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1. [bookmark: _Toc75016474]Introduction
Due to increasing competition in an already saturated industry; manufacturers are having to innovate new ways to reduce costs while maintaining product quality and volume. Over the past 35 years Six Sigma has established itself as a key part of the design process (Schroeder et al., 2008). The primary goals of Six Sigma are to increase the product quality both individually and by decreasing the defect number, per number of opportunities for a defect, and to reduce the product development and manufacturing costs. 
There are a number of targeted tools used during the implementation of Six Sigma such as design for manufacture and design for assembly. These tools are used to simplify the design and reduce the opportunities for defects to occur. These tools will be discussed in section 7
The objective of this report is to use Six Sigma principles during the development of a prototype design for a vaccine transportation system with the aim to proactively improve product Quality, minimise the defect rates and reduce costs if the prototype is placed into production.


2. [bookmark: _Toc75016475]Six Sigma in the Design Process
There are two primary approaches to the use of Six Sigma in the design process the first is the DMAIC process and the second is the DMADV process. The DMAIC process is generally applied to an existing product or process focussing on defect/problem control and elimination. The DMADV process however, is used when applying Six Sigma principles to a new design or process focussing on defect or problem prevention(Sokovic, Pavletic and Kern Pipan, 2010a). This section will discuss the background of Six Sigma including the methodologies above and which techniques were used in the design process for the vaccine transportation system.
2.1. [bookmark: _Toc75016476] DMAIC
DMAIC (define, measure, analyse, improve, and control) is used to improve existing processes that are not meeting performance standards or customer expectations. DMAIC is a data driven, life cycle approach to the implementation of Six Sigma in the design process and acts as a continuous improvement tool. The DMAIC process breaks down into the five sections listed above these are detailed below.
· DEFINE Phase
· Define the project aims and customer requirements (internal and external).
· Why is the project needed?
· What is the scope of the project?
· What are the internal customer requirements?
· What are the external customer requirements?
· MEASURE Phase
· Measure the product or process to determine current performance.
· What are the key metrics associated with the project?
· Can these metrics be measured, and can they be used to analyse the performance and determine the root cause of the problem?
· ANALYSE Phase
· Analyse and determine the root causes of defects.
· Can the defects or problems with the product or process be identified?
· Can the root cause of these defects be identified?
· Can these causes be improved to reduce the defect rate?
· IMPROVEMENT Phase
· Improve the process by eliminating defect root causes.
· What are the prioritised tasks to improve the process?
· Are these changes improving the results?
· Are these changes negatively impacting another process?
· CONTROL Phase
· Control the future process performance.
· Has the project been controlled? (risks, scope, schedule and costs)
· Is the new process sustainable?
· Move on to the next process or problem.
(Sokovic, Pavletic and Kern Pipan, 2010a)
The DMAIC process has the advantage that it is data driven from start to finish enabling clear identification of any improvements made by the project. The DMAIC approach also provides structure for the analysis and improvement of more complex problems or processes. However, the main disadvantage of the DMAIC process is that it requires a definable /measurable element prior to the project. If the process or product cannot be defined or measured, then the DMAIC approach cannot be utilised to improve or sustain the quality(Pavletic and Sokovic, 2002).
2.2. [bookmark: _Toc75016477] DMADV
[bookmark: _Hlk74076276]DMADV (define, measurement criteria, analyse, design, verify) is applies in a similar way to DMAIC however, DMADV is applied to new products or processes that are not compatible with the DMAIC approach. DMADV is similar to the DMAIC approach in the first three steps other than the measurement of the process step is replaced with a step aimed at creating a measurement criteria for the new product or process. The DMADV process: approach breakdown is detailed below.
· DEFINE Phase
· Define the goals of the activity.
· Project rationale and scope
· What does the customer require?
· What does the customer want?
· What are the goals of the company?
· Determine critical to quality characteristics (CTQ)
· MEASUREMENT Phase
· Develop measurement criteria.
· How could the project goals and CTQ characteristics be measured to assess the efficacy of the project?
· How easily can these measurements be obtained?
· How accurate are the measurements?
· Are there any other measurements that could be taken to enable greater understanding and control of the product or process?
· ANALYSE Phase
· Analyse the options available.
· Attribute CTQ to product or process design features.
· Determine the importance and priority of each of the design features.
· Measure the product to enable the setting of baseline performance standards for CTQ characteristics.
· DESIGN Phase
· Design the new product or process.
· The new product or process is designed to improve upon the critical to quality features.
· The new design is tested to determine the efficacy of the projects design improvements.
· New performance standards are created to reflect the improvements made.
· VERIFY Phase
· Verify the design effectiveness.
· The CTQ features continue to be measured to ensure that the new performance standards are being met.
· Metrics are further developed to remain ahead of customer requirements.
· Move on to the next problem or process.
(Sokovic, Pavletic and Kern Pipan, 2010b; Selvi and Majumdar, 2014)
An advantage to the implementation of the DMADV during the design of a product or process is that it is a more proactive method of preventing defects when compared with DMAIC. A disadvantage, however, to both methodologies it that they may end increasing the total cost of a product or process due to the increased quality control cost(Selvi and Majumdar, 2014).
As the vaccine transportation system proposed in this report will be a new product the DMADV methodology will be used during its design.


3. [bookmark: _Toc75016478]Define Phase
To ensure the optimal design of the vaccine transportation system the DMADV methodology will be used to apply Six Sigma principles to the product. This product can be seen as being vitally important in combating known diseases as transporting vaccines without any form of thermal protection would results in vaccines being unviable when they reach their destination, this would not only slow the rate of vaccinations and increase costs but if gone unnoticed it has the potential to make people ill. In this section the design task will be set out alongside the customer’s key requirements and how those requirements will affect the design features of the system.
3.1. [bookmark: _Toc75016479] VIEWS OF CUSTOMERS
This section will look at the customer requirements for the vaccine transportation system; performance and design along with any additional desirable specifications.
The Six Sigma process is customer orientated using continuous improvement to strive for an increased customer satisfaction. Therefore, it is crucial that before the design process begins the designers/engineers have the best understanding possible of what the customer wants from the product both in terms of design and performance. 
There are a number of methods of collecting this information; interviews, surveys etc. The most applicable/useful will depend on the target audience for the product. For this product (Vaccine transportation system) the customers are most likely to be hospitals or pharmaceutical companies who would likely respond best to a meeting between them and the designers/engineers to discuss the functional and design requirements of the product.
3.1.1. [bookmark: _Toc75016480]Customer Requirements 
 Primary function.
The Primary purpose of the proposed vaccine transportation system is to maintain a temperature of below 0°C inside the inner Expanded Polystyrene (EPS) Box so that the vaccines remain viable.
Secondary function.
The secondary purpose of the proposed system is to contain the EPS boxes ice/water and vaccines and prevent them from leaking which would accelerate the rising inner EPS box temperature.
Additional customer specified requirements.  
The customer has also specified that the final design should also meet the following requirements.
· Stackable up to three units high.
· Able to resist moderate damage eg drops, scuffs general wear etc.
· The product should be reusable including minimal decrease in performance over time.
· There should be handles or other carrying provisions incorporated.
· The process of preparing filling and using the storage containers should be sufficient and free from potential errors possible
These have been designated as critical to quality characteristics and will therefore be prioritised during the design process. 
3.1.2. [bookmark: _Toc75016481]Additional Customer Specifications 
Additional specifications that would be desirable in this product include.
· That the box is lightweight before the ice is added so that the system is light enough to carry with one or two people when full.
· That the  is as recyclable as possible to reduce the environmental effects of the product. 



4. [bookmark: _Toc75016482]Manufacturing Proposal
This section details the eliminatory process used to determine appropriate manufacturing processes and material selections to be used to manufacture the vaccine transportation system. Although these sections are written consecutively they must be considered simultaneously as some materials will perform better when applied by certain manufacturing methods.
The critical to quality characteristics that must be considered whilst making the following selections are 
· Thermal conductivity
· Capable of withstanding the temperature ranges necessary
· The product is impermeable enough to contain all contents without leaking
· Stackable up to three units high.
· Able to resist moderate damage eg drops, scuffs general wear etc.
· The product should be reusable including minimal decrease in performance over time.
4.1. [bookmark: _Toc75016483] Materials selection
This section will detail some of the materials that may be used in this product most also critically evaluating them against each other to determine the optimum material for this product. When determining suitable material the first thing considered should be the type of material that would be most applicable to the product. 
4.1.1. [bookmark: _Toc75016484]Metals
While most metals have a good resistance to impact, would be impermeable to water and would be able to withstand the temperature ranges seen during use, their high thermal conductivity and density means that metals would not be the optimal material to be used in this product.
4.1.2. [bookmark: _Toc75016485]Ceramics
Most ceramics are considered to be both heavy and brittle which would make them unsuitable for use in this product. However, new ceramic materials are being developed that aim to be neither heavy or brittle. Despite showing great potential, being constructed using nano lattices, they are currently too expensive to mass manufacture products such as this vaccine transportation system (Meza, Das and Greer, 2014).
4.1.3. [bookmark: _Toc75016486]Polymers 
Polymers have a wide variety of physical and mechanical properties such as low density and thermal conductivity while still being highly resistant to impact many of which would be useful in achieving the critical to quality characteristics detailed above.
4.1.4. [bookmark: _Toc75016487]Polymer selection
A selection of polymeric materials commonly used in the manufacture of products similar to the one proposed in this report are considered and evaluated below.


High Density Polyethylene (HDPE)
HDPE is a thermoplastic polymer with a wide variety of applications, from plastic bottles and chopping boards to Kayaks. HDPE is widely used due to its durability, relatively easy manufacturability, and corrosion resistance. An added benefit of HDPE is that it is widely recyclable therefore reducing concerns of end of life considerations of plastic products(Merah et al., 2006).
HDPE is also the primary material used in the manufacture of premium coolboxes as the material provides a high level of impact resistance and has mechanical properties that become better at lower temperatures (Merah et al., 2006).
Cost: 0.73/kg 
(Polymerdatabase.com, 2021)[image: ]
High Impact Polystyrene (HIPS)
HIPS is also thermoplastic polymer used in a number of different applications. HIPS is not as common as HDPE however has been used extensively in electronic product's casings and auxiliary products such as keyboards etc.
HIPS has a higher impact strength than HDPE or PVC along with a much lower thermal conductivity than HDPE however, is more dense than HDPE and has a much higher minimum service temperature which is much closer to the minimum temperature the product will be exposed to cyclically(Yilmaz, Sahin and Sinmazcelik, 2009).
Cost: £0.63/kg
[image: ](Yilmaz, Sahin and Sinmazcelik, 2009)
PVC
PVC is the third most widely used polymer worldwide. using a variety of applications PVC comes in two forms rigid and flexible. This application would require the rigid PVC which is also used in pipes and profile applications such as doors and windows.
PVC has the lowest thermal conductivity of any of the polymers discussed here however, it has a much lower average impact strength than either HIPS or HDPE. The minimum service temperature quoted is also higher than the lowest temperature that would be seen repeatedly during use. This makes PVC unsuitable for this product.
Cost: £0.38/kg
[image: ]
Final Material Selection
As discussed the high minimum service temperature and low impact strength of PVC makes it unsuitable for this product. However, both the HIPS and the HDPE do provide desirable properties for the vaccine transportation system. The high impact polystyrene having a higher impact strength and lower thermal conductivity than the HDPE increases its suitability for the product. The difference in density minimal and it is felt that the minimum service temperature all the material is low enough to withstand the thermal cycling between -20°C and 20°C. High impact polystyrene is also suitable for the manufacturing process selected in section 4.2 and will therefore the chosen as the material the outer shell. Manufacturing prosesses selection
[bookmark: _Hlk74399399]This section will detail some of the manufacturing processes that may be applicable to this product most also critically evaluating them against each other to determine the optimum manufacturing process for this product.
4.1.5. [bookmark: _Toc75016488]Roto-moulding
[bookmark: _Hlk74399591]Roto-moulding involves a thermoplastic powder being placed inside a closed mould which is then rotated and heated slowly to melt the plastic. Once this has been done and the inside of the mould has been completely coated, the mould is continuously rotated while cooling, allowing the plastic to solidify and create the part(Crawford, 1996).
An advantage of roto-moulding for this product is that it is designed to create hollow products. However, the process, despite a number of advancements, is still seen as being relatively slow in comparison with other manufacturing because the heating and cooling processes must be slower to ensure an even thickness of the plastic around the mould whilst also requiring the same high tooling cost of injection moulding or blow moulding(Crawford, 1996).
Costs: High initial capital Investment High tooling cost and a high part production cost 
4.1.6. [bookmark: _Toc75016489]Additive Manufacturing
Additive manufacturing also known as 3D printing incorporates many different manufacturing processes. Additive manufacturing involves build-up of individual layers printed iteratively on top of one another to form 3D structures or parts. The most common form of additive manufacturing is fused deposition modelling (FDM) where continuous filament is laid down to form each layer. However, despite being one of the cheapest manufacturing methods in terms of capital investment in equipment there would be concerns, using most additive manufacturing methods, on the porosity of the final part(Chappell, 2020).
One of the biggest benefits to additive manufacturing is that there are no moulds required for part production. However, additive manufacturing also has a number of disadvantages the first being that it is the relatively slow process with a high chance of failure during manufacture. The use of this manufacturing process also limits the geometry possible for the product as overhangs must be supported using support material this would mean that in most cases completely enclosed geometries would not be possible without large amounts of support structure adding weight(Chappell, 2020).
Costs: relatively low initial capital investment, no tooling costs and a relatively low part production cost.
4.1.7. [bookmark: _Toc75016490]Blow-moulding 
Blow-moulding is a widely used manufacturing process for producing hollow parts such as cool boxes and plastic bottles or barrels. Blow-moulding involves a heated tube or free form being inserted into a closed heated mould before it is forced into the pre form or tube pushing the plastic out into the mould creating the part(Lee, 2006).
One of the main advantages of blow-moulding is that it is relatively fast (high production rate) when compared with the other manufacturing process is detailed in this report. Another benefit of blow-moulding is that the use of air pressure to create the part geometry provides even pressure across the mould ensuring even thickness of material around complex geometries(Lee, 2006).
Costs: High initial capital investment, high tooling costs and a low part production cost.
4.1.8. [bookmark: _Toc75016491]Polymer Injection Moulding
Polymer injection moulding involves molten plastic being forced into a mould cavity to form the part geometry. This makes it very difficult to achieve completely closed geometries as there would be no way of removing the section of the mould that created the enclosed geometry(Goodship, 2004).
Polymer injection moulding like blow-moulding is a much faster process then either roto-moulding or additive manufacture, however, there are a number of design limitations such as the one detailed above, along with, a much higher initial capital investment cost than other manufacturing methods
Costs: high initial capital investment, high tooling costs but relatively low power production costs
4.1.9. [bookmark: _Toc75016492]Evaluation overall
Each of the manufacturing process is detailed above are capable of manufacturing the desired product. However, due to the requirements for low part production costs, high production rate, and ease of creating complex geometries it has been decided the blow-moulding will be the manufacturing process used in the remainder of the design report for this product.

5. [bookmark: _Toc75016493]Measure Phase
The Vaccine transportation system is a new product, therefore, there is no current product to use as a baseline for assessing and comparing the critical to quality(CTQ) characteristics against. One solution to this would be to produce a basic part using the same material and manufacturing method to obtain baseline characteristics from. Another solution would be to use the competitors product (if available) as a baseline to ensure comparable or improved CTQ characteristics. This section will develop and define the metrics used to assess the efficacy of the new design.
5.1. [bookmark: _Toc75016494] Metric development
The following section details the measurement metrics that could be used to assess how well the proposed system meets the CTQ characteristics. Where possible the developed metrics will be quantitative in nature to allow easier comparison with competitors’ products.
Primary function
The first performance metric that must be developed is an assessment of the efficacy of the product when it comes to the primary function. This is a relatively simple measurement to obtain by recording the temperature change inside the inner EPS Box over time. Another method used to accelerate this process for modified designs would be to use a computerised mathematical simulation to model the heat transfer through the system as detailed in Chapter 2, this would greatly reduce both the time and cost of testing modified designs as it would not require the creation of a prototype.
Secondary function 
Much like the primary function the secondary function would be relatively simple to assess. The creation of a prototype in this case, however, is necessary to allow the testing of this function. The scenario where the contents of the container are most likely to leak is when the ice has fully melted therefore the test would involve filling the system as it would be during use and shaking the system and suspending it upside down for a set period before assessing whether there has been any leakage both visually and by measuring the volume of water remaining in the system.
Other CTQ Characteristics.
The stackability of a system is inherently qualitative, however, the force required to topple a set unit stack of the system could be measured to allow comparison between products and therefore the relative performance in this CTQ feature. Finite element analysis could also be used to calculate the maximum load  that can be placed on top of the lowest box which can then be used to calculate a maximum number of units per stack 
In contrast the ability of the system to withstand impacts or other damage can be easily quantified. This is another opportunity to use computer simulations to accelerate the product development process. The simulation of the forces that would be seen during impact due to being dropped or falling from a shelf during storage can be simulated using finite element analysis which can be used to determine whether the box would become damaged during impact. This could be validated using physical testing of the final; design prototypes.
The next CTQ characteristic is hard to test for within a short timeframe as it requires the analysis of the systems performance over a high number of use cycles. There is the option of using FEA to simulate the thermal and material fatigue however the simulation would still need to be validated by physical testing, therefore does not significantly accelerate the testing of the component in comparison with just using physical testing.


6. [bookmark: _Toc75016495] Analysis Phase
This section of the report will discuss the Quality function deployment (QFD) implemented in order to attribute the critical quality features to design features that can be combined in the design phase in order to create the final design. The QFD will also be used to determine the priority and importance of the design features in terms of how many of the critical quality characteristics they will benefit.
6.1. [bookmark: _Toc75016496] QFD
QFD is a structured approach to relating the critical to quality characteristics of a product with the functional design features that may have an impact on them. The QFD also enables comparison of the product with competitors’ products in both the CTQ characteristics and the design features independently. The most common approach to a QFD is the “House of Quality” which can be divided up into several sections each providing different information useful during the product design development.
The House of quality approach has been used in the design development of the vaccine transportation system and is shown below in figure 1
By analysing the QFD shown in figure 1 it can be seen that the most important design features are the material selection closely followed by the manufacturing process selection and then the wall thickness. However, it should be noted that the thermal conductivity of the product has a strong relationship with the primary function of the product and therefore should not be neglected. Once the features affecting the critical quality characteristics have been prioritised the relationship between each of the design features should also be determined as to whether they would be cooperative or not.
[image: ]
Figure 1 Vaccine transportation system QFD

7. [bookmark: _Toc75016497]Design Phase
7.1. [bookmark: _Toc75016498]design for manufacture (DFM)
Design for manufacture is an engineering tool used while designing a product where engineers consider how the product will be manufactured and aim to eliminate any manufacturing complications this may cause whilst also designing the part to be manufactured as quickly, efficiently and easily as possible. 
The Design for manufacture process can be split into two categories, design for manufacture (DFM) and design for assembly (DFA). DFM focusses on the manufacture of the components or sub assemblies and DFA focusses on the assembly of the finished product. There are five key principles of DFM.
Design simplification and reduced number of parts.
Efforts should be made to simplify the design and reduce the number of parts or sub-assemblies. This can be achieved by limiting the use of geometries that require additional processes and integrating subcomponents or assemblies into the primary component where possible, an example of this would be to use integrated handles instead of a separate bolted on handle. The design should also aim to only incorporate features that will improve one or more of the customer requirements. This will reduce the manufacturing cycle time for the product therefore increasing the manufacturing efficiency.
During the design development of the VTS there were two main components the outer shell box and the outer shell lid. As the method of temperature control had already been predefined the only other potential components were the fastening mechanisms used to attach the lid to the box. However, with the aim of reducing the number of parts and simplifying the overall design snap joints were used as they could be moulded with the lid thereby reducing the number of processes and the number of components. However, it should be noted that due to the geometry of the joints on the lid along with the lid itself a more complex multi split mould would be needed during manufacture.
Modular design.
Engineers should look for opportunities to use modular design principles in a design as this will reduce manufacture tooling cost and reduce the production effort required to produce the same number of products. Modular design allows for variations of a products components without the need for a redesign. An example of this would be cars where a different sized engine can be used without the need to change all of the other connected components as well. Modular design also improves the design for assembly and design for maintenance or replacement as the assembly will remain the same so the faulty part can be replaced without the whole system needing to be replaced.
The vaccine transportation system design is fairly simple therefore limiting the opportunity for modular design. however further modifications to the current proposed design could allow a single lid to be able to fit a variety of box sizes as required this would reduce tooling costs as mould should not be needed four different sized box’s lids.
Use of standardised parts.
Where possible the parts used in the manufacture or assembly of component or subsystems should be standardised this would reduce the likelihood of the incorrect part being used. It also lowers the number of tools required when assembling the component or sub assembly decreasing the product cycle time. 
Due to the simplicity of the vaccine transportation system design there are only two components both of which will be standardised due to the manufacturing method used.
Design parts have to have multifunctionality.
Designing parts to be multifunctional will both reduce the total number of parts increasing the manufacturing efficiency and increase the functional value of the remaining components or sub-assemblies.
One of the critical quality characteristics for the vaccine transportation system was that the system must be stackable. In order to enable this the bottom of the outer shell box and the top of the outer shell lid were modified using designs that would tessellate to prevent lateral movement of the systems when stacked.
Keep tolerances in mind when designing
Tolerances will have a greater affect on the design for assembly, however, with certain manufacturing methods they must also be considered during DFM as parts may undergo shrinkage when cooling post manufacture. 
The fitment tolerances were calculated for each of the intersections between the boxes. A maximum tolerance of ±0.5mm was deemed reasonable and used to calculate the most material conditions and least material conditions of the inner EPS box from which the MMC’s, nominal values and LMC’s for the ice region, outer EPS box and the outer shell box could be calculated in turn. 
7.2. [bookmark: _Toc75016499] design for assembly (DFA)
Design for assembly like DFM is an engineering tool used to simplify the assembly or disassembly of the product. A key tool used within Design for assembly is Poka Yoke which aims to error proof a product or process. There are seven key principles for design for assembly detailed below.
Maximise ease of assembly.
Where possible the number of different motions required to join parts together should be minimised as this would increase the ease, speed and efficiency of assembly, this can be done by implementing push fit or snap joint connections. The use of push fit or snap joint connections also enable the parts to become secured immediately upon insertion therefore reducing the number of processes required during assembly. Another method of increasing the ease of assembly would be to design parts that can be assembled by a single hand, this would also lend the process to being or becoming automated.
[image: ]When designing the vaccine transportation system, it was determined that the use of snap joints to join the lid to the box would enable a single motion connection as well as securing the parts together immediately. The snap joints would also enable the parts to be connected by a single hand or automated robotic arm.Figure 2 Outer shell Lid


Reduce opportunity for errors (Poka Yoke)
The use of self-aligning Joints or connectors enables a much faster and much more efficient assembly process while also reducing the chance of components being misaligned and therefore not being assembled correctly. Another method of reducing the number of potential errors made whilst assembling the product would be to use geometry's that will only allow the parts to be connected in the correct orientation. However, this process should only be used when necessary as it will slow the assembly process down and increase inefficiency due to the need for orientation of the two or more components of the product.
When designing the vaccine transportation system, the parts were made to only fits in the correct orientation buy use of different width snap joints on the perpendicular sides meaning that the lid would only fit the box in the correct orientation. The use of two sets of snap joints complicates the process of disassembling the system slightly as it would require two sets of hands to remove the lid however this does provide further protection in that one of each of the perpendicular pairs would have to fail in order for the lid to be unintentionally detached from the box.
Reduce the need for in process or post process inspection.
The primary method for reducing the need for in process or post process inspection would be to keep the design simple therefore reducing the number of potential errors in the assembly process to need inspection.
When designing the vaccine transportation system, the design was kept simple with the fewest number of parts possible thereby reducing the number of features requiring inspection. The only remaining features that would require inspection would be to ensure that the seals had not prevented the lid from closing fully and that the snap joints had all connected.
Decrease assembly time and improve efficiency.
In order to decrease the assembly time and improve the assembly efficiency the designers should aim to eliminate the tools required for assembly such as screwdrivers, spanners etc. Where this is not possible the number to should be minimised, this can be done by using standard sized fasteners that can all be used with a single tool. The design should be kept symmetrical where possible as this will reduce the need to orientate parts correctly during assembly increasing the speed and efficiency of the assembly process
Improve health and safety.
Where possible the designer should consider health and safety aspects of the assembly process such as sharp edges or pinch points especially when designing a product such as the vaccine transportation system proposed that will be assembled and disassembled regularly during use. 
When designing the vaccine transportation system sharp edges were chamfered to reduce the possibility of cuts whilst also reducing stress concentrations thereby increasing the systems resistance to damage due to impact. 
7.3. [bookmark: _Toc75016500] design for purpose
[image: ]Other design considerations taken into account when designing the vaccine transportation system include
· Design for thermal protection
When designing the VTS a number of methods of providing additional thermal protection to the system were considered including the use of foams or aerated plastics, over the use of an air gap to provide an extra insulation layer to slow the heat propagation through the system. As previously discussed the use of aerated plastics would reduce the impact strength of the product and the use of additional foams would complicate the manufacturing process and add weight to the product. It was therefore decided that an air gap would be used to provide the protection.Figure 3 Cross section of the outer shell box


· design for reduced mass
The use of an air gap within the outer shell vastly reduces the mass of the shell in comparison had the shell been manufactured as a solid. This also provides the space needed to use incorporated handles. The shell walls were also kept thin to reduce mass whilst remaining thick enough to with stand impacts if necessary. If the product were to go into production further simulation of impact tests could be conducted to further reduce the shell thickness if possible/desirable, while still being able to with stand a set impact.

· design for impact resistance
In order to design for impact resistance efforts were made to reduce stress concentration sites and the design for this reason corners were given a large chamfer where possible as this will enable the material to distribute they applied stress over a greater area reducing the chance of damage.

· [image: ]design for structural integrity
When considering structural integrity within the design process it was decided that adding ribbed shapes to the flat sides of the outer shell would reduce them ability of the material to flex under loading thereby providing additional strength to the container when stacked underneath others.
Figure 4 Top down view of the outer shell box

· Design for usability
During the design process usability was considered at an early stage this included the use of incorporated handles and the reduction of possibilities for sharp edges in regularly handled areas. Embossed UN lofted areas were also added to the bottom of the add shell box on the top of the lid to reduce the risk of boxes moving when stacked.Figure 5 Bottom of the outer shell box




8. [bookmark: _Toc75016501]Verify Phase
During the verify phase of the DMADV process the critical to quality characteristics continue to be measured to ensure the continued performance as the product on that it meets the customer requirements. The measurements taken from the product also developed further within this phase to gain better understanding of product performance and how well it is meeting or exceeding customer requirements. in order to do this a failure mode effect analysis was conducted on the design and as detailed below in section 8.1

8.1. [bookmark: _Toc75016502] FMEA
[image: ]
[bookmark: _Hlk75017186]Figure 6 Vaccine transportation system DFMEA

[image: ]Figure 7 Key for vaccine transportation system DFMEA

As shown in the FMEA above there are a number of risks with a high severity rating however many counteracted by a low likelihood of occurrence and a high chance of detection. This product was to be put into production it is recommended that a temperature sensor system is incorporated to allow the monitoring of the internal temperature whilst the box remains closed and that the post manufacture quality control is monitored and adapted if necessary.


9. [bookmark: _Toc75016503]Use Process
The following section addresses the use process of the vaccine transportation system.
9.1. [bookmark: _Toc75016504]Process flow chart
[image: ]Figure 8 Process map for the assembly of the vaccine transportation system

9.2. [bookmark: _Toc75016505]Cooling material 
A number of factors were considered when choosing a cooling material the material was predefined as ice by the customer, however, the use of a solid block of ice surrounding the inner EPS box creates a number of issues therefore other methods of implementing ice as a cooling material were considered.
· Ice blocks would provide the best surface area to volume ratio therefore melting the slowest however this would require the production of a number of moulds to make the blocks from
· ice cubes were considered however this would leave large volumes taken up by air instead of ice further accelerating the melting process
· a combination of ice chips and water were considered to create a solid block however this still results in the problem of removing the vaccines once they reached their destination should the ice not have fully melted
· ice chips were determined to be the best option as despite there having a high surface to volume ratio the space not occupied by ice should be limited and the filling process would be much quicker allowing a shorter time for the assembly of the system outside of the freezer.













[bookmark: _Toc75016506]Chapter 2: Simulation of Heat Distribution Through the Vaccine Transportation System




10. [bookmark: _Toc75016507]Chapter introduction
This section will review the methods used to simulate the heat diffusion through the vaccine transportation system.
11. [bookmark: _Toc75016508]Concepts and equations used in the code
11.1. [bookmark: _Toc75016509] explicit finite difference method
In numerical analysis, finite-difference methods (FDM) are a category of numerical techniques used to solve differential equations by approximating the derivatives with finite differences. One using the finite difference method both the spatial domain and time interval are broken down to a finite number of steps by a process called discretisation. this allows the approximation of a value at one node by the use of an equation involving each of the surrounding nodes. this can be applied to the thermal diffusion through materials as the temperature at any point within the system would be dependent upon a function of the surrounding temperatures along with the temperature at that point at the previous time step(York University, 2021).
The finite difference method was developed by Euler in the late 1970s as an early method for closely approximating differential equations which were not possible or practical to solve otherwise. the method applies the Taylor series to discretize the partial differentials and polynomials they can be more easily solved(Blazek, 2015).
An advantage of the explicit finite difference method for this purpose is that the solution algorithm is easy to set up and because the time steps are smaller the truncation error is also smaller than if an implicit finite difference method approach had been taken another disadvantage of the explicit finite difference method is that for a given change in space the time step must be less than a specific limit imposed by stability constraints this increases the number of time steps required to carry out the calculations over given interval thereby increasing computational time.(Lewis et al., 1996)
11.1.1. [bookmark: _Toc75016510]Finite difference method derivation

The heat equation shown above cannot be used by Matlab, therefore, a Finite difference model solution was derived to closely approximate the heat transfer, which was then used in the matlab code to simulate the heat distribution across the vaccine transportation system

Then because



Where;

However, the assessment involves a 2D cross section, therefore, the last term can be removed to give 

Substituting these values into the equation gives 

However, using the Explicit method Cartesian coordinate temperature values can be used to approximate the temperature at a point at the following timestep. 


These values can then be substituted into the equation below







(Peirce, 2018; Chappell, 2020a)
11.2. [bookmark: _Toc75016511] Apparent heat capacity method
The apparent heat capacity method is based on an equation describing the transient heat transfer by conduction through a solid or fluid.

where ∇2 is the Laplacian defined by  in three dimensions (Shen et al., 2011)
The simulation of heat transfer through materials however, becomes much more complicated when there are changes in the state of matter caused by the change in temperature such as ice melting. these complications arise from the fact that the density of some materials change as the temperatures change. It is for this reason that there has been extensive research projects undertaken with the aim of understanding how to model solid liquid phase change within heat diffusion problems.(Hu and Argyropoulos, 1996)
The apparently capacity method is a fundamental numeric technique that can be used to simulate the heat transfer through the materials including the phase change between ice and water(Hu and Argyropoulos, 1996).
the apparent heat capacity method defines a region named the mushy zone that corresponds to the region where the material lies in both states of matter solid in ice and liquid in water. so the apparently capacity methods work the mushy zone must be tracked this is done by tracking the temperature boundaries of the mushy zone which have been identified to be between -0.5 and 0.01°C. The mushy zone must be tracked as this is where the greatest change in the thermal and physical properties of the material takes place.(Sardari et al., 2020)
The apparently capacity method was used in this projects to simulate the thermal diffusion across the system in order to assess how long the vaccine transportation system would maintain a temperature below 0 degrees within the region the vaccines were held. This enables the determination of the required ice thickness to maintain the temperature for a set time without the need to manufacture prototype parts therefore speeding up the design and testing required prior to the final design being placed into production.
12. [bookmark: _Toc75016512]Simulation Evaluation
This section will evaluate the simulation methods used tomorrow the heat transfer across the 2D cross section of the vaccine transportation system.
· The model used is very limited, firstly because the simulation will never reach true thermal equilibrium within a reasonable timescale, therefore a convergence value was created to stop the simulation once the difference between the convergence value and the target temperature could be considered negligeable 
· This simulation also assumes that each layer is made from a homogenous material that contains no defects or voids that could alter the results. 
· Another limitation of using this model is that the model only considers heat transfer from the other Cartesian coordinates, however, in reality there is far more thermal diffusion happening from other angles, this may affect the resultant time taken for the simulation to reach convergence.
· This simulation has a further limitation which is that it is being run on a 2D cross section where it is considered that no heat transfer occurs out of plane. This is not as representative as a more complex 3D simulation would be.
· There is also a flaw in MATLAB called roundoff error caused by MATLAB rounding values to a maximum of 15 decimal places, this will not create a large error initially as most of the values used do not exceed the limit. However, as the code used is iterative the error is multiplied in each iteration which can cause larger errors in the final results
Timesteps and Grid-spacing
When using this this simulation method smaller time steps and grid spacings create higher resolution and therefore more representative results. however smaller time steps and grid spacings also increase the number of calculations that must be conducted in order to complete the simulation.
In both task two and three a grid spacing of five millimetres was chosen as it was a common factor of all the measurements required and was considered fine enough to give relatively accurate results. a final match was used as a test however this greatly increases the computational time required to complete the simulation it was for this reason that the grid spacing was changed back to five millimetres.
In both tasks two and three the time step used was the maximum time step possible whilst maintaining stability criterion this was done so that the simulation would solve within a reasonable time as the effect on the accuracy of the results was minimal whilst greatly increasing simulation time when the time step was decreased.


13. [bookmark: _Toc75016513]Conclusion
In conclusion there are a large number of ways in which product's designs can be edited with design for manufacturing considerations in mind vastly simplifying the manufacturing process. whilst this product is not particularly complex there were still a number of design for manufacture considerations taken into account including the use of integrated handles and snap joints etc. Were this product going into manufacture a few additional changes could be made to the design such as the incorporation of sensors to allow the monitoring of internal temperature without opening the vaccine transportation system. another alteration that could be made to the design would be to alter the lead design so that one size lead could fit multiple different sized boxes thereby reducing the number of designs required, tooling costs and also simplifying the assembly process by not having to ensure the correct size lid is attached to the correct size box.
the simulation process used to determine the length of time a set thickness of ice would maintain an internal temperature of below 0 degrees has both advantages and disadvantages. advantages include that the process is much faster than physical testing and allows for the obtaining of approximate results prior to product manufacture reducing prototype costs and tooling costs and also shortening the design process. However there are a number of different ways that the accuracy of the simulation process used could be improved including the simulation of 3D system. another way that the simulation process could be improved would be to determine a method of accounting for the change in volume of the ice as it melts and the subsequent layer of air that would replace the volume accelerating the melting process of the remaining ice.
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[bookmark: _Toc75016516]Appendix one: matlab script task one
clc
clear all
clear plot 
 
figure('Name', '3D Plot')
%inner eps box plot
X1=0.14;
Y1=0.12;
Z1=0.14;
O1=0;
plotcube([X1 Y1 Z1], [O1 O1 O1], 1.0, [1 0 0]); %inside dimensions
X2=X1+0.04;
Y2=Y1+0.04;
Z2=Z1+0.04;
O2=O1-0.02;
plotcube([X2 Y2 Z2], [O2 O2 O2], 0.75, [0 0 1]); %outside dimensions
 
 IT = input('input Ice thickness dimension in m and press enter ');
while (isempty(IT) || IT<=0)
    IT = input ('input Y dimension in m and press enter (the value must be positive) ');
end
 
%outer EPS Box plot
X3=X2+(2*IT);
Y3=Y2+(2*IT);
Z3=Z2+(2*IT);
O3=O2-IT;
plotcube([X3 Y3 Z3], [O3 O3 O3], 0.5, [0 1 0]); %inside dimensions
X4=X3+0.04;
Y4=Y3+0.04;
Z4=Z3+0.04;
O4=O3-0.02;
plotcube([X4 Y4 Z4], [O4 O4 O4], 0.25, [1 0 0]);
 
 
figure('Name','Cross section')
rectangle('Position',[0 0 X4 Y4], 'FaceColor', 'Blue')
rectangle('Position',[0.02 0.02 X3 Y3], 'FaceColor', 'yellow')
rectangle('Position',[(0.02+IT) (0.02+IT) X2 Y2], 'FaceColor', 'Blue')
rectangle('Position',[(0.04+IT) (0.04+IT) X1 Y1], 'FaceColor', 'Green')
axis([0 X4 0 Y4])
 
%Display mass of container with ice
Mass=((((X2*Y2*Z2)-(X1*Y1*Z1))+((X4*Y4*Z4)-(X3*Y3*Z3)))*23)+(((X3*Y3*Z3)-(X2*Y2*Z2))*919.4)




[bookmark: _Toc75016517]Appendix 2: matlab code task 2
clc
clear all
clear plot 
 
%inner eps box (inner dimensions)
X1=0.14;
Y1=0.14;
Z1=0.12;
O1=0;
%inner eps box (outer dimensions)
X2=X1+0.04;
Y2=Y1+0.04;
Z2=Z1+0.04;
O2=O1-0.02;
 
% Setting ice thickness
IT=0.06
 
%outer EPS Box (inner dimensions)
X3=X2+(2*IT);
Y3=Y2+(2*IT);
Z3=Z2+(2*IT);
O3=O2-IT;
%outer EPS Box (outer dimensions)
X4=X3+0.04;
Y4=Y3+0.04;
Z4=Z3+0.04;
O4=O3-0.02;
 
%Display mass of container with ice
Mass=((((X2*Y2*Z2)-(X1*Y1*Z1))+((X4*Y4*Z4)-(X3*Y3*Z3)))*23)+(((X3*Y3*Z3)-(X2*Y2*Z2))*919.4)
 
%set gridspacing
h=0.005;
 
%Matrix creation
nynodes=(Y4/h)+1;
nxnodes=(X4/h)+1;
A=zeros (nynodes,nxnodes);
A(1:nynodes,1:nxnodes)=-20;
 
%setting boundary conditions
A(1,1:nxnodes)=12;
A(nynodes,1:nxnodes)=12;
A(1:nynodes,1)=12;
A(1:nynodes,nxnodes)=12
B=A
 
%thermal properties of EPS
Keps=0.0345;
Deps=23;
ceps=1.28*10^3;
 
%thermal properties of air
Kair=0.02
Dair=1.3
cair=1006
 
%calculaing the timestep
alphaeps = Keps/(Deps*ceps);
maxtimestepeps = (0.25*h^2)/alphaeps
 
alphaair = Kair/(Dair*cair);
maxtimestepair = (0.25*h^2)/alphaair
 
maxtimestep=min(maxtimestepeps,maxtimestepair)
s=maxtimestep
 
stop = 0
F0eps = (alphaeps*s)/h^2
F0air = (alphaair*s)/h^2
itteration=0
 
% number of ice nodes
IN=(IT/h)-1
 
% defining boxes
% outer box
A(2:nynodes-1,2)=15; %left
A(2:nynodes-1,nxnodes-1)=15; %right
A(2,3:nxnodes-2)=15; %top
A(nynodes-1,3:nxnodes-2)=15; %bottom
%middle box
A(3:nynodes-2,3:2+IN)=5; %left
A(3:nynodes-2,nxnodes-1-IN:nxnodes-2)=5; %right
A(3:2+IN,3+IN:nxnodes-2-IN)=5; %top
A(nynodes-1-IN:nynodes-2,3+IN:nxnodes-2-IN)=5;%bottom
%inner box
A(3+IN:nynodes-2-IN,3+IN:3+IN+1)=-4; %left
A(3+IN:nynodes-2-IN,nxnodes-3-IN:nxnodes-2-IN)=-4;%right
A(3+IN:3+IN+1,3+IN+2:nxnodes-2-IN-2)=-1; %top
A(nynodes-3-IN:nynodes-2-IN,3+IN+2:nxnodes-2-IN-2)=-1; %bottom
%centre box
A(5+IN:nynodes-4-IN,5+IN:nxnodes-4-IN)=0;
 
question = questdlg({'Would you like live or end results?','Live results will decrease performance'},'End Results',...
    'End Results','Live Results','Live Results');
switch question
    case 'Live Results'
        while true
            stop = stop+1;
            itteration=itteration+1;
            %iteration counter
            A = B;
            %outer box
            %left
            B(2:nynodes-1,2) = F0eps*(A(2:nynodes-1,2+1)+A(2:nynodes-1,2-1)+A((2:nynodes-1)-1,2)+A((2:nynodes-1)+1,2)+((1/F0eps)-4)*A(2:nynodes-1,2));
            %right
            B(2:nynodes-1,nxnodes-1)=F0eps*(A(2:nynodes-1,(nxnodes-1)+1)+A(2:nynodes-1,(nxnodes-1)-1)+A((2:nynodes-1)+1,nxnodes-1)+A((2:nynodes-1)-1,nxnodes-1)+((1/F0eps)-4)*A(2:nynodes-1,nxnodes-1));
            %bottom
            B(nynodes-1,3:nxnodes-2) = F0eps*(A(nynodes-1,(3:nxnodes-2)+1)+A(nynodes-1,(3:nxnodes-2)-1)+A((nynodes-1)+1,3:nxnodes-2)+A((nynodes-1)-1,3:nxnodes-2)+((1/F0eps)-4)*A(nynodes-1,3:nxnodes-2));
            %top
            B(2,3:nxnodes-2) = F0eps*(A(2,(3:nxnodes-2)+1)+A(2,(3:nxnodes-2)-1)+A(2+1,3:nxnodes-2)+A(2-1,3:nxnodes-2)+((1/F0eps)-4)*A(2,3:nxnodes-2));
            
            %middle box
            %left
            B(3:nynodes-2,3:2+IN) = F0air*(A(3:nynodes-2,(3:2+IN)+1)+A(3:nynodes-2,(3:2+IN)-1)+A((3:nynodes-2)+1,3:2+IN)+A((3:nynodes-2)-1,3:2+IN)+((1/F0air)-4)*A(3:nynodes-2,3:2+IN));
            %right
            B(3:nynodes-2,nxnodes-1-IN:nxnodes-2)=F0air*(A(3:nynodes-2,(nxnodes-1-IN:nxnodes-2)+1)+A(3:nynodes-2,(nxnodes-1-IN:nxnodes-2)-1)+A((3:nynodes-2)+1,nxnodes-1-IN:nxnodes-2)+A((3:nynodes-2)-1,nxnodes-1-IN:nxnodes-2)+((1/F0air)-4)*A(3:nynodes-2,nxnodes-1-IN:nxnodes-2));
            %bottom
            B(nynodes-1-IN:nynodes-2,3+IN:nxnodes-2-IN) = F0air*(A(nynodes-1-IN:nynodes-2,(3+IN:nxnodes-2-IN)+1)+A(nynodes-1-IN:nynodes-2,(3+IN:nxnodes-2-IN)-1)+A((nynodes-1-IN:nynodes-2)+1,3+IN:nxnodes-2-IN)+A((nynodes-1-IN:nynodes-2)-1,3+IN:nxnodes-2-IN)+((1/F0air)-4)*A(nynodes-1-IN:nynodes-2,3+IN:nxnodes-2-IN));
            %top
            B(3:2+IN,3+IN:nxnodes-2-IN)= F0air*(A(3:2+IN,(3+IN:nxnodes-2-IN)+1)+A(3:2+IN,(3+IN:nxnodes-2-IN)-1)+A((3:2+IN)+1,3+IN:nxnodes-2-IN)+A((3:2+IN)-1,3+IN:nxnodes-2-IN)+((1/F0air)-4)*A(3:2+IN,3+IN:nxnodes-2-IN));
            
            %inner box
            %left
            B(3+IN:nynodes-2-IN,3+IN:3+IN+1) = F0eps*(A(3+IN:nynodes-2-IN,(3+IN:3+IN+1)-1)+A(3+IN:nynodes-2-IN,(3+IN:3+IN+1)+1)+A((3+IN:nynodes-2-IN)+1,3+IN:3+IN+1)+A((3+IN:nynodes-2-IN)-1,3+IN:3+IN+1)+((1/F0eps)-4)*A(3+IN:nynodes-2-IN,3+IN:3+IN+1));
            %right
            B(3+IN:nynodes-2-IN,nxnodes-3-IN:nxnodes-2-IN)=F0eps*(A(3+IN:nynodes-2-IN,(nxnodes-3-IN:nxnodes-2-IN)+1)+A(3+IN:nynodes-2-IN,(nxnodes-3-IN:nxnodes-2-IN)-1)+A((3+IN:nynodes-2-IN)+1,nxnodes-3-IN:nxnodes-2-IN)+A((3+IN:nynodes-2-IN)-1,nxnodes-3-IN:nxnodes-2-IN)+((1/F0eps)-4)*A(3+IN:nynodes-2-IN,nxnodes-3-IN:nxnodes-2-IN));
            %bottom
            B(nynodes-3-IN:nynodes-2-IN,3+IN+2:nxnodes-2-IN-2) = F0eps*(A(nynodes-3-IN:nynodes-2-IN,(3+IN+2:nxnodes-2-IN-2)+1)+A(nynodes-3-IN:nynodes-2-IN,(3+IN+2:nxnodes-2-IN-2)-1)+A((nynodes-3-IN:nynodes-2-IN)+1,3+IN+2:nxnodes-2-IN-2)+A((nynodes-3-IN:nynodes-2-IN)-1,3+IN+2:nxnodes-2-IN-2)+((1/F0eps)-4)*A(nynodes-3-IN:nynodes-2-IN,3+IN+2:nxnodes-2-IN-2));
            %top
            B(3+IN:3+IN+1,3+IN+2:nxnodes-2-IN-2) = F0eps*(A(3+IN:3+IN+1,(3+IN+2:nxnodes-2-IN-2)+1)+A(3+IN:3+IN+1,(3+IN+2:nxnodes-2-IN-2)-1)+A((3+IN:3+IN+1)+1,3+IN+2:nxnodes-2-IN-2)+A((3+IN:3+IN+1)-1,3+IN+2:nxnodes-2-IN-2)+((1/F0eps)-4)*A(3+IN:3+IN+1,3+IN+2:nxnodes-2-IN-2));
            
            %centre box
            B(5+IN:nynodes-4-IN,5+IN:nxnodes-4-IN) = F0air*(A(5+IN:nynodes-4-IN,(5+IN:nxnodes-4-IN)+1)+A(5+IN:nynodes-4-IN,(5+IN:nxnodes-4-IN)-1)+A((5+IN:nynodes-4-IN)+1,5+IN:nxnodes-4-IN)+A((5+IN:nynodes-4-IN)-1,5+IN:nxnodes-4-IN)+((1/F0air)-4)*A(5+IN:nynodes-4-IN,5+IN:nxnodes-4-IN));
            
            while stop==10
                contourf(B,'ShowText','on');
                set(gca,'ydir','reverse','Xtick',[],'Ytick',[]);
                xlabel('X-Dimension')
                ylabel('Y-Dimension')
                ax = gca;
                ax.Title.String = 'Heat distribution map';
                colorbar;
                drawnow;
                stop=0;
            end
 
            vacctemp=B(6+IN:nynodes-5-IN,6+IN:nxnodes-5-IN);
            limit=-0.45;
            if vacctemp>limit
                break
            end
        end     
end
 
switch question
    case 'End Results'
        while true
            stop = stop+1;
            itteration=itteration+1;
            %iteration counter
            A = B;
            %outer box
            %left
            B(2:nynodes-1,2) = F0eps*(A(2:nynodes-1,2+1)+A(2:nynodes-1,2-1)+A((2:nynodes-1)-1,2)+A((2:nynodes-1)+1,2)+((1/F0eps)-4)*A(2:nynodes-1,2));
            %right
            B(2:nynodes-1,nxnodes-1)=F0eps*(A(2:nynodes-1,(nxnodes-1)+1)+A(2:nynodes-1,(nxnodes-1)-1)+A((2:nynodes-1)+1,nxnodes-1)+A((2:nynodes-1)-1,nxnodes-1)+((1/F0eps)-4)*A(2:nynodes-1,nxnodes-1));
            %bottom
            B(nynodes-1,3:nxnodes-2) = F0eps*(A(nynodes-1,(3:nxnodes-2)+1)+A(nynodes-1,(3:nxnodes-2)-1)+A((nynodes-1)+1,3:nxnodes-2)+A((nynodes-1)-1,3:nxnodes-2)+((1/F0eps)-4)*A(nynodes-1,3:nxnodes-2));
            %top
            B(2,3:nxnodes-2) = F0eps*(A(2,(3:nxnodes-2)+1)+A(2,(3:nxnodes-2)-1)+A(2+1,3:nxnodes-2)+A(2-1,3:nxnodes-2)+((1/F0eps)-4)*A(2,3:nxnodes-2));
            
            %middle box
            %left
            B(3:nynodes-2,3:2+IN) = F0air*(A(3:nynodes-2,(3:2+IN)+1)+A(3:nynodes-2,(3:2+IN)-1)+A((3:nynodes-2)+1,3:2+IN)+A((3:nynodes-2)-1,3:2+IN)+((1/F0air)-4)*A(3:nynodes-2,3:2+IN));
            %right
            B(3:nynodes-2,nxnodes-1-IN:nxnodes-2)=F0air*(A(3:nynodes-2,(nxnodes-1-IN:nxnodes-2)+1)+A(3:nynodes-2,(nxnodes-1-IN:nxnodes-2)-1)+A((3:nynodes-2)+1,nxnodes-1-IN:nxnodes-2)+A((3:nynodes-2)-1,nxnodes-1-IN:nxnodes-2)+((1/F0air)-4)*A(3:nynodes-2,nxnodes-1-IN:nxnodes-2));
            %bottom
            B(nynodes-1-IN:nynodes-2,3+IN:nxnodes-2-IN) = F0air*(A(nynodes-1-IN:nynodes-2,(3+IN:nxnodes-2-IN)+1)+A(nynodes-1-IN:nynodes-2,(3+IN:nxnodes-2-IN)-1)+A((nynodes-1-IN:nynodes-2)+1,3+IN:nxnodes-2-IN)+A((nynodes-1-IN:nynodes-2)-1,3+IN:nxnodes-2-IN)+((1/F0air)-4)*A(nynodes-1-IN:nynodes-2,3+IN:nxnodes-2-IN));
            %top
            B(3:2+IN,3+IN:nxnodes-2-IN)= F0air*(A(3:2+IN,(3+IN:nxnodes-2-IN)+1)+A(3:2+IN,(3+IN:nxnodes-2-IN)-1)+A((3:2+IN)+1,3+IN:nxnodes-2-IN)+A((3:2+IN)-1,3+IN:nxnodes-2-IN)+((1/F0air)-4)*A(3:2+IN,3+IN:nxnodes-2-IN));
            
            %inner box
            %left
            B(3+IN:nynodes-2-IN,3+IN:3+IN+1) = F0eps*(A(3+IN:nynodes-2-IN,(3+IN:3+IN+1)-1)+A(3+IN:nynodes-2-IN,(3+IN:3+IN+1)+1)+A((3+IN:nynodes-2-IN)+1,3+IN:3+IN+1)+A((3+IN:nynodes-2-IN)-1,3+IN:3+IN+1)+((1/F0eps)-4)*A(3+IN:nynodes-2-IN,3+IN:3+IN+1));
            %right
            B(3+IN:nynodes-2-IN,nxnodes-3-IN:nxnodes-2-IN)=F0eps*(A(3+IN:nynodes-2-IN,(nxnodes-3-IN:nxnodes-2-IN)+1)+A(3+IN:nynodes-2-IN,(nxnodes-3-IN:nxnodes-2-IN)-1)+A((3+IN:nynodes-2-IN)+1,nxnodes-3-IN:nxnodes-2-IN)+A((3+IN:nynodes-2-IN)-1,nxnodes-3-IN:nxnodes-2-IN)+((1/F0eps)-4)*A(3+IN:nynodes-2-IN,nxnodes-3-IN:nxnodes-2-IN));
            %bottom
            B(nynodes-3-IN:nynodes-2-IN,3+IN+2:nxnodes-2-IN-2) = F0eps*(A(nynodes-3-IN:nynodes-2-IN,(3+IN+2:nxnodes-2-IN-2)+1)+A(nynodes-3-IN:nynodes-2-IN,(3+IN+2:nxnodes-2-IN-2)-1)+A((nynodes-3-IN:nynodes-2-IN)+1,3+IN+2:nxnodes-2-IN-2)+A((nynodes-3-IN:nynodes-2-IN)-1,3+IN+2:nxnodes-2-IN-2)+((1/F0eps)-4)*A(nynodes-3-IN:nynodes-2-IN,3+IN+2:nxnodes-2-IN-2));
            %top
            B(3+IN:3+IN+1,3+IN+2:nxnodes-2-IN-2) = F0eps*(A(3+IN:3+IN+1,(3+IN+2:nxnodes-2-IN-2)+1)+A(3+IN:3+IN+1,(3+IN+2:nxnodes-2-IN-2)-1)+A((3+IN:3+IN+1)+1,3+IN+2:nxnodes-2-IN-2)+A((3+IN:3+IN+1)-1,3+IN+2:nxnodes-2-IN-2)+((1/F0eps)-4)*A(3+IN:3+IN+1,3+IN+2:nxnodes-2-IN-2));
            
            %centre box
            B(5+IN:nynodes-4-IN,5+IN:nxnodes-4-IN) = F0air*(A(5+IN:nynodes-4-IN,(5+IN:nxnodes-4-IN)+1)+A(5+IN:nynodes-4-IN,(5+IN:nxnodes-4-IN)-1)+A((5+IN:nynodes-4-IN)+1,5+IN:nxnodes-4-IN)+A((5+IN:nynodes-4-IN)-1,5+IN:nxnodes-4-IN)+((1/F0air)-4)*A(5+IN:nynodes-4-IN,5+IN:nxnodes-4-IN));
            
            vacctemp=B(6+IN:nynodes-5-IN,6+IN:nxnodes-5-IN);
            limit=-0.45;
            if vacctemp>limit
                break
            end
        end
        
        contourf(B,'ShowText','on');
        set(gca,'ydir','reverse','Xtick',[],'Ytick',[]);
        
        xlabel('X-Dimension')
        ylabel('Y-Dimension')
        ax = gca;
        ax.Title.String = 'Heat distribution map';
        colorbar;
        drawnow;
end
display(itteration)
timetakentoreachconvergence = itteration*s
datestr(seconds(timetakentoreachconvergence),'HH:MM:SS')
 

[bookmark: _Toc75016518]Appendix 3: matlab code task 3
clc
clear all
clear plot
 
%inner eps box plot
X1=0.14;
Y1=0.14;
Z1=0.12;
O1=0;
 
X2=X1+0.04;
Y2=Y1+0.04;
Z2=Z1+0.04;
O2=O1-0.02;
 
IT=0.06;
 
%outer EPS Box plot
X3=X2+(2*IT);
Y3=Y2+(2*IT);
Z3=Z2+(2*IT);
O3=O2-IT;
 
X4=X3+0.04;
Y4=Y3+0.04;
Z4=Z3+0.04;
O4=O3-0.02;
 
%set gridspacing
h=0.005;
 
%Matrix creation
nynodes=(Y4/h)+1;
nxnodes=(X4/h)+1;
A=zeros (nynodes,nxnodes);
A(1:nynodes,1:nxnodes)=-20;
 
%setting boundary conditions
A(1,1:nxnodes)=12;
A(nynodes,1:nxnodes)=12;
A(1:nynodes,1)=12;
A(1:nynodes,nxnodes)=12;
B=A;
 
%thermal properties of EPS
Keps=0.0345;
Deps=23;
ceps=1.28*10^3;
 
%thermal properties of air
Kair=0.02;
Dair=1.3;
cair=1006;
 
%thermal properties of ice
Kice=2.3;
cice=2*10^3;
 
%thermal; properties of water
Kwater=0.56;
cwater=4.2*10^3;
 
 
 
%calculaing the timestep
alphaeps = Keps/(Deps*ceps);
maxtimestepeps = (0.25*h^2)/alphaeps;
 
alphaair = Kair/(Dair*cair);
maxtimestepair = (0.25*h^2)/alphaair;
 
maxtimestep=min(maxtimestepeps,maxtimestepair);
s=maxtimestep
 
Kmush = (2*Kice*Kwater)/(Kice+Kwater);
cmush = ((cice+cwater)/2)+((334*10^3)/(273.01-272.5));
%Mushy zone Density
Dmush=(916.5*(1-10^-6*-0.5*(157.556+0.2779*-0.5+0.008854*-0.5^2+0.0001778*-0.5^3))+(999.85308+(6.32693*10^-2*0.01+(-8.523829*10^-3*0.01^2)+6.943248*10^-5*(0.01^3))+((-3.821216*10^-7)*(0.01^4))))/2;
%Fourier number
alphamush = Kmush/(Dmush*cmush);
F0mush = (alphamush*s)/h^2;
 
stop = 0;
F0eps = (alphaeps*s)/h^2;
F0air = (alphaair*s)/h^2;
 
itteration=0;
 
IN=(IT/h)-1;
 
% defining boxes
% outer box
A(2:(nynodes/2)+0.5,2:5)=15; %left
A(2:5,5:(nxnodes/2)+0.5)=15; %top
%middle box
A(6:(nynodes/2)+0.5,6:5+IN)=5; %left
A(6:5+IN,6+IN:(nxnodes/2)+0.5)=72; %top
%inner box
A(6+IN:(nynodes/2)+0.5,6+IN:6+IN+5)=-4; %left
A(6+IN:6+IN+5,6+IN+5:(nxnodes/2)+0.5)=-1; %top
%centre box
A(11+IN:(nynodes/2)+0.5,11+IN:(nxnodes/2)+0.5) = 7;
    
    [~,val]=contourf(B,'ShowText','on');
    set(gca,'ydir','reverse','Xtick',[],'Ytick',[]);
    xlabel('X-Dimension 0.34m')
    ylabel('Y-Dimension 0.34m')
    ax = gca;
    ax.Title.String = 'Thermal diffusion of a vaccine transportation system plot';
    colorbar;
    
while h>0
    stop = stop+1;
    itteration=itteration+1;
    
    A=B;   
    
    %outer eps box
    %left
    B(2:(nynodes/2)+0.5,2:5) = F0eps*(A(2:(nynodes/2)+0.5,(2:5)+1)+A(2:(nynodes/2)+0.5,(2:5)-1)+A((2:(nynodes/2)+0.5)+1,2:5)+A((2:(nynodes/2)+0.5)-1,2:5)+((1/F0eps)-4)*A(2:(nynodes/2)+0.5,2:5));
    
    %top
    B(2:5,5:(nxnodes/2)+0.5) = F0eps*(A(2:5,(5:(nxnodes/2)+0.5)+1)+A(2:5,(5:(nxnodes/2)+0.5)-1)+A((2:5)+1,5:(nxnodes/2)+0.5)+A((2:5)-1,5:(nxnodes/2)+0.5)+((1/F0eps)-4)*A(2:5,5:(nxnodes/2)+0.5));
    
    %middle ice box
%  left
    for r=6:(nynodes/2)+0.5
        for c=6:(nxnodes/2)+0.5
            if c>=6 || c<=IN+5
                M(r,c)=17;
                if A(r,c)<-0.5
                    % calculate Fo_ice for changing temps %
                    icedensity=(916.50*(1-10^-6*A(r,c).*(157.556+0.2779*A(r,c)+0.008854*A(r,c).^2+0.0001778*A(r,c).^3)));
                    icealpha = 2.3/((icedensity)*(2*10^3));
                    Fourierice= (icealpha*s)/(h^2); %Fourier ice
                    B(r,c)=Fourierice*(A(r-1,c)+A(r+1,c)+A(r,c-1)+A(r,c+1)-(4-1/Fourierice)*A(r,c));% ice zone
                end
                if A(r,c)>=-0.5 && A(r,c)<0.01
                    B(r,c)=F0mush*(A(r-1,c)+A(r+1,c)+A(r,c-1)+A(r,c+1)-(4-1/F0mush)*A(r,c)); %mushy zone
                end
                if A(r,c)>=0.01
                    % calculate Fo_water for changing temps %
                    waterdensity= (999.83952+16.945176*A(r,c)+(-7.9870401*10^-3)*A(r,c)^2+(-46.170461*10^-6)*A(r,c)^3+(105.56302*10^-9)*A(r,c)^4+(-280.54253*10^-12)*A(r,c)^5)/(1+16.897850*10^-3*A(r,c));
                    wateralpha = 0.56/((waterdensity)*(4.2*10^3));% Thermal diffusivity of water
                    Fourierwater= (wateralpha*s)/(h^2); %Fourier water
                    B(r,c)=Fourierwater*(A(r-1,c)+A(r+1,c)+A(r,c-1)+A(r,c+1)-(4-1/Fourierwater)*A(r,c));% water zone
                end
            end
        end
    end
 
    
    %top
    B(6:5+IN,6+IN:(nxnodes/2)+0.5)=transpose(B(6+IN:(nynodes/2)+0.5,6:5+IN));
        
    %inner box
        %left
        B(6+IN:(nynodes/2)+0.5,6+IN:6+IN+4) = F0eps*(A(6+IN:(nynodes/2)+0.5,(6+IN:6+IN+4)+1)+A(6+IN:(nynodes/2)+0.5,(6+IN:6+IN+4)-1)+A((6+IN:(nynodes/2)+0.5)+1,6+IN:6+IN+4)+A((6+IN:(nynodes/2)+0.5)-1,6+IN:6+IN+4)+((1/F0eps)-4)*A(6+IN:(nynodes/2)+0.5,6+IN:6+IN+4));
        
        %top
        B(6+IN:6+IN+4,6+IN+5:(nxnodes/2)+0.5) = F0eps*(A(6+IN:6+IN+4,(6+IN+5:(nxnodes/2)+0.5)+1)+A(6+IN:6+IN+4,(6+IN+5:(nxnodes/2)+0.5)-1)+A((6+IN:6+IN+4)+1,6+IN+5:(nxnodes/2)+0.5)+A((6+IN:6+IN+4)-1,6+IN+5:(nxnodes/2)+0.5)+((1/F0eps)-4)*A(6+IN:6+IN+4,6+IN+5:(nxnodes/2)+0.5));
        
    %centre box
        B(11+IN:(nynodes/2)+0.5,11+IN:(nxnodes/2)+0.5) = F0air*(A(11+IN:(nynodes/2)+0.5,(11+IN:(nxnodes/2)+0.5)+1)+A(11+IN:(nynodes/2)+0.5,(11+IN:(nxnodes/2)+0.5)-1)+A((11+IN:(nynodes/2)+0.5)+1,11+IN:(nxnodes/2)+0.5)+A((11+IN:(nynodes/2)+0.5)-1,11+IN:(nxnodes/2)+0.5)+((1/F0air)-4)*A(11+IN:(nynodes/2)+0.5,11+IN:(nxnodes/2)+0.5));
        
    %Mirroring
        B(2:(nynodes/2)+0.5,(nxnodes/2)+1.5:nxnodes-1)= fliplr(B(2:(nynodes/2)+0.5,2:(nxnodes/2)-0.5));
        B((nynodes/2)+1.5:nynodes-1,2:nxnodes-1)= flipud(B(2:(nynodes/2)-0.5,2:nxnodes-1));
    
        if stop==100
        val.ZData=B;
        drawnow;
        stop=0;
        end
        %End Condition 
        vaccinetemp=B(11+IN,11+IN);
        limit=-0;
        if vaccinetemp>=limit
            break
        end
end
    %
    display(itteration)
    timetakentoreachconvergence = itteration*s
    datestr(seconds(timetakentoreachconvergence),'HH:MM:SS')
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