar, & Hou, 2013). Other limitations such as the 

possibility to fabricate and sinter parts under microgravity have been highlighted 

(Campbell & German, 2007). Additional work is currently being conducted to further the 

understanding of AM fabrication in space. Depending on the required dimensional 

accuracy and tolerances it may also be challenging to fabricate AM parts on a moving 

vessel such as a ship.  

It must also be noted that some literature has raised concerns with respect to potential 

long-term health issues associated with exposure to and inhalation of fine powders, such 

as those used as raw materials for AM (Richter, Potthof, Pompe, Gelinsky, Ikonomidou, 

Bastia, & Hofinger, 2007). 
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1.8 Dissertation Outline 

 

The outline of the dissertation is as follows: 

Chapter 2:  This chapter provides a literature review. Some cross-disciplinary 

areas and concepts that frame the research are introduced. Other work on AM and 

its potential use for spare parts is discussed, and the gaps filled by this research 

are identified. Broader implications of new technological cost–benefit analyses 

and evaluation, supply chain phenomena such as the Bullwhip Effect, and program 

management tools such as Critical Path Management/Program Evaluations and 

Review Technique (CPM/PERT) are explored. AM is also examined in the context 

of Systems Engineering. 

Chapter 3: This chapter discusses the methods used. The initial part discusses 

the V model from Systems Engineering, and how it is used to construct a 

framework to view variables that are later introduced. This is followed by a 

description of how the discrete event simulation was setup and used. This section 

includes high-level process flows for the simulation model indicating the various 

inputs. An illustration is also included to show how AM can be used as a lever in 

CPM/PERT. 

Chapter 4: The results are presented in this chapter. The first part shows the 

proposed variables within the context of lifecycles in Systems Engineering, and 

where in the lifecycle some of those variables are most influential. Additionally, 

an enhanced Systems Engineering based framework that considers the digital 
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nature of AM is offered. The results of the simulation model of a system where the 

AM was introduced for some spare parts are then presented. The results of the 

impact of AM as a project crashing tool in CPM/PERT are also presented. 

Chapter 5: This chapter contains a discussion of the results of this research. 

The first section covers variables introduced here. A case is made for why these 

variables are important when AM is compared with traditional capabilities. The 

section that follows discusses the results of the simulation, where various levels of 

AM spares were introduced, and why this is significant for spares management 

strategies. A discussion of the broader implications of the research is also 

presented.   

Chapter 6: In Chapter 6 the conclusions and recommendations for future work 

are offered.  
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Chapter 2. Literature Review  

 

A literature review was conducted to survey the background to determine how 

this study concerning the impact of AM on spare parts may be undertaken. The topic 

touches on a wide cross-section of areas that can each be separately pursued in depth. The 

literature review was therefore conducted with the objective of providing context to the 

work that was undertaken and an understanding of prior work and identifying the gaps 

that have not been addressed. Past work on AM with respect to its use for spare parts is 

examined. In addition to the various disciplines involved in the investigative effort 

described in the dissertation, the work is grounded in Systems Engineering; therefore, it 

is important to begin the review with a discussion of this discipline’s lifecycles. Other 

related conceptual frameworks are referenced as well.  

2.1 Systems Engineering and Related Conceptual Frameworks 

 

Frameworks provide a structured approach for evaluating and establishing processes 

or understanding a technology’s lifecycle impact. Frameworks have previously been used 

in a bid to understand AM. A modified version of the “technique for order of preference 

by similarity to ideal solution” (TOPSIS) has been used to select the appropriate AM 

technology based on the end-use attributes required of a part (Byun & Lee, 2005). 

TOPSIS is a multi-attribute decision making method that is capable of both quantitative 

and qualitative data analysis. It is also appropriate for ranking alternatives from best to 

worst (Byun & Lee, 2005). Teoriya resheniya izobretatelskikh zadach, commonly known 
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as TRIZ, which is a theory of inventive problem solving, has been used in conjunction 

with an AM method to encourage creativity in design (Kitto, 2000). TRIZ was used as a 

brainstorming tool together with parametric modeling, finite element analysis (FEA), and 

fused deposition modeling (FDM) (Kitto, 2000). It can be leveraged to identify and 

resolve system tradeoffs in trade studies and weighing the suitability of differing 

technical approaches when confronted with more than one (Blackburn, Mazzuchi, & 

Sarkani, 2012). The supply chain operations reference (SCOR) model has also been used 

to consider the impact of introducing AM to the supply chain (Peng, Huang, Mokasdar, 

Zhou, & Hou, 2013).  Systems Engineering product lifecycles have been used to better 

understand AM cost drivers and the impact of AM on product lifecycle costs 

(Lindemann, Jahnke, Moi, & Koch, 2012; Lindemann, Jahnke, Moi, & Koch, 2013).  

The International Council on Systems Engineering (INCOSE) defines Systems 

Engineering as “an interdisciplinary approach and means to enable the realization of 

successful systems” (INCOSE, 2015). The Institute of Electrical and Electronics 

Engineers (IEEE) defines it as, “an interdisciplinary, collaborative approach to derive, 

evolve, and verify a lifecycle balanced system solution that satisfies customer 

expectations and meets public acceptability” (IEEE, 1994). The holistic nature of 

Systems Engineering gives practitioners, such as systems engineers or engineering 

managers, system lifecycles upon which to frame engineering activities. The stages of 

system lifecycle can be generically defined as concept, development, production, 

utilization, support, and retirement (INCOSE, 2015).  

Other researchers have sought to use the system lifecycle approach as a tool to 

contextualize activities in AM (Lindemann, Jahnke, Moi & Koch, 2012). It must be noted 



16 

 

that these stages can be, and often are, concurrent. Thus, the support and maintenance of 

a system occurs in parallel and in complement to its utilization. While the value impact 

variables to be described in the dissertation have broad applicability across the entire 

system lifecycle, the proposed spare parts simulation model is relevant to the “support” 

lifecycle stage of a system. The lifecycle stages are described in a slightly modified 

manner in the Model Systems Engineering Lifecycle, also known as the Systems 

Engineering V model shown in Figure 2.1. 

  

 

 

Figure 2.1 Model of Systems Engineering Lifecycle (Mitre, 2014) 
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Owing to budgetary constraints and other considerations, systems are increasingly 

operated and maintained beyond their original design lives (Pentz, 2015). While Pentz’s 

observation referred to military systems, it holds true for a variety of systems. The 

Product Lifecycle Operations Reference (PLCORTM) model offered by APICS is similar 

to the Systems Engineering V but is represented as shown in Figure 2.2 (APICS, 2015). It 

represents “plan” as a continuing activity in the lifecycle, under which there is “Ideate, 

Develop, Launch,” in the forward direction, and “Revise” in the opposite direction. 

 

  

 

 

 

 

 

Figure 2.2 PLCOR® Framework (APICS, 2015) 

The Systems Engineering V and the PLCOR® Framework are similar and provide a 

system lifecycle view to products. These views form a useful backdrop for systems 

engineers or engineering managers to consider new technologies. 

 

2.2 Maintenance Policies 

 

A significant amount of research has been carried out on maintenance, repair, and 

replacement strategies for various types of systems (Barlow & Proschan, 1964). Early 
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reliability mathematics-based work in the 1960s and 70s became increasingly popular as 

computing became widely available, enabling the processing of large amounts of data 

and simulations using a variety of algorithms (Jain & Nair, 1974). Most recent work adds 

a twist to classical models in a bid to describe a sub-category of systems with greater 

accuracy (Frickenstein, 2000). Other recent developments take advantage of sensors and 

other indicators to perform condition-based maintenance (Clifton, 2009).  

In many situations, an in-service system failure is extremely costly or 

catastrophic, and is typically both. In such situations, preventative maintenance policies 

based on age or block replacement, or condition-based monitoring (CBM) can be an 

appropriate means to mitigate risk. Age replacement can be considered a policy that 

states that after a certain period (calendar time, use cycles, etc.), a given part or 

subsystem is proactively replaced (Mazzuchi & Soyer, 1996). Block replacement is like 

age replacement except that multiples of the same part are all replaced at the same time 

(Mazzuchi & Soyer, 1996). Many systems employ age and or block replacement as a 

preventative maintenance strategy and, lately, for condition-based monitoring. These 

preventative maintenance strategies do not result in zero failures and, therefore, are 

typically coupled with a corrective maintenance strategy where the failing part is repaired 

or replaced.  

Other research has explored the joint optimization of the maintenance policy with 

the corresponding inventory policy. These joint optimizations typically recognize trade-

offs in a practical setting. Jointly optimized policies may be concerned with maintenance, 

reliability, and the supporting inventory policy, thus recognizing the interdependence and 

importance of the inventory strategy employed (Bates, 2007).  
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2.3 Spare Parts Inventory Strategy 

Spare parts inventory management is a key activity in supply chain management, 

and different inventory strategies are pursued depending on the objectives and industry. 

The typical objective in spares inventory management is to maintain an appropriate level 

of spares inventory to ensure system availability while being cost effective by not 

carrying too much inventory (Aisyati, Jauhari, & Rosyidi, 2013). Spare parts inventory 

strategies are driven in part by the corrective and/or preventative maintenance demand 

profile from the system being supported as well as the severity of the impact of 

downtime.   

The inventory strategy employed in the case study used in this dissertation is 

based on a simple “sS policy,” where a batch of parts is ordered when the minimum 

threshold “s” is reached, and more are ordered until an upper limit “S” is exceeded, at 

which time replenishment ordering stops. When consumption of the stock causes a 

predefined re-order threshold “s” to be reached, replenishment is triggered once again 

(Bates, 2007). Inventory replenishment activities are significantly impacted by the supply 

chain and logistics strategy, which can be industry specific. 

2.4 Inventory Holding 

It is generally recognized by industry that holding inventory is not ideal. It is 

often said that only bad things can happen to inventory in that it can be damaged, lost, 

stolen, misplaced, or become obsolete. It is also recognized that having inventory on hand 

represents an opportunity cost, as the money tied up in the inventory could have been 

used in productive activity. Until the point of use, inventory is a liability; however, not 
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having it on hand when needed can have a more significant impact. Most industries have 

some number used to quantify the opportunity cost resulting from holding inventory. This 

number is usually a percentage of the bill of materials cost for that item, and is typically 

reflected over a period, e.g., per annum. The number can range anywhere from 8% to 

approximately 25% depending on the type of good and its location. The components of 

inventory holding cost are apportioned different percentages of investment cost based on 

the type of inventory, its location, and the service for which it is assigned. Some goods 

are more susceptible to obsolescence and hence have higher percentages assigned to the 

obsolescence, whereas others can be prone to losses at higher rates. It is also evident that 

location is a factor, as the percentages for obsolescence and other losses vary by location 

(GAO, 1994). 

Table 2.1 shows the approach taken by the U.S. military across several services 

and base locations (GAO, 1994). The table shows the different percentages allocated to 

components of holding costs for many categories of inventory at different points of 

control (e.g., bases, depots) around the United States. These percentages of investment 

cost ranged anywhere from 11% to 23%. The table illustrates the understanding that 

holding cost is something that needs to be financially accounted for; it also highlights the 

variability in practice with respect to   the percentages allocated even within organs of the 

U.S. military. Within the U.S. Air Force and the Defense Logistics Agency (DLA), 

holding cost allocations vary by location, and there can be legitimate reasons for these 

variations. 

It is highly desirable to reduce holding costs, and several levers can be employed 

to this end. The most straightforward and simplest is to merely reduce the amount of 
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inventory held; however, this may come at a cost to the continuity of supply and 

operations. Another is to address and reduce the impact of the components of the holding 

cost, such as obsolescence and storage, using alternative fabrication techniques. 

Table 2.1: Holding Cost % at U.S. Military Organs by Location (GAO, 1994) 

Inventory Control 

Point  

Holding Cost Component (in percent) 

Investment Storage Obsolescence Other 

Losses 

Total 

Air Force (Air Logistics Centers) 

Ogden 6 1 5 a 12 

Oklahoma City 6 1 7 a 14 

Sacramento 6 1 10 a 17 

San Antonio 6 1 4 a 11 

Warner Robins 6 1 6 a 13 

Navy 

Aviation Supply 

Office 

10 1 10 and 12 b 21 and 23 

Ships Parts Control 

Center 

10 1 10 and 12 b 21 and 23 

Army (Commands) 

Armament, Munitions 

- Chemical 

10 1 4 0 15 

Aviation Systems  10 1 2 2 15 

Communications - 

Electronics 

10 1 3 2 16 

Missile 10 1 7 0 18 

Tank - Automotive 10 1 4 0 15 

Troop Support 10 1 6 0 17 

DLA Supply Centers 

Construction 10 1 6 b 17 

Electronics 10 1 8 b 19 

General 10 1 6 b 17 

Industrial  10 1 7 b 18 

Fuel  C c c c c 

Personnel 

Medical 10 1 1 b 12 

Clothing and Textiles 10 1 7 b 18 
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2.5 Aviation Maintenance and Supply Chain 

Aircraft maintenance can be categorized into scheduled maintenance, 

unscheduled maintenance, refurbishment, and modifications - where scheduled 

maintenance includes the replacement of parts that have an age replacement policy 

(Blischke & Murthy, 2003). These aircraft maintenance categories are addressed by 

maintenance activities at the organizational, intermediate, and depot levels (Blanchard, 

2004). In terms of organizational maintenance, typical activities include periodic checks, 

visual inspection, removal, and replacement of some components and modules 

(Blanchard, 2004). 

Intermediate maintenance is typically performed by personnel who are mobile or 

semi-mobile and are of a higher skill level than those at the operational level. As 

expected, these personnel perform maintenance activities that are more involved than 

those done at the organizational level, such as maintenance that requires removing and 

replacing modules or scheduled maintenance that involves dismantling and reassembling 

subsystems. This level of support is also characterized by more spare equipment and 

additional test equipment (Blanchard, 2004). Depot-level maintenance activity is 

typically provided by the manufacturer and represents the highest level of support 

possible. It is typically at a fixed location with large amounts of spare inventory and 

complex and heavy machinery, where complete overhauls can be performed (Blanchard, 

2004).  

Maintenance design is supported by spare parts that are traditionally produced by 

specific manufacturers at centralized locations. These spare parts are then stocked as 
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inventory to support various maintenance efforts. Many researchers have discussed the 

centralized nature of traditional spare parts production as a contributor to long lead times 

experienced in the aviation spare parts industry (Khajavi, Partanen, & Holmström, 2014). 

Typically, the centralized primary suppliers also have suppliers, resulting in a multi-

echelon supply chain. A supply chain design with distributed spare parts production has 

been proposed as a viable spare parts network for military aviation using additive 

manufacturing (Khajavi, Partanen, & Holmström, 2014). 

AM machines and personnel for spare parts production would be distributed at 

locations like the depots. It is for this distributed AM deployment scenario that the spare 

inventory simulation model and discussion in this dissertation would be appropriate. The 

opportunity to use AM for aviation spare parts has intrigued practitioners and has been 

cited in various reports (Walter, Holmström, Tuomi, & Yrjölä, 2004). What has not been 

discussed extensively is the operational how-to: i.e., one layer deeper than having 

established the distributed AM capability in the spare supply chain network. Furthermore, 

sparsely represented in the literature is a discussion of the introduction of variables that 

embracing this new technology introduces, although there is some discussion in the cost 

literature with respect to some of the topics (Walter, Holmström, Tuomi, & Yrjölä, 2004). 

This dissertation seeks to fill some of the gaps in the research and discourse. 

2.6 Discrete Event Simulation 

As computational power has become cheaper and more accessible, computer 

simulation software has become ubiquitous and practical in many scenarios. The 

advantage of simulation is that there is no need for a physical system to be in place, and 
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therefore thousands of runs can be done quickly, and at negligible cost (Kelton, 

Sadowski, & Zupick, 2015). Insights into long-term behavior or other random events can 

be obtained via simulation, whereas in a real setting reaching those states may require 

considerable time and money. Because simulations can be done to understand events over 

long periods of time, they can also capture chance events whose likelihoods are 

extremely low and allow for understanding of the impact of such events to the system. 

Simulation can therefore aid in identifying some of these long-term events. Then, 

plans can be put in place in the real physical system to mitigate anticipated effects. The 

major disadvantage of the simulation approach is that the physical system must be well 

understood in order to mimic it in the simulation model with some level of veracity that 

would make the results useful. Understanding the real physical systems means translating 

its workings into the equations that govern the process, and particularly the conditions 

under which the key states of interest change (Kelton, Sadowski, & Zupick, 2015). While 

it must be appreciated that a model of a real complex system can never be exactly right, 

as scholars have regularly pointed out, it must also be recognized that if the salient details 

are captured sufficiently and simulated correctly, models can be useful. 

Discrete event simulation is one of many different simulation tools available. In 

the class of discrete event simulation is software called Arena by Rockwell Automation, 

which provides all the necessary logic to build simulations using a highly visual process-

flow approach. This approach has made such software popular with practitioners, because 

it allows those who understand the underlying processes in a system to construct a 

simulation model easily by describing the events using process flowcharting. Once the 

process flow charts are created, it is then possible to enter data in the various flowchart 
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modules to further describe the system. Any number of activities, such as delays, 

movement of entities through the system, and equations that describe behavior can all be 

added to make the model more accurate and closer to the real system. The inputs can be 

deterministic or stochastic, insofar as most systems will have elements of both (Kelton, 

Sadowski, & Zupick, 2015).  

If the system that is being simulated is well understood, it is also straightforward 

to validate the model and verify that it is behaving as expected. Model verification is 

usually done in a few different ways, such as passing a limited number of entities through 

the system, using constants instead of equations, looking at graphical representations of 

events, or validating it by comparing a simple version of the system with the results of a 

manual simulation. Some of these techniques can also be used to debug the simulation in 

the event of any errors. An approach like stepping a single entity through the system 

allows one to see what happens to that entity across the different modules (Kelton, 

Sadowski, & Zupick, 2015). If one is familiar with the real system and knows what 

should happen, then it is easy to reveal any errors (verification) or to demonstrate that the 

model is working as the real system would (validation).  

It is important when deciding the appropriate simulation approach to understand 

whether discrete event simulation is appropriate for the system that one is interested in. 

Discrete event simulation is used to model systems in which the variables of interest are 

discrete (e.g., inventory, bank customers, landing planes, or bottles filled) (Kelton, 

Sadowski, & Zupick, 2015). The term “discrete” implies that variables can be counted, 

and, if graphed against time, the resulting graphs would be non-continuous steps rather 

than continuous curves or lines.  
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Discrete event simulation is an approach that is regularly used to model complex 

systems that are driven by events that change state. An example is a system that goes 

through changes, such running (up) or failing (down); these state changes can themselves 

trigger other state driven events like “fix” and or “stop fixing.” It is a modeling technique 

that has been widely used to investigate systems operations, failures, repairs, and related 

spare inventory fulfillment. In all other inventory simulations, discrete event simulation is 

typically used to model the number of parts for several different demand profiles and 

their respective lead times.  

2.7 Lead Time Implications 

Maintenance policies, spare inventory, inventory holding, aviation maintenance, 

supply chain strategy, the Bullwhip Effect, and CPM/PERT (discussed in the following 

sections) are all affected by replenishment lead times for those spare parts in question. 

The replenishment lead times determine the effectiveness of the strategies that are 

employed to best assure the availability of systems. The optimization of the amount and 

value of inventory held can also be impacted by replenishment lead times. Shorter 

replenishment lead times imply flexibility in the supply chain, because strategies like Just 

in Time (JIT) inventory could be used effectively. In this case, using the JIT strategy for 

spare inventory would lower the amount of inventory needed to be held in stock. 

Lowering the amount of inventory held in stock would in turn have a positive financial 

impact, because less capital would be held up in inventory and could be deployed to other 

enterprise activities.  
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White and Lynskey reported on the large amounts of space required by Airbus 

Industrie to house spare parts, while Boeing noted in its annual report the large number of 

unique SKUs it needed to maintain support for its customers’ needs in terms of spares 

(White & Lynskey, 2013; Boeing 1998). The space to house all these parts costs money 

in rental and security fees. Beyond these costs are the operational costs associated with 

staffing such a facility as well as installing the necessary Materials Resource Planning 

(MRP) system to facilitate managing the inventory. A case study conducted by Mabert et 

al. for Pratt and Whitney’s commercial spare parts showed that their parts had a 

minimum replenishment lead time of 5 days, a maximum of 275 days, and an average of 

approximately 87 days (Mabert, Soni, & Campbell, 2015). This means that for the parts 

investigated by that team, the average replenishment lead time was nearly three months.  

2.7.1 The Bullwhip Effect 

The Bullwhip Effect is a phenomenon where demand gets amplified at each 

echelon of the supply chain, becoming increasingly distorted the further away from the 

origin one gets. Since multi-tier supply chains are common, particularly when they 

pertain to spare parts support, the Bullwhip Effect is a phenomenon that must be 

considered. A lever that can be used to mitigate the Bullwhip Effect is the reduction of 

supply chain echelons or tiers, because distortion is magnified at each level away from 

the origin (Lee, Padmanabhan, & Whang, 2004). Table 2.2 appeared in Management 

Science in a 1997 paper entitled “Information Distortion in a Supply Chain: The 

Bullwhip Effect” by Lee, Padmanabhan and Whang. The Bullwhip Effect is typically 

associated with the demand from customers, the retailer’s efforts to meet this demand, 

and the subsequent ripple effect through the rest of the supply chain. The phenomenon 
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also exists for demand for spare parts and would exhibit some of the same causes and 

contributing factors (Lee, Padmanabhan, & Whang, 2004).  

Some of the contributing factors listed in the table are true in both retail 

environments and spare parts supply chains. Information distortion can happen in any 

industry where there are multiple layers and can be illustrated using the telephone game 

(Heinrich & Betts, 2003). In the telephone game, one person whispers something to 

another person who is then asked to whisper the same thing to a third person, and so on. 

In a sufficiently large group, what invariably happens is that the message heard by the 

last person differs substantially from the original message (Heinrich & Betts, 2003). Prior 

to ubiquitous electronic commerce, the telephone game scenario was probable; however, 

these days the more likely scenario is that of amplification. In a real supply chain 

scenario, amplification may be caused by a decision at each echelon to add a slight 

buffer. A customer may order 10 products from a manufacturer. The manufacturer may 

then add a small buffer and order enough parts from their suppliers for 15 products. They, 

in turn, may order enough for 20 subassemblies, and so on. All factors associated with 

demand signaling and order batching could be true in the spare parts supply chain. 

Additionally, other factors such as asynchronous delivery and purchase, ignorance of 

supply conditions, unrestricted orders, and a free return policy may also apply in the 

spare parts supply chain scenario. The Bullwhip Effect can also be ameliorated by 

counter measures such as electronic information sharing, lead time reduction, and by the 

elimination of concepts like full truck load (FTL) or redefinition of economic order 

quantity (EOQ) (Lee, Padmanabhan &Whang, 2004). Decreasing lead times is noted to 
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be one of the levers that can be used to mitigate the Bullwhip Effect (Lee, Padmanabhan, 

& Whang, 2004).  

Table 2.2 Causes and Counter-measures of the Bullwhip Effect (Lee, Padmanabhan & 

Whang, 2004) 

Causes  Contributing 

Factors  

Counter Measures State of Practice  

Demand 

Signaling 

• No visibility of 

end demand 

• Multiple 

forecasts 

• Long lead 

times 

• Access sell thru 

POS data 

• Single control of 

replenishment 

• Lead-time 

reduction 

• Sell thru data in 

contracts (e.g., HP, 

Apple, IBM) 

• VMI (P&G and 

Walmart) 

• Quick Response 

Manufacturing 

strategy 

Order 

Batching 

• High order 

costs 

• FTL economics 

• Random or 

correlated 

ordering 

• EDI & CAO 

• Discount on 

assorted 

truckload, 

consolidation by 

3rd party logistics 

• Regular delivery 

appointment 

• McKesson, 

Nabisco 

• 3rd party logistics 

in Europe, 

emerging in the 

U.S. 

• P&G 

Fluctuating 

Batches 

• High–low 

pricing 

• Delivery & 

purchase 

asynchronized 

• EDLP 

• Special Purchase 

Contract 

• P&G (resisted by 

some retailers) 

• Under Study 

Shortage 

Game 

• Proportional 

rationing 

scheme 

• Ignorance of 

supply 

conditions 

• Unrestricted 

orders & free 

return policy 

• Allocate based on 

past sales 

• Shared capacity & 

supply information 

• Flexibility limited 

over time; capacity 

reservation 

• Saturn, HP 

• Scheduling 

Sharing (HP, 

Motorola 

• HP, Sun, Seagate 
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Hence, improved replenishment lead times can have a positive effect on the 

Bullwhip Effect. It is understood that the longer the lead time for a certain good, the more 

of it that must be kept in inventory, and vice-versa. The lead time effect can be illustrated 

mathematically by showing the order-up level for an instance where demand is an 

independent, identically distributed normal distribution with a mean of µ and variance of 

: 

 

In the above equation, for a time increase t to t +1, the estimate of µ changes by Δ, 

causing the order-up-to level to change by L Δ, where L ≥ 1 (Chen, Drezner, Ryan & 

Simchi-Levi,1999). This illustrates that the lead time is the multiplier. Therefore, 

increased lead time will result in increases in order-up levels. Consequently, reducing 

lead time is one way to mitigate the Bullwhip phenomenon. FTL and EOQ also 

contribute to the Bullwhip Effect. Indeed, it has been illustrated mathematically that 

being able to order smaller amounts at regular intervals can mitigate the Bullwhip Effect 

(Kuncova, 2002).  

Nevertheless, safety stock must be kept on hand, insofar as the real demand for it 

is unknown and would be determined by the required system availability (α). In a system 

whose availability is a function of the normal loss curve; α corresponds the right tail of a 

normal distribution. The safety stock equation below is used in instances when most of 

the variability is driven by the lead time (King, 2011): 

Safety Stock = Z x σLT x DAvg 
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where Z = Service Level Z-score, σLT = Lead Time Standard Deviation, and DAvg = 

Average Demand. The safety stock equation shows that an increase in the lead time 

variability will lead to higher required safety stock levels. Hence, lead time compression 

can be an important lever to keeping overall inventory stock levels low. There are other 

variants of this equation that are applicable when the both demand variability and lead 

time variability are present (King, 2011). 

2.7.2 Project/Program Management and Planning 

Critical Path Management (CPM) and the Program Evaluation and Review 

Technique (PERT) are both traditional approaches that are used in project and program 

management. Network activities can be used to represent project planning with each 

project activity having a duration and a cost associated with it. The critical path of a 

project is a sequence of the network of activities that tally up as having the longest total 

duration. The implication of the critical path in project management is the longest path of 

activities needed for a project to be completed. The activity network shown in Figure 2.3, 

below, is for the maintenance of a C-130 propeller assembly (Samaranayake & Kiridena, 

2012). 
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Figure 2.3 Activity Network for a C-130 Propeller Assembly (Samaranayake, & 

Kiridena, 2012). 

 

This sequence of tasks could be approached with the use of traditional methods of 

manufacturing and procurement for the required spare parts. Table 2.3 also shows the 

maintenance project for a C-130 propeller assembly. 

 

Table 2.3 Maintenance Project for a C-130 Propeller Assembly (Samaranayake, & 

Kiridena, 2012) 

Activity 

# 

Description Normal 

Duration 

(days) 

Activity Type  Material 

Component 

Op10 Inspection and 

access 

2.5 Disassembly Propeller assembly 

Op20 Pump overhaul 6 Re-assembly Pump housing 

Op30 Disassembly 2 Disassembly Dome assembly 

Op40 RP Service 0.5 Re-assembly Regulator 

pitchlock 

Op50 Blade Inspection 1 Disassembly Blade propeller 

Op90 Blade Refit 2 Re-assembly Blade propeller 

Op100 Blade 

Remount/Reconnect 

1.5 Re-assembly Hub & Blade 

assembly 
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The authors of the study propose an enhancement to the typical tools that would 

be used along with the Unitary Structuring Technique to mitigate uncertainty. They point 

out that using tools like CPM exclusively would extend the duration of the project to 10 

days, as shown in Table 2.4 below (Samaranayake, & Kiridena, 2012).  

Table 2.4 Critical Path in Ideal Case (Samaranayake, & Kiridena, 2012) 

Project Duration Path Time (Days) 

 

Longest Path 

Sum Op10, Op20, Op100 10 

Sum Op50, Op90, Op100 4.5 

Sum Op30, Op40 2.5 

 

The authors note that, in addition, there may be unplanned activities that might become 

evident only after some of the initial inspection steps. Thus, Table 2.5 shows another 

scenario for project duration under uncertainty (Samaranayake, & Kiridena, 2012). 

Table 2.5 Critical Path with Uncertainty (Samaranayake, & Kiridena, 2012). 

Project Duration Path Time (Days) 

Longest Path 

w/uncertainty 

Sum Op10, Op20, Op100 10 

Sum Op50, Op60, Op70, Op80, Op90, Op100 13.5 

Sum Op30, Op40 2.5 

 

Part shortages are real-world issues that can impact maintenance projects. An additional 

possibility that the authors present is a case where a part shortage may be encountered for 

some of the unplanned activities during the maintenance project. Consequently, a 20-day 

procurement lead time is used that results in the longest path, presented in Table 2.6, 

below (Samaranayake, & Kiridena, 2012).  
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Table 2.6 Critical Path with Part Shortages 

Project Duration Path Time (Days) 

Longest Path 

with Part 

Shortages 

Sum Op10, Op20, Op100 10 

Sum Op50, Op60, Op70, Op80, Op90, Op100 13.5 

Sum Op30, Op40 2.5 

Sum Op50, Procurement Lead Time, Op90, Op100 24.5 

 

The scenarios presented by the authors could occur in any number of projects or 

programs, and the last example illustrates how part shortages can negatively impact those 

timelines. In the example presented, the part shortage and the associated lead time more 

than doubles the duration of the time the project would have taken under ideal conditions.  

One concept in project management that is often used when a project must be 

completed before the time indicated by the critical path is called project crashing (Project 

Management Institute, 2000). The hallmarks of project crashing include the evaluation of 

additional resources, overtime, and other techniques to reach the goal more quickly. 

Project managers and researchers alike have recognized that the addition of more people 

to a project has its limits with respect to the desired effect of reducing the time to 

completion (Nelson, 2007). Part of the reason for this is that having more people on the 

team means that team members must all be sufficiently trained for proficiency. Having 

more people also requires improved communications to ensure that everyone is 

coordinated (Nelson, 2007). Thus, in some instances, having more people on a project 

does not yield reduced project timelines.  

2.7.3 Project Crashing and Performance-based Service Agreements 

Other alternatives or complementary ways by which project timelines can be 

improved include the application of other technologies that may be faster but perhaps not 
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used in the normal setting because they are more expensive. In project crashing, the 

normal or traditional way of proceeding is compared side-by-side with the crash 

approach, which also includes increased crash costs (Project Management Institute, 

2000). A new network path is plotted with the choice of using process steps from the 

traditional approach or from the crash approach (Russell & Taylor III, 2008). Typically, 

in these instances, there is a one-to-one relationship between the traditional process step 

and the crash process step; however, some new processes can also eliminate the need for 

some of the traditional steps, resulting in a reduced number of process steps. Indeed, this 

versatility comes at a cost, although some of these costs might be deemed reasonable in 

project crashing situations. 

Project crashing may be necessitated by any number of reasons, whether it is 

trying to accommodate the schedule of a larger program effort of which the project is a 

part or to meet contractual agreements. In the case of Performance-based Service 

Agreements (PBSAs) there may be timelines and milestones that must be met for 

compliance with the acquisition contract (United States Office of the Deputy Under 

Secretary of Defense for Acquisition Reform, 2001).  

Performance-based acquisition is a new phenomenon in the acquisition process 

for governmental organizations. The idea behind it is that a statement of work (SOW) is 

written such that it is focused on desired outcomes (United States Office of the Deputy 

Under Secretary of Defense for Acquisition Reform, 2001). The desired outcome in a 

hardware development contract could be conceptual design, component development, 

design, fabrication, and testing. The performance objectives must then be articulated and 

they must have measurable outcomes. It is important that the focus is on the outcome, 
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rather than on an instruction that tells the contractor how to achieve that specific outcome 

(United States Office of the Deputy Under Secretary of Defense for Acquisition Reform, 

2001). 

The appropriate performance standards are then used to measure compliance and 

adherence, and these could be deadlines or schedules i.e., specific completion rates by 

certain dates. It is also important to include quality of work performance standards 

beyond schedule-related standards (United States Office of the Deputy Under Secretary 

of Defense for Acquisition Reform, 2001). Quality performance standards may include 

failure or pass rates, accuracy rates, or any other measure that might be an important 

indicator of quality for that product or service. Another component that may be important 

to include is cost: it could be important to have cost targets for certain milestone 

achievements. This would facilitate cost control, something that is particularly important 

in cases where the contract includes cost reimbursement (United States Office of the 

Deputy Under Secretary of Defense for Acquisition Reform, 2001).  

Rewards and remedies are also part of the performance-based acquisition process. 

Incentives and disincentives are designed to motivate the supplier to meet and exceed 

performance expectations. These can address several dimensions and can be based on 

costs, award fees, award terms, scheduling, and past performance (United States Office of 

the Deputy Under Secretary of Defense for Acquisition Reform, 2001). Project crashing 

is an important technique that can be employed by project managers in instances where 

there may be a deadline that requires the completion of the project to meet the timelines 

dictated by a PBSA. Project crashing may be achieved by applying additional resources, 
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subcontracting certain activities, or using overtime. Typically, analysis will indicate the 

normal cost of an activity, and this is compared to the crash cost. 

2.8 Additive Manufacturing and Aviation Industry Adoption 

AM is a process that, unlike many traditional manufacturing processes, is additive 

rather than subtractive. The part is built up by the addition of material layer-by-layer to 

dictate the net shape. A variety and combination of materials can be used in the process, 

ranging from liquid polymers, molten and powdered metals, ceramics, and many other 

combinations. In its early days, AM was predominantly used for prototyping. Hence, it 

was known as Rapid Prototyping, and, within this context, it was also used to make 

tooling or molds to reduce mold lead time (Togwe, Atre, Thomas, Kuhar, Joys & 

German, 2000). The AM process continued to see improvements and is now increasingly 

being used for final parts production (Wohlers, 2013). Some of the disadvantages of AM 

are the machine and material costs, part size limitations owing to the machine build 

chamber, and the required personnel of a different skill level than those required by 

traditional approaches (Lindemann, Jahnke, Moi, & Koch, 2012). 

Aviation industry manufacturers are using AM or experimenting with it to exploit 

some its unique benefits. Attributes such as the ability to make parts or prototypes with 

agile redesigns, near net shapes, complex geometries, reduced weight, shorter lead times, 

and the potential for remote repair have been proven. A case study highlighted by 3D 

Systems describes how Turbine Technologies are using their AM systems to create wax 

patterns for casting and emphasizes the ease with which iterations on design can be 

achieved. By contrast, if a mold were made using the traditional approach in each 
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instance, the process would be costly and relatively inflexible. AM is being used to make 

wax patterns to produce nozzle guide vane rings, axial flow turbines, thrust nozzle cones, 

and combustor straightener vanes for turbojet engines (3D Systems, 2015). In another 

case study, the net shape advantages of AM are illustrated, where the buy-to-fly ratio of a 

Ti-6Al-4V bracket was reduced from 33:1 to a little over 1:1 (Dehoff, Tallman, Duty, 

Peter, Yamamoto, Chen, & Blue, 2013). This underscores the particular importance of 

the technology, where traditional approaches have a high buy-to-fly ratio and involve 

costly materials that are difficult to machine.  

Complex geometries that cannot be achieved easily with traditional methods are 

another reason some manufacturers are looking to AM. Khajavi et al. present a case 

where additive manufacturing is used for the environmental control system of an F-18 

Super Hornet fighter to make air-cooling ducts. This is due to AM’s capacity to create 

complex geometries like conformal channels, which traditional approaches cannot 

achieve easily, resulting in space savings (Khajavi, Partanen, & Holmström, 2014). A 

group from General Electric and GrabCAD presented an example where AM was 

adopted to achieve an 80% weight reduction on an aircraft bracket while maintaining 

performance requirements (Carter, Erno, Abott, Bruck, Wilson, Wolfe, Finkhousen, & 

Stevens, 2014). Weight reduction in aviation is of paramount importance, because each 

kilogram translates into fuel dollars that must be spent, and AM enables lightweight 

designs.  

Moreover, shorter lead times are desirable across the product lifecycle, and there are 

case studies where AM has been used to achieve shorter lead times in development 

cycles. For instance, an AM-produced GE aviation housing that covers a sensor 
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responsible for detecting ice buildup received FAA Certification on April 15, 2015. The 

GE Aviation program manager for that effort explained the decision to adopt AM as 

follows:  

 

It happened to be the quickest way to put it out to the fleet. It also allowed us the 

flexibility to continue to iterate small design changes. That’s the great thing about 3-

D printing. You can design, print it and run it in a couple of weeks. Traditionally it 

would take nine months to be able to do a simple design iteration, now it is two to 

three weeks, depending on the complexity, to do that (Norris, 2015).  

Military aviation has also been pushing the boundaries and experimenting with additively 

manufactured parts since the 1990s. In the early years, the efforts were limited to non-

flight-critical parts, spares, and tools (NAVAIR, 2016).  In 2016, however, the Naval Air 

Systems Command (NAVAIR) reported the successful completion of an MV-22B Osprey 

test flight with an AM-fabricated flight-critical component (NAVAIR, 2016). The main 

impetus behind these efforts is the ability to utilize additively manufactured parts for 

repair, along with the possibility of being able to reduce inventory due to AM’s flexibility 

and distributed manufacture. The ability to only store digital files, and the ability to 

instantaneously transmit them to the point of manufacture, on demand, anywhere—

without having to order, stock, and ship parts—is especially appealing to Navy officials 

(NAVAIR, 2016).  

The digital nature of the files also leads to the same vulnerabilities as all digital 

assets, such as their susceptibility to being hacked or sabotaged to introduce defects in a 

part. The secure management of the digital AM files is an emerging and important topic, 
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and researchers have been able to demonstrate the corruption of an AM STL or AMF file 

by introducing voids that ultimately cause fabricated parts to fail prematurely. 

Researchers have recommended establishing processes such as software checks, hashing 

or secure signing, improved process monitoring, and operator training as mechanisms to 

guard against the vulnerabilities of digital files (Sturm, Williams, Camelio, White, & 

Parker, 2014). 

AM’s remote repair capability was demonstrated in 2015 when NASA uplinked a file 

for a ratchet wrench to the International Space Station (ISS) where it was printed and 

subsequently used by an astronaut for repair (NASA, 2014). As the aforementioned cases 

illustrate, there are many areas where AM is being used in various stages of the aviation 

systems cycle, and lately there are more instances where AM is yielding production parts. 

Other NASA efforts include the fabrication (on earth) of parts for spacecraft. Over the 

last several years, NASA announced the successful testing of many parts, including 

rocket injectors, where the fabrication time was reduced to four months from one year at 

a cost that was 70% less than that of the traditional approach (Misra, Grady, & Carter, 

2015). NASA also successfully fabricated a rocket engine combustion chamber where 

reductions in cost and schedule were achieved, and features were enabled that were not 

possible using traditional approaches. A rocket engine turbo pump has also been 

fabricated using AM by NASA. The pump required 45% fewer parts than the same pump 

manufactured using the traditional approach (NASA, 2016).  NASA also identified 

battery and electric motor fabrication as opportunities for propulsion-related parts that 

could be fabricated using AM (Misra, Grady, & Carter, 2015). 
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Because of its implications for lead time, there was discussion around the use of 

AM for spare parts production even before additively manufactured aircraft parts. The 

increased use of AM for aircraft parts will only serve to increase the use of AM for 

aircraft-related spare parts, whereas beforehand these spares may have been relegated to 

only nonfunctional parts that did not require certification by aviation authorities. It is in 

this context that current thinking with respect to AM must be expanded. 

2.8.1 Additive Manufacturing Costs 

One barrier to the adoption of widespread AM is the perceived and real costs 

associated with it. This dissertation proposes an approach that would focus on the unique 

value that AM offers over traditional processes. The proposed variables surface cost 

advantages that are rarely accounted for when current cost comparisons are made. Other 

works concur with this point of view, noting that the supply chain has both hidden and 

visible costs (Thomas & Gilbert, 2014). The challenge is in appropriately surfacing 

hidden or ill-structured costs, such as those associated with inventory, transportation, 

consumer proximity to production, supply chain management activities (purchasing, 

operations, distributions, integration), and supply disruptions (Thomas & Gilbert, 2014). 

The visible or well-structured AM costs can be broken down into machine, material, and 

personnel costs. The average inflation-adjusted cost of AM machines has decreased 51% 

in the period from 2001 to 2011 (Thomas & Gilbert, 2014).  While the cost of the 

machines is expected to decrease over time, the use of AM machines would also imply 

increased energy costs (Thomas & Gilbert, 2014). Approaches to low-cost metal powder 

material production are also being pursued (Chen, Fray, & Farthing, 2000). Other 
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researchers have concluded that the personnel training and salary costs tend to be a small 

percentage of the AM cost at 3% or less (Thomas & Gilbert, 2014). 

Using machine, material, and personnel cost categories in combination with 

techniques like activity-based costing allows us to ascertain the visible cost of a metal 

part fabricated by AM. This can then be compared to the cost of a traditionally fabricated 

part. Using these type of techniques, researchers showed that the material costs of an 

additively manufactured aluminum alloy part made using laser sintering was 

approximately ten times that of one fabricated by traditional means (Atzeni & Salmi, 

2012). Prior research on AM costs compared to traditional approaches for machined from 

solid aviation engine parts concluded that AM was commercially viable for complex 

parts, with buy-to-fly ratios of at least 12:1 using technology that was state of the art in 

2006. The researchers asserted that with future technology it should be possible to 

achieve commercial viability for parts with buy-to-fly ratios of 3:1 (Allen, 2006).  

Another challenge is comparing the current business model to traditional production 

approaches that utilize multi-echelon supply chains with largely fully amortized assets. 

Most of the cost evaluations for AM are based on AM’s current approaches, where one 

entity bears the cost for the machine, materials, and labor. In the long term, it is believed 

that when AM becomes widely adopted, the distributed scenario will be a viable 

deployment approach (Khajavi, Partanen, & Holmström, 2014).  

In terms of consumer products, package delivery providers such as the United 

Parcel Service (UPS) and Federal Express (FedEx) have shown interest in becoming 

providers of AM services (Janssen, Blankers, Moolenburgh, & Posthumus, 2014; Weller, 

Kleer, & Piller, 2015). Both companies also provide logistics and reverse logistics 
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activities for other enterprises. These providers would offer decentralized AM 

capabilities at their hubs or stores, where consumers with the intellectual rights to a file 

could print it at their location. UPS is teaming up with SAP Ag, a global enterprise 

resource management software firm, to bring to fruition a vision where a client could 

order a part and it could be printed overnight and shipped the next day to the customer 

(Darrow, 2016). Business models that include the consignment of equipment and 

resources to operate the equipment at a specific location, may mitigate the high 

acquisition costs associated with the AM systems and the specialized nature of the 

required personnel (Golembiewski, 2015). Other business network configurations where 

the machines and personnel become a shared utility via open innovation hubs and 

networks may be possible in the future. Blockchain ledgers could be used to moderate 

and secure the activities of network participants (Togwe, Tanju, & Eveleigh, 2018). 

These configurations would address some of the costs associated with the machine costs 

as well as the potentially higher personnel salaries associated with Additive 

Manufacturing deployment.  

2.9 Supply Chain Implications 

 A supply chain is a network of the raw materials providers, manufacturers, 

distributors, and others who work together to produce and deliver a good or product to 

the market. Each of these actors is linked in a logical sequence of activities and functions 

that culminates with the delivery of a good to an end client. Supply chains are necessary 

to produce spare parts and other parts that make up modern systems. Insofar as each actor 

along the chain is linked to the next via business relationships, problems with any node 

along this chain tend to have a ripple effect throughout the entire supply chain. An 
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examination of some special supply chain cases and impacts is explored in the following 

sections.  

2.9.1 Remote or Isolated Systems  

Remote or isolated systems repair, and maintenance presents great challenges for 

logistical coordination because of their isolation. Systems such as naval warships and 

aircraft in theatre or systems with extremely expensive logistical support needs such as 

the ISS have sought ways to enable the production of necessary parts close to where they 

would be needed, rather than farther afield. A digitization campaign by the Navy would 

support some of these needs via the use of AM, once digital files for repair and 

replacement parts are available (Livingston, 1990). This digitization strategy would also 

be a way to mitigate Diminishing Manufacturing Sources and Material Shortages 

(DMSMS), because, using traditional approaches, if a part is required that is no longer in 

production, it can take an average of 300 days of production lead time to obtain a 

replacement (Livingston, 1990). 

Recent efforts have seen the launch of an AM printer to the ISS to produce spare 

parts as well as tools that may be required for system maintenance and repair (NASA, 

2014). These recent efforts build on earlier experimentation with liquid phase sintering 

under microgravity, which sought to understand the effects of microgravity on material 

properties (Campbell & German, 2007). This understanding helps to determine whether 

tools and spare parts or tools fabricated with powdered metals using AM methods and 

sintered under microgravity retain the same properties as they do on earth. Early findings 

showed that they did not retain the same properties as they do on earth, owing to 
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microgravity. This underscored the need for more research before AM use can be fully 

realized in space (Campbell & German, 2007).  

2.9.2 Supply Chain Democratization 

There are many developments with respect to AM that are sure to contribute to 

supply chain democratization. Some of these are the development of open-source 

machines and software, crowd-sourced designs that will enable co-creation, as well as 

notions of an on-demand supply chain that can be enabled in areas where none previously 

existed. On the materials fabrication front, there have been advancements that should lead 

to inexpensive production of metal powder materials for AM such as the FFC Cambridge 

process. These developments would address some of the areas that are currently deemed 

to be too expensive—viz., machines and software, raw materials, and labor—and 

therefore lead to deeper penetration of the technology.  

RepRap is an open-source AM system that can print most of the parts that it is 

made of. The remaining parts that it cannot print are standard engineering parts that can 

be obtained easily, inexpensively, and globally. RepRap is therefore self-replicating, or 

self-reproducing. In 2010, two and half years after it debut, it was reported to have 

propagated to at least 4,500 machines worldwide (Jones, Haufe, Sells, Iravani, Olliver, 

Palmer, & Bowyer, 2011). While RepRap typically uses polymer filament as its 

feedstock, it can print parts with circuitry, an AM capability that is discussed in other 

sections of this work. RepRap is available under a General Public License, and those who 

make improvements to it are obligated to offer versions back to the general public under 

the same license conditions (Jones, Haufe, Sells, Iravani, Olliver, Palmer, & Bowyer, 
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2011). RepRap’s continued development is an example of crowd-sourced product 

development that continues to evolve as global participators make their contributions 

available.  

Co-creation describes activities where enterprises and other interested parties such 

as consumers can collaborate, resulting in a good or service that has benefited from input 

from both groups. Researchers have sought to categorize co-creation activities by 

whether the roles of the enterprises and consumers are differentiated or integrated 

(Rayna, Striukova, & Darlington, 2015). Both differentiated and integrated co-creation 

activities result in in either mass production or mass customization of goods. With 

differentiated co-creation, the enterprise manufactures the result, but the design is largely 

created by the consumer base. Integrated co-creation involves tailoring a product for a 

specific individual—hence the term “mass customization” (Rayna, Striukova, & 

Darlington, 2015). These co-creation activities are facilitated via open-source, open 

innovation, social media, and crowdsourcing platforms.  

Crowd-sourcing is the use of a digital platform to reach crowds of people and to 

facilitate some participatory creation of something (Carter, Erno, Abbott, et al., 2014). 

Due to its digital underpinnings, AM lends itself to crowd-sourcing efforts by sharing 

files and design-attribute information with great ease and veracity. NASA and GE are 

examples of government and commercial enterprises that have sought to take advantage 

of this borderless approach to product conception, design, and development.  These 

enterprises usually sponsor design competitions with specific entry rules and design 

outcomes, and often with substantial prize money. 
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Such innovations have led some companies to re-think current approaches to how 

products are conceived, designed, and developed, providing them with avenues to 

augment or expand the capabilities of their in-house teams (Carter, Erno, Abbott, et al., 

2014). This may contribute to a shift in thinking with respect to what a workforce looks 

like and from where the best ideas are derived. These approaches are not without 

controversy, particularly with respect to the ethics and fairness of the compensation to the 

competitors. Indeed, those who are not selected as finalists or winners do not typically get 

paid for the work they do. For instance, a GE-sponsored competition compensated the 

only the top 10 entrants out of 700, which means 690 individuals were not compensated 

at all for their often-significant effort (Carter, Erno, Abbott, et al., 2014). There are also 

intellectual property boundaries being pushed, particularly in those instances where a 

winner might be in a different country with different intellectual property laws from those 

where the enterprise is headquartered.  

Indeed, some of the design challenges have produced designs that are in ways far 

superior to the original in-house design (Carter, Erno, Abbott, et al., 2014). Nationalistic 

concerns and concerns related to outsourcing to cheaper markets can also arise, as 

demonstrated by a design competition held by GE, an American company, where the top 

10 entrants were all from outside the United States (Carter, Erno, Abbott, et al., 2014). 

Hobbyists and inventors have also exploited the relatively easy access of AM 

technology as an opportunity to invent and experiment. In the spirit of crowd-sourcing, 

many share or sell files of their designs and creations on various social platforms. Some 

of the files for sale are for replacement parts of commercial items such as camera lens 

filters or other simple parts that are difficult or expensive to replace. The challenge in 
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these types of situations pertains to the potential violation of intellectual property rights 

for some proprietary designs or the variability in the quality of the manufacturing. The 

latter can lead to poorly designed user-fabricated items that do not function properly or 

even damage the equipment.  

There are many examples where end users are fabricating their own objects. One 

interesting case involves a user who found a way to print his own dental braces for less 

than $60, where they would have otherwise cost him up to $8,000 (King, 2016).  The 

advantages of printing one’s own braces are clear. However, the potential for inducing 

irreparable harm to one’s teeth is also something that must be taken under consideration 

(McDonald, 2016). Consumer companies have toyed with the notion of end users co-

creating. Nike and Adidas have both talked about sneakers that are fabricated via AM. 

Adidas has taken some steps towards realizing this, with a sneaker that has a midsole that 

can be printed to the exact dimensions of the customer’s foot (Bain, 2015). The product 

would be a precisely custom-fit shoe, something highly appealing to athletes and others. 

This marks the beginning of a co-creation era that is surely to change current business 

models, whereby in the future buyers may simply purchase a file that is printed elsewhere 

(Bain, 2015).  

2.9.3 Lean, Green, and Sustainable 

Lean practices have been followed in manufacturing and production as a 

practical matter of realizing savings. The mindset of consumers, however, recognizes 

and pushes for the production and delivery of goods and services in ways that 

minimize the negative impact on the environment of the processes, by-products, and 
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physical distribution in terms of their carbon impact. The notion behind this 

revolution is that all these production and delivery activities have cost impacts that 

future generations will have to “pay” for insofar as they will be hindered in their 

ability to enjoy the global commons relative to previous generations. However, the 

cost impacts of environmental degradation, pollution, and depletion of certain 

resources can be actively reduced, leading to a more sustainable planet.  

Some customers are actively seeking goods that are produced using approaches 

that minimize waste and environmental impact. The types of impacts can range from 

the depletion of specific resources from extracting raw materials and manufacturing 

goods, to the pollution of rivers and oceans caused by their by-products, and the waste 

accumulated by the remnants of a product after it has served its use. Airbus recently 

documented the redesign of a cabin interior wall that typically supports cabin 

attendant seating. In the redesign, an AM-printed lattice was used to replace the 

internal load-bearing structures of the wall. The “bionic” lattice was conceived by 

observing and mimicking some natural designs in structures such as leaves (Schaefer, 

2017). AM production in this case took much longer than the conventional production 

mode; however, in this instance the focus was sustainability. Airbus showed that the 

AM lattice wall had less primary energy demand, global warming potential, 

eutrophication potential, acidification potential, ozone layer depletion potential, and 

human toxicity potential when compared to a reference partition (Schaefer, 2017) . 

Moreover, the weight of the reference partition was 65 kg, whereas that of the 

“bionic” partition was only 35 kg (Schaefer, 2017).  
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Table 2.7 Potential Impacts of Reference Partition vs. Bionic Partition (Schaefer, 2017). 

Impact Method Unit CAS-Partition 

L/H A320-200 

Bionic Partition 

(50% Recycling) 

Primary Energy Demand 
MJ 62,700,000 24,700,000 

Global Warming Potential 
kg CO2-eq. 1,090,000 421,000 

Eutrophication Potential 
kg Phosphate-eq. 689 267 

Acidification Potential 
kg SO2-eq 3,300 1,280 

Ozone Layer Depletion 

Potential R11-eq. 0.00000126 0.000000432 

Human Toxicity Potential 
kg DCB-eq. 23,900 11,400 

The Airbus partition case study showcases how AM can be used to address 

sustainability with a holistic approach, insofar as the partition incurred less 

environmental costs than current traditional approaches across multiple categories. 

The physical distribution activities of most goods depend on transportation 

powered by fossil fuels, which pollute the air with carbon dioxide. There is a finite 

amount of fossil fuels, and these required millions of years to form. When depleted, 

they are not easily regenerated. Even electric vehicles, which fall into the category of 

clean energy, can pose problems depending on how the electricity that runs them is 
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generated. That is, if the energy used to power electric vehicles is generated using 

coal or other fossil fuels, it cannot be classified as clean energy.  

As supply chains have become increasingly global, the required physical 

distribution and coordination of the movement of goods has increased (D'Aveni, 

2013). In these cases, the raw materials for goods are typically sourced in one place 

and transported to another for transformations into the final product , which is then 

sold in yet another market. When those goods are transformed to final products, some 

of the processes involved are subtractive. Subtractive processes involve removing 

materials to realize the final shape of the desired object. Often these excess materials, 

like metal chips in the case of machining, cannot easily be used for something else 

and must be discarded as waste (Tuck, Hague, & Burns, 2006). The discarded waste 

that results in the manufacture of some aviation parts with high buy-to-fly ratios is 

costly and contributes to pollution. The material cost is usually high, because these 

parts are typically made of expensive high-performance materials (Allen, 2006). Such 

costs are passed on to the customer, even though most of the material is discarded as 

waste. Near net shape manufacturing approaches like AM reduce the waste associated 

with machining chips, because only minimal machining (if any) is required.  

Expanded physical distribution activities mean the parts have a large carbon 

impact. That is, these activities denote the production of greenhouse gases when 

fabricating a part, and subsequently during its transportation. Gases that are expelled 

during the manufacture of some products may likewise be detrimental to the planet 

(Huang, Liu, Mokasdar, & Hou, 2013). These gases contribute to the formation of acid 

rain, which causes soil leeching and creates an inhospitable environment for plant 
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life, which, in turn, exacerbates soil erosion. Soil erosion, in turn, results in 

desertification, and the lack of trees contributes to the Greenhouse Effect, resulting 

in less carbon dioxide removed from the atmosphere and less oxygen being added into 

it. The Greenhouse Effect is also thrown into imbalance as a result of the carbon 

dioxide emitted from manufacturing activities as well as transportation. 

2.9.4 Supply Chain Disruptions, Risk Mitigation and Resiliency 

 A short discussion on supply chain disruptions, risk mitigation and resiliency is an 

appropriate endcap to the literature review that has discussed ideas related to aviation 

spare parts. There are well publicized events in recent history that resulted in supply 

chain disruptions. The 2010 eruption of the Eyjafjallajökull volcano in Iceland caused 

massive disruption to air traffic and hence delays and unavailability of goods that were 

normally shipped via those aircraft routes (Chopra & Sodhi, 2014). Thailand experienced 

floods in 2011 that impacted the electronics industry (Chopra & Sodhi, 2014). The 2011 

earthquake and resultant tsunami in Japan not only resulted in the loss of many lives but 

also resulted in the disruption of global supply chains across the automotive and other 

industries (Chopra & Sodhi, 2014).  

In both cases there were risk mitigation measures taken to dampen the effect of 

the disruptions. New Zealand salmon replaced the global shortage of salmon from 

Norway and other European countries caused by the volcanic eruptions in Iceland (Voigt, 

2010). The tsunami in Japan resulted in a strong used car market, as well as increased 

production in other locations. Supply chains need to be protected from disruptions and 

the usual levers such as “increasing inventory, adding capacity at different locations and 

having multiple suppliers,” all make the supply chain less efficient (Chopra & Sodhi, 
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2014). These disruptions tend to ripple across the entire multi-echelon supply chain. Risk 

mitigation strategies can include segmentation to avoid concentration and regionalization 

(Chopra & Sodhi, 2014). Additive manufacturing capability could be implemented in a 

spare parts supply chain to enable segmentation and regionalization. Such a construct 

would result in a resilient spare parts supply chain approach.  
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Chapter 3. Methods 

 Several methods were used to conduct this research. Initially, a literature review 

was conducted to identify the gaps in the discourse with respect to AM’s use in the spare 

parts supply chain. The literature review was also used to identify new characteristics 

associated with AM when it is compared to traditional methods of fabrication. These new 

characteristics were then codified as new variables. The new variables were then mapped 

onto some existing frameworks to deliver new artifacts that articulate where these new 

variables have the most impact, and to suggest the best place in the lifecycle to leverage 

AM technology.   

 A discrete event simulation was used to model a system’s inventory demands 

based on prior failure data in similar systems. The lead time associated with spare parts 

inventory replenishment was then simulated under conditions where an increasing 

amount of additively manufactured spare parts are introduced into the inventory mix. The 

system lead time associated with different levels of manufacturing spare parts was then 

tracked and recorded. 

 The literature review and analysis were used to link the Bullwhip Effect, which is 

common in retail supply chains, with how this phenomenon or its characteristics are 

relevant to a spare parts supply chain. A manual simulation was added to illustrate the 

potential impact of using AM in project management such as a project crashing tool.  
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3.1 Lifecycle Stage Needs Analysis 

Recognizing that additional stages other than those in the original version of the 

Mitre Systems Engineering V are possible, a stage called concept feasibility is added 

prior to concept development and another Service Life Extension Program (SLEP) and 

retirement is added after the transition operation and maintenance stages. Other literature 

concurs with the use of such additional stages (USDOT, 2007). 

Revisiting the System Engineering V model shown earlier is useful for 

understanding the impact of AM along the product lifecycle. At each of the various 

stages within the lifecycle of a system or subsystem, various stakeholder needs and 

expectations must be met. Table 3.1 shows the system lifecycle stages, some of the 

objectives that might be associated with that stage, and the needs that, if met, can help 

meet the objective (Mitre, 2014). The column labeled “proposed variable” adopts the 

perspective that AM technology delivers well and matches it with where it might be most 

effective. The intent of the table is to map the system’s lifecycle needs against AM 

capabilities that would be most valuable for that stage. It does not suggest that the 

proposed variable is only true at that stage, but rather that it may be most effective at that 

stage, and, when in competition with a part produced using traditional subtractive means. 
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Table 3.1 Lifecycle Needs and Additive Manufacturing Capabilities 

 

Stage Objective Need Proposed 

Variable  

Concept 

Feasibility 

Alternative Concepts 

Technical, Economic, 

Legal, Operational, 

Schedule 

Business Case 

Non-constrained 

designs (shape, 

complexity, etc.) 

Design Degrees 

of Freedom 

Concept 

Development 

Operational 

Requirements, 

Conceptual definition 

“What if” impact 

assessment 

Prototype 

Requirements 

Engineering 

Elicitation, Analysis, & 

Definition of 

Requirements 

Prototyping & 

Experimentation 

“What if” impact 

assessment 

Prototype 

System 

Architecture 

Architectural 

Frameworks 

Stakeholder 

viewpoints 

assessment 

Prototype 

Agility 

System 

Design & 

Development 

Assess Design Capability 

to Meet System 

Requirements 

Low cost changes 

Least waste 

production 

Agility 

Lean 

System 

Integration 

Interfaces, 

Interoperability, 

Integration 

Process step 

reduction 

Moving 

Assembly 

Joint Reduction 

Multifunctioning 

unit 

Test & 

Evaluation 

User’s needs fulfilled? Fail points reduction Joint Reduction 

Multifunctioning 
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When compared to traditional manufacturing, there are considerations with 

respect to some of AM’s differentiated value propositions across the lifecycle. AM’s role 

in prototyping is well established, as the technology’s first uses were for prototyping 

(Bak, 2003).  Prototyping will continue to be prevalent, insofar as physical rendering can 

be achieved quickly, inexpensively, and iteratively. In some cases, even though end use 

materials are not utilized, functional prototypes can be achieved; while these prototypes 

would never be expected to last in the field, they can facilitate testing in near-real-life 

conditions, demonstrating form, fit, and function (Stratasys, 2015).   

Agility is another capability that AM provides that is well understood, particularly 

when compared to traditional processes that require molds or require complex fixtures 

(Tuck, Hague, & Burns, 2006). In some instances, AM has been utilized to make molds 

or provide wax cores more quickly than with traditional processes (3D Systems, 2015). 

As noted by the GE Aviation program manager, agility was one of the key reasons that 

AM was chosen for the FAA-approved sensor cover, insofar as it allowed for iterative 

changes to be made to the design at negligible costs to schedule (Norris, 2015).  

Lean is another concept that has gained popularity in manufacturing, due to its 

simplicity and the clear financial savings associated with the reduction of waste across 

processes. AM is a near net shape process, and, therefore, when compared to traditional 

approaches can result in huge raw material cost savings over traditional parts (Huang, 

Liu, Mokasdar, & Hou, 2013). This is particularly true for the aviation industry where 

some parts produced via traditional means have high buy-to-fly ratios—as, for example, 

in the case of a billet of expensive titanium material machined to some smaller piece 
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(Dehoff, Tallman, Duty, Peter, Yamamoto, Chen, & Blue, 2013). In such a case, the 

machined chips are waste as they cannot be reused.   

A popularly uttered phrase in AM circles is “complexity for free,” and this 

captures most of what is meant by the “design degrees of freedom.” In AM, complexity 

can be added at no additional cost, providing an extraordinary range of possibilities in 

design (Lindemann, Jahnke, Moi, & Koch, 2012). What is emerging in the design world 

for AM has a precedent with what happened with the advent of the internet on mobile 

devices: initially, designers were essentially just taking whatever was on the web 

platform for desktops and laptops and then just fitting it onto a smaller screen for a 

mobile device. However, designers now understand that mobile content must be designed 

using so-called mobile-first thinking. A similar trend is emerging in AM, namely, an 

increasing realization that focus should be directed to the part’s function and that 

designers must utilize so-called “born in additive manufacturing” thinking to truly 

leverage AM’s unique capabilities rather than merely recreate replicas of traditional parts.   

The use case provided by Khajavi et al. details how the traditional route would have 

required a number of different pipes to be tied together, whereas using AM allowed for a 

single body with multiple channels (Khajavi, Partanen, & Holmström, 2014). This 

allowed for crucial space savings that would not have been realized using multiple pipes 

while retaining the desired function. 

This design flexibility can result in designs that allow for weight reductions when 

compared to traditionally manufactured parts while retaining the desired functionality. 

Weight reduction or “lightweighting” in the aviation industry is something that results in 

real and tangible benefits, because it allows for fuel savings and for more of the weight to 
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be apportioned for mission-critical cargo (Carter, Erno, Abott, et al., 2014). Other 

redesigns have included the addition of AM-printed microvanes and fairings, which 

successfully demonstrated drag reduction on a C-17 aircraft. This can result in millions of 

gallons of fuel saved each year. A 1% reduction in drag could mean 7.1 million gallons in 

fuel savings, and a 2% reduction is equivalent to between $24 to $48 million dollars of 

fuel savings per year (Thuloweit, 2016). The savings associated with weight and drag 

reductions make a compelling case for AM use in aviation. The demonstration of 

“moving assemblies” has been achieved in AM by printing working adjustable wrenches 

and other similar parts like articulated joints in assemblies. This makes it possible to print 

parts in an already assembled manner, hence saving time during the integration step of 

the product lifecycle.  Articulated joints with enough internal friction to hold a pose have 

also been fabricated with AM (Calì, Calian, Amati, Kleinberger, Steed, Kautz, & 

Weyrich, 2012).  

Traditional welding can introduce stress to the internal structure, along with 

weaknesses due to heat-affected zones. Hence, a unibody construction is desirable, where 

achievable (Dey, 2014). In AM, parts can be redesigned to reduce the number of welds 

and other joints: e.g., a GE fuel nozzle’s design was reduced from 18 different parts to 

only a single part when AM was used. Further, the new nozzle was proven to be five-

times stronger than the original part (Kellner, 2015). Weldment reduction is also 

particularly useful for bodies under pressure. Multifunction AM refers to the use of 

materials with different functions in the resultant part during the AM process.  

A multifunction AM part would be produced with internal circuitry and structural 

features integrated into one, eliminating the need to add circuitry as an additional step 
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(Joe Lopes, MacDonald, & Wicker, 2012). A closely related capability of AM is the 

ability to deliver functionally graded materials—that is, a mix of materials that is 

gradually changed to achieve its desired properties (Wang, Mei, Jiang, & Wu, 2007). The 

advantage of this process is that the change is gradual, such that there is no delamination 

or easy removal of the outer layer, because the materials are bonded at a granular level. 

This is particularly important in the aerospace industry where parts are routinely coated 

with a layer of hard materials such as tungsten carbide, and these coatings must be 

routinely re-applied to prevent further damage. Parts built using a functionally graded 

AM technique instead of the traditional coating technique are more durable.  

AM is also highly advantageous from the perspective of inventory holding costs, 

because inventory costs typically make up a significant percentage of the acquisition cost 

over time. Because in AM the primary inventory would be powder or liquid raw 

materials, its holding costs should be significantly lower than the holding costs of a 

finished good, since value addition would not yet have occurred. Another advantage is 

that raw materials would not have a particular form. Consequently, they will conform to 

whatever shape they are stored in. By contrast, finished goods would require more space 

to store as a rigid body. A component of holding costs that becomes moot with AM is 

“technological obsolescence,” and in industries such as the aerospace industry, this 

sometimes accounts for 50% of the holding costs (GAO, 1994). Technological 

obsolescence is all but eliminated with AM, because AM allows for postponement. As a 

result, the part can be built closer in time to when it is needed. As shown below, the 

inventory cost components are usually a percentage of the acquisition investment, 

storage, and obsolescence costs over some time (Huang et al., 2013; GAO, 1994).  
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CHolding Cost = CInvestment +CStorage+CObsolescence+COther losses 

Furthermore, costs may be reduced by not having to provide protected, monitored, 

or climate-controlled storage for stockpiled parts that might otherwise rust, corrode, fade, 

or be misappropriated. A characteristic of the raw material for AM is that it can be 

considered fungible, and because of that characteristic, the inventory of raw material that 

must be held need not to equate to a 1:1 ratio to the spare parts that are anticipated. 

Fungible raw materials render AM even more flexible than traditional manufacturing and 

require even fewer raw materials to be on hand, hence reducing holding costs. In situ, 

elemental materials blending would give the ultimate raw materials flexibility 

(Schwendner, Banerjee, Collins, Brice, & Fraser, 2001). The idea of fungibility in 

inventory is often discussed with respect to petroleum reserves, and how further blending 

diminishes this fungibility (GAO, 2007). This idea can be extended to the raw materials 

used for AM.  

Diminishing Manufacturing Sources and Material Shortages (DMSMSs) are 

another driver for large inventories, because enterprises try and mitigate impending 

shortages or dwindling sources with promotions such as lifetime buys. Lifetime buys are 

additional inventory bought in anticipation of future non-availability. DMSMSs may 

occur at any stage during the product lifecycle stage, although it is generally considered 

as something that happens beyond the product’s growth stage, during the saturation and 

phase-out stages (Livingston, 2000). With the increasingly extended service lives of 

programs, AM could be used to mitigate DMSMS, particularly by ensuring that new 

business models are modified to include the exchange of intellectual property, such as the 

3D drawings and detailed technical specifications upon acquisition.  
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Repairs are an important activity during the transition to operations and 

maintenance stage and beyond, particularly as part of a service-life extension program. 

Once again, AM provides unique advantages over traditional processes. Traditionally, 

some repairs are done with welding, and then the weld is smoothed with machining or 

grinding. In recent years, however, AM has been successful for repairs. This imparts less 

heat to the area surrounding the repair site, and therefore does not result in a large heat-

affected zone, which can negatively affect the material’s properties.  

 

3.2 Illustrative Case Study: Simulation of Maintenance Spares Inventory 

Data for the simulation was constructed using prior works that describe failures in 

the various parts of jet engine modules. The data included the types of parts that could be 

found in the specific module and the quantity of those parts. This allowed the simulation 

to be based on real data that practitioners and those knowledgeable in the art would be 

able to recognize. All the failed distributions for the system modules used in the 

simulation model were found from this data. Lead time data for the traditional 

manufacturing processes was derived from this data, where a constant lead time number 

was used as the mode of a triangular distribution. Some upper and lower bounds were 

added to each number selected.  This allowed for the accommodation of some variability, 

because it would not be realistic to represent the lead time as a constant over the long 

term. These datasets are included in the appendices. 

Representing the lead times for traditionally manufactured parts as constants 

would also render that part of the simulation too simplistic for practical application. 
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Because the mode is the number that occurs the most, using a constant as the mode 

allowed for the simulation to be as true to the lead time data derived from prior works as 

possible. This allowed for the generation of a triangular distribution. For example, the 

simulation represented the lead time for Part No. 1 by a triangular distribution with a 

minimum of 200, mode of 230, and maximum of 250, and the data point shown in 

Appendix A was used for the 230-day lead time for part number PWA0018. Likewise, for 

PWA0012, which had a lead time of 20 days, as listed in Appendix A, in the simulation it 

is represented as Part No. 4 with a triangular distribution, where the minimum is 15 days, 

the mode is 20 days, and the maximum is 30 days.  

The data for the parts fabricated using AM was derived using a number of 

approaches. In the first instance, the part numbers provided for the specific parts in the 

existing data were used to conduct searches to obtain a description of that part number. 

Once the description was known, web searches were conducted to determine whether 

there was any evidence of such a part or similar part being fabricated using AM, and 

whether there was any mention of the manufacturing time. If such information was 

found, then that fabrication time was used as the mode for the triangular distribution and 

an upper limit and lower limit was added. If there was no evidence of that part having 

been fabricated using AM, then, based on the part number search and its description, it 

may have been possible to approximate the volume of the part. This was then used to 

estimate the build time based on a 100-cm3 deposition rate for the AM equipment. 

Appendix F shows the cycle time of some additively manufactured parts found in the 

literature.  
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The hypothesis that the introduction of AM into the spare parts mix for aviation 

spares can be done to reduce the average spare parts lead time and hence reduce the 

number of spare parts required in inventory was studied using an Arena discrete event 

simulation of the maintenance of three modules in an illustrative jet engine. A simulation 

based on a modular jet engine was constructed, and inputs of the time-to-failure 

distributions from previous works were used for each chosen module (see Appendices D 

and E).  Previous works indicated that the modular design of the F100 series Pratt and 

Whitney engines ushered in a new approach to engine maintenance and repair. This is 

because, if the failure could be isolated to a module, only that module needed to be 

removed; it could be swapped for another functioning one (Kotlarz, Kolasa, & Królik, 

2014). Before this innovation, some engine repairs required removing the entire engine 

from the aircraft. Table 3.2 shows data for the jet engine simulation modules that were 

identified as the subsystems of interest and the respective failure distributions used to 

model these failures (Kumar, Crocker, & Knezevic, 1999).   

 

Table 3.2 Module Fail Distributions 

 

Jet Engine Subsystem Time-to-failure Weibull Distribution 

(Shape Parameter, Characteristic Life) 

Inlet Fan Module – Low Pressure 

(LP) Compressor 

3 8000 

Core Engine Module –High Pressure 

(HP) Turbine 

4 2640 

Fan Drive Module – LP Nozzle Guide 

Vanes 

2.2 8360 

Preventive Maintenance (PM) 1320 hours [half of 2640 hours] 
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The failures associated with each of the modules then drove demands on the inventory. 

The demands were modeled using triangular distributions that require the input of a 

minimum, mode, and maximum and are represented in the simulation as TRIA (Min, 

Mode, Max). Triangular distributions are practical for engineering managers, particularly 

if data is to be obtained from employees by way of interviewing. Questions to various 

employees could be framed in the following manner: 

Q1 – What is the least amount of time this has taken, etc. (provides the minimum) 

Q2 – Most of the time, how long would it take to, etc. (provides mode) 

Q3 – What is the most amount of time that this can take, etc. (provides maximum) 

 

If only the modules are considered as the replacement part, the simulation 

becomes rather simplistic, with each failure driving the removal of a single module that 

then gets replaced by another similar module. However, it was important to understand 

how these failures drove part replacements and inventory. Thus, it was decided that the 

Inlet Fan and Fan Drive modules would be modeled with demands of a minimum of 0, a 

mode of 1, and a maximum of 2. The Core Engine module contained the most moving 

components, and was therefore modeled with a minimum of 1, a mode of 2, and 

maximum of 3. The table below shows the inventory demand distributions associated 

with each of the modules subject to failures or preventative maintenance.  
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Table 3.3 Inventory Demand  

 

Jet Engine Subsystem Inventory Demand Triangular 

Distribution 

(Minimum, Mode, Maximum) 

Inlet Fan Module – LP Compressor  0 1 2 

Core Engine Module – HP Turbine 1 2 3 

Fan Drive Module – LP NGV 0 1 2 

Preventive Maintenance (Hard Time Part) 0 1 2 

 

The jet engine system in the simulation is also subject to preventive maintenance 

(PM) every 1,320 flight hours. This would facilitate the removal and replacement of any 

hard time part. The triangular distribution that drives the PM demand has a minimum of 

0, a mode of 1, and a maximum of 2. Both PM and corrective maintenance drive 

demands for inventory. For each subsystem, some components were selected to represent 

inventory categories that would be drawn from. The inventory lead time data shown in 

Appendix A was obtained from previous work and used as a guide to construct lead times 

for traditionally manufactured parts for a hypothetical system (Mabert, Soni, & 

Campbell, 2015). Literature regarding AM was referenced to construct lead times for the 

AM process of a system. The lead time data from Mabert et al. was found to best fit a 

function described as follows: Lead Time = 2230.843151 × GAMM (1, 1.960271) which 

was used as the re-ordering time for the traditionally manufactured preventative 

maintenance inventory. For the re-ordering time for the additively manufactured PM, 

inventory was set at 672 hours, which is approximately 28 days. 
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Table 3.4 Spare Part Lead Time Data for System 

 

 

Subsystem Subsystem 

Major 

Component 

Traditional Lead Time 

(Days) 

Additive 

Manufacturing 

Lead Time(Days) 

Volume 

Approximation 

for Each Part 

Inlet Fan 

Module 

Part No. 1 TRIA (200,230,250) TRIA (3, 5, 6) 12,000 cm3 

Part No. 2 TRIA (50,60,70) TRIA (2.5,3,3.5) 7200 cm3 

Part No. 3 TRIA (80,100,120) TRIA (7, 8, 9) 19200 cm3 

Core 

Engine 

Module 

Part No. 4 TRIA (15,20,30) TRIA (5, 6, 7) 14400 cm3 

Part No. 5 TRIA (50,60,70) TRIA (4, 5, 6) 12000 cm3 

Part No. 6 TRIA (50,60,70) TRIA (4, 5, 6) 12000 cm3 

Part No. 7 TRIA (50,60,95) TRIA (10,11,15) 26400 cm3 

Fan Drive 

Turbine 

Part No. 8 TRIA (110,140,230) TRIA (8,9,10) 21600 cm3 

Part No. 9 TRIA (40,50,60) TRIA (10, 11, 15) 26400 cm3 

 

For each engine module, the parts have an equal chance of failing—e.g., Part Nos. 4, 5, 6, 

and 7 each have a 25% chance of failing in the Core Engine module. The first part of the 

simulation, shown in Figure 3.1, illustrates how the fail distributions were used to trigger 

the demand for the traditionally manufactured inventory as well as for the additively 

manufactured inventory. A simplified representation of the simulation is shown in the 

schematic.  During the “module demand trigger” process step, the fail distributions for 

the three modules in our system are represented. In the simulation, there are three 

modules representing the Inlet Fan, Core Engine, and Fan Drive. The 1,320 hours 

represent the age-policy-based PM that would be input into the module representing PM.  
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The decision module named “% additive manufacturing” represents the input of 

how much additive manufacturing would be utilized, and for the scenarios investigated 

this value was varied from 0% to 35% in 5% increments. The process named “traditional 

manufacturing demand quantity function” is where the inputs for the demand from the 

three systems modules and PM are added. The next decision module checks whether 

there is sufficient inventory. If the demand from the previous module is met, then the 

simulation will decrement the inventory in the process module named “reduce traditional 

manufacturing inventory.” If the demand cannot be met, then this routes to a process 

module that triggers the ordering of more inventory. The entities created to facilitate the 

simulation are recorded and disposed in the following module.  

 

 

Figure 3.1 Demand Side of Simulation 
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The AM portion of the simulation is denoted in Figure 3.1 starting with the “AM demand 

quantity function,” which occurs if the “% additive manufacturing” is set to something 

greater than 0%. The major difference between the calculations for the AM portion is that 

once the demand for a part has been established it must then be converted to a volume, 

because the inventory will be kept in the form of powder or liquid, depending on the 

additive manufacturing process being used. The volume approximations for each part 

used in the illustrative case are shown in Table 3.4. Figure 3.2 continues the mapping of 

the simulation, showing the supply side interactions for both the traditionally 

manufactured spare parts as well as for the AM spare parts.  

 

 

 

Figure 3.2 Supply Side of Simulation 
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Once the “ordering trigger” process modules go from 0 to 1 for the traditionally 

manufactured or the additively manufactured spare parts portions shown in Figure 3.1, 

then the corresponding sections in Figure 3.2 receive the signal and initiate the “supply 

side” of the simulation. The supply part of the simulation begins with the “order trigger 

receptor” module followed by the “ordering function” module. In the ordering function 

module, the triangular distributions for the lead time for each part are entered. The values 

used in the simulation for both traditionally manufactured spare parts and additively 

manufactured ones are shown in Table 3.4. It is important to note that cost functions, 

such that the amount tied up in inventory, can be tracked. This also means that associated 

measures of interest such as the holding cost can be tracked by multiplying the 

acquisition cost by the appropriate percentage recognized for the holding cost. When 

inventory is added, it is done via a batch size. Thus, ordering will continue until a 

condition in the “check inventory target” module recognizes that the target inventory 

level has been met. In the traditionally manufactured scenario, the target will be a number 

of pieces, whereas for the AM portion, the target will be some volumetric expression.  

 

 

 

 

 

 

 

 

 



71 

 

Chapter 4. Results 

 The results of the research are presented in this chapter. The initial section 

contains a synthesis of the literature that yields variables reflecting the impact of new cost 

mapped onto to the combined Systems Engineering V and the PLCOR® framework. 

Considering these new variables, an enhanced holding cost equation is proposed.  

The following section then presents the results of the discrete event simulation 

that shows the impact on overall system lead time of introducing spare parts produced by 

AM to the spare parts inventory.  

This chapter ends with a presentation of results pertaining to the lead-time impact 

on supply chain phenomena, such as the Bullwhip Effect, and on project management 

activities, such as project crashing.  

4.1 Results of Lifecycle Stage Needs Analysis 

The system’s lifecycle needs analysis showed that over the various stages, AM 

introduced new variables when compared with traditional manufacturing approaches. 

These new variables expressed capabilities that cannot be easily achieved by traditional 

means but meet important stakeholder needs. This means that a cost is incurred when 

traditional approaches are used instead of AM. These new variables are expressed as an 

opportunity cost penalty that must be levied against traditionally produced spare parts 

that, prior to the advent of AM, were not recognized or articulated. They can be also 

viewed as a value that AM provides that traditional processes may not be able to with 
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ease. Some of the key variables across the entire product lifecycle are as shown in the 

Table 4.1 below: 

 

Table 4.1 New Variables when Comparing Traditional Manufactured Spares with AM 

 

 

Variable Description 

C
Design Degrees of Freedom

 Additive Manufacturing capability to accommodate more degrees 

of freedom than traditional methods (Bak, 2003) 

C
Lightweighting

 Additive Manufacturing capability to achieve weight reduction 

while retaining desired functionality (Carter, Erno, Abbott, et al., 

2014) 

C
Prototype

 Additive Manufacturing capability to easily render prototypes for 

use as a communication tool in the early stages of lifecycle (Bak, 

2003) 

C
Agility

 Additive Manufacturing capability to easily switch product designs 

(Tuck, Hague, & Burns, 2006) 

C
Lean

 Additive Manufacturing capability to produce near net-shaped 

products (Huang, Liu, Mokasdar, & Hou, 2013) 

C
Moving

 
Assembly

 Additive Manufacturing capability to produce moving 

subassemblies (Weller, Kleer, & Piller, 2015) 

C
Joint Reduction

 Additive Manufacturing capability to reduce weldments or join 

reduction (Kellner, 2015) 

C
Multifunction additive 

manufacturing
 

Additive Manufacturing capability to produce parts using different 

materials to make multifunctional parts (Joe Lopes, MacDonald, & 

Wicker, 2012) 

C
Functionally

 
Graded 

Materials
 

Additive Manufacturing capability to produce parts with 

functionally graded materials (Wang, Mei, Jiang, & Wu, 2007) 

C
Holding Cost

 Additive Manufacturing impact on constituent variables of holding 

cost, such as storage (form factor, fungible), obsolescence, and 

transportation (Huang, Liu, Mokasdar, & Hou, 2013) 

C
Form

 
Factor

 Additive Manufacturing constituent raw materials have fluid-like 

qualities (Huang, Liu, Mokasdar, & Hou, 2013) 

C
Fungibility

 Additive Manufacturing constituent raw materials may be fungible 

(GAO, 2007) 

C
DMSMS

 Additive Manufacturing capability to enable support of service life 

extension programs (remanufacturing old parts, diminishing 

manufacturing sources, and material shortages) (Mudge & Wald, 

2007) 

C
Repair

 Additive Manufacturing capability to repair parts (Mudge & Wald, 

2007) 
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Because of these new variables added by AM, an enhanced holding cost equation 

is proposed below: 

CHolding Cost = CInvestment + CStorage + CObsolescence + CForm Factor + CFungibility + CDMSMS + COther losses  

The proposed equation can appropriately value the attributes introduced by AM when cost 

comparisons between additively manufactured spares parts and traditional approaches are 

made. When these variables in Table 4.1 are considered in the context of the combined 

Systems Engineering V model superimposed with PLCOR® constituents, the picture in 

Figure 4.1 emerges, showing where they have the highest value in the product lifecycle 

compared with traditional approaches.  

 

 

Figure 4.1 Systems Engineering/PLCOR® Lifecycles with Cost Variables 
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4.2 Illustrative Case Study: Results of Simulation of Maintenance Spares Inventory  

The illustrative case study showed that a hybrid spare parts approach consisting of 

a mix of traditionally manufactured spares and additively manufactured ones can reduce 

the overall system spare parts lead time. The percentage of AM parts in the spares mix 

was varied to provide a sense of how different scenarios might impact overall lead time, 

and the results are presented in Table 4.2. In Scenario 1, the percentage of AM for both 

the corrective maintenance and preventative maintenance of all modules were varied at 

the same intervals. In Scenario 2, the percentage of AM intervals for corrective 

maintenance were set at the same levels as Scenario 1; however, for preventive 

maintenance, more additive manufacturing parts were used.   

Table 4.2 Impact of Additive Manufacturing on System Spare Part Lead Time 

 

% Additive 

Manufacturing 

for All 

Corrective 

Maintenance 

& Preventive 

Maintenance 

(Scenario 1) 

System 

Average Lead 

Time in Days 

(Scenario 1) 

% Additive 

Manufacturing 

for All 

Corrective 

Maintenance 

(Scenario 2) 

% Additive 

Manufacturing 

for All 

Preventative 

Maintenance 

(Scenario 2)  

System 

Average Lead 

Time in Days 

(Scenario 2) 

0 98.4 0 0 98.4 

5 94.1 5 10 91.5 

10 90.2 10 15 87.4 

15 84.2 15 20 80.8 

20 78.3 20 25 78.2 

25 74.9 25 30 72.67 

30 71.9 30 35 69.3 

35 67.3 35 40 64.3 
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The graphical representation of the results shown in Figure 4.2 shows a linear 

relationship between the percentage of AM spare parts introduced and overall system 

lead times.  

 

 

 

Figure 4.2 Average System Lead Time vs. % of AM Spare Parts Used 

Scenario 1 shows the average system lead time for when the percentage of additive 

manufacturing spares was held constant for all corrective and preventative maintenance for 

the system as shown in Table 4.2. Scenario 2 shows the average system lead time for when 

the percentage of additive manufacturing spares was held constant for all corrective 

maintenance for the system but that of AM spares was increased for preventative 

maintenance, as indicated in Table 4.2. 

The project crashing illustration below is a result of revisiting the maintenance 

project for the C-130 propeller assembly outlined in Table 2.3. In this illustration, the pump 
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housing was found to be damaged beyond repair, and needed to be replaced, but the part 

was not in inventory. This scenario then called for an evaluation of the project crashing 

considering the lead times associated with the traditional procurement and those via AM. 

NASA has successfully printed and tested the turbo pump of a rocket engine, as previously 

stated (NASA, 2016). This shows that these types of parts can be built using AM and, 

therefore, the project crashing scenario presented below has some basis. 

Table 4.3 Maintenance Project for a C-130 Propeller Assembly with Pump Housing 

Replacement. (Adapted from Samaranayake & Kiridena, 2012) 

 

Activity 

# 

Description Normal 

Duration 

(days) 

Crash 

(AM) 

Duration 

(days) 

Normal 

Cost 

$ 

Crash 

Cost      

$ 

Activity 

Type  

Material 

Component 

Op10 inspection 

and access 

2.5 - - - disassembly propeller 

assembly 

Op15 procurement 

lead time 

 

20 

              

4 

 

1,000 

 

25,000 

buy & 

make 

pump 

housing 

Op20 pump 

overhaul 

6 - - - re-assembly pump 

housing 

Op30 disassembly 2 - - - disassembly dome 

assembly 

Op40 RP service 0.5 - - - re-assembly regulator 

pitchlock 

Op50 blade 

inspection 

1 - - - disassembly blade 

propeller 

Op90 blade refit 2 - - - re-assembly blade 

propeller 

Op100 blade 

remount/ 

reconnect 

1.5 - - - re-assembly hub & 

blade 

assembly 

    1,000 25,000   
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The normal approach might have called for procuring a traditionally manufactured 

housing at a costs and lead times associated with that approach, but with AM as a 

possibility, this can now be included as an alternative. It must be noted that the normal 

approach in this illustration would have required a 20-day lead time (Samaranayake & 

Kiridena, 2012).  If a cost of $1,000.00 is assumed for the procured part the AM alternative 

would have cost $25,000 since some scholars have found AM to cost about 25 times 

traditional methods (Atzeni & Salmi, 2012). AM machine manufacturers have claimed that 

AM introduces a lead time improvement that ranges from 40 – 90% (Cotteleer, Crane, & 

Neier, 2014).  

Table 4.4 Critical Path with Part Shortages Satisfied Using Normal Procurement 

(Samaranayake & Kiridena, 2012) 

Project Duration Path  Time (Days) 

Longest Path 

with Normal 

Pump Housing 

Procurement 

Sum Op10, Op15, Op20, Op100 30 

Sum Op50, Op60, Op70, Op80, Op90, Op100 13.5 

Sum Op30, Op40 2.5 

Sum Op50, Op90, Op100 4.5 

 

Table 4.5 Critical Path with Part Shortages Satisfied Using Additive Manufacturing 

(Adapted from Samaranayake & Kiridena, 2012) 

Project Duration Path Time (Days) 

Longest Path 

with AM Pump 

Housing 

Procurement 

Sum Op10, Op15, Op20, Op100 14 

Sum Op50, Op60, Op70, Op80, Op90, Op100 13.5 

Sum Op30, Op40 2.5 

Sum Op50, Op90, Op100 4.5 

 

 

If a 4-day lead time for the AM component is assumed, it is within this range when 

using the procured part lead time as a basis. The AM alternative would thus have cost 
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$24,000 more but would save 16 days of lead time. This means that crash cost per day was 

approximately $1,500. Depending on the system application a crash cost of $1,500 per day 

may be worth it. The defense reimbursable rates for C-130 type of aircraft ranges from 

$5,795.00 per hour for a C-130J to a high of $10,822.00 per hour for the C-130H (United 

States Office of the Under Secretary of Defense, 2018).   In commercial aviation, Air China 

has reported that the Aircraft on Ground (AOG) cost for an Airbus A380 is €925,000 per 

day (DHL, 2017). 
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Chapter 5. Discussion 

When the new variables are mapped to lifecycles, the picture that emerges is one 

where a majority of new variables introduced by AM have the most significant impact in 

the later stages of the system’s lifecycle. This is contrary to the expectation that most of 

the benefit lies in the “concept” stages, where engineering professionals have typically                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

sought to leverage AM technology.  

Design approaches in the earlier stages of the lifecycle must be reconsidered to 

truly take advantage of some of the weight reductions, weldment or joint reductions, 

subassembly piece reductions, and complete redesigns that can be achieved through AM. 

What becomes clear is that a whole new design approach needs to be used, where the use 

of AM is considered at the start.  Replicating designs meant for other manufacturing 

processes, while possible, does not fully utilize the unique capabilities that are offered by 

AM. It is imperative that designers use “born in additive manufacturing” approaches as 

these will drive additional value which could not otherwise be attained easily using other 

methods such as the combination of multiple pipes in a traditional design to a conformal 

channel with multiple divisions. As more and more parts become “additive 

manufacturing first,” that is, made using additive manufacturing the first time around 

another important concept will be that continuous design; where with each iteration of 

production new improvements are incorporated, that does not happen currently due to the 

large costs that are typically involved in tooling changes.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
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The value of leveraging AM technology in the later stages of the lifecycle is 

underscored by examining the impact of the technology on the inventory holding cost 

equations. It was found that AM technology can dramatically impact some cost 

components, such as obsolescence and storage, by rendering them negligible. New 

considerations such as “form factor,” “fungibility,” and “DMSMS” further enhance the 

components of the holding cost equation. Technologies that do not have the same 

capabilities should have a penalty levied against them when the enhanced holding cost 

equation is used, as it better reflects holding cost. This expanded equation can be used for 

both production and spare part inventories. It is expected that the other variables 

introduced in this paper will have similar effects across other stages of the lifecycle, 

where they reveal previously unrecognized advantages of AM in terms of cost that 

eventually contribute to a better understanding through studies focusing on economic 

comparisons.  

It is expected that AM machines will continue to decline in price, as seen in the 

past, and additional price pressure will be applied due to the advent of open-source 

machines, such as the RepRap. The cost of titanium AM materials will also continue to 

decline with the introduction and scaling of approaches, such as the Fray Farthing Chen 

Cambridge process. The cost of labor for AM will become negligible with the diffusion 

and adoption of the technology. It is also important to recognize that although the labor 

required is of a different skill than that used for traditional processes, one qualified 

person can take the place of several involved in manufacturing a part via the traditional 

route. This is similar to some of the automation in self-checkout machines at large 

retailers, where a single employee can oversee a few self-checkout machines. Thus, it 
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eventually makes economic sense, as although the cost of acquisition of these machines is 

high, the fact that several can be employed simultaneously compensates for the cost with 

throughput. The current “sweet spot” for additive manufacturing is when a part has any 

number of attributes, such as high buy-to-fly ratio, complex geometry, or a tough-to-

machine alloy, and can leverage across its lifecycle some of the variables introduced in 

this research.  

Multiple parts can be created in the same run, and this can allow for mass 

customization. Mass customization can be used in aviation maintenance, repair, and 

operations (MRO) companies in a decentralized AM deployment approach. This 

approach might also address capital costs involved in acquiring the machines as well as 

the volumes and machine utilizations needed to break even. The Defense Logistics 

Agency (DLA) and similar bodies that oversee acquisition, maintenance, and repair for 

multiple branches of the military can also serve as optimum places for the deployment of 

AM resources. At the DLA level, there is adequate decentralization, which means that the 

parts are produced closer to where they are needed. This is also the appropriate 

environment for the securing and control of sensitive digital files. As the DLA serves 

multiple branches of the military, it would also be possible to aggregate some of the 

demand, so that the volumes and machine utilization would justify the investment. The 

aggregation of demand need not be for the same part, as AM can make different parts in 

the same run. Thus, it only needs to be a part that has the same material composition. The 

Osprey V-22 program mentioned earlier in the dissertation is a good example where such 

an approach can be applied, as variants of the same aircraft are deployed with multiple 

services.  
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The simulation model can be used as a tool in the MRO, DLA base, or another 

other maintenance depot depending on the approach to the AM deployment network. It 

can be used as an in-depth scenario-planning tool, where the various percentages of AM 

spare parts used can be simulated for specific subsystems, systems, or the entire network. 

The simulation model showed that AM can be used in the maintenance stage to provide 

agility and positively impact lead times associated with the replenishment of spare parts. 

The use of AM in the spare parts mix would also positively impact other cost 

components, leading to less capital being tied up in spare parts inventory. Other network 

benefits include the mitigation of the Bullwhip Effect and project management activities, 

such as project crashing for overhaul projects. With an increasing number of program 

service lives being extended, AM can be used to mitigate DMSMS, particularly by 

making sure that the new business models explicitly include the exchange of digital 

intellectual property, such as 3D drawings and detailed technical specifications, upon 

acquisition.  

These new business models would be a manifestation of what was alluded to on 

the first successful Osprey V-22 flight demonstration of a flight critical AM part. Vice 

Admiral Paul A. Grosklags, the then NAVAIR commander, was quoted as having said: 

Where I believe we can “lead” industry is in the development of  

the AM “digital thread,” from initial design tools all the way to the  

flight line—securely maintained and managed through the life of an  

aircraft program (NAVAIR, 2016). 

The business model should address acquisition, intellectual property rights and licensing, 

and management of digital files through a program’s lifecycle including secure disposal, 
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retirement, or archiving of the digital assets. There should be clear processes and 

mechanisms for ensuring that the files are indeed unaltered before they are fabricated via 

AM. 

 

Chapter 6. Conclusion 

It can be concluded that AM introduces variables that are advantageous across the 

entire product lifecycle, and any comparison between traditionally fabricated parts and 

AM parts that fails to consider these variables is incomplete. These new variables also 

contribute to a better understanding of the cost components, as seen in the enhanced 

holding cost equation proposed for the “transition operations and maintenance” stage. 

The mapping of the advantages of AM during the different lifecycle stages indicates that 

practitioners such as systems engineers or engineering managers should seek 

opportunities to use AM in the later stages of the lifecycle, as there is additional value in 

doing so. 

It can also be concluded that a generalized spares model can be built to simulate 

the lead time impact of varying percentages of AM spares on overall system lead time. 

Based on the findings of this work, it can be concluded that the hybrid systems 

maintenance spares approach that results in reduced lead times can be used for any 

system where AM is appropriate for some of the parts. This work built on previous work 

that had proposed a distributed AM deployment in the spare parts supply chain by further 

proposing a hybrid mix of spare parts and a simulation model with which to understand 

the impact of varying percentages of AM spares on overall system lead time. 
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The generalized spare parts model for AM can be an invaluable strategic tool to 

mitigate supply chain risk. AM machine, materials, and labor costs will continue to 

decline due to innovations, diffusions, and distributed deployment business models. 

Engineering managers can use the Systems Engineering V model as an assessment tool to 

understand the appropriate place to leverage new technology in the lifecycle, as was 

shown with an example. Moreover, the newly codified variables can form a basis for 

engineering economy studies across the lifecycles of competing technologies.  

The approach used in the simulation can be an engineering manager’s practical 

guide to introducing AM parts into the inventory mix by following an approach like that 

used in the study. While specifically used for spare parts inventory, the approach and AM 

can be used in other areas of interest to the systems engineer or engineering manager, 

such as product development, manufacturing, project management, risk mitigation, and 

operations and supply chain management. The approach uses a systems view to articulate 

variables important to engineering economy.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

6.1. Future Work 

New variables were described across the product development lifecycle and focus on 

these variables can be pursued to show how AM is re-ordering the end-to-end cost of 

production. The challenge for most engineering managers is that when the cost of 

something is discussed, it is typically based on a snapshot view of a specific party, e.g., the 

supplier or the end user. While the product development lifecycle view was taken in this 

study, further work could broaden the aperture and consider the ISO 15288 System 

lifecycle processes as a tool for understanding other opportunities presented by AM.  This 
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work also provides the basis for further exploration of the use of AM in the supply chain 

as the model, although used for spares inventory simulation, can be used for production 

inventory simulation. The Bullwhip Effect is introduced, and while this phenomenon is 

well known in the retail supply chain, similar impacts in the non-retail sector should be 

studied. The potential role that AM could play in mitigating those negative impacts 

associated with the Bullwhip Effect would be useful further articulation of AM benefits 

and contribute to business network configuration designs that aim to make AM affordable 

and readily available. Other supply chain avenues to explore for the impact of AM parts to 

the value chain can be the combined impact to a system with different replacement policy 

(e.g., block) and inventory policy (e.g., ABC). 

A clear thread throughout this research that could be a topic for further investigation is 

the digital nature of AM. There are many initiatives in industry and government that are 

examining digital transformations and advancing practices as well as research with respect 

to digital engineering which is an enabler of Model Based Systems Engineering.  The 

digital nature would enable the realization of the digital thread, digital twin and the creation 

of digital engineering ecosystems within an enterprise or across multi-enterprise networks 

and each of these topics would add to the knowledge and practice base needed to make 

AM pervasive.  
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Appendix A: Representative Lead Times and Costs for Traditionally Manufactured 

Aircraft Parts (Mabert, Soni, & Campbell, 2015) 

 

Material  Description 

Cost 

Estimate  

Lead Time 

(Days) Model Name 

PWA0001 
STIFFENER-CYLINDER 

FINS 
$1.06  70 JT8D 

PWA0019 
WASHER 

SHOULDERED,.258X.852 
$9.91  90 PW4000 

PWA0002  NUT OPTION (IC)  $15.17  60 PW2000 

PWA0023  BEARING $44.46  120 PW4000 

PWA0021  
PLUG-MACH THD,.5625-

I8X.400,SOCKET 
$56.44  5 JT8D 

PWA0007  BLADE-HPC,14STG  $121.24  60 PW2000 

PWA0003  BLADE-HPC,11STG  $122.71  60  PW2000 

PWA0014  
SEAL-PLAIN,5.080X. I 

SOX. 155  
$123.25  70 V2500 

PWA0009  BLADE-HPC,15STG $126.63  60 PW2000 

PWA0004 BLADE-HPC,12STG  $126.69  60 PW2000 

PWA0005  BLADE-HPC,12STG  $129.51  60 PW2000 

PWA0006 BLADE-HPC,13STG  $131.52  60 PW2000 

PWA0008  BLADE-HPC,15STG  $139.73  60 PW2000 

PWA0011  BLADE-HPC,9STG $174.15  60 PW2000 

PWA0010  BLADE-HPC,7STG  $199.75  60 PW2000 

PWA0024 
CHANNEL-GANG 

NUT,DIFSR,ASSY OF  
$265.94  10 JT8D 

PWA0018 
SUPPORT-NOZZLE 

STATOR GUIDE 
$333.65  230  JT9D 

PWA0015 
SEAL-

PLAIN,6.572X.226X.2I2 
$570.53  76 V2500 

PWA0025 
DUCT SEGMENT-

HPT,1STG 
$1,805.88  60 PW4000 

PWA0026  
DUCT SEGMENT-

HPT,2STG  
$1,821.30  95 PW4000 

PWA0017 
BLADE ASSY OF 

HPT,2STAGE  
$2,075.25  147 V2500 A1 

PWA0016  BLADE-HPT,1 STAGE  $2,828.73  162 V2500 A1 

PWA0013 

BLADE ASSY OF-

TURBINE ROTOR,1 

STAGE 

$3,186.82  40 PW2000 

PWA0012 
RING SEG&VANE ASSY 

OF HPT,2STG 
$7,404.67  20 PW2000 

PWA0020  BEARING OPTION (IC) $12,563.55  195 PW4000 

PWA0022  BEARING OPTION (IC)  $27,435.16  275 PW4000 
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Appendix B: Lead Time Data from Analysis in Appendix A 

 

Data Characteristic  Value   

     

   Source file lead   

   Observation type Real valued   

   Number of observations: 26   

   Minimum observation:  5.00000     

   Maximum observation: 275.00000     

   Mean:  87.11538     

   Median: 60.00000     

   Variance: 4,236.50615     

   Coefficient of variation : 0.74715     

   Skewness: 1.54416    

 

 
Simulation representation 

  Arena Representation of Model 1 - Pearson Type VI 

  Use: 2230.843151 * GAMM (1., 1.960271, <stream>) 
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Appendix C: Jet Engine Failures Per Flight Hours and Landings (Frickenstein, 2000) 

 

Jet Engine Flight Hours Landings 

1 1216 6000 

2 1424 3232 

3 1784 1550 

4 2712 2426 

5 2712 2426 

6 3227 1152 

7 3374 1176 

8 3387 1316 

9 4391 1676 

10 4932 1960 

11 4948 1900 

12 5136 1974 

13 5224 1913 

14 5709 1180 

15 5777 2088 

16 5988 2367 

17 6507 2433 

18 6509 2496 

19 6623 2495 

20 7126 2810 

21 7343 5057 
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Appendix D: Jet Engine Modules, Components, and Typical Associated Life Hours 

(NASA, 2002)  

 

Today's new technology engines before parts removed and/or repaired 

Major Rotating Components 

No. of 

Elements 

Allowable 

Cycles Typical hr. 

FAN        

Hub 1 20,000   

Blade/Stators 32/34  25,000 

COMPRESSOR LOW      

1/4 -Stage - Low Drum (3507rpm)      

Disk 1 20,000 25,000 

Stators/Blades 60/56  25,000 

INLET GUIDE VANES (IGV) 64   25,000 

COMPRESSOR-HPC DRUM 11 

600 rpm      

Forward Shaft Stub 1 20,000   

Inlet guide vanes (IGV) 32  25,000 

Disks 11 20,000   

Stage 1 stators/blades 50/28  25,000 

Stage 2 stators/blades 68/38  25,000 

Stage 3 stators/blades 82/50  25,000 

Stage 4 stators/blades 92/60  25,000 

Stage 5 stators/blades 110/70  25,000 

Stage 6 stators/blades 120/80  25,000 

Stage 7 stators/blades 112/82  25,000 

Stage 8 stators/blades 104/84  25,000 

Stage 9 stators/blades 118/88  25,000 

Stage 10 stators/blades 140/96  25,000 

SEAL BOLT FLANGE DISK 1 20,000   

COMBUSTOR TRANSITION 

DRUM 1 20,000   

TURBINE-HPT-Drum      

Disks  2 20,000   

Nozzles/blades 46/76  25,000 

T1-T2 Inner Seal Flange Disk 1 20,000   
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Appendix D continued: Jet Engine Module, Components, and Typical Associated Life 

Hours (NASA, 2002) 

Stage 2 stators/blades 48/70   25,000 

T2 Seal Bolt Disk Bearing Flange 1 20,000   

TURBINE-LPT-Drum      

Disks 5 20,000 50,000 

Stage 3 stators/blades 72/120  50,000 

Stage 4 stators/blades 102/122  50,000 

Stage 5 stators/blades 96/122  50,000 

Stage 6 stators/blades 114/156  50,000 

Stage 7 stators/blades 120/110   25,000 

BEARING SYSTEM       

No. 1 Angular Contact Ball: Engine 

Support 1    

No. 2 Angular Contact Ball: Core 

Thrust 1    

No. 3 Cylindrical Roller: HP- Spool 1    

No. 4 Cylindrical Roller: HP- Spool 1    

No. 5 Cylindrical Roller: Engine 

Support 1     
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Appendix E: Failure Distributions Associated with Subsystems of Jet Engine (Kumar, 

Crocker, & Knezevic, 1999) 

  

  

Parameter 

Values 

  

Item η FH β Distribution 

Low-pressure (LP) Compressor 8,000 3 Weibull 

Low-pressure (LP) stage 2 stators 10,000 2.8 Weibull 

        

Intermediate Casing  4,200 3 Weibull 

High-pressure (HP) Compressor 7,000 3.5 Weibull 

High-pressure (HP) Nozzle Guide Vanes 

(NGV) 13,200 3 Weibull 

High-pressure (HP) Turbine  2,640 4 Weibull 

Low-pressure (LP) Nozzle Guide Vanes 

(NGV) 8,360 2.2 Weibull 

Low-pressure (LP) Turbine 44,000 2.8 Weibull 

Exhaust Mixer 7,000 3     Weibull 

External Gear Box 14666 3 Weibull 

Oil Tank and Filter 66666 3.8 Weibull 

Bearing System       
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Appendix F: Spare Parts Model for AM Arena Simulation SIMAN code 

; 

;     Model statements for module:  BasicProcess.Create 7 (Inlet Fan Corrective 

Maintenance Action) 

; 

247$          CREATE,        1,HoursToBaseTime(0.0),IFCM:HoursToBaseTime(WEIB(3, 

8000)):NEXT(248$); 

 

248$          ASSIGN:        Inlet Fan Corrective Maintenance Action.NumberOut= 

                             Inlet Fan Corrective Maintenance Action.NumberOut + 1:NEXT(99$); 

; 

;     Model statements for module:  BasicProcess.Decide 45 (Traditional or AM IF) 

; 

99$           BRANCH,        1: 

                             With,(100)/100,251$,Yes: 

                             Else,252$,Yes; 

251$          ASSIGN:        Traditional or AM IF.NumberOut True=Traditional or AM 

IF.NumberOut True + 1:NEXT(96$); 

 

252$          ASSIGN:        Traditional or AM IF.NumberOut False=Traditional or AM 

IF.NumberOut False + 1:NEXT(103$); 

; 

; 

;     Model statements for module:  BasicProcess.Decide 36 (PM check for IF) 

; 

96$           BRANCH,        1: 

                             If,CheckPM==0,253$,Yes: 

                             Else,254$,Yes; 

253$          ASSIGN:        PM check for IF.NumberOut True=PM check for 

IF.NumberOut True + 1:NEXT(5$); 

 

254$          ASSIGN:        PM check for IF.NumberOut False=PM check for 

IF.NumberOut False + 1:NEXT(2$); 

; 

;     Model statements for module:  BasicProcess.Assign 17 (Inlet Fan CM Demand) 

; 

5$            ASSIGN:        DemandIF=TRIA(0,1,2): 

                             TotalCM=TotalCM + 1: 

                         

;     Model statements for module:  BasicProcess.Batch 1 (Batch Demand IF) 

; 

15$           QUEUE,         Batch Demand IF.Queue; 

255$          GROUP,         ,Temporary:1,Last,IFM:NEXT(256$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

256$          ASSIGN:        Batch Demand IF.NumberOut=Batch Demand IF.NumberOut 

+ 1:NEXT(0$); 

; 

;     Model statements for module:  BasicProcess.Decide 6 (Check Inventory IF?) 

; 

0$            BRANCH,        1: 

                             If,InventoryStators >= DemandIF  && InventoryBlades >= DemandIF  

&&  InventoryIGV >= DemandIF,257$, 

                             Yes: 

                             Else,258$,Yes; 

257$          ASSIGN:        Check Inventory IF?.NumberOut True=Check Inventory 

IF?.NumberOut True + 1:NEXT(1$); 

 

258$          ASSIGN:        Check Inventory IF?.NumberOut False=Check Inventory 

IF?.NumberOut False + 1:NEXT(245$); 

; 

; 

;     Model statements for module:  BasicProcess.Assign 14 (Reduce Inventory IF) 

; 

1$            ASSIGN:        InventoryBlades=InventoryBlades - DemandIF: 

                             InventoryIGV=InventoryIGV - DemandIF: 

                             InventoryStators=InventoryStators - DemandIF:NEXT(16$); 

; 

;     Model statements for module:  BasicProcess.Separate 1 (Separate IF) 

; 

16$           SPLIT::NEXT(259$); 

 

259$          ASSIGN:        Separate IF.NumberOut Orig=Separate IF.NumberOut Orig + 

1:NEXT(14$); 

; 

;     Model statements for module:  BasicProcess.Record 2 

; 

14$           DELAY:         0.0,,Other:NEXT(263$); 

 

263$          TALLY:         Entity,0,1:NEXT(262$); 

 

262$          DELAY:         0.0,,Other:NEXT(2$); 

; 

;     Model statements for module:  BasicProcess.Dispose 3 (IF Dispose) 

; 

2$            ASSIGN:        IF Dispose.NumberOut=IF Dispose.NumberOut + 1; 

264$          DISPOSE:       Yes; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

;     Model statements for module:  BasicProcess.Decide 24 (Order Parts IF Stators?) 

; 

245$          BRANCH,        1: 

                             If,InventoryStators <= ReorderPoints,265$,Yes: 

                             Else,266$,Yes; 

265$          ASSIGN:        Order Parts IF Stators?.NumberOut True=Order Parts IF 

Stators?.NumberOut True + 1:NEXT(4$); 

 

266$          ASSIGN:        Order Parts IF Stators?.NumberOut False=Order Parts IF 

Stators?.NumberOut False + 1:NEXT(3$); 

; 

;     Model statements for module:  BasicProcess.Decide 7 (Order Parts IF Blades?) 

; 

3$            BRANCH,        1: 

                             If,InventoryBlades <= ReorderPoints,267$,Yes: 

                             Else,268$,Yes; 

267$          ASSIGN:        Order Parts IF Blades?.NumberOut True=Order Parts IF 

Blades?.NumberOut True + 1:NEXT(17$); 

 

268$          ASSIGN:        Order Parts IF Blades?.NumberOut False=Order Parts IF 

Blades?.NumberOut False + 1:NEXT(246$); 

; 

;     Model statements for module:  BasicProcess.Decide 25 (Order Parts IF Inlet Guide 

Vane?) 

; 

246$          BRANCH,        1: 

                             If,InventoryIGV <= ReorderPoints,269$,Yes: 

                             Else,270$,Yes; 

269$          ASSIGN:        Order Parts IF Inlet Guide Vane?.NumberOut True=Order 

Parts IF Inlet Guide Vane?.NumberOut True + 1 

                             :NEXT(18$); 

 

270$          ASSIGN:        Order Parts IF Inlet Guide Vane?.NumberOut False= 

                             Order Parts IF Inlet Guide Vane?.NumberOut False + 1:NEXT(16$); 

; 

; 

;     Model statements for module:  BasicProcess.Decide 55 (PM check for CM IF in AM) 

; 

103$          BRANCH,        1: 

                             If,CheckPM==0,271$,Yes: 

                             Else,272$,Yes; 

271$          ASSIGN:        PM check for CM IF in AM.NumberOut True=PM check for 

CM IF in AM.NumberOut True + 1:NEXT(204$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

272$          ASSIGN:        PM check for CM IF in AM.NumberOut False=PM check for 

CM IF in AM.NumberOut False + 1:NEXT(201$); 

; 

;     Model statements for module:  BasicProcess.Assign 136 (Inlet Fan CM Demand in 

AM) 

; 

204$          ASSIGN:        DemandIFAM=TRIA(0,1,2)*45120: 

                             TotalCMAM=TotalCMAM + 1:NEXT(208$); 

; 

;     Model statements for module:  BasicProcess.Batch 10 (Batch Demand IF AM) 

; 

208$          QUEUE,         Batch Demand IF AM.Queue; 

273$          GROUP,         ,Temporary:1,Last,IFMAM:NEXT(274$); 

 

274$          ASSIGN:        Batch Demand IF AM.NumberOut=Batch Demand IF 

AM.NumberOut + 1:NEXT(199$); 

; 

;     Model statements for module:  BasicProcess.Decide 76 (Check Inventory IF AM?) 

; 

199$          BRANCH,        1: 

                             If, 

                             InventoryStatorsAM >= DemandIFAM  && InventoryBladesAM >= 

DemandIFAM  &&  InventoryIGVAM >= DemandIFAM, 

                             275$,Yes: 

                             Else,276$,Yes; 

275$          ASSIGN:        Check Inventory IF AM?.NumberOut True=Check Inventory 

IF AM?.NumberOut True + 1:NEXT(200$); 

 

276$          ASSIGN:        Check Inventory IF AM?.NumberOut False=Check Inventory 

IF AM?.NumberOut False + 1:NEXT(242$); 

; 

;     Model statements for module:  BasicProcess.Assign 134 (Reduce Inventory IF AM) 

; 

200$          ASSIGN:        InventoryBladesAM=InventoryBladesAM - DemandIFAM: 

                             InventoryIGVAM=InventoryIGVAM - DemandIFAM: 

                             InventoryStatorsAM=InventoryStatorsAM - 

DemandIFAM:NEXT(209$); 

; 

;     Model statements for module:  BasicProcess.Separate 9 (Separate IF AM) 

; 

209$          SPLIT::NEXT(277$); 

 

277$          ASSIGN:        Separate IF AM.NumberOut Orig=Separate IF AM.NumberOut 

Orig + 1:NEXT(207$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

; 

;     Model statements for module:  BasicProcess.Record 10 

; 

207$          DELAY:         0.0,,Other:NEXT(281$); 

 

281$          TALLY:         Entity,0,1:NEXT(280$); 

 

280$          DELAY:         0.0,,Other:NEXT(201$); 

; 

;     Model statements for module:  BasicProcess.Dispose 14 (IF AM Dispose) 

; 

201$          ASSIGN:        IF AM Dispose.NumberOut=IF AM Dispose.NumberOut + 1; 

282$          DISPOSE:       Yes; 

; 

;     Model statements for module:  BasicProcess.Decide 96 (Order Parts IF Stators AM?) 

; 

242$          BRANCH,        1: 

                             If,InventoryStatorsAM <= ReorderPointsAM,283$,Yes: 

                             Else,284$,Yes; 

283$          ASSIGN:        Order Parts IF Stators AM?.NumberOut True=Order Parts IF 

Stators AM?.NumberOut True + 1:NEXT(203$); 

 

284$          ASSIGN:        Order Parts IF Stators AM?.NumberOut False=Order Parts IF 

Stators AM?.NumberOut False + 1 

                             :NEXT(202$); 

; 

;     Model statements for module:  BasicProcess.Decide 77 (Order Parts IF Blades AM?) 

; 

202$          BRANCH,        1: 

                             If,InventoryBladesAM <= ReorderPointsAM,285$,Yes: 

                             Else,286$,Yes; 

285$          ASSIGN:        Order Parts IF Blades AM?.NumberOut True=Order Parts IF 

Blades AM?.NumberOut True + 1:NEXT(210$); 

 

286$          ASSIGN:        Order Parts IF Blades AM?.NumberOut False=Order Parts IF 

Blades AM?.NumberOut False + 1:NEXT(243$); 

; 

;     Model statements for module:  BasicProcess.Decide 97 (Order Parts IF Inlet Guide 

Vane AM?) 

; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

243$          BRANCH,        1: 

                             If,InventoryIGVAM <= ReorderPointsAM,287$,Yes: 

                             Else,288$,Yes; 

287$          ASSIGN:        Order Parts IF Inlet Guide Vane AM?.NumberOut True= 

                             Order Parts IF Inlet Guide Vane AM?.NumberOut True + 

1:NEXT(211$); 

 

288$          ASSIGN:        Order Parts IF Inlet Guide Vane AM?.NumberOut False= 

                             Order Parts IF Inlet Guide Vane AM?.NumberOut False + 

1:NEXT(209$); 

; 

;     Model statements for module:  BasicProcess.Create 8 (Replenishment Stators AM) 

; 

289$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(290$); 

 

290$          ASSIGN:        Replenishment Stators AM.NumberOut=Replenishment Stators 

AM.NumberOut + 1:NEXT(6$); 

; 

; 

;     Model statements for module:  AdvancedProcess.Hold 2 (Shall we order Stators 

AM?) 

; 

6$            QUEUE,         Shall we order Stators AM?.Queue; 

              SCAN:          OrderingStatorsAM == 1:NEXT(8$); 

; 

;     Model statements for module:  BasicProcess.Process 2 (Ordering Step Stators AM) 

; 

8$            ASSIGN:        Ordering Step Stators AM.NumberIn=Ordering Step Stators 

AM.NumberIn + 1: 

                             Ordering Step Stators AM.WIP=Ordering Step Stators AM.WIP+1; 

322$          STACK,         1:Save:NEXT(296$); 

 

296$          QUEUE,         Ordering Step Stators AM.Queue; 

295$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(294$); 

 

294$          DELAY:         DaysToBaseTime(Triangular(3,5,6)),,Wait:NEXT(337$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

337$          ASSIGN:        Ordering Step Stators AM.WaitTime=Ordering Step Stators 

AM.WaitTime + Diff.WaitTime; 

301$          TALLY:         Ordering Step Stators 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

303$          TALLY:         Ordering Step Stators 

AM.TotalTimePerEntity,Diff.StartTime,1; 

293$          RELEASE:       OrderingProcess,1; 

342$          STACK,         1:Destroy:NEXT(341$); 

 

341$          ASSIGN:        Ordering Step Stators AM.NumberOut=Ordering Step Stators 

AM.NumberOut + 1: 

                             Ordering Step Stators AM.WIP=Ordering Step Stators AM.WIP-

1:NEXT(9$); 

;     Model statements for module:  BasicProcess.Assign 18 (Add Inventory Stators AM) 

; 

9$            ASSIGN:        

                             InventoryStatorsAM=InventoryStatorsAM + BatchSizeStatorsAM: 

                             ALD_S=ALD_S+ TRIA(4,5,6): 

; 

;     Model statements for module:  BasicProcess.Decide 8 (Check Target Stators AM?) 

; 

10$           BRANCH,        1: 

                             If,InventoryStatorsAM >= TargetStocks,344$,Yes: 

                             Else,345$,Yes; 

344$          ASSIGN:        Check Target Stators AM?.NumberOut True=Check Target 

Stators AM?.NumberOut True + 1:NEXT(11$); 

 

345$          ASSIGN:        Check Target Stators AM?.NumberOut False=Check Target 

Stators AM?.NumberOut False + 1:NEXT(8$); 

; 

;     Model statements for module:  BasicProcess.Assign 19 (Stop Ordering Stators AM) 

; 

11$           ASSIGN:        OrderingStatorsAM=0:NEXT(6$); 

; 

;     Model statements for module:  BasicProcess.Create 9 (Core Engine Corrective 

Maintenance Action) 

; 

346$          CREATE,        1,HoursToBaseTime(0.0),CECM:HoursToBaseTime(WEIB( 

4, 2640 )):NEXT(347$); 

 

347$          ASSIGN:        Core Engine Corrective Maintenance Action.NumberOut= 

                             Core Engine Corrective Maintenance Action.NumberOut + 

1:NEXT(101$); 
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; 

;     Model statements for module:  BasicProcess.Decide 51 (Traditional or AM CE) 

; 

101$          BRANCH,        1: 

                             With,(100)/100,350$,Yes: 

                             Else,351$,Yes; 

350$          ASSIGN:        Traditional or AM CE.NumberOut True=Traditional or AM 

CE.NumberOut True + 1:NEXT(97$); 

 

351$          ASSIGN:        Traditional or AM CE.NumberOut False=Traditional or AM 

CE.NumberOut False + 1:NEXT(240$); 

; 

;     Model statements for module:  BasicProcess.Decide 37 (PM check for CE) 

; 

97$           BRANCH,        1: 

                             If,CheckPM==0,352$,Yes: 

                             Else,353$,Yes; 

352$          ASSIGN:        PM check for CE.NumberOut True=PM check for 

CE.NumberOut True + 1:NEXT(12$); 

 

353$          ASSIGN:        PM check for CE.NumberOut False=PM check for 

CE.NumberOut False + 1:NEXT(32$); 

; 

;     Model statements for module:  BasicProcess.Assign 22 (Core Engine CM Demand) 

; 

12$           ASSIGN:        DemandCE=TRIA (1,2,3): 

                             TotalCM=TotalCM + 1:NEXT(35$); 

; 

;     Model statements for module:  BasicProcess.Batch 2 (Batch Demand CE) 

; 

35$           QUEUE,         Batch Demand CE.Queue; 

354$          GROUP,         ,Temporary:1,Last,CEM:NEXT(355$); 

 

355$          ASSIGN:        Batch Demand CE.NumberOut=Batch Demand 

CE.NumberOut + 1:NEXT(31$); 

; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

;     Model statements for module:  BasicProcess.Decide 11 (Check Inventory CE?) 

; 

31$           BRANCH,        1: 

                             If, 

                             InventoryVA >= DemandCE && InventoryBHPT >= DemandCE && 

InventoryBHPC >= DemandCE && InventoryDS >= DemandCE, 

                             356$,Yes: 

                             Else,357$,Yes; 

356$          ASSIGN:        Check Inventory CE?.NumberOut True=Check Inventory 

CE?.NumberOut True + 1:NEXT(244$); 

 

357$          ASSIGN:        Check Inventory CE?.NumberOut False=Check Inventory 

CE?.NumberOut False + 1:NEXT(71$); 

 

;     Model statements for module:  BasicProcess.Assign 167 (Reduce Inventory CE) 

; 

244$          ASSIGN:        InventoryVA=InventoryVA - DemandCE: 

                             InventoryBHPT=InventoryBHPT - DemandCE: 

                             InventoryBHPC=InventoryBHPC - DemandCE: 

                             InventoryDS=InventoryDS - DemandCE:NEXT(36$); 

; 

;     Model statements for module:  BasicProcess.Separate 2 (Separate CE) 

; 

36$           SPLIT::NEXT(358$); 

 

358$          ASSIGN:        Separate CE.NumberOut Orig=Separate CE.NumberOut Orig + 

1:NEXT(34$); 

; 

;     Model statements for module:  BasicProcess.Record 3 

; 

34$           DELAY:         0.0,,Other:NEXT(362$); 

 

362$          TALLY:         Entity,0,1:NEXT(361$); 

 

361$          DELAY:         0.0,,Other:NEXT(32$); 

; 

;     Model statements for module:  BasicProcess.Dispose 5 (CE Dispose) 

; 

32$           ASSIGN:        CE Dispose.NumberOut=CE Dispose.NumberOut + 1; 

363$          DISPOSE:       Yes; 

; 

;     Model statements for module:  BasicProcess.Decide 28 (Order Parts CE Vane 

Assembly?) 

; 
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71$           BRANCH,        1: 

                             If,InventoryVA <= ReorderPoints,364$,Yes: 

                             Else,365$,Yes; 

364$          ASSIGN:        Order Parts CE Vane Assembly?.NumberOut True=Order Parts 

CE Vane Assembly?.NumberOut True + 1 

                             :NEXT(68$); 

 

365$          ASSIGN:        Order Parts CE Vane Assembly?.NumberOut False=Order 

Parts CE Vane Assembly?.NumberOut False + 1 

                             :NEXT(67$); 

; 

;     Model statements for module:  BasicProcess.Decide 27 (Order Parts CE Blade HPT?) 

; 

67$           BRANCH,        1: 

                             If,InventoryBHPT <= ReorderPoints,366$,Yes: 

                             Else,367$,Yes; 

366$          ASSIGN:        Order Parts CE Blade HPT?.NumberOut True=Order Parts CE 

Blade HPT?.NumberOut True + 1:NEXT(69$); 

 

367$          ASSIGN:        Order Parts CE Blade HPT?.NumberOut False=Order Parts CE 

Blade HPT?.NumberOut False + 1:NEXT(72$); 

; 

;     Model statements for module:  BasicProcess.Decide 29 (Order Parts CE Blade HPC?) 

; 

72$           BRANCH,        1: 

                             If,InventoryBHPC <= ReorderPoints,368$,Yes: 

                             Else,369$,Yes; 

368$          ASSIGN:        Order Parts CE Blade HPC?.NumberOut True=Order Parts CE 

Blade HPC?.NumberOut True + 1:NEXT(70$); 

 

369$          ASSIGN:        Order Parts CE Blade HPC?.NumberOut False=Order Parts CE 

Blade HPC?.NumberOut False + 1:NEXT(33$); 

; 

;     Model statements for module:  BasicProcess.Decide 12 (Order Parts CE Duct 

Segment?) 

; 

33$           BRANCH,        1: 

                             If,InventoryDS <= ReorderPoints,370$,Yes: 

                             Else,371$,Yes; 

370$          ASSIGN:        Order Parts CE Duct Segment?.NumberOut True=Order Parts 

CE Duct Segment?.NumberOut True + 1 

                             :NEXT(37$); 
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371$          ASSIGN:        Order Parts CE Duct Segment?.NumberOut False=Order Parts 

CE Duct Segment?.NumberOut False + 1 

                             :NEXT(36$); 

;     Model statements for module:  BasicProcess.Decide 92 (PM check for CM CE in 

AM) 

; 

240$          BRANCH,        1: 

                             If,CheckPM==0,372$,Yes: 

                             Else,373$,Yes; 

372$          ASSIGN:        PM check for CM CE in AM.NumberOut True=PM check for 

CM CE in AM.NumberOut True + 1:NEXT(205$); 

 

373$          ASSIGN:        PM check for CM CE in AM.NumberOut False=PM check for 

CM CE in AM.NumberOut False + 1:NEXT(214$); 

; 

;     Model statements for module:  BasicProcess.Assign 139 (Core Engine CM Demand 

AM) 

; 

205$          ASSIGN:        DemandCEAM=TRIA (1,2,3)*54144: 

                             TotalCMAM=TotalCMAM + 1:                           

; 

;     Model statements for module:  BasicProcess.Batch 11 (Batch Demand CE AM) 

; 

217$          QUEUE,         Batch Demand CE AM.Queue; 

374$          GROUP,         ,Temporary:1,Last,CEMAM:NEXT(375$); 

 

375$          ASSIGN:        Batch Demand CE AM.NumberOut=Batch Demand CE 

AM.NumberOut + 1:NEXT(212$); 

; 

;     Model statements for module:  BasicProcess.Decide 78 (Check Inventory CE AM?) 

; 

212$          BRANCH,        1: 

                             If, 

                             InventoryVAAM>= DemandCEAM && InventoryBHPTAM>= 

DemandCEAM && InventoryBHPCAM>= DemandCEAM && InventoryDSAM>= 

DemandCEAM, 

                             376$,Yes: 

                             Else,377$,Yes; 

376$          ASSIGN:        Check Inventory CE AM?.NumberOut True=Check Inventory 

CE AM?.NumberOut True + 1:NEXT(213$); 

 

377$          ASSIGN:        Check Inventory CE AM?.NumberOut False=Check Inventory 

CE AM?.NumberOut False + 1:NEXT(235$); 
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;     Model statements for module:  BasicProcess.Assign 145 (Reduce Inventory CE AM) 

; 

213$          ASSIGN:        InventoryVAAM=InventoryVAAM - DemandCEAM: 

                             InventoryBHPTAM=InventoryBHPTAM - DemandCEAM: 

                             InventoryBHPCAM=InventoryBHPCAM - DemandCEAM: 

                             InventoryDSAM=InventoryDSAM - DemandCEAM:NEXT(218$); 

; 

;     Model statements for module:  BasicProcess.Separate 10 (Separate CE AM) 

; 

218$          SPLIT::NEXT(378$); 

 

378$          ASSIGN:        Separate CE AM.NumberOut Orig=Separate CE 

AM.NumberOut Orig + 1:NEXT(216$); 

; 

; 

;     Model statements for module:  BasicProcess.Record 11 

; 

216$          DELAY:         0.0,,Other:NEXT(382$); 

 

382$          TALLY:         Entity,0,1:NEXT(381$); 

 

381$          DELAY:         0.0,,Other:NEXT(214$); 

; 

;     Model statements for module:  BasicProcess.Dispose 15 (CE AM Dispose) 

; 

214$          ASSIGN:        CE AM Dispose.NumberOut=CE AM Dispose.NumberOut + 

1; 

383$          DISPOSE:       Yes; 

; 

;     Model statements for module:  BasicProcess.Decide 87 (Order Parts CE Vane 

Assembly AM?) 

; 

235$          BRANCH,        1: 

                             If,InventoryVAAM <= ReorderPointsAM,384$,Yes: 

                             Else,385$,Yes; 

384$          ASSIGN:        Order Parts CE Vane Assembly AM?.NumberOut True=Order 

Parts CE Vane Assembly AM?.NumberOut True + 1 

                             :NEXT(232$); 

 

385$          ASSIGN:        Order Parts CE Vane Assembly AM?.NumberOut False= 

                             Order Parts CE Vane Assembly AM?.NumberOut False + 

1:NEXT(231$); 
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; 

;     Model statements for module:  BasicProcess.Decide 86 (Order Parts CE Blade HPT 

AM?) 

; 

231$          BRANCH,        1: 

                             If,InventoryBHPTAM <= ReorderPointsAM,386$,Yes: 

                             Else,387$,Yes; 

386$          ASSIGN:        Order Parts CE Blade HPT AM?.NumberOut True=Order Parts 

CE Blade HPT AM?.NumberOut True + 1 

                             :NEXT(233$); 

 

387$          ASSIGN:        Order Parts CE Blade HPT AM?.NumberOut False=Order 

Parts CE Blade HPT AM?.NumberOut False + 1 

                             :NEXT(236$); 

; 

;     Model statements for module:  BasicProcess.Decide 88 (Order Parts CE Blade HPC 

AM?) 

; 

236$          BRANCH,        1: 

                             If,InventoryBHPCAM <= ReorderPointsAM,388$,Yes: 

                             Else,389$,Yes; 

388$          ASSIGN:        Order Parts CE Blade HPC AM?.NumberOut True=Order Parts 

CE Blade HPC AM?.NumberOut True + 1 

                             :NEXT(234$); 

 

389$          ASSIGN:        Order Parts CE Blade HPC AM?.NumberOut False=Order 

Parts CE Blade HPC AM?.NumberOut False + 1 

                             :NEXT(215$); 

; 

;     Model statements for module:  BasicProcess.Decide 79 (Order Parts CE Duct 

Segment AM?) 

; 

215$          BRANCH,        1: 

                             If,InventoryDSAM <= ReorderPointsAM,390$,Yes: 

                             Else,391$,Yes; 

390$          ASSIGN:        Order Parts CE Duct Segment AM?.NumberOut True=Order 

Parts CE Duct Segment AM?.NumberOut True + 1 

                             :NEXT(219$); 

 

391$          ASSIGN:        Order Parts CE Duct Segment AM?.NumberOut False=Order 

Parts CE Duct Segment AM?.NumberOut False + 1 

                             :NEXT(218$); 
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;     Model statements for module:  BasicProcess.Create 10 (Fan Drive Corrective 

Maintenance Action) 

; 

392$          CREATE,        1,HoursToBaseTime(0.0),FDCM:HoursToBaseTime(WEIB( 

2.2, 8360 )):NEXT(393$); 

 

393$          ASSIGN:        Fan Drive Corrective Maintenance Action.NumberOut= 

                             Fan Drive Corrective Maintenance Action.NumberOut + 

1:NEXT(102$); 

; 

; 

;     Model statements for module:  BasicProcess.Decide 52 (Traditional or AM FD) 

; 

102$          BRANCH,        1: 

                             With,(100)/100,396$,Yes: 

                             Else,397$,Yes; 

396$          ASSIGN:        Traditional or AM FD.NumberOut True=Traditional or AM 

FD.NumberOut True + 1:NEXT(98$); 

 

397$          ASSIGN:        Traditional or AM FD.NumberOut False=Traditional or AM 

FD.NumberOut False + 1:NEXT(241$); 

; 

; 

;     Model statements for module:  BasicProcess.Decide 38 (PM check for FD) 

; 

98$           BRANCH,        1: 

                             If,CheckPM==0,398$,Yes: 

                             Else,399$,Yes; 

398$          ASSIGN:        PM check for FD.NumberOut True=PM check for 

FD.NumberOut True + 1:NEXT(13$); 

 

399$          ASSIGN:        PM check for FD.NumberOut False=PM check for 

FD.NumberOut False + 1:NEXT(58$); 

; 

;     Model statements for module:  BasicProcess.Batch 3 (Batch Demand FD) 

; 

62$           QUEUE,         Batch Demand FD.Queue; 

400$          GROUP,         ,Temporary:1,Last,FDM:NEXT(401$); 

 

401$          ASSIGN:        Batch Demand FD.NumberOut=Batch Demand 

FD.NumberOut + 1:NEXT(56$); 
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; 

;     Model statements for module:  BasicProcess.Decide 18 (Check Inventory FD?) 

; 

56$           BRANCH,        1: 

                             If, 

                             InventoryStators >= DemandFD && InventoryBlades >= DemandFD 

&& InventoryNGV >= DemandFD && InventoryDD >= DemandFD, 

                             402$,Yes: 

                             Else,403$,Yes; 

402$          ASSIGN:        Check Inventory FD?.NumberOut True=Check Inventory 

FD?.NumberOut True + 1:NEXT(57$); 

 

403$          ASSIGN:        Check Inventory FD?.NumberOut False=Check Inventory 

FD?.NumberOut False + 1:NEXT(59$); 

; 

;     Model statements for module:  BasicProcess.Assign 49 (Reduce Inventory FD) 

; 

57$           ASSIGN:        InventoryBlades=InventoryBlades - DemandFD: 

                             InventoryNGV=InventoryNGV - DemandFD: 

                             InventoryDD=InventoryDD - DemandFD: 

                             InventoryStators=InventoryStators - DemandFD:NEXT(63$); 

; 

;     Model statements for module:  BasicProcess.Separate 3 (Separate FD) 

; 

63$           SPLIT::NEXT(404$); 

 

404$          ASSIGN:        Separate FD.NumberOut Orig=Separate FD.NumberOut Orig + 

1:NEXT(61$); 

; 

;     Model statements for module:  BasicProcess.Record 4 

; 

61$           DELAY:         0.0,,Other:NEXT(408$); 

 

408$          TALLY:         Entity,0,1:NEXT(407$); 

 

407$          DELAY:         0.0,,Other:NEXT(58$); 

; 

;     Model statements for module:  BasicProcess.Dispose 6 (FD Dispose) 

; 

58$           ASSIGN:        FD Dispose.NumberOut=FD Dispose.NumberOut + 1; 

409$          DISPOSE:       Yes; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

; 

;     Model statements for module:  BasicProcess.Decide 19 (Order Parts FD DD?) 

; 

59$           BRANCH,        1: 

                             If,InventoryDD <= ReorderPoints,410$,Yes: 

                             Else,411$,Yes; 

410$          ASSIGN:        Order Parts FD DD?.NumberOut True=Order Parts FD 

DD?.NumberOut True + 1:NEXT(66$); 

 

411$          ASSIGN:        Order Parts FD DD?.NumberOut False=Order Parts FD 

DD?.NumberOut False + 1:NEXT(73$); 

; 

;     Model statements for module:  BasicProcess.Decide 30 (Order Parts FDStators?) 

; 

73$           BRANCH,        1: 

                             If,InventoryStators <= ReorderPoints,412$,Yes: 

                             Else,413$,Yes; 

412$          ASSIGN:        Order Parts FDStators?.NumberOut True=Order Parts 

FDStators?.NumberOut True + 1:NEXT(60$); 

 

413$          ASSIGN:        Order Parts FDStators?.NumberOut False=Order Parts 

FDStators?.NumberOut False + 1:NEXT(74$); 

; 

;     Model statements for module:  BasicProcess.Decide 31 (Order Parts FD Blades?) 

; 

74$           BRANCH,        1: 

                             If,InventoryBlades <= ReorderPoints,414$,Yes: 

                             Else,415$,Yes; 

414$          ASSIGN:        Order Parts FD Blades?.NumberOut True=Order Parts FD 

Blades?.NumberOut True + 1:NEXT(64$); 

 

415$          ASSIGN:        Order Parts FD Blades?.NumberOut False=Order Parts FD 

Blades?.NumberOut False + 1:NEXT(75$); 

; 

;     Model statements for module:  BasicProcess.Decide 32 (Order Parts FD NGV?) 

; 

75$           BRANCH,        1: 

                             If,InventoryNGV <= ReorderPoints,416$,Yes: 

                             Else,417$,Yes; 

416$          ASSIGN:        Order Parts FD NGV?.NumberOut True=Order Parts FD 

NGV?.NumberOut True + 1:NEXT(65$); 

 

417$          ASSIGN:        Order Parts FD NGV?.NumberOut False=Order Parts FD 

NGV?.NumberOut False + 1:NEXT(63$); 
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;     Model statements for module:  BasicProcess.Decide 93 (PM check for CM FD in 

AM) 

; 

241$          BRANCH,        1: 

                             If,CheckPM==0,418$,Yes: 

                             Else,419$,Yes; 

418$          ASSIGN:        PM check for CM FD in AM.NumberOut True=PM check for 

CM FD in AM.NumberOut True + 1:NEXT(206$); 

 

419$          ASSIGN:        PM check for CM FD in AM.NumberOut False=PM check for 

CM FD in AM.NumberOut False + 1:NEXT(222$); 

; 

;     Model statements for module:  BasicProcess.Batch 12 (Batch Demand FD AM) 

; 

226$          QUEUE,         Batch Demand FD AM.Queue; 

420$          GROUP,         ,Temporary:1,Last,FDMAM:NEXT(421$); 

 

421$          ASSIGN:        Batch Demand FD AM.NumberOut=Batch Demand FD 

AM.NumberOut + 1:NEXT(220$); 

; 

;     Model statements for module:  BasicProcess.Decide 80 (Check Inventory FD AM?) 

; 

220$          BRANCH,        1: 

                             If, 

                             InventoryStatorsAM >= DemandFDAM && InventoryBladesAM>= 

DemandFDAM && InventoryNGVAM >= DemandFDAM && InventoryDDAM >= 

DemandFDAM, 

                             422$,Yes: 

                             Else,423$,Yes; 

422$          ASSIGN:        Check Inventory FD AM?.NumberOut True=Check Inventory 

FD AM?.NumberOut True + 1:NEXT(221$); 

 

423$          ASSIGN:        Check Inventory FD AM?.NumberOut False=Check Inventory 

FD AM?.NumberOut False + 1:NEXT(223$); 

; 

;     Model statements for module:  BasicProcess.Assign 149 (Reduce Inventory FDAM) 

; 

221$          ASSIGN:        InventoryBladesAM=InventoryBladesAM - DemandFDAM: 

                             InventoryNGVAM=InventoryNGVAM - DemandFDAM: 

                             InventoryDDAM=InventoryDDAM - DemandFDAM: 

                             InventoryStatorsAM=InventoryStatorsAM - 

DemandFDAM:NEXT(227$); 
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; 

;     Model statements for module:  BasicProcess.Separate 11 (Separate FD AM) 

; 

227$          SPLIT::NEXT(424$); 

 

424$          ASSIGN:        Separate FD AM.NumberOut Orig=Separate FD 

AM.NumberOut Orig + 1:NEXT(225$); 

; 

;     Model statements for module:  BasicProcess.Record 12 

; 

225$          DELAY:         0.0,,Other:NEXT(428$); 

 

428$          TALLY:         Entity,0,1:NEXT(427$); 

 

427$          DELAY:         0.0,,Other:NEXT(222$); 

; 

;     Model statements for module:  BasicProcess.Dispose 16 (FD AM Dispose) 

; 

222$          ASSIGN:        FD AM Dispose.NumberOut=FD AM Dispose.NumberOut + 

1; 

429$          DISPOSE:       Yes; 

; 

;     Model statements for module:  BasicProcess.Decide 81 (Order Parts FD DD AM?) 

; 

223$          BRANCH,        1: 

                             If,InventoryDDAM <= ReorderPointsAM,430$,Yes: 

                             Else,431$,Yes; 

430$          ASSIGN:        Order Parts FD DD AM?.NumberOut True=Order Parts FD 

DD AM?.NumberOut True + 1:NEXT(230$); 

 

431$          ASSIGN:        Order Parts FD DD AM?.NumberOut False=Order Parts FD 

DD AM?.NumberOut False + 1:NEXT(237$); 

; 

;     Model statements for module:  BasicProcess.Decide 89 (Order Parts FDStators AM?) 

; 

237$          BRANCH,        1: 

                             If,InventoryStatorsAM <= ReorderPointsAM,432$,Yes: 

                             Else,433$,Yes; 

432$          ASSIGN:        Order Parts FDStators AM?.NumberOut True=Order Parts 

FDStators AM?.NumberOut True + 1:NEXT(224$); 

 

433$          ASSIGN:        Order Parts FDStators AM?.NumberOut False=Order Parts 

FDStators AM?.NumberOut False + 1:NEXT(238$); 
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; 

;     Model statements for module:  BasicProcess.Decide 90 (Order Parts FD Blades AM?) 

; 

238$          BRANCH,        1: 

                             If,InventoryBladesAM <= ReorderPointsAM,434$,Yes: 

                             Else,435$,Yes; 

434$          ASSIGN:        Order Parts FD Blades AM?.NumberOut True=Order Parts FD 

Blades AM?.NumberOut True + 1:NEXT(228$); 

 

435$          ASSIGN:        Order Parts FD Blades AM?.NumberOut False=Order Parts FD 

Blades AM?.NumberOut False + 1:NEXT(239$); 

; 

;     Model statements for module:  BasicProcess.Decide 91 (Order Parts FD NGV AM?) 

; 

239$          BRANCH,        1: 

                             If,InventoryNGVAM <= ReorderPointsAM,436$,Yes: 

                             Else,437$,Yes; 

436$          ASSIGN:        Order Parts FD NGV AM?.NumberOut True=Order Parts FD 

NGV AM?.NumberOut True + 1:NEXT(229$); 

 

437$          ASSIGN:        Order Parts FD NGV AM?.NumberOut False=Order Parts FD 

NGV AM?.NumberOut False + 1:NEXT(227$); 

; 

; 

;     Model statements for module:  BasicProcess.Create 13 (Replenishment Blades AM) 

; 

 

438$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(439$); 

 

439$          ASSIGN:        Replenishment Blades AM.NumberOut=Replenishment Blades 

AM.NumberOut + 1:NEXT(19$) 

; 

; 

;     Model statements for module:  AdvancedProcess.Hold 5 (Shall we order Blades 

AM?) 

; 

19$           QUEUE,         Shall we order Blades AM?.Queue; 

              SCAN:          OrderingBladesAM == 1:NEXT(21$); 
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; 

; 

;     Model statements for module:  BasicProcess.Process 3 (Ordering Step Blades AM) 

; 

21$           ASSIGN:        Ordering Step Blades AM.NumberIn=Ordering Step Blades 

AM.NumberIn + 1: 

                             Ordering Step Blades AM.WIP=Ordering Step Blades AM.WIP+1; 

471$          STACK,         1:Save:NEXT(445$); 

 

445$          QUEUE,         Ordering Step Blades AM.Queue; 

444$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(443$); 

 

443$          DELAY:         DaysToBaseTime(Triangular(2.5,3,3.5)),,Wait:NEXT(486$); 

 

486$          ASSIGN:        Ordering Step Blades AM.WaitTime=Ordering Step Blades 

AM.WaitTime + Diff.WaitTime; 

450$          TALLY:         Ordering Step Blades 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

442$          RELEASE:       OrderingProcess,1; 

491$          STACK,         1:Destroy:NEXT(490$); 

 

490$          ASSIGN:        Ordering Step Blades AM.NumberOut=Ordering Step Blades 

AM.NumberOut + 1: 

                             Ordering Step Blades AM.WIP=Ordering Step Blades AM.WIP-

1:NEXT(22$); 

; 

;     Model statements for module:  BasicProcess.Decide 9 (Check Target Blades AM?) 

; 

23$           BRANCH,        1: 

                             If,InventoryBladesAM >= TargetStocks,493$,Yes: 

                             Else,494$,Yes; 

493$          ASSIGN:        Check Target Blades AM?.NumberOut True=Check Target 

Blades AM?.NumberOut True + 1:NEXT(24$); 

 

494$          ASSIGN:        Check Target Blades AM?.NumberOut False=Check Target 

Blades AM?.NumberOut False + 1:NEXT(21$); 

; 

;     Model statements for module:  BasicProcess.Assign 29 (Stop Ordering Blades AM) 

; 

24$           ASSIGN:        OrderingBladesAM=0:NEXT(19$); 
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; 

;     Model statements for module:  BasicProcess.Create 14 (Replenishment Inlet Guide 

Vane AM) 

; 

495$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(496$); 

 

496$          ASSIGN:        Replenishment Inlet Guide Vane 

AM.NumberOut=Replenishment Inlet Guide Vane AM.NumberOut + 1 

                             :NEXT(25$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 6 (Shall we order Inlet Guide 

Vane AM?) 

; 

25$           QUEUE,         Shall we order Inlet Guide Vane AM?.Queue; 

              SCAN:          OrderingIGVAM == 1:NEXT(27$); 

; 

;     Model statements for module:  BasicProcess.Process 4 (Ordering Step Inlet Guide 

Vane AM) 

; 

27$           ASSIGN:        Ordering Step Inlet Guide Vane AM.NumberIn=Ordering Step 

Inlet Guide Vane AM.NumberIn + 1: 

                             Ordering Step Inlet Guide Vane AM.WIP=Ordering Step Inlet Guide 

Vane AM.WIP+1; 

528$          STACK,         1:Save:NEXT(502$); 

 

502$          QUEUE,         Ordering Step Inlet Guide Vane AM.Queue; 

501$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(500$); 

 

500$          DELAY:         DaysToBaseTime(Triangular(7,8,9)),,Wait:NEXT(543$); 

 

543$          ASSIGN:        Ordering Step Inlet Guide Vane AM.WaitTime= 

                             Ordering Step Inlet Guide Vane AM.WaitTime + Diff.WaitTime; 

507$          TALLY:         Ordering Step Inlet Guide Vane 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

509$          TALLY:         Ordering Step Inlet Guide Vane 

AM.TotalTimePerEntity,Diff.StartTime,1; 

499$          RELEASE:       OrderingProcess,1; 

548$          STACK,         1:Destroy:NEXT(547$); 
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547$          ASSIGN:        Ordering Step Inlet Guide Vane AM.NumberOut=Ordering 

Step Inlet Guide Vane AM.NumberOut + 1: 

                             Ordering Step Inlet Guide Vane AM.WIP=Ordering Step Inlet Guide 

Vane AM.WIP-1:NEXT(28$); 

; 

;     Model statements for module:  BasicProcess.Assign 30 (Add Inventory Inlet Guide 

Vane AM) 

; 

28$           ASSIGN:        InventoryIGVAM=InventoryIGVAM+BatchSizeIGVAM: 

                             ALD_IGV=ALD_IGV+ TRIA(7,8,9):NEXT(29$); 

; 

;     Model statements for module:  BasicProcess.Decide 10 (Check Target Inlet Guide 

Vane AM?) 

; 

29$           BRANCH,        1: 

                             If,InventoryIGVAM >= TargetStocks,550$,Yes: 

                             Else,551$,Yes; 

550$          ASSIGN:        Check Target Inlet Guide Vane AM?.NumberOut True= 

                             Check Target Inlet Guide Vane AM?.NumberOut True + 

1:NEXT(30$); 

 

551$          ASSIGN:        Check Target Inlet Guide Vane AM?.NumberOut False= 

                             Check Target Inlet Guide Vane AM?.NumberOut False + 

1:NEXT(27$); 

; 

;     Model statements for module:  BasicProcess.Assign 31 (Stop Ordering Inlet Guide 

Vane AM) 

; 

30$           ASSIGN:        OrderingIGVAM=0:NEXT(25$); 

; 

;     Model statements for module:  BasicProcess.Create 15 (Replenishment Vane 

Assembly AM) 

; 

552$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(553$); 

 

553$          ASSIGN:        Replenishment Vane Assembly 

AM.NumberOut=Replenishment Vane Assembly AM.NumberOut + 1:NEXT(38$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 8 (Shall we order Vane 

Assembly AM?) 

; 

38$           QUEUE,         Shall we order Vane Assembly AM?.Queue; 

              SCAN:          OrderingVAAM == 1:NEXT(40$); 



127 

 

Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

; 

;     Model statements for module:  BasicProcess.Process 5 (Ordering Step Vane 

Assembly AM) 

; 

40$           ASSIGN:        Ordering Step Vane Assembly AM.NumberIn=Ordering Step 

Vane Assembly AM.NumberIn + 1: 

                             Ordering Step Vane Assembly AM.WIP=Ordering Step Vane 

Assembly AM.WIP+1; 

585$          STACK,         1:Save:NEXT(559$); 

 

559$          QUEUE,         Ordering Step Vane Assembly AM.Queue; 

558$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(557$); 

 

557$          DELAY:         DaysToBaseTime(Triangular(5,6,7)),,Wait:NEXT(600$); 

 

600$          ASSIGN:        Ordering Step Vane Assembly AM.WaitTime=Ordering Step 

Vane Assembly AM.WaitTime + Diff.WaitTime; 

564$          TALLY:         Ordering Step Vane Assembly 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

566$          TALLY:         Ordering Step Vane Assembly 

AM.TotalTimePerEntity,Diff.StartTime,1; 

556$          RELEASE:       OrderingProcess,1; 

605$          STACK,         1:Destroy:NEXT(604$); 

 

604$          ASSIGN:        Ordering Step Vane Assembly AM.NumberOut=Ordering Step 

Vane Assembly AM.NumberOut + 1: 

                             Ordering Step Vane Assembly AM.WIP=Ordering Step Vane 

Assembly AM.WIP-1:NEXT(41$); 

 

;     Model statements for module:  BasicProcess.Assign 39 (Add Inventory Vane 

Assembly AM) 

; 

41$           ASSIGN:        InventoryVAAM=InventoryVAAM + BatchSizeVAAM: 

                             ALD_VA=ALD_VA+ TRIA(5,6,7):NEXT(42$); 

; 

;     Model statements for module:  BasicProcess.Decide 13 (Check Target Vane 

Assembly AM?) 

; 

42$           BRANCH,        1: 

                             If,InventoryVAAM >= TargetStocks,607$,Yes: 

                             Else,608$,Yes; 

607$          ASSIGN:        Check Target Vane Assembly AM?.NumberOut True=Check 

Target Vane Assembly AM?.NumberOut True + 1 

                             :NEXT(43$); 
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608$          ASSIGN:        Check Target Vane Assembly AM?.NumberOut False=Check 

Target Vane Assembly AM?.NumberOut False + 1 

                             :NEXT(40$); 

; 

;     Model statements for module:  BasicProcess.Assign 40 (Stop Ordering Vane 

Assembly AM) 

; 

43$           ASSIGN:        OrderingVAAM=0:NEXT(38$); 

; 

;     Model statements for module:  BasicProcess.Create 16 (Replenishment Blade HPT 

AM) 

; 

609$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(610$); 

 

610$          ASSIGN:        Replenishment Blade HPT AM.NumberOut=Replenishment 

Blade HPT AM.NumberOut + 1:NEXT(44$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 9 (Shall we order Blade HPT 

AM?) 

; 

44$           QUEUE,         Shall we order Blade HPT AM?.Queue; 

              SCAN:          OrderingBHPTAM == 1:NEXT(46$); 

; 

;     Model statements for module:  BasicProcess.Process 6 (Ordering Step Blade HPT 

AM) 

; 

46$           ASSIGN:        Ordering Step Blade HPT AM.NumberIn=Ordering Step Blade 

HPT AM.NumberIn + 1: 

                             Ordering Step Blade HPT AM.WIP=Ordering Step Blade HPT 

AM.WIP+1; 

642$          STACK,         1:Save:NEXT(616$); 

 

616$          QUEUE,         Ordering Step Blade HPT AM.Queue; 

615$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(614$); 

 

614$          DELAY:         DaysToBaseTime(Triangular(4,5,6)),,Wait:NEXT(657$); 
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657$          ASSIGN:        Ordering Step Blade HPT AM.WaitTime=Ordering Step Blade 

HPT AM.WaitTime + Diff.WaitTime; 

621$          TALLY:         Ordering Step Blade HPT 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

623$          TALLY:         Ordering Step Blade HPT 

AM.TotalTimePerEntity,Diff.StartTime,1; 

613$          RELEASE:       OrderingProcess,1; 

662$          STACK,         1:Destroy:NEXT(661$); 

 

661$          ASSIGN:        Ordering Step Blade HPT AM.NumberOut=Ordering Step 

Blade HPT AM.NumberOut + 1: 

                             Ordering Step Blade HPT AM.WIP=Ordering Step Blade HPT 

AM.WIP-1:NEXT(47$); 

; 

;     Model statements for module:  BasicProcess.Assign 41 (Add Inventory Blade HPT 

AM) 

; 

47$           ASSIGN:        InventoryBHPTAM=InventoryBHPTAM + 

BatchSizeBHPTAM: 

                             ALD_BHPT=ALD_BHPT+ TRIA(4,5,6): 

; 

;     Model statements for module:  BasicProcess.Decide 14 (Check Target Blade HPT 

AM?) 

; 

48$           BRANCH,        1: 

                             If,InventoryBHPTAM >= TargetStocks,664$,Yes: 

                             Else,665$,Yes; 

664$          ASSIGN:        Check Target Blade HPT AM?.NumberOut True=Check Target 

Blade HPT AM?.NumberOut True + 1:NEXT(49$); 

 

665$          ASSIGN:        Check Target Blade HPT AM?.NumberOut False=Check 

Target Blade HPT AM?.NumberOut False + 1:NEXT(46$); 

; 

;     Model statements for module:  BasicProcess.Assign 42 (Stop Ordering Blade HPT 

AM) 

; 

49$           ASSIGN:        OrderingBHPTAM=0:NEXT(44$); 

; 

;     Model statements for module:  BasicProcess.Create 17 (Replenishment DD AM) 

; 

666$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(667$); 
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667$          ASSIGN:        Replenishment DD AM.NumberOut=Replenishment DD 

AM.NumberOut + 1:NEXT(50$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 10 (Shall we order DD AM?) 

; 

50$           QUEUE,         Shall we order DD AM?.Queue; 

              SCAN:          OrderingDDAM == 1:NEXT(52$); 

; 

;     Model statements for module:  BasicProcess.Process 7 (Ordering Step DD AM) 

; 

52$           ASSIGN:        Ordering Step DD AM.NumberIn=Ordering Step DD 

AM.NumberIn + 1: 

                             Ordering Step DD AM.WIP=Ordering Step DD AM.WIP+1; 

699$          STACK,         1:Save:NEXT(673$); 

 

673$          QUEUE,         Ordering Step DD AM.Queue; 

672$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(671$); 

 

671$          DELAY:         DaysToBaseTime(Triangular(10,11,15)),,Wait:NEXT(714$); 

 

714$          ASSIGN:        Ordering Step DD AM.WaitTime=Ordering Step DD 

AM.WaitTime + Diff.WaitTime; 

678$          TALLY:         Ordering Step DD AM.WaitTimePerEntity,Diff.WaitTime,1; 

680$          TALLY:         Ordering Step DD AM.TotalTimePerEntity,Diff.StartTime,1; 

670$          RELEASE:       OrderingProcess,1; 

719$          STACK,         1:Destroy:NEXT(718$); 

 

718$          ASSIGN:        Ordering Step DD AM.NumberOut=Ordering Step DD 

AM.NumberOut + 1: 

                             Ordering Step DD AM.WIP=Ordering Step DD AM.WIP-

1:NEXT(53$); 

; 

;     Model statements for module:  BasicProcess.Assign 43 (Add Inventory DD AM) 

; 

53$           ASSIGN:        InventoryDDAM=InventoryDDAM + BatchSizeDDAM: 

                             ALD_DD=ALD_DD+ TRIA(10,11,15):NEXT(54$); 

; 

;     Model statements for module:  BasicProcess.Decide 15 (Check Target DD AM?) 

; 
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54$           BRANCH,        1: 

                             If,InventoryDDAM >= TargetStocks,721$,Yes: 

                             Else,722$,Yes; 

721$          ASSIGN:        Check Target DD AM?.NumberOut True=Check Target DD 

AM?.NumberOut True + 1:NEXT(55$); 

 

722$          ASSIGN:        Check Target DD AM?.NumberOut False=Check Target DD 

AM?.NumberOut False + 1:NEXT(52$); 

; 

;     Model statements for module:  BasicProcess.Assign 44 (Stop Ordering DD AM) 

; 

55$           ASSIGN:        OrderingDDAM=0:NEXT(50$); 

; 

;     Model statements for module:  BasicProcess.Create 20 (System Preventive 

Maintenance Action) 

; 

723$          CREATE,        

1,HoursToBaseTime(0.0),PM:HoursToBaseTime(1320):NEXT(724$); 

 

724$          ASSIGN:        System Preventive Maintenance Action.NumberOut=System 

Preventive Maintenance Action.NumberOut + 1 

                             :NEXT(100$); 

; 

;     Model statements for module:  BasicProcess.Decide 50 (Traditional or AM PM) 

; 

100$          BRANCH,        1: 

                             With,(100)/100,727$,Yes: 

                             Else,728$,Yes; 

727$          ASSIGN:        Traditional or AM PM.NumberOut True=Traditional or AM 

PM.NumberOut True + 1:NEXT(76$); 

 

728$          ASSIGN:        Traditional or AM PM.NumberOut False=Traditional or AM 

PM.NumberOut False + 1:NEXT(104$); 

; 

;     Model statements for module:  BasicProcess.Assign 70 (PM Demand) 

; 

76$           ASSIGN:        DemandPM=TRIA (0,1,2): 

                             TotalPM=TotalPM + 1:NEXT(83$); 

; 

;     Model statements for module:  BasicProcess.Batch 6 (Batch Demand PM) 

; 

83$           QUEUE,         Batch Demand PM.Queue; 

729$          GROUP,         ,Temporary:1,Last,GPM:NEXT(730$); 
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730$          ASSIGN:        Batch Demand PM.NumberOut=Batch Demand 

PM.NumberOut + 1:NEXT(77$); 

; 

;     Model statements for module:  BasicProcess.Decide 33 (Check Inventory PM?) 

; 

77$           BRANCH,        1: 

                             If,InventoryPM >= DemandPM,731$,Yes: 

                             Else,732$,Yes; 

731$          ASSIGN:        Check Inventory PM?.NumberOut True=Check Inventory 

PM?.NumberOut True + 1:NEXT(78$); 

 

732$          ASSIGN:        Check Inventory PM?.NumberOut False=Check Inventory 

PM?.NumberOut False + 1:NEXT(80$); 

; 

;     Model statements for module:  BasicProcess.Assign 71 (Reduce Inventory PM) 

; 

78$           ASSIGN:        InventoryPM=InventoryPM - DemandPM:NEXT(91$); 

; 

;     Model statements for module:  BasicProcess.Assign 77 (PM Hold) 

; 

91$           ASSIGN:        CheckPM=1:NEXT(84$); 

; 

;     Model statements for module:  BasicProcess.Separate 6 (Separate PM) 

; 

84$           SPLIT::NEXT(733$); 

 

733$          ASSIGN:        Separate PM.NumberOut Orig=Separate PM.NumberOut Orig 

+ 1:NEXT(82$); 

; 

;     Model statements for module:  BasicProcess.Record 7 

; 

82$           DELAY:         0.0,,Other:NEXT(737$); 

 

737$          TALLY:         Entity,0,1:NEXT(736$); 

 

736$          DELAY:         0.0,,Other:NEXT(79$); 

; 

;     Model statements for module:  BasicProcess.Dispose 9 (PM Dispose) 

; 

79$           ASSIGN:        PM Dispose.NumberOut=PM Dispose.NumberOut + 1; 

738$          DISPOSE:       Yes; 
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; 

;     Model statements for module:  BasicProcess.Decide 34 (Order Parts PM?) 

; 

80$           BRANCH,        1: 

                             If,InventoryPM <= ReorderPoints,739$,Yes: 

                             Else,740$,Yes; 

739$          ASSIGN:        Order Parts PM?.NumberOut True=Order Parts 

PM?.NumberOut True + 1:NEXT(81$); 

 

740$          ASSIGN:        Order Parts PM?.NumberOut False=Order Parts 

PM?.NumberOut False + 1:NEXT(84$); 

; 

;;     Model statements for module:  BasicProcess.Assign 96 (PM AM Demand) 

; 

104$          ASSIGN:        DemandPMAM=TRIA (0,1,2): 

                             TotalPMAM=TotalPMAM + 1:NEXT(111$); 

;     Model statements for module:  BasicProcess.Batch 9 (Batch Demand PMAM) 

; 

111$          QUEUE,         Batch Demand PMAM.Queue; 

741$          GROUP,         ,Temporary:1,Last,PMAM:NEXT(742$); 

 

742$          ASSIGN:        Batch Demand PMAM.NumberOut=Batch Demand 

PMAM.NumberOut + 1:NEXT(105$); 

; 

;     Model statements for module:  BasicProcess.Decide 58 (Check Inventory PM AM?) 

; 

105$          BRANCH,        1: 

                             If,InventoryPMAM >= DemandPMAM,743$,Yes: 

                             Else,744$,Yes; 

743$          ASSIGN:        Check Inventory PM AM?.NumberOut True=Check Inventory 

PM AM?.NumberOut True + 1:NEXT(106$); 

 

744$          ASSIGN:        Check Inventory PM AM?.NumberOut False=Check Inventory 

PM AM?.NumberOut False + 1:NEXT(108$); 

; 

;     Model statements for module:  BasicProcess.Assign 97 (Reduce Inventory PM AM) 

; 

106$          ASSIGN:        InventoryPMAM=InventoryPMAM - 

DemandPMAM:NEXT(114$); 
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;     Model statements for module:  BasicProcess.Process 14 (CM PM Step) 

; 

114$          ASSIGN:        CM PM Step.NumberIn=CM PM Step.NumberIn + 1: 

                             CM PM Step.WIP=CM PM Step.WIP+1; 

774$          STACK,         1:Save:NEXT(746$); 

 

746$          DELAY:         Triangular(.5,1,1.5),,VA:NEXT(755$); 

 

755$          TALLY:         CM PM Step.TotalTimePerEntity,Diff.StartTime,1; 

779$          ASSIGN:        CM PM Step.VATime=CM PM Step.VATime + Diff.VATime; 

780$          TALLY:         CM PM Step.VATimePerEntity,Diff.VATime,1; 

794$          STACK,         1:Destroy:NEXT(793$); 

793$          ASSIGN:        CM PM Step.NumberOut=CM PM Step.NumberOut + 1: 

                             CM PM Step.WIP=CM PM Step.WIP-1:NEXT(112$); 

; 

;     Model statements for module:  BasicProcess.Separate 8 (Separate PM AM) 

; 

112$          SPLIT::NEXT(796$); 

 

796$          ASSIGN:        Separate PM AM.NumberOut Orig=Separate PM 

AM.NumberOut Orig + 1:NEXT(110$); 

; 

;     Model statements for module:  BasicProcess.Record 9 

; 

110$          DELAY:         0.0,,Other:NEXT(800$); 

 

800$          TALLY:         Entity,0,1:NEXT(799$); 

 

799$          DELAY:         0.0,,Other:NEXT(107$); 

; 

;     Model statements for module:  BasicProcess.Dispose 13 (PM AM Dispose) 

; 

107$          ASSIGN:        PM AM Dispose.NumberOut=PM AM Dispose.NumberOut + 

1; 

801$          DISPOSE:       Yes; 

; 

;     Model statements for module:  BasicProcess.Decide 59 (Order Parts PM AM?) 

; 

108$          BRANCH,        1: 

                             If,InventoryPMAM <= ReorderPointsAM,802$,Yes: 

                             Else,803$,Yes; 

802$          ASSIGN:        Order Parts PM AM?.NumberOut True=Order Parts PM 

AM?.NumberOut True + 1:NEXT(109$); 
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803$          ASSIGN:        Order Parts PM AM?.NumberOut False=Order Parts PM 

AM?.NumberOut False + 1:NEXT(112$); 

; 

;     Model statements for module:  BasicProcess.Assign 101 (AM PM Hold) 

; 

113$          ASSIGN:        CheckPM=1:NEXT(112$); 

; 

;     Model statements for module:  BasicProcess.Create 21 (Replenishment Nozzle Guide 

Vane AM) 

; 

804$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(805$); 

 

805$          ASSIGN:        Replenishment Nozzle Guide Vane 

AM.NumberOut=Replenishment Nozzle Guide Vane AM.NumberOut + 1 

                             :NEXT(85$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 17 (Shall we order Nozzle 

Guide Vane AM?) 

; 

85$           QUEUE,         Shall we order Nozzle Guide Vane AM?.Queue; 

              SCAN:          OrderingNGVAM == 1:NEXT(87$); 

; 

;     Model statements for module:  BasicProcess.Process 10 (Ordering Step NGV AM) 

; 

87$           ASSIGN:        Ordering Step NGV AM.NumberIn=Ordering Step NGV 

AM.NumberIn + 1: 

                             Ordering Step NGV AM.WIP=Ordering Step NGV AM.WIP+1; 

837$          STACK,         1:Save:NEXT(811$); 

 

811$          QUEUE,         Ordering Step NGV AM.Queue; 

810$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(809$); 

 

809$          DELAY:         DaysToBaseTime(Triangular(8,9,10)),,Wait:NEXT(852$); 

 

852$          ASSIGN:        Ordering Step NGV AM.WaitTime=Ordering Step NGV 

AM.WaitTime + Diff.WaitTime; 

816$          TALLY:         Ordering Step NGV AM.WaitTimePerEntity,Diff.WaitTime,1; 

818$          TALLY:         Ordering Step NGV AM.TotalTimePerEntity,Diff.StartTime,1; 

808$          RELEASE:       OrderingProcess,1; 

857$          STACK,         1:Destroy:NEXT(856$); 
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856$          ASSIGN:        Ordering Step NGV AM.NumberOut=Ordering Step NGV 

AM.NumberOut + 1: 

                             Ordering Step NGV AM.WIP=Ordering Step NGV AM.WIP-

1:NEXT(88$); 

; 

;     Model statements for module:  BasicProcess.Assign 75 (Add Inventory NGV AM) 

; 

88$           ASSIGN:        InventoryNGVAM=InventoryNGVAM + BatchSizeNGVAM: 

                             ALD_NGV=ALD_NGV+ TRIA(8,9,10):NEXT(89$); 

; 

;     Model statements for module:  BasicProcess.Decide 35 (Check Target NGV AM?) 

; 

89$           BRANCH,        1: 

                             If,InventoryNGVAM >= TargetStocks,859$,Yes: 

                             Else,860$,Yes; 

859$          ASSIGN:        Check Target NGV AM?.NumberOut True=Check Target 

NGV AM?.NumberOut True + 1:NEXT(90$); 

 

860$          ASSIGN:        Check Target NGV AM?.NumberOut False=Check Target 

NGV AM?.NumberOut False + 1:NEXT(87$); 

;     Model statements for module:  BasicProcess.Assign 76 (Stop Ordering NGV AM) 

; 

90$           ASSIGN:        OrderingNGVAM=0:NEXT(85$); 

; 

;     Model statements for module:  BasicProcess.Create 22 (Service PM) 

; 

861$          CREATE,        

1,SecondstoBaseTime(0.0),CPM:SecondstoBaseTime(1),1:NEXT(862$); 

 

862$          ASSIGN:        Service PM.NumberOut=Service PM.NumberOut + 

1:NEXT(94$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 19 (PM Check?) 

; 

94$           QUEUE,         PM Check?.Queue; 

              SCAN:          CheckPM == 1:NEXT(92$); 

;     Model statements for module:  AdvancedProcess.Delay 1 (PM Service) 

; 

92$           DELAY:         3.00,,VA:NEXT(93$); 

; 

;     Model statements for module:  BasicProcess.Assign 78 (PM Release) 

; 

93$           ASSIGN:        CheckPM=0:NEXT(94$); 
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; 

;     Model statements for module:  BasicProcess.Create 30 (Replenishment AM3) 

; 

 

865$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(866$); 

 

866$          ASSIGN:        Replenishment AM3.NumberOut=Replenishment 

AM3.NumberOut + 1:NEXT(115$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 23 (Shall we order AM3?) 

; 

115$          QUEUE,         Shall we order AM3?.Queue; 

              SCAN:          OrderingAM3 == 1:NEXT(117$); 

; 

;     Model statements for module:  BasicProcess.Process 15 (Ordering Step AM3) 

; 

117$          ASSIGN:        Ordering Step AM3.NumberIn=Ordering Step AM3.NumberIn 

+ 1: 

                             Ordering Step AM3.WIP=Ordering Step AM3.WIP+1; 

898$          STACK,         1:Save:NEXT(872$); 

 

872$          QUEUE,         Ordering Step AM3.Queue; 

871$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(870$); 

 

870$          DELAY:         Triangular(10,15,18),,Wait; 

869$          RELEASE:       OrderingProcess,1; 

918$          STACK,         1:Destroy:NEXT(917$); 

 

917$          ASSIGN:        Ordering Step AM3.NumberOut=Ordering Step 

AM3.NumberOut + 1: 

                             Ordering Step AM3.WIP=Ordering Step AM3.WIP-1:NEXT(118$); 

; 

;     Model statements for module:  BasicProcess.Assign 102 (Add Inventory AM3) 

; 

118$          ASSIGN:         

                             OrderingAM3=InventoryAM3 + BatchSizeQ:NEXT(119$); 

;     Model statements for module:  BasicProcess.Decide 60 (Check Target AM3?) 

; 

119$          BRANCH,        1: 

                             If,InventoryAM3 >= TargetStocks,920$,Yes: 

                             Else,921$,Yes; 

920$          ASSIGN:        Check Target AM3?.NumberOut True=Check Target 

AM3?.NumberOut True + 1:NEXT(120$); 
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921$          ASSIGN:        Check Target AM3?.NumberOut False=Check Target 

AM3?.NumberOut False + 1:NEXT(117$); 

;    Model statements for module:  BasicProcess.Assign 103 (Stop Ordering AM3) 

; 

120$          ASSIGN:        OrderingAM3=0:NEXT(115$); 

;     Model statements for module:  BasicProcess.Create 31 (Replenishment Blade HPC 

AM) 

; 

922$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(923$); 

 

923$          ASSIGN:        Replenishment Blade HPC AM.NumberOut=Replenishment 

Blade HPC AM.NumberOut + 1:NEXT(121$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 24 (Shall we order Blade HPC 

AM?) 

; 

121$          QUEUE,         Shall we order Blade HPC AM?.Queue; 

              SCAN:          OrderingBHPCAM == 1:NEXT(123$); 

; 

;     Model statements for module:  BasicProcess.Process 16 (Ordering Step Blade HPC 

AM) 

; 

123$          ASSIGN:        Ordering Step Blade HPC AM.NumberIn=Ordering Step Blade 

HPC AM.NumberIn + 1: 

                             Ordering Step Blade HPC AM.WIP=Ordering Step Blade HPC 

AM.WIP+1; 

955$          STACK,         1:Save:NEXT(929$); 

 

929$          QUEUE,         Ordering Step Blade HPC AM.Queue; 

928$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(927$); 

 

927$          DELAY:         DaysToBaseTime(Triangular(4,5,6)),,Wait:NEXT(970$); 

 

970$          ASSIGN:        Ordering Step Blade HPC AM.WaitTime=Ordering Step Blade 

HPC AM.WaitTime + Diff.WaitTime; 

934$          TALLY:         Ordering Step Blade HPC 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

936$          TALLY:         Ordering Step Blade HPC 

AM.TotalTimePerEntity,Diff.StartTime,1; 

926$          RELEASE:       OrderingProcess,1; 

975$          STACK,         1:Destroy:NEXT(974$); 
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974$          ASSIGN:        Ordering Step Blade HPC AM.NumberOut=Ordering Step 

Blade HPC AM.NumberOut + 1: 

                             Ordering Step Blade HPC AM.WIP=Ordering Step Blade HPC 

AM.WIP-1:NEXT(124$); 

;     Model statements for module:  BasicProcess.Assign 104 (Add Inventory Blade HPC 

AM) 

; 

124$          ASSIGN:        InventoryBHPCAM=InventoryBHPCAM + 

BatchSizeBHPCAM: 

                             ALD_BHPC=ALD_BHPC+ TRIA(4,5,6):NEXT(125$); 

;     Model statements for module:  BasicProcess.Decide 61 (Check Target Blade HPC 

AM?) 

; 

125$          BRANCH,        1: 

                             If,InventoryBHPCAM >= TargetStocks,977$,Yes: 

                             Else,978$,Yes; 

977$          ASSIGN:        Check Target Blade HPC AM?.NumberOut True=Check 

Target Blade HPC AM?.NumberOut True + 1:NEXT(126$); 

 

978$          ASSIGN:        Check Target Blade HPC AM?.NumberOut False=Check 

Target Blade HPC AM?.NumberOut False + 1 

                             :NEXT(123$); 

;     Model statements for module:  BasicProcess.Assign 105 (Stop Ordering Blade HPC 

AM) 

; 

126$          ASSIGN:        OrderingBHPCAM=0:NEXT(121$); 

; 

;     Model statements for module:  BasicProcess.Create 32 (Replenishment Duct Segment 

AM) 

; 

979$          CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(980$); 

 

980$          ASSIGN:        Replenishment Duct Segment AM.NumberOut=Replenishment 

Duct Segment AM.NumberOut + 1:NEXT(127$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 25 (Shall we order Duct 

Segment AM?) 

; 

127$          QUEUE,         Shall we order Duct Segment AM?.Queue; 

              SCAN:          OrderingDSAM == 1:NEXT(129$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

; 

;     Model statements for module:  BasicProcess.Process 17 (Ordering Step Duct 

Segment AM) 

; 

129$          ASSIGN:        Ordering Step Duct Segment AM.NumberIn=Ordering Step 

Duct Segment AM.NumberIn + 1: 

                             Ordering Step Duct Segment AM.WIP=Ordering Step Duct Segment 

AM.WIP+1; 

1012$         STACK,         1:Save:NEXT(986$); 

 

986$          QUEUE,         Ordering Step Duct Segment AM.Queue; 

985$          SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(984$); 

 

984$          DELAY:         DaysToBaseTime(Triangular(10,11,15)),,Wait:NEXT(1027$); 

 

1027$         ASSIGN:        Ordering Step Duct Segment AM.WaitTime=Ordering Step 

Duct Segment AM.WaitTime + Diff.WaitTime; 

991$          TALLY:         Ordering Step Duct Segment 

AM.WaitTimePerEntity,Diff.WaitTime,1; 

993$          TALLY:         Ordering Step Duct Segment 

AM.TotalTimePerEntity,Diff.StartTime,1; 

983$          RELEASE:       OrderingProcess,1; 

1032$         STACK,         1:Destroy:NEXT(1031$); 

 

1031$         ASSIGN:        Ordering Step Duct Segment AM.NumberOut=Ordering Step 

Duct Segment AM.NumberOut + 1: 

                             Ordering Step Duct Segment AM.WIP=Ordering Step Duct Segment 

AM.WIP-1:NEXT(130$); 

;     Model statements for module:  BasicProcess.Assign 106 (Add Inventory Duct 

Segment AM) 

; 

130$          ASSIGN:        InventoryDSAM=InventoryDSAM + BatchSizeDSAM: 

                             ALD_DS=ALD_DS+ TRIA(10,11,15):NEXT(131$); 

; 

;     Model statements for module:  BasicProcess.Decide 62 (Check Target Duct Segment 

AM?) 

; 

131$          BRANCH,        1: 

                             If,InventoryDSAM >= TargetStocks,1034$,Yes: 

                             Else,1035$,Yes; 

1034$         ASSIGN:        Check Target Duct Segment AM?.NumberOut True=Check 

Target Duct Segment AM?.NumberOut True + 1 

                             :NEXT(132$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

1035$         ASSIGN:        Check Target Duct Segment AM?.NumberOut False=Check 

Target Duct Segment AM?.NumberOut False + 1 

                             :NEXT(129$); 

;     Model statements for module:  BasicProcess.Assign 107 (Stop Ordering Duct 

Segment AM) 

; 

132$          ASSIGN:        OrderingDSAM=0:NEXT(127$); 

;     Model statements for module:  BasicProcess.Create 33 (Replenishment PM AM) 

; 

1036$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1037$); 

 

1037$         ASSIGN:        Replenishment PM AM.NumberOut=Replenishment PM 

AM.NumberOut + 1:NEXT(133$); 

;     Model statements for module:  AdvancedProcess.Hold 26 (Shall we order PM AM?) 

; 

133$          QUEUE,         Shall we order PM AM?.Queue; 

              SCAN:          OrderingPMAM == 1:NEXT(135$); 

;     Model statements for module:  BasicProcess.Process 18 (Ordering Step PM AM) 

; 

135$          ASSIGN:        Ordering Step PM AM.NumberIn=Ordering Step PM 

AM.NumberIn + 1: 

                             Ordering Step PM AM.WIP=Ordering Step PM AM.WIP+1; 

1069$         STACK,         1:Save:NEXT(1043$); 

 

1043$         QUEUE,         Ordering Step PM AM.Queue; 

1042$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1041$); 

 

1041$         DELAY:         672,,Wait:NEXT(1084$); 

 

1084$         ASSIGN:        Ordering Step PM AM.WaitTime=Ordering Step PM 

AM.WaitTime + Diff.WaitTime; 

1048$         TALLY:         Ordering Step PM AM.WaitTimePerEntity,Diff.WaitTime,1; 

1050$         TALLY:         Ordering Step PM AM.TotalTimePerEntity,Diff.StartTime,1; 

1040$         RELEASE:       OrderingProcess,1; 

1089$         STACK,         1:Destroy:NEXT(1088$); 

 

1088$         ASSIGN:        Ordering Step PM AM.NumberOut=Ordering Step PM 

AM.NumberOut + 1: 

                             Ordering Step PM AM.WIP=Ordering Step PM AM.WIP-

1:NEXT(136$); 
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; 

;     Model statements for module:  BasicProcess.Assign 108 (Add Inventory PM AM) 

; 

136$          ASSIGN:        ALD_PM=ALD_PM+ 2230.843151* 

GAMM(1,1.960271):NEXT(137$); 

; 

;     Model statements for module:  BasicProcess.Decide 63 (Check Target PM AM?) 

; 

137$          BRANCH,        1: 

                             If,InventoryPMAM >= TargetStocks,1091$,Yes: 

                             Else,1092$,Yes; 

1091$         ASSIGN:        Check Target PM AM?.NumberOut True=Check Target PM 

AM?.NumberOut True + 1:NEXT(138$); 

 

1092$         ASSIGN:        Check Target PM AM?.NumberOut False=Check Target PM 

AM?.NumberOut False + 1:NEXT(135$); 

; 

;     Model statements for module:  BasicProcess.Assign 109 (Stop Ordering PM AM) 

; 

138$          ASSIGN:        OrderingPMAM=0:NEXT(133$); 

; 

;     Model statements for module:  BasicProcess.Create 34 (Replenishment Stators) 

; 

1093$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1094$); 

 

1094$         ASSIGN:        Replenishment Stators.NumberOut=Replenishment 

Stators.NumberOut + 1:NEXT(139$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 27 (Shall we order Stators?) 

; 

139$          QUEUE,         Shall we order Stators?.Queue; 

              SCAN:          OrderingStators == 1:NEXT(141$); 

; 

;     Model statements for module:  BasicProcess.Process 19 (Ordering Step Stators) 

; 

141$          ASSIGN:        Ordering Step Stators.NumberIn=Ordering Step 

Stators.NumberIn + 1: 

                             Ordering Step Stators.WIP=Ordering Step Stators.WIP+1; 

1126$         STACK,         1:Save:NEXT(1100$); 

 

1100$         QUEUE,         Ordering Step Stators.Queue; 

1099$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1098$); 
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1098$         DELAY:         

DaysToBaseTime(Triangular(200,230,250)),,Wait:NEXT(1141$); 

 

1141$         ASSIGN:        Ordering Step Stators.WaitTime=Ordering Step 

Stators.WaitTime + Diff.WaitTime; 

1105$         TALLY:         Ordering Step Stators.WaitTimePerEntity,Diff.WaitTime,1; 

1107$         TALLY:         Ordering Step Stators.TotalTimePerEntity,Diff.StartTime,1; 

1097$         RELEASE:       OrderingProcess,1; 

1146$         STACK,         1:Destroy:NEXT(1145$); 

1145$         ASSIGN:        Ordering Step Stators.NumberOut=Ordering Step 

Stators.NumberOut + 1: 

                             Ordering Step Stators.WIP=Ordering Step Stators.WIP-

1:NEXT(142$); 

; 

;     Model statements for module:  BasicProcess.Assign 110 (Add Inventory Stators) 

; 

142$          ASSIGN:        TLD_S=TLD_S+ TRIA(200,230,250):NEXT(143$); 

; 

;     Model statements for module:  BasicProcess.Decide 64 (Check Target Stators?) 

; 

143$          BRANCH,        1: 

                             If,InventoryStators >= TargetStockS,1148$,Yes: 

                             Else,1149$,Yes; 

1148$         ASSIGN:        Check Target Stators?.NumberOut True=Check Target 

Stators?.NumberOut True + 1:NEXT(144$); 

 

1149$         ASSIGN:        Check Target Stators?.NumberOut False=Check Target 

Stators?.NumberOut False + 1:NEXT(141$); 

;     Model statements for module:  BasicProcess.Assign 111 (Stop Ordering Stators) 

; 

144$          ASSIGN:        OrderingStators=0:NEXT(139$); 

; 

;     Model statements for module:  BasicProcess.Create 35 (Replenishment Blades) 

1150$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1151$); 

 

1151$         ASSIGN:        Replenishment Blades.NumberOut=Replenishment 

Blades.NumberOut + 1:NEXT(145$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 28 (Shall we order Blades?) 

; 

145$          QUEUE,         Shall we order Blades?.Queue; 

              SCAN:          OrderingBlades == 1:NEXT(147$); 
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; 

;     Model statements for module:  BasicProcess.Process 20 (Ordering Step Blades) 

; 

147$          ASSIGN:        Ordering Step Blades.NumberIn=Ordering Step 

Blades.NumberIn + 1: 

                             Ordering Step Blades.WIP=Ordering Step Blades.WIP+1; 

1183$         STACK,         1:Save:NEXT(1157$); 

 

1157$         QUEUE,         Ordering Step Blades.Queue; 

1156$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1155$); 

 

1155$         DELAY:         DaysToBaseTime(Triangular(50,60,70)),,Wait:NEXT(1198$); 

 

1198$         ASSIGN:        Ordering Step Blades.WaitTime=Ordering Step 

Blades.WaitTime + Diff.WaitTime; 

1162$         TALLY:         Ordering Step Blades.WaitTimePerEntity,Diff.WaitTime,1; 

1164$         TALLY:         Ordering Step Blades.TotalTimePerEntity,Diff.StartTime,1; 

1154$         RELEASE:       OrderingProcess,1; 

1203$         STACK,         1:Destroy:NEXT(1202$); 

 

1202$         ASSIGN:        Ordering Step Blades.NumberOut=Ordering Step 

Blades.NumberOut + 1: 

                             Ordering Step Blades.WIP=Ordering Step Blades.WIP-1:NEXT(148$); 

; 

;     Model statements for module:  BasicProcess.Assign 112 (Add Inventory Blades) 

; 

148$          ASSIGN:        TLD_B=TLD_B+ TRIA(50,60,70): 

                  InventoryBlades=InventoryBlades + BatchSizeQ:NEXT(149$); 

; 

;     Model statements for module:  BasicProcess.Decide 65 (Check Target Blades?) 

; 

149$          BRANCH,        1: 

                             If,InventoryBlades >= TargetStocks,1205$,Yes: 

                             Else,1206$,Yes; 

1205$         ASSIGN:        Check Target Blades?.NumberOut True=Check Target 

Blades?.NumberOut True + 1:NEXT(150$); 

 

1206$         ASSIGN:        Check Target Blades?.NumberOut False=Check Target 

Blades?.NumberOut False + 1:NEXT(147$); 

;     Model statements for module:  BasicProcess.Assign 113 (Stop Ordering Blades) 

; 

150$          ASSIGN:        OrderingBlades=0:NEXT(145$); 
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;     Model statements for module:  BasicProcess.Create 36 (Replenishment Inlet Guide 

Vane) 

; 

1207$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1208$); 

 

1208$         ASSIGN:        Replenishment Inlet Guide Vane.NumberOut=Replenishment 

Inlet Guide Vane.NumberOut + 1:NEXT(151$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 29 (Shall we order Inlet Guide 

Vane?) 

; 

151$          QUEUE,         Shall we order Inlet Guide Vane?.Queue; 

              SCAN:          OrderingIGV == 1:NEXT(153$); 

;     Model statements for module:  BasicProcess.Process 21 (Ordering Step Inlet Guide 

Vane) 

; 

153$          ASSIGN:        Ordering Step Inlet Guide Vane.NumberIn=Ordering Step Inlet 

Guide Vane.NumberIn + 1: 

                             Ordering Step Inlet Guide Vane.WIP=Ordering Step Inlet Guide 

Vane.WIP+1; 

1240$         STACK,         1:Save:NEXT(1214$); 

 

1214$         QUEUE,         Ordering Step Inlet Guide Vane.Queue; 

1213$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1212$); 

 

1212$         DELAY:         

DaysToBaseTime(Triangular(80,100,120)),,Wait:NEXT(1255$); 

 

1255$         ASSIGN:        Ordering Step Inlet Guide Vane.WaitTime=Ordering Step 

Inlet Guide Vane.WaitTime + Diff.WaitTime; 

1219$         TALLY:         Ordering Step Inlet Guide 

Vane.WaitTimePerEntity,Diff.WaitTime,1; 

1221$         TALLY:         Ordering Step Inlet Guide 

Vane.TotalTimePerEntity,Diff.StartTime,1; 

1211$         RELEASE:       OrderingProcess,1; 

1260$         STACK,         1:Destroy:NEXT(1259$); 

 

1259$         ASSIGN:        Ordering Step Inlet Guide Vane.NumberOut=Ordering Step 

Inlet Guide Vane.NumberOut + 1: 

                             Ordering Step Inlet Guide Vane.WIP=Ordering Step Inlet Guide 

Vane.WIP-1:NEXT(154$); 
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; 

;     Model statements for module:  BasicProcess.Assign 114 (Add Inventory Inlet Guide 

Vane) 

; 

154$          ASSIGN:        TLD_IGV=TLD_IGV+ TRIA(80,100,120): 

                             InventoryIGV=InventoryIGV + BatchSizeQ:NEXT(155$); 

; 

;     Model statements for module:  BasicProcess.Decide 66 (Check Target Inlet Guide 

Vane?) 

; 

155$          BRANCH,        1: 

                             If,InventoryIGV >= TargetStocks,1262$,Yes: 

                             Else,1263$,Yes; 

1262$         ASSIGN:        Check Target Inlet Guide Vane?.NumberOut True=Check 

Target Inlet Guide Vane?.NumberOut True + 1 

                             :NEXT(156$); 

 

1263$         ASSIGN:        Check Target Inlet Guide Vane?.NumberOut False=Check 

Target Inlet Guide Vane?.NumberOut False + 1 

                             :NEXT(153$); 

 

;     Model statements for module:  BasicProcess.Assign 115 (Stop Ordering Inlet Guide 

Vane) 

; 

156$          ASSIGN:        OrderingIGV=0:NEXT(151$); 

;     Model statements for module:  BasicProcess.Create 37 (Replenishment Vane 

Assembly) 

; 

1264$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1265$); 

 

1265$         ASSIGN:        Replenishment Vane Assembly.NumberOut=Replenishment 

Vane Assembly.NumberOut + 1:NEXT(157$); 

;     Model statements for module:  AdvancedProcess.Hold 30 (Shall we order Vane 

Assembly?) 

; 

157$          QUEUE,         Shall we order Vane Assembly?.Queue; 

              SCAN:          OrderingVA == 1:NEXT(159$); 

; 

;     Model statements for module:  BasicProcess.Process 22 (Ordering Step Vane 

Assembly) 

; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

159$          ASSIGN:        Ordering Step Vane Assembly.NumberIn=Ordering Step Vane 

Assembly.NumberIn + 1: 

                             Ordering Step Vane Assembly.WIP=Ordering Step Vane 

Assembly.WIP+1; 

1297$         STACK,         1:Save:NEXT(1271$); 

 

1271$         QUEUE,         Ordering Step Vane Assembly.Queue; 

1270$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1269$); 

 

1269$         DELAY:         DaysToBaseTime(Triangular(15,20,30)),,Wait:NEXT(1312$); 

 

1312$         ASSIGN:        Ordering Step Vane Assembly.WaitTime=Ordering Step Vane 

Assembly.WaitTime + Diff.WaitTime; 

1276$         TALLY:         Ordering Step Vane 

Assembly.WaitTimePerEntity,Diff.WaitTime,1; 

1278$         TALLY:         Ordering Step Vane 

Assembly.TotalTimePerEntity,Diff.StartTime,1; 

1268$         RELEASE:       OrderingProcess,1; 

1317$         STACK,         1:Destroy:NEXT(1316$); 

 

1316$         ASSIGN:        Ordering Step Vane Assembly.NumberOut=Ordering Step 

Vane Assembly.NumberOut + 1: 

                             Ordering Step Vane Assembly.WIP=Ordering Step Vane 

Assembly.WIP-1:NEXT(160$); 

;     Model statements for module:  BasicProcess.Assign 116 (Add Inventory Vane 

Assembly) 

; 

160$          ASSIGN:        TLD_VA=TLD_VA+ TRIA(15,20,30): 

                                          InventoryVA=InventoryVA + BatchSizeQ:NEXT(161$); 

;     Model statements for module:  BasicProcess.Decide 67 (Check Target Vane 

Assembly?) 

; 

161$          BRANCH,        1: 

                             If,InventoryVA >= TargetStocks,1319$,Yes: 

                             Else,1320$,Yes; 

1319$         ASSIGN:        Check Target Vane Assembly?.NumberOut True=Check 

Target Vane Assembly?.NumberOut True + 1 

                             :NEXT(162$); 

 

1320$         ASSIGN:        Check Target Vane Assembly?.NumberOut False=Check 

Target Vane Assembly?.NumberOut False + 1 

                             :NEXT(159$); 
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; 

;     Model statements for module:  BasicProcess.Assign 117 (Stop Ordering Vane 

Assembly) 

; 

162$          ASSIGN:        OrderingVA=0:NEXT(157$); 

;     Model statements for module:  BasicProcess.Create 38 (Replenishment Blade HPT) 

1321$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1322$); 

 

1322$         ASSIGN:        Replenishment Blade HPT.NumberOut=Replenishment Blade 

HPT.NumberOut + 1:NEXT(163$); 

;     Model statements for module:  AdvancedProcess.Hold 31 (Shall we order Blade 

HPT?) 

; 

163$          QUEUE,         Shall we order Blade HPT?.Queue; 

              SCAN:          OrderingBHPT == 1:NEXT(165$); 

; 

;     Model statements for module:  BasicProcess.Process 23 (Ordering Step Blade HPT) 

; 

165$          ASSIGN:        Ordering Step Blade HPT.NumberIn=Ordering Step Blade 

HPT.NumberIn + 1: 

                             Ordering Step Blade HPT.WIP=Ordering Step Blade HPT.WIP+1; 

1354$         STACK,         1:Save:NEXT(1328$); 

 

1328$         QUEUE,         Ordering Step Blade HPT.Queue; 

1327$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1326$); 

 

1326$         DELAY:         DaysToBaseTime(Triangular(50,60,70)),,Wait:NEXT(1369$); 

 

1369$         ASSIGN:        Ordering Step Blade HPT.WaitTime=Ordering Step Blade 

HPT.WaitTime + Diff.WaitTime; 

1333$         TALLY:         Ordering Step Blade 

HPT.WaitTimePerEntity,Diff.WaitTime,1; 

1335$         TALLY:         Ordering Step Blade 

HPT.TotalTimePerEntity,Diff.StartTime,1; 

1325$         RELEASE:       OrderingProcess,1; 

1374$         STACK,         1:Destroy:NEXT(1373$); 

 

1373$         ASSIGN:        Ordering Step Blade HPT.NumberOut=Ordering Step Blade 

HPT.NumberOut + 1: 

                             Ordering Step Blade HPT.WIP=Ordering Step Blade HPT.WIP-

1:NEXT(166$); 
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; 

;     Model statements for module:  BasicProcess.Assign 118 (Add Inventory Blade HPT) 

; 

166$          ASSIGN:        TLD_BHPT=TLD_BHPT+ TRIA(50,60,70): 

                             InventoryBHPT=InventoryBHPT + BatchSizeQ:NEXT(167$); 

;     Model statements for module:  BasicProcess.Decide 68 (Check Target Blade HPT?) 

; 

167$          BRANCH,        1: 

                             If,InventoryBHPT >= TargetStocks,1376$,Yes: 

                             Else,1377$,Yes; 

1376$         ASSIGN:        Check Target Blade HPT?.NumberOut True=Check Target 

Blade HPT?.NumberOut True + 1:NEXT(168$); 

 

1377$         ASSIGN:        Check Target Blade HPT?.NumberOut False=Check Target 

Blade HPT?.NumberOut False + 1:NEXT(165$); 

;     Model statements for module:  BasicProcess.Assign 119 (Stop Ordering Blade HPT) 

; 

168$          ASSIGN:        OrderingBHPT=0:NEXT(163$); 

;     Model statements for module:  BasicProcess.Create 39 (Replenishment DD) 

1378$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1379$); 

 

1379$         ASSIGN:        Replenishment DD.NumberOut=Replenishment 

DD.NumberOut + 1:NEXT(169$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 32 (Shall we order DD?) 

; 

169$          QUEUE,         Shall we order DD?.Queue; 

              SCAN:          OrderingDD == 1:NEXT(171$); 

; 

;     Model statements for module:  BasicProcess.Process 24 (Ordering Step DD) 

; 

171$          ASSIGN:        Ordering Step DD.NumberIn=Ordering Step DD.NumberIn + 

1: 

                             Ordering Step DD.WIP=Ordering Step DD.WIP+1; 

1411$         STACK,         1:Save:NEXT(1385$); 

 

1385$         QUEUE,         Ordering Step DD.Queue; 

1384$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1383$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

1383$         DELAY:         DaysToBaseTime(Triangular(40,50,60)),,Wait:NEXT(1426$); 

 

1426$         ASSIGN:        Ordering Step DD.WaitTime=Ordering Step DD.WaitTime + 

Diff.WaitTime; 

1390$         TALLY:         Ordering Step DD.WaitTimePerEntity,Diff.WaitTime,1; 

1382$         RELEASE:       OrderingProcess,1; 

1431$         STACK,         1:Destroy:NEXT(1430$); 

1430$         ASSIGN:        Ordering Step DD.NumberOut=Ordering Step DD.NumberOut 

+ 1: 

                             Ordering Step DD.WIP=Ordering Step DD.WIP-1:NEXT(172$); 

; 

;     Model statements for module:  BasicProcess.Assign 120 (Add Inventory DD) 

; 

172$          ASSIGN:        TLD_DD=TLD_DD+ TRIA(40,50,60): 

                             InventoryDD=InventoryDD + BatchSizeQ:NEXT(173$); 

; 

;     Model statements for module:  BasicProcess.Decide 69 (Check Target DD?) 

; 

173$          BRANCH,        1: 

                             If,InventoryDD >= TargetStocks,1433$,Yes: 

                             Else,1434$,Yes; 

1433$         ASSIGN:        Check Target DD?.NumberOut True=Check Target 

DD?.NumberOut True + 1:NEXT(174$); 

 

1434$         ASSIGN:        Check Target DD?.NumberOut False=Check Target 

DD?.NumberOut False + 1:NEXT(171$); 

; 

;     Model statements for module:  BasicProcess.Assign 121 (Stop Ordering DD) 

; 

174$          ASSIGN:        OrderingDD=0:NEXT(169$); 

;     Model statements for module:  BasicProcess.Create 42 (Replenishment Nozzle Guide 

Vane) 

; 

1435$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1436$); 

1436$         ASSIGN:        Replenishment Nozzle Guide 

Vane.NumberOut=Replenishment Nozzle Guide Vane.NumberOut + 1:NEXT(175$); 

;     Model statements for module:  AdvancedProcess.Hold 35 (Shall we order Nozzle 

Guide Vane?) 

; 

175$          QUEUE,         Shall we order Nozzle Guide Vane?.Queue; 

              SCAN:          OrderingNGV == 1:NEXT(177$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

;     Model statements for module:  BasicProcess.Process 27 (Ordering Step NGV) 

; 

177$          ASSIGN:        Ordering Step NGV.NumberIn=Ordering Step NGV.NumberIn 

+ 1: 

                             Ordering Step NGV.WIP=Ordering Step NGV.WIP+1; 

1468$         STACK,         1:Save:NEXT(1442$); 

1442$         QUEUE,         Ordering Step NGV.Queue; 

1441$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1440$); 

1440$         DELAY:         

DaysToBaseTime(Triangular(110,140,230)),,Wait:NEXT(1483$); 

 

1483$         ASSIGN:        Ordering Step NGV.WaitTime=Ordering Step NGV.WaitTime 

+ Diff.WaitTime; 

1447$         TALLY:         Ordering Step NGV.WaitTimePerEntity,Diff.WaitTime,1; 

1449$         TALLY:         Ordering Step NGV.TotalTimePerEntity,Diff.StartTime,1; 

1439$         RELEASE:       OrderingProcess,1; 

1488$         STACK,         1:Destroy:NEXT(1487$); 

1487$         ASSIGN:        Ordering Step NGV.NumberOut=Ordering Step 

NGV.NumberOut + 1: 

                             Ordering Step NGV.WIP=Ordering Step NGV.WIP-1:NEXT(178$); 

;     Model statements for module:  BasicProcess.Assign 126 (Add Inventory NGV) 

; 

178$          ASSIGN:        TLD_NGV=TLD_NGV+ TRIA(110,140,230): 

                             InventoryNGV=InventoryNGV + BatchSizeQ:NEXT(179$); 

; 

;     Model statements for module:  BasicProcess.Decide 72 (Check Target NGV?) 

; 

179$          BRANCH,        1: 

                             If,InventoryNGV >= TargetStocks,1490$,Yes: 

                             Else,1491$,Yes; 

1490$         ASSIGN:        Check Target NGV?.NumberOut True=Check Target 

NGV?.NumberOut True + 1:NEXT(180$); 

 

1491$         ASSIGN:        Check Target NGV?.NumberOut False=Check Target 

NGV?.NumberOut False + 1:NEXT(177$); 

; 

;     Model statements for module:  BasicProcess.Assign 127 (Stop Ordering NGV) 

; 

180$          ASSIGN:        OrderingNGV=0:NEXT(175$); 

;     Model statements for module:  BasicProcess.Create 43 (Replenishment Blade HPC) 

; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

1492$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1493$); 

 

1493$         ASSIGN:        Replenishment Blade HPC.NumberOut=Replenishment Blade 

HPC.NumberOut + 1:NEXT(181$); 

;     Model statements for module:  AdvancedProcess.Hold 36 (Shall we order Blade 

HPC?) 

; 

181$          QUEUE,         Shall we order Blade HPC?.Queue; 

              SCAN:          OrderingBHPC == 1:NEXT(183$); 

;     Model statements for module:  BasicProcess.Process 28 (Ordering Step Blade HPC) 

; 

183$          ASSIGN:        Ordering Step Blade HPC.NumberIn=Ordering Step Blade 

HPC.NumberIn + 1: 

                             Ordering Step Blade HPC.WIP=Ordering Step Blade HPC.WIP+1; 

1525$         STACK,         1:Save:NEXT(1499$); 

 

1499$         QUEUE,         Ordering Step Blade HPC.Queue; 

1498$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1497$); 

1497$         DELAY:         DaysToBaseTime(Triangular(50,60,70)),,Wait:NEXT(1540$); 

1540$         ASSIGN:        Ordering Step Blade HPC.WaitTime=Ordering Step Blade 

HPC.WaitTime + Diff.WaitTime; 

1504$         TALLY:         Ordering Step Blade 

HPC.WaitTimePerEntity,Diff.WaitTime,1; 

1506$         TALLY:         Ordering Step Blade 

HPC.TotalTimePerEntity,Diff.StartTime,1; 

1496$         RELEASE:       OrderingProcess,1; 

1545$         STACK,         1:Destroy:NEXT(1544$); 

1544$         ASSIGN:        Ordering Step Blade HPC.NumberOut=Ordering Step Blade 

HPC.NumberOut + 1: 

                             Ordering Step Blade HPC.WIP=Ordering Step Blade HPC.WIP-

1:NEXT(184$); 

;     Model statements for module:  BasicProcess.Assign 128 (Add Inventory Blade HPC) 

; 

184$          ASSIGN:        TLD_BHPC=TLD_BHPC+ TRIA(50,60,70): 

                  InventoryBHPC=InventoryBHPC + BatchSizeQ:NEXT(185$); 

;     Model statements for module:  BasicProcess.Decide 73 (Check Target Blade HPC?) 

; 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

185$          BRANCH,        1: 

                             If,InventoryBHPC >= TargetStocks,1547$,Yes: 

                             Else,1548$,Yes; 

1547$         ASSIGN:        Check Target Blade HPC?.NumberOut True=Check Target 

Blade HPC?.NumberOut True + 1:NEXT(186$); 

 

1548$         ASSIGN:        Check Target Blade HPC?.NumberOut False=Check Target 

Blade HPC?.NumberOut False + 1:NEXT(183$); 

; 

;     Model statements for module:  BasicProcess.Assign 129 (Stop Ordering Blade HPC) 

; 

186$          ASSIGN:        OrderingBHPC=0:NEXT(181$); 

;     Model statements for module:  BasicProcess.Create 44 (Replenishment Duct 

Segment) 

; 

1549$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1550$); 

 

1550$         ASSIGN:        Replenishment Duct Segment.NumberOut=Replenishment 

Duct Segment.NumberOut + 1:NEXT(187$); 

; 

;     Model statements for module:  AdvancedProcess.Hold 37 (Shall we order Duct 

Segment?) 

; 

187$          QUEUE,         Shall we order Duct Segment?.Queue; 

              SCAN:          OrderingDS == 1:NEXT(189$); 

; 

;     Model statements for module:  BasicProcess.Process 29 (Ordering Step Duct 

Segment) 

; 

189$          ASSIGN:        Ordering Step Duct Segment.NumberIn=Ordering Step Duct 

Segment.NumberIn + 1: 

                             Ordering Step Duct Segment.WIP=Ordering Step Duct 

Segment.WIP+1; 

1582$         STACK,         1:Save:NEXT(1556$); 

 

1556$         QUEUE,         Ordering Step Duct Segment.Queue; 

1555$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1554$); 

 

1554$         DELAY:         DaysToBaseTime(Triangular(50,60,95)),,Wait:NEXT(1597$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

1597$         ASSIGN:        Ordering Step Duct Segment.WaitTime=Ordering Step Duct 

Segment.WaitTime + Diff.WaitTime; 

1561$         TALLY:         Ordering Step Duct 

Segment.WaitTimePerEntity,Diff.WaitTime,1; 

1563$         TALLY:         Ordering Step Duct 

Segment.TotalTimePerEntity,Diff.StartTime,1; 

1553$         RELEASE:       OrderingProcess,1; 

1602$         STACK,         1:Destroy:NEXT(1601$); 

1601$         ASSIGN:        Ordering Step Duct Segment.NumberOut=Ordering Step Duct 

Segment.NumberOut + 1: 

                             Ordering Step Duct Segment.WIP=Ordering Step Duct Segment.WIP-

1:NEXT(190$); 

;     Model statements for module:  BasicProcess.Assign 130 (Add Inventory Duct 

Segment) 

; 

190$          ASSIGN:        TLD_DS=TLD_DS+ TRIA(50,60,95): 

                  InventoryDS=InventoryDS + BatchSizeQ:NEXT(191$); 

;     Model statements for module:  BasicProcess.Decide 74 (Check Target Duct 

Segment?) 

; 

191$          BRANCH,        1: 

                             If,InventoryDS >= TargetStocks,1604$,Yes: 

                             Else,1605$,Yes; 

1604$         ASSIGN:        Check Target Duct Segment?.NumberOut True=Check Target 

Duct Segment?.NumberOut True + 1:NEXT(192$); 

 

1605$         ASSIGN:        Check Target Duct Segment?.NumberOut False=Check Target 

Duct Segment?.NumberOut False + 1 

                             :NEXT(189$); 

;     Model statements for module:  BasicProcess.Assign 131 (Stop Ordering Duct 

Segment) 

; 

192$          ASSIGN:        OrderingDS=0:NEXT(187$); 

;     Model statements for module:  BasicProcess.Create 45 (Replenishment PM) 

; 

1606$         CREATE,        

1,SecondstoBaseTime(0.0),Replenish:SecondstoBaseTime(1),1:NEXT(1607$); 

 

1607$         ASSIGN:        Replenishment PM.NumberOut=Replenishment 

PM.NumberOut + 1:NEXT(193$); 
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Appendix F continued: Spare Parts Model for AM Arena Simulation SIMAN code 

 

;     Model statements for module:  AdvancedProcess.Hold 38 (Shall we order PM?) 

; 

193$          QUEUE,         Shall we order PM?.Queue; 

              SCAN:          OrderingPM == 1:NEXT(195$); 

;     Model statements for module:  BasicProcess.Process 30 (Ordering Step PM) 

; 

195$          ASSIGN:        Ordering Step PM.NumberIn=Ordering Step PM.NumberIn + 

1: 

                             Ordering Step PM.WIP=Ordering Step PM.WIP+1; 

1639$         STACK,         1:Save:NEXT(1613$); 

1613$         QUEUE,         Ordering Step PM.Queue; 

1612$         SEIZE,         2,Wait: 

                             OrderingProcess,1:NEXT(1611$); 

1611$         DELAY:         DaysToBaseTime(2230.843151* 

GAMM(1,1.960271)),,Wait:NEXT(1654$); 

 

1654$         ASSIGN:        Ordering Step PM.WaitTime=Ordering Step PM.WaitTime + 

Diff.WaitTime; 

1618$         TALLY:         Ordering Step PM.WaitTimePerEntity,Diff.WaitTime,1; 

1620$         TALLY:         Ordering Step PM.TotalTimePerEntity,Diff.StartTime,1; 

1610$         RELEASE:       OrderingProcess,1; 

1659$         STACK,         1:Destroy:NEXT(1658$); 

1658$         ASSIGN:        Ordering Step PM.NumberOut=Ordering Step PM.NumberOut 

+ 1: 

                             Ordering Step PM.WIP=Ordering Step PM.WIP-1:NEXT(196$); 

;     Model statements for module:  BasicProcess.Assign 132 (Add Inventory PM) 

; 

196$          ASSIGN:        TLD_PM=TLD_PM+ 2230.843151* GAMM(1,1.960271): 

                             InventoryPM=InventoryPM + BatchSizeQ:NEXT(197$); 

;     Model statements for module:  BasicProcess.Decide 75 (Check Target PM?) 

; 

197$          BRANCH,        1: 

                             If,InventoryPM >= TargetStocks,1661$,Yes: 

                             Else,1662$,Yes; 

1661$         ASSIGN:        Check Target PM?.NumberOut True=Check Target 

PM?.NumberOut True + 1:NEXT(198$); 

 

1662$         ASSIGN:        Check Target PM?.NumberOut False=Check Target 

PM?.NumberOut False + 1:NEXT(195$); 

;     Model statements for module:  BasicProcess.Assign 133 (Stop Ordering PM) 

; 

198$          ASSIGN:        OrderingPM=0:NEXT(193$); 

 


