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[bookmark: _Toc67388031]Introduction 
I currently work for an organisation which specializes in manufacturing atomised alloy powders which is then sieved to a desired particle size distribution (PSD) and distributed globally for numerous applications to various demanding customers within the automotive, aerospace, glass, dentistry and nuclear industries. 
In general, our powder alloys consist of the following makeup:
· Chemistry – Chemical analysis
· PSD – Particle size distribution
· HRC – Hardness 
· Flow – Volumetric flow rate
· Density – Mass per unit volume
Our process is extremely complex and is susceptible to process variation and it’s inevitable we encounter “Leans deadly wastes”. 
· Defects – Internal and external non-conformities.
· Overproduction- Unstable yields results in excess inventory.
· Waiting – Failed product could result in new melts to be planned for blending.
· Non utilising talent – Limited people in generating blending solutions.
· Transport - Moving goods from various process stages for blending.
· Inventory – Customer returns, part orders complete due to chemical/ PSD failures.
· Motion – Double handling material.
· Excess processing – Reworking powder for PSD failures.
Dependent on production circumstances, the inventory will have varying amount of material build up in stock. We rely heavily on specialist knowledge of key individuals to run a complex process in a way that is profitable which has numerous consequences. Manual blending solutions can be an extremely subjective process and is highly dependent on the expertise available at the time and we can’t guarantee repeatability from a human. However, the biggest concern does not know if the solution generated is optimal which would result in astronomical profit margins for our industry. To put this into context we could sell a product in the range of £15-£60 per kilo depending on its characteristics and we generally deal in metric ton blends of powder per batch. Therefore, it is critical that we maximise the weight available when generating final blended homogenised powder solutions while complying to customer specifications.
[bookmark: _Toc67388032]Background and Rationale 
The aim of the research is to reduce the inventory through blending optimisation while satisfying customer requirements to maximise profit.
The purpose of researching this topic area has many benefits for the organisation such as:
· Generate revenue from zero value metal held in stock into finished goods
·  Increase production capacity by further reducing planned melts for order. 
·  Reduce metal inventory and freeing up cash along the value chain
·  Increase storage capacity 
·  Reducing production inefficiencies 
·  Improve product availability 
·  Generate shorter lead times
·  Better control chemical composition and purity of the metal powder
·  Better control particle size distribution with greater product consistency

My organisation has a large portfolio of alloys where a lot of which are similar, for example we may have to manufacture 2 complete separate alloy codes because a customer wants 0.3% additional Boron or 2% than the current alloy we already offer. Being a new business, we have jumped at the opportunity to take on all orders, but this has started to take its toll. We now have committed selling basically identical alloys with small derivatives which has drastically increased our product portfolio.
The core challenge is ensuring that we meet customer specification retrospectively to their selected characteristics which have tight tolerances. However, the route of manufacture can have many options delivering various outcomes depending on the given solution generated. Figure 1 shows a basic blending operation. 
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Blending operations happen very frequently within the organisation, some can be simplistic and some can be extremely difficult in determining a solution. The blending operation depends on weight of product to ensure complete homogenisation but generally takes 45 minutes per 1000kg. 
A simplistic blend for instance, could be formulated to homogenise 2 or more identical alloy grades with similar pre-approved quality results in different locations i.e. WIP & finished goods to perhaps increase a weight for customer order. Naturally, when you blend 2 or more materials already within specification, you can guarantee that the final blend will be within specification because they have all already passed laboratory analysis. 
Needless to say, with our complex processes we readily manufacture powder which may be quarantined/ held for various reasons such as chemical/ PSD failures etc. Over periods of times this will result in the inventory increasing with numerous alloy products with varying characteristics which will inevitably sit in stock until we either re-melt for chemistry, HRC or rework (re-sieve powder) for PSD or alternatively, we could plan additional melts in order to blend away. The ability to manipulate batches of powder to meet specification through blending in order to reduce reworks or re-melts is the aim but this becomes far more difficult. 
I.e. there could be 20+ batches of similar alloys in stock with various issues with regards to chemistry and PSD, but if formulated effectively through the laws of weighted averages then you can potentially turn 20 bad batches into 1 good batch which is saleable to a customer. Blend formulations are currently calculated theoretically by trial and error on adjusting weights of the batch to satisfy specification, This method is currently constructed on an excel spreadsheet which can be an extremely time consuming activity for the Planner/ Engineer.
Figure 2 shows a typical blend formulation for 1000kg batch.
	Total Qty
	WO#
	B
	C
	Cr
	Mn
	Mo
	N
	Ni
	O
	P
	S
	Si
	QTY

	1000
	1
	0.5
	0.9
	16.6
	1.5
	1.9
	0
	67.2
	0.3
	0
	0
	10.8
	700

	 
	2
	0.3
	0.6
	17.9
	1.4
	2.1
	0.1
	66.2
	0.3
	0
	0
	11.2
	300

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Blended Result
	0.43
	0.81
	16.99
	1.47
	1.96
	0.03
	66.90
	0.29
	0.00
	0.00
	10.9
	



[bookmark: _Toc66723928][bookmark: _Toc66723970][bookmark: _Toc67388136]Figure 2 - Basic blending example
Denotations: 
WO# - Work order number 
Chemical composition 
	B
	Boron

	C
	Carbon

	Cr
	Chromium

	Mn
	Manganese

	Mo
	Molybdenum

	N
	Nitrogen

	O
	Oxygen

	P
	Phosphorus 

	S
	Sulphur 

	Si
	Silicon 



The manual calculation for (Boron) in this 1000kg blend is the following: 
Batch 1 weight = 700 kg
Batch 2 weight = 300 kg
1 = (Boron) 0.5 * 700kg = 350
2 = (Boron) 0.25 * 300kg = 75
∴ 350 + 75 = 425
∴ 425/ 1000 = 0.425% (Boron)

These blending challenges can become significantly more difficult when you have a large selection available which incorporates failed material. Figure 3 shows an example of a Fe based alloy which includes Chemical and PSD results. Cells that are highlighted red are failures within that boundary of the batch. 
Denotations:
UCL – Upper control limit (Max limit as specified by customer)
LCL – Lower control limit (Minimum limit as specified by customer)
Numeric values display PSD and letters display chemistry of the alloyed powder. 
D10, D50, and D90 correspond to the percentages 10%, 50%, and 90% of particles under the reported particle size (Julian David Muñoz Sierraa, 2017).
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[bookmark: _Toc66723929][bookmark: _Toc66723971][bookmark: _Toc67388137]Figure 3 - Chemical and PSD results of Fe alloy
There is 6000kg available of 8 failed individual batches. The current rogue method in calculating a blend of this to meet specification would take a significant amount of time, never mind not categorically knowing have we used the most quantity available to maximise profits. 
I want to research how to optimise a process by delivering a tool that will generate viable blending solutions consistently and in a reasonable timeframe.
My research objectives are to investigate approaches to:
· Reduce new planned melts for order through blending optimisation 
· Reduce metal inventory
· Reduce PSD reworks
· Automate aspects of the process
[bookmark: _Toc67388033]Research Questions
What is optimisation?
Optimisation in general seeks to improve something, but I want to research a specific technique called mathematical optimisation, which can also be referred to as mathematical programming. This is an extremely powerful prescriptive analytical technology that allows organisations to solve complex problems and make sound allocation of data and resources available (Anescu, 2011).
MO has been said to transform entire industries by enabling organisations to address their toughest business problems and make optimal decisions in order to delivery maximal efficiency (Sheila Samsatli, 2015). According to (Robinson, 2013), the term programming is referred to as the ‘preparation of a schedule of activities and that mathematical optimisation is used to address problems that are not visible or tangible to most people. 
There has been a substantial level mathematical optimisation documented by scholars for over 70 years e.g. (Dantzig, 1963) where he developed an algorithm for solving linear programming problems.  
The objective of optimisation is to attain the “best” design relative to a set of constraints and criteria. The decision-making process is determined by the model’s objective which could be to maximise, minimise or find the value of something which is relative to a multitude of factors such as productivity, utilization and efficiency (Senthilnathan, 2014).  
Optimisation problems can be defined by the following elements (Walker, 2013):
· Objective function 
· Decision variables 
· Bounds on the decision variables 
· Constraints
The objective function, f(x), is the output you’re aiming to maximise/ minimise or find the value of something. 
Variables, x1, x2, x3 are described as the inputs that you can control.
Constraints are equations that control the size on which variables can change; in essence these provide a structure that is embedded in the model to ensure that the solutions generated are not unbound (Ricardo Baeza-Yates, 2021). 

[bookmark: _Toc67388034]Literature review
In the literature there are various intelligent optimisation algorithms which are available commercially, but can be extremely expensive depending on the nature of the model intended. My project limitations mainly consist on budget, time, available resource and production capacity. Software’s such as Gurobi can cost approximately £30000 per year, which requires specialist level of mathematical programming skills to design, formulate and build a functioning model. Various models available include but are not limited to the following (Russenchuck, 2014). 
· Xpress MP
· Cplex
· Analytica
· AIMMS
· Excel Solver 
Due to the lack of budget and technical expertise, the research will be carried out within excel with add in solver. 
There seems to a significant amount of research with regards to MO in general:
· Some problems consist of constraints and some do not
· There could be one or numerous variables 
· You can get static or dynamic problems
· Variables can be discrete or continuous
· Equations can be linear or nonlinear
However, there seems to be scarce amount of available research or information on “metal powder blending” in specific. (Guo Xi-jin, 2009) Presented research on coal blending optimisation for coal production and describes the process as being the most important segment in the scheduling of coal preparation and produces high levels of quality control and flexibility within production. The study shows that the optimisation model takes the economic benefits as the target.
(Xu, 2014) Et al discuss the common practice of blending various refined, intermediate or finished diesel products in order to maximise profits by avoiding reprocessing off spec products within a petroleum refinery. This has great significance to my research project as the context of the problem is virtually identical. A comprehensive diesel blending model was developed in MS excel solver which predicts blended oil properties by optimizing blend ratios subject to blend quantities. 
(J.M.Escola, 2019) Discusses how versatile MO techniques are within manufacturing which solutions are generated through the generation of LP problems (Linear programming). This method has been established as a capable solver tool which is incorporated into Microsoft Excel. (Eugea NIio C. Ferreira, 2001) Recommend MS Excel Solver as powerful, easy to use and adaptable software because of its combined application of an optimisation feature, database and programming tool coincides and intuitively delivers feasible good solutions. MS Solver also offers the opportunity to carry out multi-objective functions for an optimisation problem.  
(Friedman, 1999) Writes about the contributions that George Stigler (1945) made towards linear programming and how it was a pivotal stage in the development of mathematical programming. George developed food blending optimisation problem which was later referred to as the ‘Diet Problem’, Stigler later won the ‘Nobel prize for Economics’ in 1982 for this mathematical model and his findings 
(Cooper, 2002) et al used Dantzig’s work as a platform to further develop and implement software for blending gasoline in the aviation industry. It was also discussed that many industries soon followed with implementing optimisation software for various applications within manufacturing i.e., metal working, distribution, finance, aviation, marketing and many others. 
A significant amount of validation within operations research techniques were recognised by governments due to the outstanding contributions during World War II, from numerous examples within now declassified reports from detecting submarines and aerial combat etc. A proportion of these interceptions undoubtfully relied on an element of probability and statistical methods compared with that of mathematical programming. However, various armed forces continue to benefit from utilizing optimisation techniques (Vishwanath Wickramanayake, 2015). 
(Julia, 1998) Suggests that spreadsheet programs were growing in popularity within the chemical engineering industry due to its availability, it is readily used as a development framework, coupled with a solving tool. The objective function of this particular operation was to maximise profit which was delivered by displaying the differences between sales from recovered volatile organic compounds and operating and investment costs. The MS solver can run complex linear and integer problems using the simplex algorithm ensuring bounds on the variables. 
(Rosen, 1997) Discusses alternative methods to manually invoking the solver input box within the data analysis menu, this is quite a repetitive action which can take some considerable time. The solution was to create a ‘macro’ in order to run the series of tasks with a single given command automatically. Macros have various applications such as a shortcut or a command button. In the report, it was demonstrated that “Goal Seek” was the command button (macro) which solved a linear equation for optimising temperature from the unknown variable in this instance. 
(Chen Wen, 2019) Carried out a study on calculating thermodynamic equations of steam turbines using linear programming within MS Excel solver where it is described as being an effective tool for Technicians to interpret and “master” thermal calculations, other than computer programmers.  The study determined that the functionality of the solver could calculate “target cell” by changing the decisions variables while ensuring the constraints were satisfied. 

[bookmark: _Toc67388035]Proposed Methodology
MS Excel with add in solver will be the optimisation tool used and linear programming will be the selected method, where I will pay careful attention to the:
· Objective function – Maximise the quantity available 
· Decision variables – Weights of the batches
· Constraints – customer specifications for PSD & Chemical composition 
Theoretical blended solutions will be formulated within MS Excel Solver, which will be later constructed into physical blends with live material through production. 
Initial concept of model:
Offer maximum quantity solutions to reduce stock levels while achieving full saleable price of batch material. Development work would then be to implement multiple functions into the model which better control stock levels and maximise product quality. By introducing live inventory levels, the ability to manipulate the model to ensure utilisation of lower process cost material for higher profit margins is critical. By introducing multiple objective functions for quality purposes can have many benefits depending on its product application i.e., dental product I may want to maximise quantity available but minimise nickel content because of its toxicity and additionally minimise the amount of dust <20μm (PSD) to improve flowability of the powder. 
Validation of optimal blended solutions will be run through the following equipment at my organisation’s internal laboratory: 
· Particle size and shape analyser (Sync) to measure particle size distribution (Figure 4).
· Inductively coupled plasma (ICP) to measure chemical composition of the blended powder (Figure 5).
In order to get a homogenous sample, once the blending operation is completed, a spike sample will be taken from the powder hopper from 3 random locations using a sample thief tool (Figure 6), which is a universal method for ensuring efficient sampling of solids and powders. 
The purpose for using a laboratory has its advantages such as accuracy and precision of the experiments, however, the major limitation will be the lead time, we are a busy batch manufacturer who ship product daily so prioritisation of testing may become a factor when trying to formulate theoretical blends. With the laboratory producing precise data allows for detailed research to take place in correlating variables through various statistical approaches such as multiple linear regression and descriptive statistics. The ability to carry out multiple tests of the same sample will also ensure repeatability and machine stability providing the appropriate standard and calibration techniques have been adhered to initially. Variation will be another critical measurement in order to draw circumstantial conclusions of blend variation batch to batch. 

Data will be retrieved from the ERP system at the workplace which is transmitted automatically from the testing instruments, this data will be exported and analysed in order to determine whether blend solution is successful or not.  
An interesting method to judge successfulness of the model would be to request a manually configured blended solution by the Process Specialist and plot against the MO solver results. Some key information to measure would be:
· Maximum quantity available to blend within specification 
· Time taken to formulate blend 
The key research question I would like to determine from my methodology would be the following: 
· What is the difference in revenue that can be generated from the two methods (current manual calculation vs mathematical programming (Optimisation model) given that the initial inputs are identical? 
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Figure 5 – ICP
[bookmark: _Toc67388036]Project Timeline
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Figure 7 - Project Timeline
In general, the literature of reviewing current strategies and methodology is coming to a close, I am confident in the software and methods to analyse and validate will provide me with the foundation of creating an optimisation model in MS Excel Solver for blending applications. The next stage is to start configuring a model with retrospect to satisfying key areas of focus for the research project. A large proportion of time will be spent in learning how to build a mathematical model with little to no experience in mathematical programming. I expect to spend approximately one month in developing the model to ensure appropriate functionality and constraints are applied effectively and solutions generated will not only be feasible solutions, but ‘the global optimum’ which basically means “the absolute best” (Pardalos, 2002). After the model is constructed, the aim would be to run live production trials to validate the blending solutions, where internal laboratory tests would run various scenarios to test theoretical results with actual results to quantify and correlate the data set.  Finally, I have planned approximately three months to generate a report for submission in the late summer/ early Autumn. However, there could potentially be various factors which may influence the estimated completion date:
· Strict Covid-19 restrictions are reintroduced to the nation 
· Complexity of the model may result in additional time needed to construct 
· Availability to carry out production runs
· Availability of laboratory analysis
[bookmark: _Toc67388037]Conclusion

So, what are the benefits of using MS Excel to solve optimisation problems over other conventional methods. Firstly, it is significantly easier to construct a typical simulation or optimisation problem within MS Excel than alternatively coding in complex languages, or completely learning a new algebraic language. The integrated workbook is extremely convenient by interconnecting process diagrams, worksheets, matrices and simulation procedures which can be easily visualized. This versatility offers other benefits by easily adding or changing constraints which can sometimes be challenging with complicated models formulated in other programs. The problem that will be analysed in the research project is of sufficient complexity, the physical data can be easily updated and scenarios can be run with immediate optimisation results.  Although MS Excel solver cannot be compared with the likes of MSGA or Gurobi (Mahto, 2012) for its sophisticated optimisation techniques with unlimited constraints and solving speeds, it is a great tool for practicing engineers to generate feasible and optimal solutions.
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