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[bookmark: _Toc73807740]Introduction
This report will evaluate, firstly a computer simulated 20mm thick EPS (Expanded Polystyrene) box containing an ice layer of 60mm and then a further EPS layer.  Inside the inner most EPS box, the vials of vaccinations are kept.  The computer simulations will be run using the MATLAB software environment, this will enable an accurate discretisation and calculation of the required heat transfer equations.  This part of the report is split into three main tasks, task 1 is to visualise the EPS box, as shown in Figures 1 and 2. Task 2 is to calculate the time it takes for the central region of the inner box to reach 0°C when the initial conditions are -20°C inside the assembly and 12°C outside the assembly.  Task 3 is to incorporate ice into the assembly and then calculate the time it takes for any point inside to inner EPS box to reach 0°C.  An example of the assembly that will be used can be seen in Figure 1 below.
[image: ] 
[bookmark: _Toc73807767]Figure 1 EPS Box assembly
The calculations will be based on a 2D version of Figure 1, this is to keep the numbers of calculations to an acceptable level.  A 3D simulation could run the iterations into the tens of  millions with a run time that would take days on the average PC, unless you possess some serious computing power.  The 2D side uses is the 0.34m x 0.34m side shown below in Figure 2 and also on the left of Figure 1.
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[bookmark: _Toc73807768]Figure 2 2D EPS Box Assembly
The second part of the report will evaluate the design of an outer shell for the EPS box assembly.  This part of the report will take into account, all aspects of design and manufacturing that should be considered when undertaking such an exercise.  A conclusion will then be formed from all previously undertaken activities.














[bookmark: _Toc73807741]Numerical Methods
[bookmark: _Toc73807742]The Finite Difference Method
The Finite Difference Method, hereafter FDM has been used within task 2 of the report brief to discretise and calculate the heat transfer problem stated in the brief.  A more accurate description is the explicit FDM method.  The explicit element, refers to the fact that the unknown values are calculated using the previously explicitly known values, in this case the temperatures.  The FDM discretises the differentials within the heat equation, the method involves using the forward, backward and central difference formulae in place of the differentials in the equation.  For instance, here the forward difference formula is used in place of the first order differential of time, the central difference formula is used in place of the second order differential of space.  (Recktenwald, 2011)
The approximations for this calculation to be possible come from the Taylor series expansion method.  The Taylor series is a tool that can be used to express a value of a function at one point in terms of the value of the function and it’s derivatives at a different point.  In basic terms, the Taylor series will tell us the approximations of temperatures as time progresses.  The Taylor series is noted below.

Forward approximation after rearrangement.

Backwards approximation after rearrangement.

The central approximation is found by combining the forward and backwards approximations.

These are the approximations that will be substituted into the heat equation.



The results of the aforementioned substitutions.

Fourier number and the stability criterion.


(Rapp, 2015) (Recktenwald, 2011)

[bookmark: _Toc73807743]Apparent Heat Capacity Method
The apparent heat capacity formulation allows for an implicit capture of the phase change interface, it does so by solving for both phases using a single heat transfer equation with effective material properties.  The latent heat of phase change is taken into account with the modification of the heat capacity.  This method is particularly useful when materials show a mushy zone around the phase change interface.  The phase change material domain condition should be used on both phases domains, this is to solve the heat equation after the specification of the material qualities according to the heat capacity formula.  (COMSOL, 2021)
Thermal Diffusion Equation.
[image: ]
Conductivity Km.
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Density Pm.
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Specific Heat Cm.
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(COMSOL, 2021)
[bookmark: _Toc73807744]Constitutive Equation
The equation used for task 2 and 3 in this brief was the heat diffusion equation as defined by.

The  is the Laplacian operator which in terms of cartesian coordinates is.

When applied in terms of a 2D problem, the z coordinate is neglected.

The Laplacian is substituted into the heat equation.

The heat equation is a partial differentiation equation, these equations can’t be solved linearly by software.  Therefore, the differential parts of the equation, first order in time and second order in space, will need to be discretised. (Lewis, et al., 1996)
[bookmark: _Toc73807745]Advantages of FDM
The FDM method has several notable advantages;
· Computationally resource light, can be run without too much CPU power.
· Very easy to implement, even for laymen.
[bookmark: _Toc73807746]Limitations of FDM and Apparent Heat Capacity Method
There are several notable limitations of the FDM which apply to all the numerical methods in use in this report and they are:
· Round off errors
Round off errors occur when there is a difference between exact numbers and the floating point numbers that have been rounded off to be represented by the computing software.  These round off errors can accumulate and lead to a significant error in the final solution.
· Truncation error
Any FDM that uses the Taylor series expansion to represent the derivatives has the weakness that the higher order terms of the Taylor series are neglected.  In this case only the first and second orders are used and as such the truncation error is the difference of a full Taylor series minus the second order series used.
· Discretisation error
This error is due to the truncation error in the finite difference representation of the governing differential equation and the boundary conditions.
· Total error
Total error is when a discretisation error adds with a round off error.  The discretisation error increases with mesh size, while the round off error decreases with a decreasing mesh size.  Therefore, the total error should be minimised as the mesh size decreases.
· Stability
When using FDM to solve differential equations, errors are introduced at every stage of calculation.  The solution is said to be stable if the errors involved do not amplify without restraint as the calculations progress.
· Consistency
The discretisation involved with FDM may not represent the original continuous partial differential equation but a different one, even when the mesh size approaches zero.  If such a problem happens, the discretisation is considered to be inconsistent or incompatible with the original differential problem.  Although the concept of consistency relates the discretised problem to the actual problem, stability relates the numerical solution of the discretised equation to the exact solution of the discretised equation.  The problem of convergence relates the numerical solution of the discretised equation to the exact solution of the partial differential equation.  So, the concepts of stability, consistency and convergence are related, as stated but Lax’s Equivalence Theorem.  The stability criterion is the necessary and sufficient condition for convergence.  Though Lax’s Theorem only applies to linear problems.
(Ozisik, et al., 2017)
When calculating the apparent heat capacity method, the biggest limitations will come from the stability criteria that restricts the size of the time step and then the mesh size also needs to be sufficiently fine.  This is to ensure that no calculations are omitted from the final solution.  For instance with a large time step, the mushy zone calculations would be omitted as they happen in between the larger time steps.




















[bookmark: _Toc73807747]Background of Design for Manufacture/X
Going back to the 1960’s, manufacturing guidelines for use in the design process has been a contemplated issue.  For instance, General Electric Corp. published a handbook, Manufacturing Producibility Handbook.  The handbook details large amounts of manufacturing data into a reference volume, the idea being that designers could acquire the knowledge for effective and efficient design.  However at this early stage, this only really applied to individual parts as assemblies and manufacturing processes were ignored.  In the early 1970s, Boothyard and Dewhurst started studying the design for assembly method, which considers the assembly constraints, specifically the assembly methods during the design phase.  By estimating the assembly time the design changes of design for assembly, a reduction cost of assembly time can be calculated.  In the mid 1980s, the concept of design for manufacture (DFM) was developed to incorporate all design goals and constraints into one ethos in order to improve the design process.  The implementations of design for manufacture led to several improvements within the manufacturing sector, simplification of products, reduction of assembly times, reduction of manufacturing costs, improvement of quality, and reduction of time to market.  More recently, environmental concerns have become more important in the minds of the people and therefore more urgent across all industries.  This has lead to the development of design for environment, design for recyclability, design for life-cycle, and design for disassembly.  All the aforementioned methods are more widely known as design for X (DFX).  Since the 1990s, hundreds of papers have been published, which makes defining DFX a decidedly difficult task, as the source material is spread across many sources.  (Kuo, et al., 2001)
[bookmark: _Toc73807748]Design for Manufacture
The selection of an appropriate process for manufacture of a selected part is based on the matching of the needed attributes of the part to the capabilities of the various manufacturing processes.  Kirkland stated the factors that influence the designer’s selections of a particular material and have been stated next.  The manufacturing processes that should be considered are, raw material selection, process selection, modular design, standardised component usage, multi-use part development, separate fasteners usage, and assembly direction minimisation.  All parts should be assembled in one direction, extra directions equates to wasted time and motion, and extra transfer stations, inspections stations and, fixture nests.  The best assembly is when parts are added in a top-down implementation.  Typically, DFM states a list of directives that aim to stimulate creativity and lead the way to good DFM practices.  DFM approaches have been used to obtain a cost estimation for parts during the early design stages.  This cost estimation has been greatly improved in recent developments in CAD/CAM software packages.  The designer can now develop a computer representation of their design and have the CAD/CAM extract an accurate cost of the part including manufacturing estimates and material costs.  This information is available instantly, whereas in the past the manufacturing costs wouldn’t be known until later in the design process.  This allows the CAD model to be adjusted during the design phase to choose a favourable design that is also cost effective.  The figure below shows a traditional design loop against a modern DFM/DFX loop.
[image: ]
[bookmark: _Toc73807769]Figure 3 Conventional Design vs DFM/DFX approach  (Kuo, et al., 2001)








[bookmark: _Toc73807749]Design Requirements
The design requirements for a product tend to depend upon whether the product is designed by a type I or type II company.  A type I company would design a product based on the wants and needs of the customer and as such would collect this data from the customer.  This data is often communicated in nontechnical and vague terms or non-quantitative terms.  In contrast, a type II company will have the technical requirements for the product provided by the end user.  This is usually provided by exact measurements and details.  (Pfeifer, 2009)  For this report it is assumed that the design is of the type II variety.
Some design requirements have already been layed out or implied within the modelling phase.  The outer shell should hold a rectangular EPS assembly of 340mm x 340mm x 320mm, with a approximate mass of 18.5kg including ice and EPS.  This figure excludes the vials of vaccinations as they are expected to be negligible in comparison to the total mass of the shell and EPS assembly.  Some further design requirements were identified in the second part of the report brief;
· The container should be reusable (as far as possible).  Certain features of the design should consider the reusability of the product, such as seals, durability etc.
· The integrity of the storage container should be maintained over multiple uses, this implies that the material selection is crucial.
· The containers should be stackable, 3 high would be a suitable height.
· The process of preparing and filling the container should be as efficient and error proof as possible, such methods as poke yoke could be implemented.
· Provisions for the carrying and easy handling of the container should be provided.









[bookmark: _Toc73807750]Manufacturing Processes
The part that is being designed for this report is essentially a cool box, and as such a pragmatic approach to process selection can be taken.  In line with DFM methods, a particular group of manufacturing processes were in mind whilst the design was created.  There are several materials that could be suitable for the construction of a cool box, steel, aluminium, composites, and polymers.  The metals can be discounted for a few choice reasons, mainly they would increase the mass of the entire assembly above a manual handling threshold.  Generally speaking, if an item is over 25kg then it shouldn’t be handled by a single person under current health and safety guidelines.  Another reason that the metals would be discounted is that the manufacture costs would outweigh the advantages.  The composites can also be discounted due to the expense involved in the manufacturing process.  Also, composites are notoriously difficult to recycle and this goes against the DFX methodology.  Therefore a polymer was selected, this is due to the material properties, strength and low mass but also a less expensive process.  The polymer selection also adheres to DFX principles as its fairly easy to recycle. 
 The main processes that could be used in the manufacture of a cool box, when it is of the plastic variety would be polymer forming processes.  The ones that are prevalent in the cool box manufacturing industry would be, injection moulding and blow moulding processes.

[bookmark: _Toc73807751]Injection Moulding
In injection moulding, a polymer is plasticised outside the mould and then rammed into the closed mould using a mechanical device.  Injection moulding is used with thermoplastics and produces much higher outputs than other moulding processes.  An injection moulding machine consists of an injection end, containing the polymer and ramming mechanism, and the clamping end where the mould and clamping mechanisms are located.  Approximately 99% of injection moulding machines use a reciprocating screw as the ramming mechanism.  The clamping mechanism is usually either a mechanical or hydraulic mechanism with a 50/50 split of types in use.  Though all-electric machine use is on the rise.  (Kutz, 2011)
There are four phases to the injection moulding process.  First, the filling phase fills the closed mould with a polymer shot.  Then the packing phase holds a constant pressure on the part to ensure it is filled and prevent any backflow of polymer.  The cooling and plasticising phase once the cavity gate is frozen and allows the screw to recover while the part cools.   The last phase is the ejection phase, where the part is removed and the cycle begins anew.  (Kutz, 2011)
There are several variations on traditional injection moulding, gas-assisted injection moulding (GAIN), co-injection moulding and insert moulding.  GAIN inserts an inert gas into the process allowing for the manufacture of hollow parts.  Co-injection uses different polymers or colours to adjust either the aesthetics or material properties within the final product.  Insert moulding plants a metal insert into the mould and allows a metal part to have a plastic outer layer.  (Kutz, 2011)
[bookmark: _Toc73807752]Blow Moulding
Blow moulding is a process that produces hollow parts by forcing the plastic against the mould walls by using air pressure.  This is used primarily for making drinks containers, though not limited to.  A subprocess of blow moulding is extrusion blow moulding.  Extrusion blow moulding is defined by the hollow tube that is extruded from the machine to create the parts.  The tube is called the parison, the hollow mould then closes around the parison and cycles to the blow station.   At the blow station the parison within the mould is moulded with the utilisation of air pressure while another parison is being extruded from the machine, this significantly reduces the cycle time.  (Kutz, 2011)
As the parison is required to hang during the extrusion process, a higher density polymer is needed.  High-density polyethylene (HDPE) is the polymer of choice for extrusion blow moulding.  Also, multiple heads can be used to increase output, as shown in Figure 4 below.  Extrusion blow moulding can produce larger geometries that injection moulding, is less expensive and has no internal stresses on the parts produced.  (Kutz, 2011)
[image: ]
[bookmark: _Toc73807770]Figure 4 Blow Moulding Extrusion Type  (Kutz, 2011)
Therefore, the obvious choice of the manufacturing process to accompany the design would be extrusion blow moulding.  The main reasons are, the HDPE that is inherent in the extrusion blow moulding process happens to suit the design requirements of the part.  The process also suits a simplistic design and is able to produce large quantities at low cost.  The extrusion blow moulding process can also produce a hollow part, such as a cooler whilst also eliminating all stresses within the part.  There are variations of injection moulding that produce hollow parts but blow moulding is specifically designed to produce hollow parts and is therefore more suitable.  Another consideration, a hollow structure will also increase the thermal properties of the overall vaccination transportation assembly.  Effectively adding an extra layer of failsafe if there is any errors in the EPS layers.
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[bookmark: _Toc73807771]Figure 5 Vaccination Transportation Shell design, top down view
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[bookmark: _Toc73807772]Figure 6 Vaccination Transportation Shell design, down top view
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[bookmark: _Toc73807773]Figure 7 Vaccination Transportation Shell design, side aspect cross section view
[image: ]
[bookmark: _Toc73807774]Figure 8 Engineering Drawings for Assembly

[bookmark: _Toc73807754]Design Discussion
The design shown in section 6, admittedly is a very simplistic design, this is in keeping with a lot of the aforementioned manufacturing ideals.  DFM encourages the use of simple designs for producibility, to minimise assembly direction.  The design assembly only has two parts and this should satisfy the assembly minimisation criteria.  The first and second factors of DFM are the raw material selection and process selection criterion.  In the case of this design procedure, these factors went hand in hand partially.  This is because, the process selection slightly overlapped with the material selection, a polymer was selected as a suitable material which led to a process selection of extruded blow moulding.  The blow moulding was selected for its favourable aspects such as the ability to make complex hollow parts such shown in the design Figure 7.  This in turn led to the material selection of HDPE as the process favours a high-density polymer.
The third factor of DFM is the modular design, in this case this can only be loosely applied.  It could be said that the handles on the sides of the design shown in Figures 5 and 6 are of similar design to the handles on the li, shown in Figures 5 and 7.  This would lead to similar tools being used to create the original mould.  A similar statement could be said of the filleting around both parts.  All this would lead to lower time costs in the initial mould development process.
The use of standard components within the manufacturing process is implied in the previous statements.  The next factor is the avoidance of fasteners, the simple design has meant that fasteners can be avoided entirely.  Lastly the design is reusable, somewhat, could it be used to transfer vaccines, medicines or even organs, most definitely, but it could also be used to keep drinks cool, probably but would you want to?
Several other points need to be pointed out, a 2mm wall thickness has been used for the assembly.  This fits with the manufacturing capability of extruded blow moulding that can make thicknesses of between 0.25mm and 6mm.  This should also satisfy the strength criteria, whether that be the ability to hold it’s contents or be stacked three high.  The design was made to be hollow to enhance any thermal properties of the vaccine transportation system as a whole.  Further to the strength in relation to being able to stack three high, the lid has 5mm deep concaved indentations and the base has 5mm extruded concave protrusions.  This is to enable a poke yoke approach to the stacking of said vaccine transportation systems.
The filleting was added for several reasons, one was to reduce and residual stresses within the finished parts.  Secondly the fillets also add some poke yoke protection, specifically if the box was dropped, this should encourage the box to ‘roll’ and reduce the force acting upon the edges.  This should hopefully enable the box and its contents to survive a reasonable fall.  
The lid has a small extruded edge where it meets the box, this is to ensure a snug fit.  It is also recommended to fit a seal around this edge to create a seal when the box is closed.  This is because the contents will eventually become liquid, and the integrity of the sealed unit should be kept.




















[bookmark: _Toc73807755]Design Analysis
[bookmark: _Toc73807756]FMEA
[image: ]
Above you can see an FMEA that was carried out on the design shown in section 6.  The results are fairly self explanatory.
[bookmark: _Toc73807757]Process Map for Transportation system Handling

Remove the lid of larger EPS box
Open Lid using integrated handle
Place the vaccine on a flat surface



Remove inner EPS box

Place 9 vaccinations inside inner EPS box
Place inner EPS box on flat surface and remove lid



Fill the outer EPS box with ice to the top, over and around the inner
Fill outer EPS box with ice to 60mm fill line

Compact ice and replace lid ensuring firm seal




Lift box using your legs and stack up to three high









[bookmark: _Toc73807758]Discussion & Conclusion
[bookmark: _Toc73807759]Discussions
[bookmark: _Toc73807760]Numerical Methods
The FDM numerical method has its advantages but there seems to be more shortcomings against it and as such, a few alternatives have been briefly outlined below.
· Effective Capacity Method
This is a method that was developed to shore up the shortfall of the apparent heat capacity method, in this case the heat capacity is assumed between the nodes instead of being calculated in terms of nodal temperatures.  The effective capacity is calculated based on the integration through the control volume.
· Heat Integration Method
This method is known as the post-iterative method, is the simplest method amongst the ones listed in this summary.  Using this method, the temperatures of all control volumes are monitored.  When melting occurs, it is assumed that a phase change happens when the temperature goes above the melting point.  The temperature of that control volume is then reset to the melting point and the equivalent amount of heat due to setting the temperature back is added top the enthalpy account for that control volume.  Once enthalpy reaches latent heat the temperature is allowed to rise.
· Source based method
This method allows for any additional heat from any source to be accounted for in its calculation. For instance an external heat source or heat sink.  In the case of this example the source would be the latent heat.
· Enthalpy Method
The main feature of all enthalpy methods is that the evolution of the latent is accounted for by the enthalpy as well as the relationship between enthalpy and temperature.  
(Hu & Argyropoulos, 1996)
[bookmark: _Toc73807761]Ice Problem
According to the MATLAB simulations, the perfect thermodynamic would be to use a solid block of ice to insulate the inner EPS box.  This raises some alarming issues that need serious consideration.  Firstly, the process map for the filling of the transportation system would be seriously elongated.  It would read something like, fill with water to the 60mm line and then freeze than section.  Next place the inner EPS and fix the box and fill with water and freeze again.  This type of solution would be wholly impractical, for a start it would add hours to the filling process over other solutions.  Also it would mean the vaccine is out of commission for a longer period of time as you would need to wait for the ice to melt.
Another method may be to design a harness system for the inner EPS box so as to only fill the box with water once with a single freezing pass.  There is also another problem with both these methods as they could cause thermal dips within the vaccines primarily caused by the adding of room temperature water between freezing.  Also there is the question, is the EPS box sufficiently waterproof? This leads to the possibility that water could seep into the vial section, subsequently freeze and then cause damage to the vials.
There is also a possibility of using custom made ice sections built to the correct dimensions to pack in the inner EPS box.  This type of solution may prove expensive in the manufacture of special sized ice though.
It was determined that the best approach would be to use ice cubes, this is the most poke yoke setup in terms of deployment.  There would be little room to damage the vials or make any mistakes.  The possible downside could be the reduction of the volume of ice in comparison to a solid block.  This would be because of the irregular shape of the cubes, and could also reduce the amount of time the vaccines could stay cool.  This is a small sacrifice for the practicality of the solution as the reduced time is assumed to be negligible.
 
[bookmark: _Toc73807762]Conclusions
Firstly, the computer simulated elements of this report were carried out and it was found that a 60mm layer of ice would keep the vials in the centre box below 0°C for 23 hours 5 minutes and 17 seconds.  These tasks also provided the initial design parameters for the outer shell, the dimensions of 340mm x 340mm x 320mm, and the possible inner mass of the ice and EPS of around 18kg.  The FDM method was used in conjunction the apparent heat capacity method to perform the final calculations.  The method has its advantages such as ease of use and low computational resources and as such aided in the final solution.  Though this method seems to leave a lot of room for errors as stated in section 2.5, and these errors could amplify without proper restraint or attention.  In conclusion there is the possibility that some of the methods summarised in section 9.1.1 could be used to better effect.
The concept of design for manufacture has been a guiding principle throughout this report, it was the main principle when designing the shell but also led to some iterative thoughts that would draw an idea back from one section to another.  For instance there was a loop between material and process selections that guided each other in their choices.  This also helped with all decisions along the design process, a simpler design seemed preferable to an overcomplicated one.  Simple design means lower manufacture time and cost, but more than that it also put emphasis upon the function of the finished part, how complicated should such a cheap and easy solution be?  In conclusion, the finished design was created for easy manufacture, ease of use and functionality.  The final design is believed to meet all design criteria set out in the report brief.


[bookmark: _Toc73807763]Appendices
[bookmark: _Toc73807764]Combined Code for Tasks 1 & 2

clc
clear
close all
 
prompt = {'Enter Ice Thickness in Meters'};
    dlgtitle = 'User Interface';
    dims = [1 50];
    answer = inputdlg(prompt, dlgtitle, dims);
   if isempty(answer)
        return
    end
    IT = answer(1,1);
    IT = str2double(IT);
figure;
plotcube ([0.18+2*IT 0.16+2*IT 0.18+2*IT],[0.02 0.02 0.02],0.5,[1 0 1])
plotcube ([0.22+2*IT 0.2+2*IT 0.22+2*IT],[0 0 0],0.2,[0 1 0])
plotcube ([0.14 0.12 0.14],[0.04+IT 0.04+IT 0.04+IT],0.5,[0 0 1]) %box 1 inner
plotcube ([0.18 0.16 0.18],[0.02+IT 0.02+IT 0.02+IT],0.2,[1 0 0])   %box1 outer
hold
figure(2)
rectangle('Position',[0 0 0.22+2*IT 0.2+2*IT],'FaceColor',[0 .6 .6],'EdgeColor','b')
rectangle('Position',[0.02 0.02 0.18+2*IT 0.16+2*IT],'FaceColor',[0.5 1 .6],'EdgeColor','b')
rectangle('Position',[0.02+IT 0.02+IT 0.18 0.16],'FaceColor',[0 .6 .6],'EdgeColor','g')
rectangle('Position',[0.04+IT 0.04+IT 0.14 0.12],'FaceColor',[0.5 1 .6],'EdgeColor','g')
Box1DimOut = [0.18 0.16 0.18];
Box1DimIn = [0.14 0.12 0.14];
Box2DimOut = [0.22+2*IT 0.2+2*IT 0.22+2*IT];
Box2DimIn = [0.18+2*IT 0.16+2*IT 0.18+2*IT];
Volumebox1 = (Box1DimOut(1,1)*Box1DimOut(1,2)*Box1DimOut(1,3)) - (Box1DimIn(1,1)*Box1DimIn(1,2)*Box1DimIn(1,3));
Volumebox2 = (Box2DimOut(1,1)*Box2DimOut(1,2)*Box2DimOut(1,3)) - (Box2DimIn(1,1)*Box2DimIn(1,2)*Box2DimIn(1,3));
VolumeIce = (Box2DimIn(1,1)*Box2DimIn(1,2)*Box2DimIn(1,3)) - (Box1DimOut(1,1)*Box1DimOut(1,2)*Box1DimOut(1,3));
Massbox1 = Volumebox1 * 23;
Massbox2 = Volumebox2 * 23;
Massice = VolumeIce * 919.4;
TotalMass = Massice + Massbox1 + Massbox2;
 
 
% Matrix Generation%
GridSpacing = 0.02;
Ax = uint16(((Box2DimOut(1))/GridSpacing)+1);
Ay = uint16(((Box2DimOut(3))/GridSpacing)+1);
NewBox = zeros([Ay Ax]);
 
 
% Boundary Conditions %
NewBox(:,:)=-20;
NewBox(:,1)=12;
NewBox(1,:)=12;
NewBox(Ay,:)=12;
NewBox(:,Ax)=12;
 
% EPS & Air Coordinates %
eps_size = (0.02/GridSpacing);
air_size = (IT/GridSpacing);
box_1_x = (Box1DimIn(1)/GridSpacing);
box_1_y = (Box1DimIn(3)/GridSpacing);
 
% Intial Values %
Alpha_eps = 0.0345/((23)*(1.28*10^3)); % Conductivity/(Density*Specific Heat)
Alpha_air = 0.02/((1.3)*(1006)); % Conductivity/(Density*Specific Heat)
maxt = 0.25*(GridSpacing^2/Alpha_air);
 
while true
    prompt = (['Enter a Timestep value less than or equal to ' (num2str(maxt)) ' :']);
    dlgtitle = 'TimeStep';
    dims = [1 50];
    t = inputdlg(prompt,dlgtitle,dims);
    t = str2double(t);
    if isempty(t) || isnan(t) || t<=0 || t>maxt
        uiwait(warndlg('Incorrect Timestep Entered'));
    else
        break
    end
end
 
Fo_air = (Alpha_air*t)/(GridSpacing^2);
Fo_eps = (Alpha_eps*t)/(GridSpacing^2);
 
% Plot Initialisation %
figure(3)
[~,val]=contourf(NewBox, 'ShowText','on');
set(gca,'ydir','reverse', 'xtick',[],'ytick',[]);
title('Heat Transfer Plot');
ylabel(['Plate Length:',(num2str((Box2DimOut(1)))),'M'])
xlabel(['Plate Width:',(num2str((Box2DimOut(3)))),'M'])
colorbar('Ticks',[0,10,20,30,40,50,60]);
colormap(turbo);
 
% Counters %
I = 0;
PlotCounter = 0;
tic
 
while  NewBox(air_size+4:end/2,(air_size+4):end/2) <= 0
    
    I = I + 1;
    PlotCounter = PlotCounter + 1;
    Box = NewBox;
    
    % EPS BOX 2 %
    NewBox(2:end/2,2) = Fo_eps*(Box((2:end/2)-1,2)+Box(2:end/2,(2)+1)+Box((2:end/2)+1,2)+Box(2:end/2,(2)-1)+((1/Fo_eps)-4)*Box(2:end/2,2));
 
    NewBox(2,3:end/2) = Fo_eps*(Box((2)-1,3:end/2)+Box(2,(3:end/2)+1)+Box((2)+1,3:end/2)+Box(2,(3:end/2)-1)+((1/Fo_eps)-4)*Box(2,3:end/2));
    
    % Air Outer %
    NewBox(3:end/2,3:air_size+1) = Fo_air*(Box((3:end/2)-1,3:air_size+1)+Box(3:end/2,(3:air_size+1)+1)+Box((3:end/2)+1,3:air_size+1)+Box(3:end/2,(3:air_size+1)-1)+((1/Fo_air)-4)*Box(3:end/2,3:air_size+1));
 
    NewBox(3:(air_size+1),(air_size+2):end/2) = Fo_air*(Box((3:(air_size+1))-1,(air_size+2):end/2)+Box(3:(air_size+1),((air_size+2):end/2)+1)+Box((3:(air_size+1))+1,(air_size+2):end/2)+Box(3:(air_size+1),((air_size+2):end/2)-1)+((1/Fo_air)-4)*Box(3:(air_size+1),(air_size+2):end/2));
    
    % EPS BOX 1 %
    NewBox((air_size+2):(end/2),(air_size+2):(air_size+3)) = Fo_eps*(Box(((air_size+2):(end/2))-1,(air_size+2):(air_size+3))+Box((air_size+2):(end/2),((air_size+2):(air_size+3))+1)+Box(((air_size+2):(end/2))+1,(air_size+2):(air_size+3))+Box((air_size+2):(end/2),((air_size+2):(air_size+3))-1)+((1/Fo_eps)-4)*Box((air_size+2):(end/2),(air_size+2):(air_size+3)));
 
    NewBox((air_size+2):(air_size+3),(air_size+4):end/2) = Fo_eps*(Box(((air_size+2):(air_size+3))-1,(air_size+4):end/2)+Box((air_size+2):(air_size+3),((air_size+4):end/2)+1)+Box(((air_size+2):(air_size+3))+1,(air_size+4):end/2)+Box((air_size+2):(air_size+3),((air_size+4):end/2)-1)+((1/Fo_eps)-4)*Box((air_size+2):(air_size+3),(air_size+4):end/2));
    
    %AIR inner
    NewBox(air_size+4:end/2,(air_size+4):end/2) = Fo_air*(Box((air_size+4:end/2)-1,(air_size+4):end/2)+Box(air_size+4:end/2,((air_size+4):end/2)+1)+Box((air_size+4:end/2)+1,(air_size+4):end/2)+Box(air_size+4:end/2,((air_size+4):end/2)-1)+((1/Fo_air)-4)*Box(air_size+4:end/2,(air_size+4):end/2));
    
    %Flip
    NewBox(2:end/2,(end/2)+1:end-1) = fliplr(NewBox(2:end/2,2:end/2));
 
    NewBox((end/2)+1:end-1,2:end-1) = flipud(NewBox(2:end/2,2:end-1));
    
    if PlotCounter == 100
        val.ZData=NewBox;
        drawnow
        PlotCounter = 0;
    end
    
    
end
I
toc

[bookmark: _Toc73807765]Code for Task 3

clc
clear
close all
 
 
 
prompt = {'Enter Ice Thickness in Meters'};
    dlgtitle = 'User Interface';
    dims = [1 50];
    answer = inputdlg(prompt, dlgtitle, dims);
 
   if isempty(answer)
        return
    end
 
    IT = answer(1,1);
    IT = str2double(IT);
    Box2DimOut = [0.22+2*IT 0.2+2*IT 0.22+2*IT];
 
   
 
    % Matrix Generation%
 
GridSpacing = 0.005;
Ax = uint16(((Box2DimOut(1))/GridSpacing)+1);
Ay = uint16(((Box2DimOut(3))/GridSpacing)+1);
NewBox = zeros([Ay Ax]);
 
 
% Boundary Conditions %
 
NewBox(:,:)=-20;
NewBox(:,1)=12;
NewBox(1,:)=12;
NewBox(Ay,:)=12;
NewBox(:,Ax)=12;
 
 
% EPS & Air Coordinates %
 
eps_size = (0.02/GridSpacing);
air_size = (IT/GridSpacing);
 
 
% Intial Values %
 
Alpha_eps = 0.0345/((23)*(1.28*10^3)); % Conductivity/(Density*Specific Heat)
Alpha_air = 0.02/((1.3)*(1006)); % Conductivity/(Density*Specific Heat)
maxt = 0.25*(GridSpacing^2/Alpha_air);
maxt_out = round(maxt,3);
 
 
while true
 
    prompt = (['Enter a Timestep value less than or equal to ' (num2str(maxt_out)) ' :']);
    dlgtitle = 'TimeStep';
    dims = [1 50];
    t = inputdlg(prompt,dlgtitle,dims);
    t = str2double(t);
 
    if isempty(t) || isnan(t) || t<=0 || t>maxt_out
 
        uiwait(warndlg('Incorrect Timestep Entered'));
 
    else
        break
    end
 
end
 
Fo_air = (Alpha_air*t)/(GridSpacing^2);
Fo_eps = (Alpha_eps*t)/(GridSpacing^2);
 
% Plot Initialisation %
 
figure(1)
[~,val]=contourf(NewBox, 'ShowText','on');
set(gca,'ydir','reverse', 'xtick',[],'ytick',[]);
title('Heat Transfer Plot');
ylabel(['Plate Length:',(num2str((Box2DimOut(1)))),'M'])
xlabel(['Plate Width:',(num2str((Box2DimOut(3)))),'M'])
colorbar('Ticks',[0,10,20,30,40,50,60]);
 
 
 
% Counters %
 
I = 0;
PlotCounter = 0;
tic
 
 
K_mushy = (2*2.3*0.56)/(2.3+0.56);
mushyDensity = (916.5721+999.84)/2;
mushyCp = (((2*10^3)+(4.2*10^3))/2)+(334*10^3/0.51);
mushyAlpha = K_mushy/(mushyDensity*mushyCp);
mushyFo = (mushyAlpha*t)/(GridSpacing^2);
 
 
 
while  NewBox(air_size+10:(end/2)+0.5,(air_size+10):(end/2)+0.5) <= 0
 
    I = I + 1;
    PlotCounter = PlotCounter + 1;
    Box = NewBox;
  
 
    % EPS BOX 2 %
 
    NewBox(2:(end/2)+0.5,2:5) = Fo_eps*(Box((2:(end/2)+0.5)-1,2:5)+Box(2:(end/2)+0.5,(2:5)+1)+Box((2:(end/2)+0.5)+1,2:5)+Box(2:(end/2)+0.5,(2:5)-1)+((1/Fo_eps)-4)*Box(2:(end/2)+0.5,2:5));
    NewBox(2:5,3:(end/2)+0.5) = Fo_eps*(Box((2:5)-1,3:(end/2)+0.5)+Box(2:5,(3:(end/2)+0.5)+1)+Box((2:5)+1,3:(end/2)+0.5)+Box(2:5,(3:(end/2)+0.5)-1)+((1/Fo_eps)-4)*Box(2:5,3:(end/2)+0.5));
 
     for Row=6:(Ax/2)+0.5
         for Col=6:(Ay/2)+0.5
            if Row>=6||Row<=air_size+4
                 if Box(Row,Col)<-0.5
 
                     ice_Fo = (2.3./(916.50*(1-10^-6*Box(Row,Col)*(157.556+0.2779*Box(Row,Col)+0.008854*Box(Row,Col)^2+0.0001778*Box(Row,Col)^3))*(2*10^3))*t)/(GridSpacing^2);
                     NewBox(Row,Col)=ice_Fo*(Box(Row-1,Col)+Box(Row+1,Col)+Box(Row,Col-1)+Box(Row,Col+1)-(4-1/ice_Fo)*Box(Row,Col));% ice zone
                 end
 
                 if Box(Row,Col)>=-0.5 && Box(Row,Col)<0.01
                     NewBox(Row,Col)=mushyFo*(Box(Row-1,Col)+Box(Row+1,Col)+Box(Row,Col-1)+Box(Row,Col+1)-(4-1/mushyFo)*Box(Row,Col)); %mushy zone
                 end
 
                 if Box(Row,Col)>=0.01
                     water_Fo = ((0.56./((999.83952+16.945176*Box(Row-1,Col)+(-7.9870401*10^-3)*Box(Row-1,Col)^2+(-46.170461*10^-6)*Box(Row-1,Col)^3+(105.56302*10^-9)*Box(Row-1,Col)^4+(-280.54253*10^-12)*Box(Row-1,Col)^5)/(1+16.897850*10^-3*Box(Row-1,Col))*(4.2*10^3))*t)/(GridSpacing^2));
                     NewBox(Row,Col)=water_Fo*(Box(Row-1,Col)+Box(Row+1,Col)+Box(Row,Col-1)+Box(Row,Col+1)-(4-1/water_Fo)*Box(Row,Col));% water zone
                 end
             end
         end
     end
 
    
     [~, C]=size(NewBox(6:(end/2)+0.5,6:air_size+4));
     NewBox(6:(air_size+4),(air_size+5):(end/2)+0.5) = NewBox(6+C:(end/2)+0.5,6:air_size+4).';
 
    
    % EPS BOX 1 %
 
     NewBox((air_size+5):(end/2)+0.5,(air_size+5):(air_size+9)) = Fo_eps*(Box(((air_size+5):(end/2)+0.5)-1,(air_size+5):(air_size+9))+Box((air_size+5):(end/2)+0.5,((air_size+5):(air_size+9))+1)+Box(((air_size+5):(end/2)+0.5)+1,(air_size+5):(air_size+9))+Box((air_size+5):(end/2)+0.5,((air_size+5):(air_size+9))-1)+((1/Fo_eps)-4)*Box((air_size+5):(end/2)+0.5,(air_size+5):(air_size+9)));
     NewBox((air_size+5):(air_size+9),(air_size+5):(end/2)+0.5) = Fo_eps*(Box(((air_size+5):(air_size+9))-1,(air_size+5):(end/2)+0.5)+Box((air_size+5):(air_size+9),((air_size+5):(end/2)+0.5)+1)+Box(((air_size+5):(air_size+9))+1,(air_size+5):(end/2)+0.5)+Box((air_size+5):(air_size+9),((air_size+5):(end/2)+0.5)-1)+((1/Fo_eps)-4)*Box((air_size+5):(air_size+9),(air_size+5):(end/2)+0.5));
 
                                                            
    % AIR inner %
 
     NewBox(air_size+10:(end/2)+0.5,(air_size+10):(end/2)+0.5) = Fo_air*(Box((air_size+10:(end/2)+0.5)-1,(air_size+10):(end/2)+0.5)+Box(air_size+10:(end/2)+0.5,((air_size+10):(end/2)+0.5)+1)+Box((air_size+10:(end/2)+0.5)+1,(air_size+10):(end/2)+0.5)+Box(air_size+10:(end/2)+0.5,((air_size+10):(end/2)+0.5)-1)+((1/Fo_air)-4)*Box(air_size+10:(end/2)+0.5,(air_size+10):(end/2)+0.5));
 
    % Mirror %
 
     NewBox(2:(end/2)+0.5,(end/2)+1.5:end-1) = fliplr(NewBox(2:(end/2)+0.5,2:(end/2)-0.5));
     NewBox((end/2)+1.5:end-1,2:end-1) = flipud(NewBox(2:(end/2)-0.5,2:end-1));
 
    
 
     if PlotCounter == 100
          val.ZData=NewBox;
          drawnow
          PlotCounter = 0;
     end
end
 
Melt = datestr(seconds(I*t),'HH:MM:SS')
 
toc


References
COMSOL, 2021. Apparent Heat Capacity Method. [Online] 
Available at: https://doc.comsol.com/5.6/doc/com.comsol.help.heat/heat_ug_theory.07.23.html
[Accessed 25 May 2021].
Hu, H. & Argyropoulos, S. A., 1996. Mathematical modelling of solidification and melting: a review. Modelling Simulation, Volume 4, pp. 371-396.
Kuo, T.-C., Huang, S. H. & Zhang, H.-C., 2001. Design for Manufacture and design for X: concepts, applications, and perspectives. Computers & Industrial Engineering, Volume 41, pp. 241-260.
Kutz, M., 2011. Applied Plastics Engineering Handbook, Processing and Materials. 1st ed. Oxford: William Andrew.
Lewis, R. W., Morgan, K., Thomas, H. R. & Seetharamu, K. N., 1996. The Finite Element Method in Heat Transfer Analysis. s.l.:John Wiley & Sons.
Ozisik, M. N., Orlande, H. R., Colaco, M. J. & Cotta, R. M., 2017. Finite Difference Methods in Heat Transfer. 2nd ed. Boca Raton: CRC Press.
Pfeifer, M., 2009. Materials Enabled Designs. s.l.:Butterworth-Heinemann.
Rapp, B. E., 2015. Taylor Series. [Online] 
Available at: https://www.sciencedirect.com/topics/engineering/taylor-series
[Accessed 25 January 2020].
Recktenwald, G. W., 2011. Finite-Difference Approximations to the Heat Equation, Portland: Portland State University.


image2.png
-





image3.png




image4.png
. V2T =
r=pc2L
ot




image5.png
2 ks ky
ke +




image6.png
_ Ps@-o05°c T Pigo.orc
Pm = - 2




image7.png
cs+cl+ L
‘m =T AT

where AT = (0.01+ 273) — (—0.5+273) = 051K




image8.png
Empirical and analytical
| Knowledge about the system
nital Dosign b Il Design
Knowedge-Basec|
l ‘Dosign Ald JL
Manutacturng, Constrcton, |} t Manutacturing, Conairction,
Fabricaiion Fabricaton
Sources of
L] Knowledge v
Tostig, Instataton, Fioa |__, | Tesing, Instalation, Field
Tuning Tuning
y v
Maintenance > Maintonarce
Redesign
») rodoct )

Sound compatbie\_ " )

design mear
reduced Herations




image9.png
EXTRUDER

e

i PamsON aLowNG
juu PREFORM Mu..,
—_— —_—
BLOW PIN

4 g

BLOW MOLD





image10.png




image11.png




image12.png




image13.png
B

: Cooler “

4 3 2 1





image14.emf
Lid Seal Seal Failure Leaking of contents 5 Incorrect Placement of lid 3 Indentation built into lid where it meets box 6 90 Lid checklist or sticker

Lid Seal Seal Failure Seal breakage 8 Material failure due to heat/cold constantly applied 4 None 6 192 Check seal after every use

Lid Seal Seal Failure compromised thermal conditions 8 Any seal failure 3 None 6 144 Check seal after every use

Material Crack Leaking of contents 7 Drop of box 2 Easy handling handles 2 28 Signage displaying proper handling

Material Crack Ability to stack 9 cyclic loading 2 None 1 18 Inspections

Material Crack compromised thermal conditions 8 Material failure due to heat/cold constantly applied 3 None 2 48 Inspections

Handles poor ergonomics possibilty to drop box 9 Poor design 1 None 1 9 Inspections

Handles poor ergonomics inability to effectively stack 9 Poor design 1 None 1 9 Inspections

Handles cracking possibilty to drop box 9 cyclic loading 4 None 1 36 Inspections

Handles cracking inability to effectively stack 9 Material failure due to heat/cold constantly applied 4 None 1 36 Inspections

Handles cracking compromised thermal conditions 8 Drop of box 5 None 1 40 Inspections
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