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[bookmark: _Toc135564314]1.0 Introduction

Under modern processing and production background in the secondary aluminium recycling industry, the Platinum Controls Ltd. Aluminium Rotary Tilting Furnace's control system is researched to achieve intelligent smelting to increase metal recovery and reduce cycle times and energy consumption.

Industry 4.0 technologies can be used to monitor the critical process variables of the Rotary Tilting Furnace (RTF) whilst in production.   If necessary, make control adjustments to the process and inform the operator of the optimal time to decant the molten aluminium from the Rotary Tilting Furnace.

This essay aims to highlight to the customer that with some financial investment, it can improve its operation process by increasing metal recovery from the batches and reducing cycling times and energy costs.

Industry 4.0 is continually and progressively changing the landscape of manufacturing
throughout the world and across different industrial sectors.   This movement is catalysed by
the concurrence of three key drivers that, synergistically combined, create the conditions to
push forward the performance and effectiveness of plant operations, positively impacting
process efficiency, safety, the environmental fingerprint, and the economic outcome through
faster and better decision-making processes.   These drivers are: the facilitated access to
unprecedented amounts of data (both structured and unstructured), new technological
developments (smart sensors, IoT, cloud storage, and high-performance computing), and a
new wave of advanced analytical solutions (machine learning, artificial intelligence, free
programming platforms, and commercial software).
(Reis, Marco S., and Furong Gao, 2021, p.1)
[bookmark: _Toc135564315]2.0 Main Content

The furnace operators determine the operating variable settings throughout the process cycle.   Each operator will have their preference for each variable setting, and therefore there is a loss of consistency in the variable settings during the process cycle.   The metal recovery rates vary accordingly.   For example, a good operator can achieve metal recovery rates of 65%, whereas another operator will achieve 60% recovery.   The purpose of developing the new system is to ensure that the variable settings are optimised by removing all inconsistencies from the operation. 

[bookmark: _Toc135564316]Figure 1: Platinum Controls Ltd. Rotary Tilting Furnace Being Charged with a Front Loader
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The main process variables have been identified as follows:

1 Flux
2 Heat input
3 Refractory temperature
4 Cycle time
5 Recovery rate
6 Metal temperature
7 Barrel rotational speed
8 Material type and alloy
9 Method of loading
10 Furnace tilt angle

These ten main variables directly contribute towards achieving the highest possible recovery rates that have been identified.   However, it has also been determined that optimising each variable at any time during the process is impossible.   For example, too much heat input when the aluminium is in the plastic or melted stage will cause it to burn off due to its affinity with oxygen, significantly reducing recoveries.   This affects the process cycle time.

The amount of oxygen in the burner must be reduced at certain stages of the process cycle to maximise recovery but at the expense of fuel cost.   Therefore, the variables must be optimised during and throughout the process. 

[bookmark: _Toc135564317]Figure 2: Platinum Controls Ltd. Rotary Tilting Furnace
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Today's 4th industrial revolution is upon us, resulting in shorter product life cycles and increasing flexibility in solving customer needs.   The main problem in manufacturing companies is to find a balance between efficiency of production processes and the various customer personality needs.   Therefore, in many studies, the monitoring approach for production processes and its environment as an important component of Industry 4.0 is proposed.   Fleischmann et al. proposed a modular, design architecture for monitoring the conditions pertaining to production processes based on Cyber-Physical Systems.   Also proposed, as a new approach to monitoring the production process, are Condition Monitoring Systems (CMS) and Manufacturing Execution Systems (MES), based on data acquired directly from Programmable Logic Controllers (PLC).
(S Klos et al., 2022, p.1)
[bookmark: _Toc135564318]3.0 Background Research

[bookmark: _Toc135564319]Figure 3: Platinum Controls Ltd. Rotary Tilting Furnace Pouring Molten Aluminium into a Launder.
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The effects of the variables on the process or the process on the variables have been identified as follows.

[bookmark: _Toc135564320]3.1 Flux

[bookmark: _Toc135564321]3.11 Amount of flux as a percentage of the total charge weight (assuming one alloy type).

The amount of flux as a percentage of the total charge weight is one of the most significant factors attributing to the metal recovery rate.   Too much flux will cause the mud at the end of the process cycle to be wet and entrap metal and cannot be separated from the metal by rolling up onto the side wall of the furnace.   With wet mud, there is no other action to be taken than to thicken the mud by adding more charged material.   This can only be done if the furnace has sufficient charging capacity.   If the furnace is full, some molten metal must be poured off to charge more material.   As well as reducing recovery, this condition increases the process cycle time.

Too little flux will cause the mud at the end of the process cycle to be dry, the metal will not be sufficiently covered, and there will be a tendency towards thermiting.   Both conditions will reduce the metal recovery rate.   A skilled operator can adjust the 'too little flux' or 'spent flux' condition during the cycle.   However, metal recovery would have already been lost by this time.   Therefore, the correct amount of flux must be calculated for each type of material processed.   The flux should be accurately weighed, charged to the furnace, and melted before charging the process material.

One charge can consist of several different alloys and several different materials.   In such cases, it is critical that the flux percentage addition for each alloy, material and material weight is known before attempting multi-alloy charges.   Therefore, an alloy and material matrix is required to identify flux percentage requirements for the three conditions.   The correct flux percentage can then be calculated for each alloy, material and weight that makes up the complete charge, the sum of the flux percentages for each category is then used as the total flux requirement for that charge. 
[bookmark: _Toc135564322]3.12 Type of flux, i.e., montanal, premixed or mixed on-site.

The type of flux employed in the process is essential because its chemical composition from the source must be consistent.   Any inconsistencies will have similar effects as too little or too much flux addition to the charge.   Therefore, the type of flux used should be regularly monitored for consistent chemical composition.

Note:

Spent flux is a term used when the flux in the process has nothing more to offer the process, be it as a cleaning agent for the furnace, as a protective coating for the material being processed from the combustion system or its failure to conform to the required state and shape to allow separation of the flux from the metal, however, the term spent flux.     

[bookmark: _Toc135564323]3.2 Heat input and exhaust temperature

[bookmark: _Toc135564324]3.2.1 The amount of heat required at specific times and durations of the cycle.

The amount of heat required at specific times and durations of the cycle must be determined for each type of alloy and material to be processed.   In essence, the furnace requires maximum heat input when melting flux and maximum heat when the process material has been charged so long as the burner flame does not impinge on the material being processed.   Therefore, the density of the processed material is critical to the amount of heat applied to the furnace because low-density materials such as swarf or turnings will sit up in the furnace.  Thus the burner flame will impinge on the material, causing melt loss.   This would not necessarily be the case with dross because dross has a higher density than swarf or turnings and would therefore sit lower in the furnace, avoiding direct flame impingement.   The amount of heat being applied to the furnace must also be adjusted when the metal being processed becomes plastic and is not fully covered by the protective flux, at this stage; the heat input must be controlled until the charge has become flat and is underneath the protective flux coating.   When the charge has become flat, more heat can be applied to the furnace refractory to allow the refractory to conduct heat into the material during the rotation of the furnace.   This condition can prevail if the molten material does not adhere to the refractory and rotate with the furnace; in such cases, the metal will be prone to oxidisation due to flame impingement. 
 
[bookmark: _Toc135564325]3.2.2 Total amount of heat for the duration of the cycle

The total amount of heat for each material type, alloy and weight must be identified for the cycle duration.   This will lead to the requirement to determine the cycle times of multi-alloy and multi-material charges. 
 
[bookmark: _Toc135564326]3.2.3 Turn down of gas to air mixture at specific times and durations through the cycle.

The RTF can vary the air-to-gas ratio of the combustion system.   This function is required at critical times during the process if or when the surface of the molten metal being processed is in direct contact with the products of combustion of the burner (a burner system is typically set up with approximately 10% excess air to achieve complete combustion, aluminium has an affinity to oxygen and oxides will be produced in certain circumstances).   This could be the case when high recovery metal is processed with low flux percentage additions that do not adequately cover the molten metal.   When this could occur, the types of material and the process stage need to be identified to enable the air-to-gas ratio to adjust the environment within the furnace automatically.   The air-to-gas ratio regulator also has the facility to apply back pressure to the furnace employing an air curtain, reducing the amount of air ingress to the furnace.  The correct times and durations for introducing the air curtain facility must be determined and controlled.     

[bookmark: _Toc135564327]3.3 Refractory temperature

[bookmark: _Toc135564328]3.3.1 Refractory temperature in relation to heat input and time.

The furnace back wall refractory temperature is continuously monitored throughout the process.   If the refractory temperature becomes too high, aluminium will be burned, and metal recovery will fall.   If the refractory temperature is too low, the cycle times will increase, and throughput will decrease.   Direct correlations between refractory temperature, heat input and metal temperature must be identified to develop the combustion control system further and enable accurate heat input and temperature control predictions.   
 
[bookmark: _Toc135564329]3.3.2 Refractory temperature in relation to skin temperature.

Outside skin temperatures of the furnace are continuously monitored at three points along the length of the furnace and one point on the rear of the furnace.   The skin temperatures of the furnace are presently 'temperature indication' only and are meant to indicate and track gradual refractory wear.   The same readings should be able to be correlated to refractory and metal temperatures that have previously occurred inside the furnace.  For example, a Temperature of 1000 degrees centigrade on the furnace refractory's working face will reduce to 150 degrees centigrade by the time it has travelled through the refractory and the furnace skin.   If the time required for the heat to dissipate through to the furnace skin can be identified, we could further develop the overall temperature control system and, subsequently, the final temperature of the metal being processed.   
  
[bookmark: _Toc135564330]3.3.3 Refractory temperature when pouring.

The temperature of the metal is known when the metal is poured into the launder.   It is only at this time that a temperature probe can be inserted into the metal.   We will require a correlation of the metal temperature to refractory temperature, skin temperature, and total heat input to accurately predict the final pouring temperature of the metal.   The final pouring temperature of the metal will be dictated by the type of alloy being processed.  For instance, high silicon alloys can be poured at around 700 degrees centigrade due to the flowability of the alloy.
In contrast, high iron-content alloys will be poured at temperatures closer to 800 degrees.   The higher the aluminium temperature, the greater the loss in metal recovery.  It is, therefore, of significant importance to the process that pouring temperatures are kept as low as possible to optimise metal recovery.


[bookmark: _Toc135564331]3.4 Cycle time

[bookmark: _Toc135564332]3.4.1 Cycle time related to total heat input. 

The cycle time will be increased or decreased depending on the total heat input during the cycle and the heat loss through the furnace walls and doors.   Faster cycle times can be achieved, but at the expense of metal recovery, too much heat too quickly will result in the oxidisation of the material and require more flux to be used in the process. 

[bookmark: _Toc135564333]3.4.2 Cycle time related to the material being processed.

The cycle time will be affected by the type of material being processed and the alloy of the material.   The processed material can vary from dross with a high specific gravity to swarf with a low specific gravity.   Even within the confines of dross and swarf, there are variables, dross can be of the same alloy type, but the metal content can vary significantly between 25% and 80%, which will impact the cycle time.   Swarf can be of the same alloy type but can be dry, damp, or oily in condition; again, this will affect the cycle time.   A dross containing 80% metal will require 10% of flux, whereas a dross containing 25% metal will require 25% of flux; this will also impact the cycle time. 

[bookmark: _Toc135564334]3.4.3 Cycle time in relation to refractory wear and heat loss through the skin. 

Cycle times will increase if the same total heat input is used, but the refractory has worn.   This is due to heat loss through the furnace skin.   The volumetric capacity of the furnace also increases; therefore, the surface area of the refractory increases, thus requiring more heat input to obtain the same refractory temperature.   Although the heat transfer rate increases between the refractory and the surface area of the material being processed, the amount of extra heat input required is significant, especially when considering 3the lower thermal efficiency of the refractory and the increased heat losses.  

[bookmark: _Toc135564335]3.4.4 Cycle time related to tonnage being processed. 

Although the furnace is designed to hold a specified amount of aluminium at 2.5 SG, for instance, 5 tonnes, it does not necessarily mean that 5 tonnes is the most efficient material to process per cycle.   It depends mainly on the type and specific gravity of the material being processed.   The effect and condition of the flux also play a role in determining the best tonnages to process.   Some materials can be processed using a two or three-stage method whereby the same flux is used for several cycles and is refreshed by adding small amounts of flux during the different stages.   We know that multi-staging can increase metal recovery rates on some materials while reducing cycle times in some cases.  First, however, we need to gather the required statistical data and analyse the other variables to determine that all parameters are being optimised.  

[bookmark: _Toc135564336]3.5 Recovery rate

The metal recovery rate will depend on the total amount of heat input, pouring temperature, condition of flux, exposure of the metal surface area to air or non-inert atmosphere, the type and condition of the material being processed and the effect of coatings on the material being processed.  
[bookmark: _Toc135564337]3.5.1 Recovery rate related to the percentage of flux usage.

Flux usage should always be within 0.5% of the calculated amount to optimise the process.   Deviations of 1% on either side of the recommended amount will result in the flux becoming too wet or too dry; in both cases, metal recovery will be reduced. 

[bookmark: _Toc135564338]3.5.2 Recovery rate related to the percentage of flux usage per different material or alloy. 

The amount of flux will vary depending on the type of material being processed and the alloy of that material.   In all cases, the amount of flux used should not vary by more than 0.5% of the recommended amount.   It should be noted that the amount of flux required will also depend on the required pouring temperature of the metal and the alloy type.

[bookmark: _Toc135564339]3.5.3 Recovery rate related to total heat input. 

The total heat input minus the heat loss through the furnace walls and doors will affect the recovery rate.   The total heat input will not be uniform over time, and therefore the amount of heat and durations that heat has been applied to the furnace will directly relate to the metal recovery rate.  A further correlating factor will be refractory temperature over time and duration.

[bookmark: _Toc135564340]3.5.4 Recovery rate related to tonnage per cycle.

Whilst the ultimate holding capacity of the furnace is limited by the design holding capacity, the furnace holding capacity is dependent on several factors.  First, the specific gravity of the material being processed directly affects the weight of the material that can be charged into the furnace at any one time.  For instance, a larger weight of dross can be charged into the furnace in one go compared to the same weight of turnings because of the difference in specific gravities of both materials.   The transfer of heat through the refractory walls will therefore be different because of the contact surface area of the transfer media to the surface area of the material being processed.

[bookmark: _Toc135564341]3. 6 Metal temperature

[bookmark: _Toc135564342]3.6.1 Pouring metal temperature in relation to total heat input.
	
The pouring metal temperatures concerning the total heat input for individual alloys and their cycle times are required to accurately predict circumstances where the poured metal is required at different temperatures, such as when pouring into ingots, transfer crucibles that will hold metal for long periods or when transferring to holding furnaces.   The effect of higher total heat input will shorten cycle times but will result in higher metal temperatures which produce more significant melt loss and lower metal recoveries whilst at the same time reducing the effectiveness of the flux, causing it to become spent quicker.     

[bookmark: _Toc135564343]3.6.2 Metal temperature of charged material.

The temperature of the metal being charged will affect the total heat input required to process comparative material, tonnages, and cycle times.   The resultant total heat input requirements for charging material cold or pre-heated will directly impact the flux's condition, especially at the process's early stage.
  
[bookmark: _Toc135564344]3.6.3 Pouring metal temperature per type of alloy and material.

The pouring metal temperature will be directly related to the total heat input, the refractory temperature, the flux condition and the heat loss through the furnace walls.   The type of alloy and material will determine the required pouring temperature.   The downstream requirement for the metal will also determine the necessary pouring temperature.

[bookmark: _Toc135564345]3.6.4 Pouring metal temperature in relation to refractory temperature.

The pouring metal temperature will be affected by the furnace refractory temperature, time at temperature, total heat input, heat loss through the furnace walls (ambient temperatures), and the amount of time that the furnace doors or pep doors have been in the open position. 

[bookmark: _Toc135564346]3.7 Rotational speed and direction

[bookmark: _Toc135564347]3.7.1 Rotational speed of furnace per weight of charge.

The optimum speed and direction of rotation per weight of charge in the furnace must be identified.   If the RPM is too fast when the charge is cold, the material inside the furnace will roll out due to the screw action of the furnace.   The furnace is capable of rotating between 0 and 6 RPM.   The furnace should rotate at approximately 1 RPM when the material is in the molten condition; this prevents metal from splashing onto the doors and prevents the molten metal from sticking to the walls of the furnace.   If metal sticks to the walls of the furnace whilst rotating, the metal will come into contact with the burner flame, and the metal will oxidise.   The furnace's rotational speed is also influenced by the angle of the furnace and the amount of molten metal and flux within the furnace.   The furnace can operate over an arc of 30 degrees. 

[bookmark: _Toc135564348]3.7.2 Rotational speed of furnace per type of material being processed.

The furnace's rotational speed per material type processed needs to be identified.   When the furnace is charged with a cold material, the furnace should rotate, mixing the flux with the material.  The furnace will rotate at approximately 2 to 3 RPM at this stage.   When the material in the furnace begins to slip (insufficient friction between the refractory and the material), this is a sign that the metal is going into the plastic or molten form, and the RPM should be reduced to around 1 RPM.    

[bookmark: _Toc135564349]3.7.3 Rotational speed of furnace at specific times and durations during the cycle.

The step changes in furnace RPM can be put into the following categories: 

Melting Flux 3 to 6 RPM
Rotating a cold charge 2 to 3 RPM
Running plastic or molten metal 0.5 to 1 RPM
Mudding out 3 to 6 RPM
Further information and correlation between furnace RPM and metal is required. 
[bookmark: _Toc135564350]3.7.4 Rotational speed of furnace concerning the angle of the furnace.

The furnace operates through an arc of 29 degrees.   18 degrees in the recline or running position and 11 degrees in the forward or decant position.   The maintenance angle is 0 degrees.  This is when the furnace is set onto the maintenance legs to enable work to be carried out on and around the furnace.   The barrel is level and parallel to the ground when the furnace is at 0 degrees in the maintenance position.   The variations between the furnace RPM and the furnace angle of tilt are infinite.   We must collect more information to narrow down the variables.  Once completed, we can conduct trials and look for correlations between RPM, operating angles and metal recovery.     

[bookmark: _Toc135564351]3.8 Material Type

The material that can be processed through the furnace comes in many shapes and forms, and the permutations of shape, density and alloy are almost infinite.   To compound the problem, different alloys are often mixed to make a charge to reduce the time required for final alloying in the holding furnaces, and because the materials have different shapes and forms, the specific gravity of the materials within the same alloy groups varies significantly, for example, rich dross can have an SG of say 1.8 and turnings of the same alloy could have an SG of say 0.5.   To bring some order and method to those mentioned above, we must produce a matrix of material versus alloys and weights while operating the furnace.   Once the matrix has been produced, we can introduce the information to an AI system.
 
[bookmark: _Toc135564352]3.8.1 amount and type of coating on processed materials (moisture content).

The amount and types of coatings on materials being processed vary significantly.   The types of coatings can be paint, lacquer, ink, paper, polythene, plastic or even dirt.   The number of coatings is typically measured in thickness or weight or as a percentage of the total weight of the material.  The amount as a percentage can be found by weighing a sample of the material to be processed and melting the sample in a test kiln.   The resultant weight of the molten aluminium after the impurities have been slowly vaporised accurately represents the aluminium content of the contaminated material; say, the weight of the material before being kilned is 10 kg.  The weight after being kilned and the impurities vaporised is 9.8 kgs, and then the impurities would amount to 0.2 kgs or 2%.  

[bookmark: _Toc135564353]3. 9 Method of loading

There are, in essence, three main methods of charging the furnace; a front-end loader, rotating bins, and a vibrating feeder.

[bookmark: _Toc135564354]3.9.1 Loading by a front-end loader.

This is the preferred method because it is much faster.   A typical vehicle for this function would cost in the region of £40,000.   A front-end loader can charge the furnace with flux and most types of process material.   The required amount of flux is weighed and picked up by the vehicle.  The vehicle is then positioned in front of the furnace, the furnace operator opens the doors, and the vehicle moves forward into position, tilts the vehicle bucket, and deposits the contents into the furnace; the same procedure applies when charging material.   The payload can be as much as two tonnes, and the procedure takes approximately 3 minutes, during which time the furnace doors are opened for around 1 minute.   Therefore, this charging method is quick and fuel-efficient because the furnace doors are opened quickly, thus minimising heat loss and maximising the cycle time.   

[bookmark: _Toc135564355]3.9.2	Loading by rotating bins.

The rotating bins have an average holding capacity of approximately 500 kg, which depends on the specific gravity of the material being processed.   To load a typical 5-tonne charge of the material, the rotating bin will be used 10 times.  The furnace doors will be opened for approximately 2 minutes during each loading procedure.   The rotating bin requires double handling in that it must be loaded first employing a front-end loader, the rotating bin is then picked up by a forklift with a rotating head, and the rotating bin is then presented to the furnace to deposit its payload.   Using the rotating bin to charge the furnace increases heat loss due to the furnace doors being opened for longer, increases the cycle time due to the amount of time required to charge the furnace and creates double handling of material.

[bookmark: _Toc135564356]3.9.3	Loading by vibrator.

We envisage that this loading method will be the most detrimental to heat loss, cycle times and metal recovery rates due to the time required to charge the furnace.
    
[bookmark: _Toc135564357]3.9.4 Increments of weight being charged.

Due to the variations in shape, form, and specific gravity of the materials to be processed, the incremental additions of charge material will differ from charge to charge.   In some cases, for a 5-tonne furnace, running the furnace with a total charge load of 3 to 4 tonnes could maximise the metal recovery rate and cycle times.   Although the RTF is classed as a 5-tonne furnace, it does not necessarily mean that a 5-tonne charge is an optimum weight to process at all times, as would be the case when processing swarf, for example, with a specific gravity of, say, 0.5 per cubic metre.   The furnace volumetric capacity required to charge 5 tonnes of swarf in one attempt would be 10 cubic metres, whereas the functional volumetric capacity of the furnace is only 6 cubic metres.  Any subsequent increase over the available volumetric capacity of the furnace would lead to flame impingement of the metal, reducing the recovery rate and restricting the combustion gasses from reaching the furnace's back wall, interrupting the combustion system double pass sequence.

[bookmark: _Toc135564358]3.10	Furnace tilt angle

Furnace tilt angle when melting flux: -1 to -18 degrees.
Furnace tilt angle when charging material: -1 to -18 degrees.







[bookmark: _Toc135564359]4.0 Conclusions

This essay aims to identify the possible effects of deviation of each RTF process variable, look at the impact using big data and Artificial Intelligence to monitor and either advise the operator on the best course of action or take control of the process directly to achieve optimum metal recovery, cycle times whilst reducing energy usage.

All process monitoring activities are critically dependent upon the capability to collect informative data about the state of plant operations and equipment condition.   Therefore,
new sensors are developed and deployed, transforming quality monitoring from an offline
activity conducted in the plant's laboratories to a real-time activity made online, in the
process, enabling fast product release and decision-making, with all the consequent benefits
on productivity, quality, inner logistics, and plant economy.
	Batch processes are always challenging scenarios for process monitoring given their
intrinsic non-stationarity and natural tensorial arrangement of data (batch X variables
X time).   These processes become even more difficult to handle when batch operations
take place in multiple phases.

(Reis, Marco S., and Furong Gao, 2021, p.1)

When the required historical data has been collected, it will be compiled into big data for evaluation before inclusion into the Fuzzy Logic Neural Network development process.  

In essence, we have identified 10 main variables that contribute directly or indirectly to metal recovery rates, and there are an infinite number of permutations of material types and material alloys can be processed, all requiring individual parameters to optimise recovery rates.

It is not humanly possible to optimise each variable at all times or any time during the process.  For example, too much heat input when the aluminium is in the plastic or melted stage will cause it to burn off due to its affinity with oxygen and, therefore, significantly reduce recoveries; this affects the process cycle time.   The amount of oxygen in the burner must be reduced at certain stages of the process cycle to maximise recovery but at the expense of fuel cost.   Therefore, when possible, the variables must be optimised using AI.

The data-driven modelling is efficient in extracting the necessary information from the massive amounts of data.  Various types of data-based models can be utilized for data mining and data analysis.  In particular, data-based regression models have been developed for estimation and prediction of those difficult to be measured directly, such as Least Square Regression, Artificial Neural Network (ANN), Support Vector Regression (SVR), Gaussian Process Regression, etc.  Based on these algorithms combining the big data, data-driven based research has been introduced in industrial process monitoring.
(Bak, C., Roy, A.G. and Son, H., 2021, p.1)
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