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Abstract

Glass production is an energy intensive process, primarily requiring high temperature (≈1500oC) heat, usually provided by combustion of fossil fuels.  Concerns about the future depletion of fossil fuels and the emissions due to their combustion have driven a shift towards the use of alternative energy sources. Concentrated solar radiation is the only form of renewable energy which could directly provide the high temperature process heat required for glass production, without the otherwise necessary intermediate conversion to electricity and thereby avoiding the associated efficiency and capital costs. The technology for concentrating solar radiation using fields of heliostat mirrors to collectively generate a high intensity beam at a central focal point, is already well developed. However, the ability to use of such a solar beam to effect a viable glass making process involves significant challenges associated with the fact that glass furnaces typically require continuous and consistent process heat smoothly distributed, over large areas while concentrated solar radiation is only intermittently available and provides heat over relatively small areas with steep intensity gradients. 
In this project, experiments were conducted to incrementally develop and investigate the feasibility of an efficient and scalable process for manufacturing useful glasses with the primary process heat demand provided by a realistic concentrated solar beam. A High Flux Solar Simulator (HFSS) consisting of an array of xenon arc lamps, each coupled with an ellipsoidal reflector, was used to generate an artificial, controllable ‘solar’ beam. 
First, the HFSS beam was used to directly irradiate pure silica and soda-lime-silica glass forming batches contained inside insulated, refractory crucibles and directly irradiated by a realistic solar beam (intensity < 2000 kW/m2). All silicate batches generated complete melt pools with full conversion from crystalline raw materials, to x-ray amorphous glasses but only soda-lime-silica batches would generate melts with sufficient fluidity to homogenise and remove entrained gases (fining) and thereby produce transparent glasses. 
Next, a series of experiments were conducted to investigate factors affecting the continuity of the process. Glass forming batch, directly irradiated by a vertical HFSS beam, was contained inside a modified apparatus which enabled the melt produced to sustain a continuous flow . A specially made batch feeder enabled additional raw materials to be intermittently fed into the melting zone while the beam was still on. It was demonstrated that a semi-continuous glass melting process could be realised using primarily concentrated solar heat. However, secondary heating was necessary to sustain the flow beyond the focal spot of the beam while avoiding fracture of the crucible due to thermal gradients induced by the beam. Also, the efficiency of this process was very poor (3-4%) and the throughput was very low. This was mainly due small size of the melt limited by the area of focal spot (~6 cm dia) of the beam and the radiative heat losses from the exposed surface of the glass forming melt. 
Finally, a scaled-up solar-heated glass furnace was designed, built and tested, to address the remaining issues of efficiency, throughput, secondary heating demands, intermittent solar radiation availability and glass quality. The furnace was essentially an insulated box, containing the glass forming melt with an aperture in the roof for the vertical HFSS beam and raw material inlet. Integrated electrical resistance heating elements provided the secondary heating required to sustain continuity of the process by minimising thermal gradients during periods were solar radiation was unavailable. The HFSS beam converged at the inlet aperture and then diverged inside the insulated cavity to irradiate the  surface of the glass forming melt. This provided a much larger surface area for glass melting relative to the focal spot of the beam. This resulted in both greatly reducing re-radiation heat losses and increasing the productivity compared to the previous experiments in which the beam was directly focussed at the glass melting surface. Also, a specially made flow control system was developed, enabling the glass melt to accumulate in the crucible until fully melted and fined before and then extracted to demonstrated production of pressed glassware. With 5.26 kW of radiation from the HFSS beam entering the beam inlet aperture of this solar-heated glass furnace, 300 g of soda-lime-silica glass forming batch was periodically fed, requiring 16 minutes between consecutive feeding cycles required to fully melt the batch and recover the glass melt temperature to 1460oC, which corresponded to a thermal efficiency of 16 %. It was shown that complete melting and fining of melt pools with surface areas an order of magnitude larger than the focal point of a solar beam could be sustained without any secondary heating. Also, beam power was switched off intermittently during melting and overnight which simulated realistic operation as per natural solar radiation availability and during these periods, the secondary electrical heating automatically provided sufficient power to avoid thermal shock. Analysis of the performance of the scaled-up solar-heated glass furnace suggested that it could not directly compete with conventional large scale (~300 tonnes/day), continuous glass tank furnaces. However, in markets where conventional glass manufacturing is infeasible due to insufficient local demand, a solar-heated glass furnace appears more commercially attractive to meet smaller local demands. For example,  it is estimated, that with realistically achievable improvements expected on commercial scale up (30% glass melting efficiency), a 4 tonnes/day solar-heated glass furnace, requiring a total initial capital investment of $13M and a land area of 2 hectares, would have a payback period of 6 years for oil at 50-60 $/barrel.
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[bookmark: _Toc473995140]Introduction
The original motivation for this project was derived from an earlier line of research which aimed to investigate the feasibility of methods for exploiting the vast solar energy potential of desert regions. This appeared to be limited by the large initial capital investments required for the necessary infrastructure in such remote locations, for the conversion, storage and transportation of the solar radiation, to provide a reliable supply of useful energy to distant centres of demand. Therefore, Auner (2006, 2013) proposed processes for locally converting desert silica sands into various photovoltaic (PV) and energy storage materials. Similarly, Stambouli & Koinuma (2012) proposed that solar energy in deserts could be used to supply the energy required to convert locally available silica sands into silicon for in-situ manufacture of solar PV cells. It was proposed that exponential growth of solar energy generation power with limited start-up costs could be achieved by utilising the electrical generation from existing PV cells to provide the energy required for the manufacture of future PV materials. Furthermore, they proposed that the electricity generated from the PV systems in deserts could be exported to distant centres of energy utilisation via superconducting transmission cables. However, our preliminary research (see appendix ID1) suggested that none of these schemes were feasible so alternative ideas for enabling a similar type of scheme were considered. One idea in this regard was to use concentrated solar radiation to provide the process heat for in-situ melting of desert sands into glass lenses for further solar concentration. It was envisaged that by such a scheme concentrated solar radiation capacity could grow from a small initial capital cost and then eventually be used to drive thermochemical reactions to generate an energy carrier, suitable for long distance transport. However, subsequent research suggested that it would not feasible to produce the type and quality of glass required for lenses for solar concentrating systems due to the insufficient purity of silica sands available in most desert regions (see appendix ID1) and the difficulties related to producing the quality of glass required in a solar heated glass furnace.  However, it was found that using more conventional raw materials for glass manufacturing, concentrated solar radiation could be used to provide process heat needed to produce other types of glass which could be of more general use. Therefore, as follows, this thesis focusses on investigating the feasibility of using solar heat as an alternative to fossil fuel combustion for sustainable glass production. 
[bookmark: _Toc473995141]Solar-heated glass production
Fossil-fuelled industrialised processes have become essential to meet human demands. However, the emissions from fossil fuel combustion and the prospect of their eventual depletion poses challenges for future sustainability. 
Glass is a very important material, produced worldwide at the scale of millions of tonnes per year. Its unique set of material properties including transparency and high chemical, temperature and abrasion resistance enable manufacture of a wide range of essential products including containers, windows, insulation wool, structural and optical fibres. . Also, the main raw material for glass production, silica sand, is environmentally benign and is more abundant than any other material produced. Therefore, it has been suggested (Vogel 1994) that glass will become increasingly important as the ores of other materials are depleted in the future. However, glass production is a highly energy intensive process and nearly all the energy required is currently provided by fossil fuels; either directly by combustion or indirectly from fossil-fuelled electrical power generation. Since fossil fuels are a finite resource and the combustion thereof causes environmental degradation, it is imperative to explore alternative methods to provide a more sustainable source of energy for future glass production.
Various forms of renewable energy have been developed to provide more sustainable alternatives to fossil fuels for a wide range of applications. However, to date, there has been no specific investigation into the use of renewable energy for glass production. Concentrated solar radiation is the only form of renewable energy which could be directly used to provide the high temperature process heat primarily required for glass production without intermediate conversion to electrical energy, thereby avoiding the associated parasitic effect on overall efficiency.  
However, solar radiation is only available intermittently, while conventional glass furnaces require a reliable, continuous heat source to maintain stable operating temperatures.  Also, conventional glass furnaces usually use large flames or distributed electrical heating to generate large melt volumes but concentrated solar radiation provides more focussed heating over much smaller areas. This raises issues regarding the feasibility of producing substantial flows of homogeneous molten glass as would be required for any useful manufacturing processes. Furthermore, the semi-transparency of molten glass with respect to solar radiation and the lack of existing data in this regard, makes it particularly difficult to evaluate the quality and efficiency of glass production from a solar-heated furnace without physical experiments. 
Therefore, in this project, a series of experiments were conducted, utilising a realistic concentrated solar radiation beam to melt silicate glass forming batches in increasingly sophisticated setups. These experiments incrementally addressed issues related to enabling realistic solar-heated glass production. This lead to the development and testing of a scalable solar-heated glass furnace to evaluate to feasibility of solar-heated glass production.
[bookmark: _Toc473995142]Scope of research
The scope of research is limited to investigating the technical feasibility of directly utilising concentrated solar radiation to provide the primary process heat for the manufacture of silicate glass products from their raw materials. While there are many types of glasses, this project is focussed only on silicate, primarily soda-lime-silica, glasses because they are the most abundantly produced worldwide and their primary raw material, silica sand, is abundantly available and environmentally benign so lends itself well for a future green industry. This work only deals with colourless glasses which are of particular significance due to their transparency to solar radiation. A significant fraction of the total embodied energy associated with the production of soda-lime-silica glass comes from the energy intensive production of soda ash. This is another issue which would need to be addressed in order to realise a truly environmentally friendly glass production but was considered beyond the scope of this project. The experiments described in this thesis specifically aimed to address the technical issues related to the practical utilisation of concentrated solar radiation for providing the process heat for glass production. 
[bookmark: _Toc473995143]Thesis structure
Over the course of this thesis, the case for solar heated glass production is developed. The literature review, in Chapter 2, discusses the development of the use of concentrated solar radiation for high temperature processes heat and the relevant issues associated with glass production. Chapter 3 describes the initial proof of concept experiments involving the use of a High Flux Solar Simulator (HFSS) beam to melt various glass forming batches by different methods.  Chapter 4 covers the next series of experiments aiming to demonstrate the continuity of the glass melting process by enabling a semi-continuous glass melting process, using concentrated radiation with the aid of additional secondary heating to generate of flow of molten glass from where it is melted to a secondary container where it could be formed. Chapter 5 describes the development of a solar-heated glass melting furnace involving two series of experiments over which a scale-up system is tested and incrementally improved to provide increased efficiency, throughput and capability to deal with issues related to the intermittency of real solar radiation and the production of useful glass. In chapter 6 the significance of the results obtained during the course of this project is discussed with respect to the previous state of the art and the implications of the results of the solar-heated glass furnace in terms of commercial feasibility are discussed. Finally, in Chapters 7, the results of the research described in this thesis are summarised; conclusions with respect to the feasibility of solar heated glass production are drawn and further work is proposed. 

[bookmark: _Toc473995144]Literature review: Concentrated solar thermal process heat and glass production 
2.1. [bookmark: _Ref451200435][bookmark: _Toc473995145]Introduction
In this chapter, the literature related to utilisation of concentrated solar radiation and glass production is reviewed. Its relevance, leading to the selection of the chosen experimental methodology carried out in this project, is explained as follows:
1) The case for considering a new method for providing the energy for future glass production is developed in section 2.1, by explanation of the importance of glass and the energy intensity of the fossil-fueled process by which it is currently produced;
2) The rationale for considering the use of concentrated solar radiation as a heat source for glass production and a review of the relevant existing technologies is provided in section 2.2; 
3) A review of existing solar concentrating technologies and their relevance to glass production is covered in section 2.3;
4) An overview of the glass making process relevant to this work is provided in section 2.4;
5) Previous work related to the use of concentrated radiative heating for melting glass and refractory oxides are discussed in section 2.5;
6) Specific issues related to glass production using concentrated solar radiation are discussed in section 2.6;
7) In section 2.7, conclusions are drawn from this review; explaining the reasoning for the chosen experimental methodology for this project.
2.2. [bookmark: _Ref456439076][bookmark: _Toc473995146]Glass
In familiar usage, the term ‘glass’ refers to a transparent, brittle material, used for a wide range of applications, from food and beverage containers to screens for electronic devices. At room temperature, glasses sustain definite shapes like solid materials but the atomic structures of glasses are disorganised, more like that of liquids. Also, most solids maintain their organized atomic structure and definite shape until they are heated up to their melting temperature (Tm), at which point a distinct transformation into a liquid phase is observed. However, when glasses are heated, no such distinct discontinuity in the physical and atomic structure associated with a first order phase change can be observed. Instead, a glass will exhibit a continuous transition from a rigid material, gradually softening and decreasing in viscosity with increasing temperature until it is completely fluid. This difference in behaviour can be seen when comparing the changes in specific volume of the two types of melts as a function of temperature as shown in Figure 1, where the normal melt (solid blue line) exhibits a discontinuity at Tm associated with the phase change, while the glass forming melt (dotted orange line) exhibits a continuous transition to a glass around the glass transition temperature (Tg).
[image: ]
[bookmark: _Ref438116403]Figure 1: Comparison of the changes in specific volume with temperature for normal (solid blue line) and glass forming (dotted orange line) melts. Tg  is the glass transition temperature. Tm is the melting or liquidus temperature.
To explain this unique behavior of glasses, it is necessary to further understand their atomic structure and how they are formed.
Glass forming melts[footnoteRef:1] [1: Glass melts can be formed from a variety of raw materials and exhibit a great range of reactions. In order to provide an overview of the basic principle, a simplified description limited to a single component melt from a crystalline raw material such as pure silica sand is provided here. For a more comprehensive description see (David Pye 2005). ] 

To produce glass, a crystalline raw material is heated beyond its melting temperature (Tm), also known as the liquidus, which is defined as the temperature, above which the crystalline phase is no longer thermodynamically feasible (Rawson 1980) so only liquid can exist. If the viscosity of the melt is sufficiently high (≈102 Pa s) at Tm and it is cooled sufficiently quickly, then there is insufficient time for the atomic structure to reorganise completely as required for transformation back to the more thermodynamically favourable solid crystalline phase so instead the glass forming melt remains a super-cooled liquid (Figure 2). As the melt cools further, more bonds are formed, so the mobility of the atoms become increasingly limited and the viscosity increases. If the viscosity of the glass forming melt exceeds 1012-13 Pa s , it becomes capable of sustaining its shape under its own weight like a solid so its classification changes from a super-cooled liquid to a glass and the temperature at which this occurs is called the glass transition temperature [footnoteRef:2] (Tg) (Jones 1971b). With further cooling, eventually, the rate of molecular rearrangement becomes negligible so the random network of glass is locked in pseudo-equilibrium (Holloway 1973) so a stable glass phase is sustained despite being less thermodynamically favourable compared to the solid crystalline phases at the same temperatures (Figure 2). [2: Strictly, Tg does not have single value, as the transition takes place over a range of temperatures going from a liquid to a visco-elastic solid to a brittle elastic solid.
] 

[image: ]
[bookmark: _Ref438042230]Figure 2: Phase diagram showing melting at Tm and glass transformation and Tg  (Pye, 2005).
Structure of glass
Theoretically, a glass can be formed from any melt. However, in practice, most bulk glasses are based on silica. Part of the reason why silica is used as the main network forming oxide for most glasses is its ability to sustain continuity of its under-cooled melt over a broad temperature range, enabling melting, refining, homogenisation and thermal conditioning as required to form useful products (Pye, 2005). In both the crystalline and glass form, the silicon ion (Si4+) is associated with four neighboring oxygen ions to form a tetrahedral structural unit with the silica ion in the centre surrounded by four larger oxygen ions (O2-) at the corners of the tetrahedron (Holloway 1973). The corners of adjacent tetrahedra are shared (Figure 3) to form an extended network.
[image: ]
[bookmark: _Ref437958436]Figure 3: Schematic diagram showing the structural building blocks of silicates represented by two tetrahedra joined at a corner. The smaller filled circles representing Si 4+ ions and larger open circles O 2-.
In the crystalline form, this network of repeating tetrahedra forms a regular 3D pattern (Holloway 1973)(Figure 4a). Silicate glasses are made from the same tetrahedral structural units but they are arranged in a ‘random extended network which lacks symmetry or periodicity’ (Zachariasen 1932)(Figure 4b). 
 [image: ]
[bookmark: _Ref437952931]Figure 4: 2D schematic diagram with repeating tetrahedra represented by trigonal units showing the structural difference between: a) patterned network of crystals vs. b) random network of glass. For silicates the smaller filled circles representing Si4+ ions and larger open circles O2- (Zachariasen, 1932).
Material properties of glass
The random extended network of fused oxides gives rise to the key material properties of oxide glasses. The extended network structure means that a single ‘molecule’ can be indefinitely large; this large molecular size coupled with the lack of any holes, internal surfaces or inclusions which approach the dimensions of visible wavelengths of light gives rise to its characteristic transparency. The great resistance of many silicate glasses to corrosion is due to the fact that is already a fully oxidised substance being essentially a fused mixture of oxides. 
Glasses are very important materials with around 100 million tonnes worldwide annual production (Philip Ross & Tincher 2004). They are widely used for a variety of products due to their unique material properties and the abundance and therefore low cost of their raw materials. The most common glass products are flat sheets (for windows), containers (bottles, jars) and fibres for insulation, structural reinforcement and optical communications.
The most common type of glass produced is soda-lime-silica (SLS) which consists of three main components: silica, which forms the glass network; sodium oxide, which modifies the network to reduce the temperature at which a melt is formed; and calcium oxide, which improves the chemical stability of the glass produced. Soda-lime-silica glass is the most commonly used window material. Transparent plastics are sometimes used instead of glass due to their lighter weight but glass is preferred due its superior transparency, hardness and resistance to chemical attack, making it more durable to scratches and weathering. This makes glass the preferred material for cover plates of photovoltaic panels and solar concentrator mirrors, as these need to maintain high transmissivity across the solar spectrum while being exposed to severe weathering conditions over decades.  Furthermore solar panels and concentrators are preferably located in areas of high solar insolation and land availability and such areas (e.g. deserts) and so should be designed to withstand exposure to abrasion by sand. In such cases the glass stands superior to other transparent materials due to its surface hardness and therefore resistance to abrasion (Edfouf et al., 2015).
Soda-lime-silica glass is also an excellent material for containers because of its chemical inertness coupled with its smooth, non-porous surface. This makes it makes its surface cleanable, hygienic and re-useable, ideal for situations where chemical leaching is to be avoided and as a container for drinks where it is important for the taste to be unaffected. Therefore, it is widely used for bottles, jars and tableware with strength and thermal properties of glass being sufficient for these applications.
Glass fibres are widely used for structural reinforcement due to their high tensile strength, durability, corrosion resistance and capability to be cheaply mass produced by continuous fibre drawing. Also, glass fibres can be spun into wools for insulation which provide advantages over other insulation materials in terms of high temperature rating and fire resistance. NASA (Ho & E. Sobon 1979) have considered solar powered manufacture of structural glass fibres on the moon using locally available lunar materials and solar energy in order to provide construction materials without incurring the heavy cost of transporting materials from earth. 
Vogel (1994) predicted that glass will become increasingly important because ‘once the classical sources raw materials such as oil, natural gas and ores begin to be exhausted as the basis for materials development and production, the supply of raw materials for glass will remain indefinitely’. The main raw material for glass production, silica sand, is cheap, clean and abundant. Also, aside from the air pollution due to the high temperature combustion of fossil fuels, the waste levels for glass production are very low. However, since glass production still heavily depends on limited supplies fossil fuels, it is imperative to develop methods for utilising renewable energy sources instead of fossil fuels for the sustainability of future glass production. 
Raw materials
‘Stable and uniform raw materials are essential for the manufacture of high quality glass. Raw materials are selected according to purity, supply, pollution potential, ease of melting, and cost. Sand is the most common ingredient. Shipping costs are often multiples of original cost of the sand, and therefore manufacturers seek acceptable local sources of raw materials’ (Ross et al., 2004). Only high purity (>99%) silica sands are used for commercial glass making. Even small quantities of impurities can be problematic as summarised in Table 1.
[bookmark: _Ref435119768]Table 1: Common impurities in silica sands, problems they cause in glass making and the commercially acceptable limit. sources: [1]=(Brown et al., 1980); [2]=(McLaws 1971).
[image: ]
Glass can be made by melting pure silica but the liquidus temperature of silica is 1713oC and at this temperature, the melt is so viscous that the crystals can hardly be seen to change their form. The temperature required to produce a fluid melt from pure silica is beyond commercially practical limits. However, addition of  network modifiers reduce the liquidus temperature to enable a homogenous glass melt to be generated without the necessity for too high temperatures (Jones 1971a). Soda-lime-silica glass is composed of (weight percent) 71-75 % silica, from sand, 12-16% sodium oxide, usually supplied as sodium carbonate (soda ash) and 10-15% calcium oxide, which is also supplied as a carbonate (Philip Ross & Tincher 2004, p.111). Other more minor components are also added to commercial melts, either deliberately or as unavoidable components in the raw materials.  
[bookmark: _Ref434665765]Production
The raw materials used to produce glass (often referred to as batch or ‘glass forming batch’) are melted inside a glass furnace. Usually, the batch is fed onto surface of an existing melt, forming a layer (batch blanket) which gradually dissolves into the melt. The theoretical energy required to convert SLS batch into glass is around 2.7 GJ/t (Trier 1987b; Scalet et al. 2013). This theoretical value is based only on the chemical heat of reactions associated with the glass forming reactions, including the decomposition of the carbonates to their oxides; the phase change from crystalline batch components to the liquid melt; and the enthalpy changes associated with heating up the raw materials (‘batch’) and the gas produced, from ambient temperature to the generally assumed melt temperature of 1500oC. However, in practice, significant additional energy is required to overcome heat losses associated with maintaining the glass melt at temperature to enable homogenisation and bubble removal (fining) to occur, in order to produce the required high quality products expected by the modern consumer. This real energy consumption for modern industrial glass melting, with typical production in the order of hundreds of tonnes per day (tpd), can vary from 3.5 to 40 GJ/t (Scalet et al. 2013) depending on furnace design and scale, with larger furnaces generally being more efficient.
After melting and fining, the glass forming melt undergoes a forming process, whereby it is shaped into the desired final glass product while it cools to the glass transition temperature. Most glass products are produced in special tanks designed for a specific glass product either, containers by blowing or casting, sheets by the float process or fibres by drawing filaments. The common theme to all these forming processes is the requirement for a consistent flow of the melt from inside the main melting tank to a separate section where the glass is shaped while cooling. This is achieved by careful distribution of heat to control the temperature and in turn viscosity of the melt.
Finally, once the glass is formed, it is held at the glass transition temperature and then slow cooled to room temperature. This annealing process is required to relieve internal stresses otherwise associated with strong temperature gradients thus to prevent fracture due to thermal shock.
0. Glass furnace refractories
‘The primary objective of a glass making plant is to manufacture glass of the required quality and in the required quantity at the lowest attainable cost. In meeting these objectives, the selection and correct use of the materials exposed to high temperatures (refractories) inside the glass furnace is of major importance’ (Trier 1987e). Those refractories directly in contact with the glass melt are particularly critical because they need to be resistant to attack by the batch and molten glass. These materials will inevitably, eventually decompose due to the severe conditions inside the furnace so the aim is to select those materials which can reliably survive for the longest period without requiring repair and those whose decomposition has the least negative effect on the quality of the glass product. This usually limits the choice of materials for the construction of glass tanks mostly to fused mixtures of refractory oxides including silica, alumina and zircon (Trier 1987e).
Types of glass furnaces
Except for pot furnaces (2.2.6.1), glass furnaces are usually designed for the production of one kind of product which cannot be changed once constructed. This is because the furnace is carefully tuned to provide the desired properties of the glass to be produced. Also, changing the design of the furnace is difficult because they are continuously operated at very high temperatures. If such furnaces are switched off, the residual glass freezes causing thermal mismatch between the glass and contacting refractories so cooling down is usually avoided. Glass furnaces can be broadly categorised into the following three types, according to their scale and mode of operation:
0. [bookmark: _Ref438292527]Pot Furnaces
Originally, glass was melted in clay pots which were heated inside small, intermittently operated furnaces called pot furnaces (Trier 1987d). Pot furnaces are still used today, for small scale specialist and artistic glass production. They range in scale and design from those containing single pots, used by a single glass maker to multiple pots, used by multiple glass makers. The raw materials are fed into the pots via one or more ports in the furnace which are temporarily opened. As the initial charge of raw material reduces in volume as it melts down, further raw materials are added to the pots. This is repeated until the pot is full. Then the glass is held at temperature to homogenise and remove bubbles before extracting the required quantity of glass to be manually formed to produce the required glass article. Although, pot furnaces are intermittently operated, they are usually maintained hot most of the time and several days are usually allowed to gradually heat up from room temperature when restarting, in order to prevent damage due to thermal shock otherwise associated with rapid thermal cycling.
0. Tank Furnaces
The majority (>98%) of glass produced today is in ultra-large scale (in the order of hundreds of tonnes per day), continuously operated furnaces, called Tank Furnaces (Choudhary 1985). The raw materials are fed in one end of the melting tank and gradually migrate across to the output end where the melt is pulled out and continuously formed into large quantities of a particular glass product (high volume and low variety manufacturing) such as either containers, sheets or fibres. Most tank furnaces are heated by the combustion of fossil fuels and sometimes additional heating is provided electrically.
Day Tanks 
Intermediate scale (in the orders of 101-3 kg glass per day) glass furnaces, which operate on daily cycles are called Day Tanks (Trier 1987a; Teinsen 1979). They are similar in design to that of conventional tank furnaces, with glass melted directly inside a single, insulated tank but their intermittent mode of operation and manual work involved in the forming processes, makes them more like pot furnaces. Day tanks are used where the volumes of glass required are too small for a conventional tank furnace and greater flexibility of operation is required, such as for art and speciality glass production. Day tanks operate on a 24 hour cycle (Díaz-Ibarra et al. 2013), summarised as follows:
1. In the morning, operation starts with melting of raw materials at ≈1100-1450oC;
2. The accumulated melt is held at up to 1450oC for fining;
3. The fined glass is cooled to 1150oC to be manually formed;
4. Finally, the glass remaining in the tank, is held at around 1100oC overnight, until the resuming operation the following morning. 
Although day tanks do not account for a large proportion of total glass production, they are of particular interest for this project because their mode of operation is particularly well matched to the daily availability of solar radiation i.e. the majority of power is required during the middle of the day (when there is usually maximum solar radiation availability) for melting and fining and the lowest power is required overnight (when direct solar radiation is unavailable) for holding.
The melting rate of day tanks is in the region of 0.4-0.8 t m-2 d-1 and the specific energy consumption is similar to pot furnaces despite being larger in size. Also, the quality of glass produced from day tanks is usually lower than that of pot furnaces and special care is required to control the pressure in day tanks to prevent ingress of cold air. 
Glass furnace heat losses
All glass furnaces heated by the combustion of fossil fuels obviously lose heat through hot exhaust gases. Tank furnaces nearly always feature a regenerator or recuperator to capture some of the heat from these exhaust gases to preheat the air/fuel before combustion. The other main source of heat losses is by conduction through the walls of the tanks as the glass must be held for extended periods at high temperatures for melting and fining. So in order to reduce the surface area to volume ratio, the trend in glass furnace design has been towards ever larger tanks - now up to 600 tpd. However, since, as explained these huge furnaces must operate continuously, producing a single type of product, issues of overproduction and lack of flexibility arise (Pipino 2014). In intermittently operated furnaces (day tanks and pot furnaces) a significant proportion of the input heat is wasted due to reheating of residual glass remaining inside the furnace from previous use and opening of ports in furnace in order to provide access to remove glass to be formed.
[bookmark: _Ref434665771]Environmental challenges for glass production
The major environmental challenges for the glass industry are emissions to air and energy consumption. Glass making is a high temperature, energy intensive activity, resulting in the emissions of products from combustion and the high-temperature oxidation of atmospheric nitrogen; i.e. sulphur dioxide, carbon dioxide, and oxides of nitrogen (Scalet et al. 2013). However, the main raw material for glass making. silica sand, is readily available and relatively harmless. Also waste levels are usually very low. Therefore, if an alternative source of heat could be provided to substitute the use of high temperature combustion of fossil fuels, glass production could be a very sustainable material overall.
2.3. [bookmark: _Ref456439160][bookmark: _Toc473995147]Solar concentration
Archimedes’ ‘burning glass’, an array of mirrors used to burn ships with sunlight is probably the most well-known historical reference to a solar concentrator. Regardless of the accuracy of this particular historical account or myth, it is clear that the idea of concentrating sunlight to provide high temperature heat is not new. However, significant developments for practical use of heat from concentrated solar radiation are more recent, driven mainly by the need to develop more sustainable alternative to fossil fuels.
In the literature, solar concentrators come under the category of non-imaging optics due to their distinction from conventional optics in that the need for point-to-point mapping of images is relaxed and instead the main objective of a solar concentrator is to maximise the total quantity of solar radiation captured at the lowest attainable cost. Historically, the most common type of solar concentrator is the parabolic trough which consists of a long, curved mirror, which concentrates sunlight along a focal line that coincides with a pipe containing a heat transfer fluid which is usually used to generate electricity via a conventional heat engine. However, such solar concentrators are limited to generating temperatures of a few hundred degrees Celsius which is sufficient for electrical power generation but insufficient for glass production as this requires much higher temperatures. Significant research into non-imaging optics for solar energy was developed in the last few decades (Welford & Winston 1978), (Gallagher & Winston 1985). This has led to the development of range of optical configurations (mostly using mirrors rather than lenses due to cost advantages on scale). 
In general, solar concentrators are characterised by the total power captured and the concentration ratio (C) which is the ratio of the intensity of the ambient solar radiation (usually assumed to be around 1 kW/m2 = 1 ‘sun’) to the intensity at the focus. To efficiently provide process heat for high temperatures like glass production, the choice of solar concentrators are is limited to those which can feasibly deliver the high power and intensity required for glass production.
High power and intensity solar concentrators
An example of such a solar concentrators is the beam down optical concentration system (Rabl 1976; Segal & Epstein, 2000, 2008), comprising a field of heliostats, a “tower reflector“ (hyperboloid mirror) and a compound parabolic concentrator (CPC,  (Winston et al., 2005)) functioning as a secondary concentrator. Such a system has been built and successfully operated at the Weizmann Institute of Science for a power of around 500 kW. Recently an alternative beam-down design has been described (Siegel & Ermanoski 2013): it uses a horizontal flat mirror close to the focal point of the heliostats instead of the hyperbolic mirror, avoiding the need of a secondary concentration by placing the solar reactor/receiver near the top of the tower.
 Solar concentration for industrial process heat
Use of concentrated solar radiation to provide process heat for industry has so far been primarily been limited to low–medium temperature processes (Kalogirou, 2003; Mekhilef, Saidur, & Safari, 2011). A major part of the research into the use of concentrated solar radiation at very high temperatures has been motivated by the desire to generate high energy density thermochemical energy storage systems, see e.g.  (Diver et al., 1992; Kodama, 2003; Wieckert et al. 2007; Neises et al., 2012; Martinek & Weimer, 2013; Tescari et al., 2013) and the solar upgrading of carbonaceous materials (Zgraggen et al., 2007; Rodat et al. 2010; Piatkowski et al. 2011). These reaction schemes usually involve solar heating of combinations of gaseous and solid reactants to generate gaseous and solid products,  such as the two step water and CO2 splitting reactions involving intermediate metal oxides to generate hydrogen and/or synthesis gas (Steinfeld 2005; Meier et al. 2012; Villasmil et al. 2014; Neises et al., 2012). Significant research work has also been devoted to the use of concentrated solar radiation to substitute for fossil and electrical energy in energy intensive commodity production (Meier et al. 2012).  This includes production of lime from limestone (Meier et al. 2005), melting of aluminium from aluminium scrap (Funken et al. 2001) and recovery of zinc from zinc containing materials (Schaffner et al. 2002; Tzouganatos et al. 2014).  Very few activities have been reported aiming in producing a viscous high temperature fluid as in glass melting (except Trombe (1954) which is discussed in section 2.5).
Solar reactor-receivers
Reactors which use process heat provided by an input concentrated solar radiation beam, called solar receiver-reactors, have been developed for a variety of applications (Steinfeld 2004; Yadav & Banerjee 2016). Solar radiation is either directly absorbed by the reactants, or in-directly, using an intermediate surface which absorbs the solar radiation and then transfers the heat to the reactants. As the reactants and/or absorber surfaces increase in temperature, heat is lost by re-radiation back out through the beam inlet aperture or by conduction through the walls of the reactor. Therefore, to maximise thermal efficiency, solar reactor-receivers usually consist of an insulated cavity in which the solar radiation is absorbed, with the beam entering the cavity through an aperture which is as small as possible. Since the shape of the incoming beam from the solar concentrator entering the solar reactor-receiver is usually conical, there is usually a frustum of a cone cut out from the section of the insulated wall of the reactor-receiver through which the beam passes as it converges to the inlet aperture which coincides with the focal point of the beam. Sometimes, a secondary concentrator is positioned just before the inlet aperture in order to further increase the concentration of the beam, thereby enabling more radiation to pass through a smaller aperture, to further increase efficiency. However, near the focal point of the beam, the intensity of the radiation is extremely high so it is challenging to maintain the high reflectivity surface required for the secondary concentrator to operate in this harsh environment. If the reactor is required to be sealed, a window (usually made of quartz) which is transparent to most of the solar spectrum, is used. The window is usually located at some distance before the aperture itself to avoid the region of greatest radiation intensity but it still it is usually close enough to require active cooling because moving it further back where the beam intensity is lower, would require a larger window which can be limiting as the larger the window the more likely it is to break due to stresses induced by the variable solar heating. 
Essentially, solar reactor-receivers can be characterised by a beam inlet section leading to an insulated cavity, in which the concentrated solar radiation spreads and is efficiently absorbed to effect the desired thermochemical reaction. To develop an understanding beyond this general description, further details of the specific workings of the different types of solar reactor-receivers developed to date are discussed in the following sections. These descriptions of solar reactor-receivers are organised into two main categories: 
1) Direct: those in which the solar radiation is directly absorbed by the reactants; 
2) In-direct: those in which the solar radiation is absorbed by an intermediate surface, which in turn transfers heat to the reactants.
Furthermore, the solar receiver reactors are described as either:
a) Beam-down: which means the concentrated solar radiation enters vertically, down, through the roof of the reactor;
b) Horizontal-beam: which means the beam enters laterally, through a side wall of the reactor.
The efficiency of solar reactor-receivers are usually specified as the percentage utilisation of the input radiant heat supply from the solar beam for the sensible heating and chemical conversion of the reactants. However, this value does not take into account the heat supplied by the solar beam during the initial heat up period where the receiver-reactor is usually gradually heated up to the reaction temperature. Also, it usually does not take into account the spillage of radiation beyond the inlet aperture or window of the reactor as the input heat is usually measured taking flux intensity measurements and integrating over a convenient surface- either the window or the inlet aperture.
Direct solar receiver-reactors 
Most direct solar reactor-receivers developed to date are rotary kilns (Trombe 1954; Sammouda et al., 1999; Funken et al., 2001; Z’Graggen et al. 2007; Neises et al. 2012; Tescari et al. 2013). These consist of a rotating cavity with apertures for the horizontal beam inlet and the solid reactants feed. The rotation enables a uniform high temperature inside the cavity and causes the reactants (usually powders or granules) to spread over the inside surface of the rotating cavity by centripetal force which both increases the surface area for heat transfer and serves as a buffer to protect the walls of the reactor from the intense and variable solar radiation. They are similar to fossil fuel fired rotary kilns as used in aluminium and lime production except the burner is replaced by a solar beam. The cavity in a solar rotary kilns is usually insulated with the exception of those using the self-crucible method (e.g. see Trombe, 1954 and Hernandez et al., 2006) which work by water cooling the cavity on the outside to maintain an unmelted layer of refractory powder in which the same material is melted by the solar beam from the inside. 
Koepf et al (2012) developed a beam-down solar reactor-receiver, for the thermal decomposition of ZnO powder. It consisted of a stationary, insulated cavity with sloped surfaces over which the reactant particles flowed down while being heated by the solar radiation. The sloped surfaces converge towards a central outlet at the bottom of the cavity. This reactor also included a vortex flow generator, near a water-cooled window, before the beam inlet aperture, to capture finer aerosoled reactant particles and gaseous products to keep them away from the reactor’s window and remove them out through another outlet at the bottom of the reactor cavity. The gas outlet tube, lead to a quench unit followed by a filter. The reactor could not reach the desired maximum operating temperatures required for complete thermal decomposition of the reactant particles. After an initial heat up period, a radiative power supply from a high flux solar simulator beam of 3.5 kW entering the reactor through its 40mm inlet aperture (corresponding to C=2785 kW/m2) was maintained throughout a series of tests. The maximum reactor temperature recorded was 900oC but this was only just achieved after continuously heating the empty reactor for seven hours. Then, as soon as the reactants were fed at 1.48 g/s the temperature inside the reactor fell. The maximum temperature which was claimed could be sustained (but closer observation seems to reveal this temperature was still falling) was around 830oC and this could only be arguably maintained at a reduced feed rate of 0.74 g/s. Furthermore, the level of decomposition in the test ranged from none, to ‘almost none’, to ‘some’ deposition products observable as condensate inside the gas outlet quench tube but no quantity was provided so it was probably insignificantly small. It was suggested that more power and slower shorter feeding cycles would have been preferable but this does not seem to address the inherent inefficiency of the system which had already been tested with relatively short feeding cycles compared to the heat up period and already very high solar beam intensities.
(Villafán-Vidales et al., 2009; 2012; 2015) developed a beam-down cavity reactor-receiver for the thermal decomposition of solid ZnO pellets which were fed into the cavity through a port in the bottom of the insulated cavity and were directly irradiated by the solar radiation coming from an aperture in the top of the cavity. Although the solid reactants could be continually fed in through the bottom inlet and gaseous products removed through a lateral tube located through the side wall of the cavity, there was no mechanism for removing the spent solids. Furthermore, despite years of development (Villafán-Vidales et al., 2009; 2012) and the reported efficiency of the latest reactor, using a solar beam of C=16000 kW/m2, was only 3% at a ZnO feed rate of only 20-30 mg/min (Villafán-Vidales et al. 2015). Part of the reason for the low efficiency was that the feeding mechanism only allowed a small surface area of reactants to be exposed to the solar radiation with the majority being absorbed by the lateral walls inside the cavity.
Roeb  (2006), Neises (2010) and Houaijia et al., (2013) developed a novel solar receiver-reactor type for producing hydrogen by using concentrated solar radiation to effect two-step water-splitting thermochemical cycles using metal oxide redox pairs (Nakamura 1977). Essentially, it consists a solid reactant (redox pair) fixed on a porous support structure which is heated by absorption of concentrated solar radiation and through which alternating gases (water vapour/inert gas) flow to output alternating gaseous products (hydrogen/oxygen) depending on the operating mode (oxidation/reduction).
Z’Graggen et al., (2007) tested a horizontal-beam, solar reactor-receiver for the direct irradiation of a slurry feed of petroleum coke (‘petcoke’) particles in water for the production of syngas.  The reactor-receiver consisted of a cylindrical cavity, 210 mm long, 129 mm-id, with the beam inlet aperture in one of the side walls and the slurry feed input from a port in the roof of the cavity near the beam inlet. The slurry was vaporised by direct irradiation from the solar beam, while a vortex flow carried it across the cavity with an average residence time of 0.98 -2.53 seconds, to the other end of the cylinder where the gaseous products were extracted through an outlet port in the side wall opposite the beam inlet. The inside walls of the cavity were made from Inconel 601, lined with alumina and insulated with ceramic foam. The beam entered the reactor through a window which was oil-cooled to keep it within 120-180oC to prevent condensation of steam. Then the beam converged through a frustum before passing through the 50 mm beam inlet, leading to the cavity in which it diverged to irradiate the reactants entrained in the vortex flow.  A series of experiments were conducted using a real solar concentrator which delivered 3-5.2 kW through the 50 mm aperture, corresponding to concentration of 1528-2648 kW/m2, while feeding petcoke in at 0.6-3.61 g/min. This resulted in an average single pass chemical conversion of petcoke of 48% with nominal reactor temperatures in the range of 1169-1377oC. This corresponded to 11% utilisation of the heat input from the solar beam for sensible heating and chemical conversion of the reactants.
Indirect solar receiver reactors
Schaffner, Meier & Wuillemin (2003), Wieckert (2003; 2005; 2007) and Tzouganatos et al., (2013) developed an indirect, beam-down, solar reactor-receiver which consisted of two cavities, separated by an intermediate plate. The first cavity received the concentrated solar radiation beam through an aperture to heat up the intermediate plate which in turn re-radiated heat into the adjacent cavity which contained the continuously fed solid reactants and from which the gaseous products were extracted. The reason for using an intermediate absorbing-emitting plate rather than directly irradiating the reactants was because it enabled the reactants to remain sealed while protecting the window from direct exposure to the high-pressure and severe gas environment. However, this only passed on these challenging conditions to be dealt with by the intermediate plate instead of the window. Coupled with the aforementioned harsh environmental conditions, the intermediate plate was also required to be highly absorbing of solar radiation, capable of resisting high temperatures (up to 1320oC) and thermal cycling due to the variable heating from the solar beam. Accordingly, SiC or graphite were proposed as the best materials for the intermediate plate, to best satisfy all the aforementioned conditions.
Meier et al., (2006) developed a solar receiver-reactor for the production of lime (CaO) by decomposition of solid limestone (CaCO3, 1-5 mm) particles. Early experiments attempting to effect the same process inside a direct solar rotary kiln were problematic as the finer reactant particles generated an absorbing dust cloud inside the kiln which partially prevented the solar radiation from penetrating through to heat the bulk of the reactants. To address this problem, a new in-direct solar rotary kiln was developed in which the reactant particles were contained inside closed tubes which were in turn contained inside a rotating insulating cavity with a beam inlet.  The solar radiation heated the outside surfaces of the tubes, which in turn heated the reactants inside. The cylindrical rotating cavity was 225 mm long, 232 mm-id with a horizontal beam inlet aperture in its front, flat face. An SiC plate was at the opposite, back face, of the cavity and the reactant particles were fed into a chamber behind this plate so that they could be preheated indirectly by solar radiation which was absorbed by the SiC plate and conducted through to the particles behind it. This enabled preheating of the reactants almost up to the reaction temperature of 900oC before they flowed through the 250 mm long, 17 mm-id, SiC heating tubes, which ran along the length of the cavity, from the preheating chamber at the back to the product outlet at the bottom-front end of the reactor. In a series of tests of using up to 10.6 kW solar radiation provided at a concentration intensity of around 2000kW/m2 , this multi-tube solar rotary kiln demonstrated around 98% decomposition of limestone, at lime production rates of 4 kg/y and 30-35% efficiency, performed at ~1122oC. Also, this reactor featured, electrical heating elements which enabled hybrid solar-electric operation.
Diver et al (1992) developed an indirect solar receiver-reactor which featured an integrated sodium reflux heat pipe. This solar receiver-reactor consisted of Inconel tubes (reactor), surrounded by sodium (heat transfer fluid) inside an Inconel box (solar receiver) which was maintained at negative pressure. Also, there was a steel mesh between the outside surface of the pipes and the inside surface of the box which functioned as a wick. All sides of the box was surrounded with at least 15 cm of insulation, except the front surface which, to receive the solar radiation at a section of the insulation cut out to form a cavity in which the solar radiation entered through a 15 cm diameter aperture. The solar radiation heated this outside surface of the box, which conducted heat through to the sodium inside, causing it to vaporise and then condense on the outside surface reactor pipes, transferring heat across the pipes’ walls, by conduction, for the thermo-chemical reaction (CO2 reforming of methane) occurring inside the pipes. Then, the sodium condensed on the outside surface of the pipes and flowed down under gravity and through the steel mesh wick, to receive more heat from the solar receiver again. Initially, an electrically powered heater was used to melt the sodium. A series of experiments, testing this receiver-reactor was conducted with a solar concentrator, delivering up to 15 kW at a peak concentration of 10,000 suns with a solar insolation of 800 W/m2, demonstrating 38.8-69.1% conversion of methane at a methane flow rate of 530-2500 L/h, with reactor walls at 780-825oC and 2-5.5 atm. The total heat input and output were not provided therefore it was not possible to provide a measure of thermal efficiency. This receiver-reactor was reported to operate satisfactorily for 3-4 weeks but then a hole developed in the surface which was exposed to maximum solar radiation, which caused release of the gases contained under pressure, thus forcing operation to abort. It was suggested that this failure was due to starvation of the sodium heat transfer fluid at this critical location.
Anikeev & Kirillov (1991) developed a range of indirect solar receiver-reactors which involved various configurations of tubes containing embedded catalysts and gaseous reactant flows, which were in turn contained inside the insulated cavity with the a beam inlet aperture. In one version, the pipes were made of a transparent quartz so the concentrated solar radiation transmitted through the tubes and heated the catalyst structure inside the tube which in turn heated the reactant flow. It was claimed that one such solar catalytic reactor operated steam reforming of methane at efficiency of 50% and a power density of 6.2 MW/m3 but these values should be taken with caution as no information about the method used to obtain these results was not provided. Furthermore, no information was provided about the solar beam intensity, power input, and chemical conversion, operating temperatures or reactant flow rates.
2.4. [bookmark: _Toc473995148]The glass making processes
The aim of a glass making process is to produce a glass of the required quality as efficiently as possible. The quality of glass required, which depends on the product, is limited by the dissolution of residual sand grains into the melt; removal of bubbles from the melt; and mixing of the melt to produce a homogeneous glass forming melt. The importance of these quality criteria depends on the product e.g. for continuous production of glass fibers,  bubbles in the melt are particularly problematic because the fibres are produced by continuously winding very fine streams (filaments) of the glass forming melt so bubbles therein would cause the stream to break randomly, disrupting the automatic winding process. Also, the fibres must be eventually made to a specified range of lengths in order to provide a known tensile strength when made into a composite material. Generally adhering to these quality criteria are important to avoid disruption the process and undermining the function of the product. The efficiency of the glass making process is limited by the heat required to hold the glass tank at temperature for long enough for all the glass contained to satisfy these quality criteria. The majority of literature related to the glass making process is devoted to large scale, continuous production in industrial tank furnaces wherein all the essential process steps take place in one tank (Beerkens 2002). The glass melt tank can be considered a chemical reactor in which the following processes take place:
1) Melting: Main chemical reactions in and around the batch blanket as the bulk of raw materials dissolve into the melt. Residual sand grains will initially remain in the melt but must eventually be completely dissolved;
2) Fining: Gases (mostly CO2) produced from the batch reactions form bubbles in the melt which is still very viscous so require time to gradually evolve. Also, during the fining process polyvalent ions in the melt are converted into a lower redox state. This requires high temperatures and almost no mixing to avoid the dispersion of ascending bubbles throughout the whole melt.
The use of concentrated solar radiation as an alternative heat source to combustion of fossil fuels primarily affects the heat transfer through the batch and glass forming melt, while all other aspect the glass forming process would essentially be the same as already described for the conventional glass furnace. Therefore, in the following section a brief general overview of the heat transfer in glass forming melts is provided and then in section 2.6.2 specific issues related to solar radiation in glass is addressed.
[bookmark: _Ref449175366]	Heat transfer in glass forming melts
‘Glass production requires heat transfer for the fusion of the raw materials and to obtain a low viscosity melt. The heat transfer process to the melt, in fossil-fuel-fired furnaces, is dominated by the radiation from the combustion chamber to the batch blanket and to the glass melt surface. Another possible source of energy is an electrode system immersed in the melt. In large scale industrial melts, temperature differences will cause density gradients, driving free convection flows in the melt tank which is important for mixing and heat transport, particularly for melts with low heat transmission’ (Beerkens 2002). However, in some smaller scale, intermittently operated furnaces, the temperature gradients within the melt are not sufficient to produce significant convective streams inside the tank so conduction is a more dominant heat transfer mode than convection (Díaz-Ibarra et al. 2013). The glass melt in the tank absorbs and emits radiation, depending on the respective temperature and extinction coefficient (wavelength dependent). 
2.5. [bookmark: _Ref451200491][bookmark: _Toc473995149]Experiments related to solar glass melting
Although no previous researchers have specifically investigated the use of concentrated solar radiation for glass production, some of the related issues have been investigated by previous researchers. Trombe (1954) used a solar rotary kiln for melting various refractory oxides including silica sand. The aim of this research was not to produce glass but to demonstrate the high temperature melting capabilities of concentrated solar radiation. No attempt was made to either produce a homogenous melt or form glasses. Yao et al (2008) developed an in-flight method for melting glass forming batches using concentrated heat sources. It essentially involved rapidly heating a falling stream of glass forming batch particles. Although concentrated solar radiation was not used, other sources of intense radiant heating such as plasma torches were utilised. Also, the aim of this method was enable rapid glass melting which is particularly important for solar glass melting due to the time limitations associated with daily solar radiation availability. A 3D printer using a concentrated solar beam instead of a conventional laser to sinter sand grains together layer by layer to form 3D objects has been demonstrated (Al-Dabbas 2013). However, this has been limited to purely artistic applications because in order to produce useful glass articles a complete melt pool must be sustained to produce a homogenous glass.
2.6. [bookmark: _Ref451200512][bookmark: _Toc473995150][bookmark: _Ref434666374]Challenges for solar heated glass melting
Heat distribution supply-demand mismatch 
Conventional glass furnaces use large flames which provide heat over a substantial area of the melt by radiation and convection and is carefully controlled to generate a consistent flow of glass forming melt as required for producing useful glass articles. However, concentrated solar radiation generally provides more focussed heating over a much smaller area and the intensity of the heat available is naturally variable. This raises issues regarding the feasibility of producing the controlled flows of homogeneous glass forming melts as would be required for any useful manufacturing processes.
Also, the natural variability of the heat available from solar radiation is potentially problematic for glass furnaces because it could cause damage to the refractories due to thermal shock or expansion mismatch between the refractories and glass contained.
Transparency of glass to solar radiation
The problem of analysing heat transfer through a radiation participating medium has already received considerable attention. For example, Siegel & Howell (1981), provided a general background on radiative heat transfer, including further discussions about solar radiation, concentrated radiation in enclosures and radiant heat transfer in semi-transparent media. Here, only the specific issue of the difference between the absorption of solar radiation in a glass forming melt is compared to that of radiation from fossil-fuel combustion. The most commonly assumed regime in mathematical modelling of heat transfer phenomenon in glass melting furnaces is the ‘optically thick limit’ (Choudhary 1985; Choudhary & Potter 2005). This essentially assumes that the direct radiation from the flame is rapidly absorbed near the surface of glass melt, leaving most of the remaining depth of glass to be heated by the melt above i.e. only by a diffusion process and direct transmission of the radiation through the melt can be ignored. This (known as the Rosseland diffusion approximation) allows for a great simplification required for analysing the heat transfer through the glass melt. This makes it possible to transform the integral type equations that result from the radiative energy balance into a diffusion equation like that for heat conduction, as the energy transfer depends only on the conditions in the immediate vicinity of the position being considered and can be described in terms of the gradient of the conditions at that position (Equation 3). The use of this diffusion approximation leads to a very great simplification in treating radiative transfer enabling use of well-developed finite difference schemes for solution of the resulting differential equations. Similarly, models developed for simulating solar reactor-receivers either assume the material receiving the solar radiation to be either totally opaque (e.g. Sammouda et al., 1999) or so strongly absorbing that the Rosseland diffusion approximation for heat transfer can be assumed (Villafán-Vidales et al. 2015).
However, comparison of the spectral power distribution of solar radiation to the absorption spectrum of molten soda-lime-silica glass (Figure 5) suggests that the glass is mostly transparent to the solar radiation. In fact, typically, soda-lime-silica glass can be even more transparent to solar radiation than suggested in Figure 5 because the transmission window which starts at around 500 nm in Figure 5 is typically even wider, starting as low as 300-400 nm in glasses with lower iron content than the glass whose spectrum is shown in Figure 5 (see Choudhary & Potter (2005)).
[image: ]
[bookmark: _Ref380658001]Figure 5: The spectral power distribution of solar radiation and the absorption spectrum of molten (colourless) soda-lime-silica glass  at 1400oC (Choudhary & Potter 2005).
So, for the analysis of the problem of solar radiation heat transfer through a glass forming melt, the optically thick limit and therefore the Rosseland approximation cannot be assumed to be valid. Therefore a solution to this problem which involves both radiative (photon) and conductive (phonon) heat transfer becomes much more difficult to implement. Also, this means data for the absorption coefficients and refractive indices of the glass forming melt across most of the wavelengths of the solar spectrum would be required. However, available data is limited and has very large error margins. It is very difficult to accurately determine the intrinsic thermophysical properties of a glass melt because the measurement results depend on the experimental setup (van Nijnatten 1996). For example, conductivity values obtained by different experiments show differences of up to 85% (Greger & Rath 1995).   
2.7. [bookmark: _Ref451200520][bookmark: _Toc473995151]Summary and conclusions
Glass is an important material which could be sustainable if its reliance on the combustion of fossil fuels for process heat could be reduced. Concentrated solar energy is the only form of renewable energy which could directly provide the high temperature heat required for glass making without the need for intermediate conversion to electricity and therefore could avoid the associated reductions in overall energy efficiency. Furthermore, use of concentrated solar radiation to provide process heat for high temperature industrial processes has already been demonstrated. However, no existing solar reactor-receiver developed previously is suitable for solar powered glass production due to the following unique set of criteria. Due to the very high process temperatures the concentrated solar radiation must be directly absorbed in the glass forming melt rather than being absorbed by an intermediate heat exchange surface. This is partly challenging due to the uncertainties regarding the heat transfer of the solar radiation through the melt due to its semi-transparency. Also, since solar radiation is naturally variable, using it to directly heat a glass furnace raises issues related to thermal shock and expansion mismatch between the glass and containing refractories. Furthermore, it remains to be shown that concentrated solar radiation can be used to provide the distribution of heat required to maintain a sufficiently fluid melt as required for complete glass melting, fining and forming processes. Glass furnace models which rely on the Rosseland diffusion approximation to compute the radiative heat transfer through the melt but this would not be valid for the use of solar radiation because clear soda-lime-silica glass melts are significantly transparent to solar radiation. Also, existing batch melting models rely on empirically derived data from laboratory experiments and that are validated by data from conventional fossil-fuels fired glass furnaces but these would not be valid for solar heated glass melting either. So, modelling of solar heated glass melting would be a problematic approach because: 1) The diffusion approximation is required to solve the radiative transfer equations using well-developed finite difference schemes but it is not valid for solar irradiation of soda-lime-silica melts; 2) the available thermophysical data of glass melts at high the temperatures and over the solar spectrum required are sparse and have unacceptably large errors. Even if such a model was developed, its usefulness on its own would be limited because to the lack of experimental data from anything comparable to a solar glass melting furnace would make it impossible to validate. Experiments, using concentrated radiation to melt falling streams of glass forming batch have been demonstrated but the feasibility of this approach using solar radiation has not been tested. Also, concentrated solar radiation has been used to melt refractory oxides in a rotary kilns but no useful glass has ever been produced due to inappropriate raw materials and reactor design. From the existing knowledge it was difficult to provide any reliable prediction regarding the feasibility of powered glass melting. 
Therefore, in this project a series of experiments to investigate the feasibility of solar powered glass melting were developed. Firstly, silicate glass forming batches were melted in static refractory containers using concentrated solar radiation because the existing knowledge suggest that this is the most reliable method for producing useful glasses but this has not been demonstrated using concentrated solar radiation before. Also, it was proposed that a falling stream of glass forming glass forming batch was irradiated by a concentrated solar beam to attempt in-flight melting because this has been shown to be an effective way to utilise other concentrated heat sources for glass melting but it has not been tested with concentrated solar radiation yet. These experiments we considered necessary to develop an initial, quantitative understanding of the effects of concentrated solar radiation with respect to glass melting. This was considered the most pragmatic initial approach because it is necessary to first demonstrate the ability to realistically produce some useful glass with a realistic solar beam before any further work could be justified. 


[bookmark: _Toc473995152]Proof of concept experiments
3.1. [bookmark: _Toc473995153]Introduction
In this chapter, initial experiments conducted to investigate the feasibility of using concentrated radiation to melt glass forming batches are described. This involved, a preliminary experiment melting sand using a solar concentrator, followed by a series of experiments aiming to use a High Flux Solar Simulator (HFSS) beam to melt pure silica and soda-lime-silica glass forming batches by two prospective methods: 1) by irradiating glass forming batches contained in crucibles and 2) irradiating a falling streams of glass forming batch ‘in-flight’.
Due to the lack of existing experimental data regarding use of concentrated solar for melting glass forming batches, a series of experiments were proposed to understand: 1) how quickly, if at all, a substantial glass melt could be produced using a concentrated solar radiation heat source; 2) what quality of glass could be produced and 3) what glass forming batch composition would be most suitable. 
There were concerns that the rapid thermal gradients induced by heating a glass forming batch using a concentrated radiation could destroy any containing refractories, preventing a melt from being sustained. Also, since silicate glasses are mostly transparent to the solar spectrum, there were concerns that most of the incident radiation would transmit though the glass without heating it sufficiently to generate a melt pool.
Furthermore, the ‘in-flight’ (Yao et al. 2008) method of rapidly melting a falling stream glass forming batches using a concentrated heat source was of particular interest because it appeared to provide a solution to the issue of the generating a substantial quantity of glass from a small heated region. Also, this in-flight melting method would not require the batch to be contained inside a refractory material so it would avoid the issue of thermal shock.

3.2. [bookmark: _Toc473995154]Preliminary experiment 
During a visit to the CNRS PROMES solar concentration research centre at Font-Romeo-Odeo, France, in 2012, a sample of locally available sand was placed onto a water-cooled steel plate at the focal point of the a solar concentrator to observe the effect of the concentrated radiation. As shown, in Figure 6, the sample formed a melt pool at its centre. Upon cooling, a piece of glassy material was observed with some sections containing partially fused sand grains, bubbles and inclusions. 
[image: ]
[bookmark: _Ref423293167][bookmark: _Ref424110448]Figure 6: Photographs of preliminary experiment melting sand using a) a parabolic solar concentrator to b) melt sand, forming c) glassy material
3.3. [bookmark: _Toc473995155]Static melting experiments
Subsequently, access was gained to the High Flux Solar Simulator (HFSS) facility at the Paul Scherrer Institute (PSI) in Switzerland to further investigate using concentrated solar radiation to melt glass forming batches, using higher purity raw materials and alternative methods to produce more useful glasses. 
3.3.1. High Flux Solar Simulator
The HFSS consists of an array of ten, independently controlled, xenon arc bulbs (Ushio UXW, 15 kWel). Each bulb is coupled with an ellipsoidal reflector aiming towards a common focal point. Shutters positioned in the path of the beam enable gradual adjustment of the power supplied to the sample. 
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[bookmark: _Ref377227632]Figure 7: Photograph of the High Flux Solar Simulator (HFSS): a) xenon arc bulb; b) ellipsoidal reflector (rim diameter = 0.95 m each); c) shutters.
The spectral power distribution of solar radiation generally approximates that of a black body at 5505oC which is similar to that of the xenon arc bulbs, but with some significant divergence, mostly in the infra-red region due to the Xe emission lines, as discussed by Petrasch et al. (2007) and Alxneit & Schmit (2012). Also, there is some slight variation of the spectrum of the concentrated radiation from the HFSS over the area of the focus which would not be expected for real concentrated solar radiation (Alxneit & Schmit 2012). The discrepancy between the spectral power distributions of the solar simulator compared to real solar radiation was considered a reasonable compromise, in order to allow for easily controlled and repeatable experiments.
3.3.2.  Glass forming batches
Standard glass-making grade raw materials (purities: SiO2 99.5%, Na2CO3 99.1%, CaCO3 99.3%) obtained from Glassworks Services Limited, were used to prepare a ternary, soda-lime-silica (SLS) batch in powder form to produce a 15Na2O 15CaO 70SiO2 (mol%) glass. Pure silica batches were also prepared. Industrial pelletised SLS batch was obtained from Apollo Furnaces Ltd and is described by Leese & Sheppardson (2016). The composition of this pelletised batch was known only to be within the range of conventional SLS batch (see section 2.2.4) and designed for the manufacture of clear containers. The Theoretical Energy Required (TER) (for the formation of the 15Na2O 15CaO 70SiO2 (mol%), pure silica and industrial SLS glasses were calculated (Appendix ID11) according to the method proposed by Carvalho (1998) to give 2532 J g-1, 1956 J g-1 and 2622 J g-1 respectively. This is discussed further in Section 5.8.1. The average pellet mass was 673 mg. Glass melting was conducted using either mullite or alumina crucibles. The former were made in-house by slip casting and firing at 1000oC. Alumina crucibles were sourced from Almath Crucibles Ltd.
3.3.3. Setup
A series of experiments using the HFSS to melt soda-lime-silica and pure silica glass forming batches in refractory crucibles was conducted. For each experiment, the glass forming batch was contained inside a crucible. Mullite (Al6Si2O13) crucibles were slip cast at The University of Sheffield from a mixture of kaolin, ball clay, molochite and calcined alumina with a sodium silicate deflocculant and fired at 1530oC. Alumina (Al2O3) crucibles were supplied by Almath Crucibles, UK. The crucible was placed inside an insulating refractory brick (SWP 23, JIC Refractories, UK) which was carved out to accommodate it. The crucible and refractory brick were surrounded by ceramic fibre insulation (Fibrax Durablanket, Unifrax, France) and contained within an existing cavity reactor-receiver i.e. a metallic chamber with removable, water-cooled, compound parabolic concentrator (CPC) leading to a beam inlet aperture in its roof. This cavity reactor was used to house the static melting experiments simply for convenience because it was already designed to be mounted on the x-y-z table and therefore could be more easily positioned at the correct position with respect to the focal point of the beam. The horizontal beam was reflected down from the 45o mirror, with the focal point aimed just inside the crucible containing the glass forming batch as shown in Figure 8 and Figure 9.
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[bookmark: _Ref421884046]Figure 8: Setup for static glass melting experiments
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[bookmark: _Ref421884145]Figure 9: Photographs of setup for static glass melting experiments a) path of concentrated radiation beam from HFSS shown by yellow arrow; b) view through 45o of glass forming batch contained inside cavity reactor.
The surface of the glass forming batch was viewed through the reflected image in the 45o mirror by a camera which was positioned behind the shutters and was fitted with the appropriate filters. Thermocouples were used to measure temperatures of crucible and/or glass during the experiments. Electrical power supply to the lamps and percentage shutter opening was logged during the experiments. Multiplying the electrical power supply by the percentage shutter opening provided a measure of ‘indicative power’ which was much larger than the actual radiative power supplied to the glass forming batch due to inefficiencies in transfer of electrical energy supplied to the lamps to radiation emitted and then further optical losses i.e. losses associated with inaccuracies in directing the radiation emitted from the lamps to the targeted batch samples. In later experiments (see chapter 6), the actual ‘radiative’ power incident at the focal spot of the beam was measured using a calorimeter and it was found to be around 8% of the indicative power. However, the actual radiative power received was not measured during these experiments.
3.3.4. Experiments (A1-9)
3.3.4.1. Pure silica batches (A1-4)
Experiment A1: 15 g of pure silica was contained within a small mullite crucible with a 30 mm top inside diameter. Two of the solar simulator’s lamps were switched on and shutters were opened gradually, at a rate of 10 % increase every 90 seconds (s) until 100% opened, providing a maximum indicative power supply of 19 kW. No melting was observed, but part of the crucible appeared to change colour (Figure 10) so then the shutters were gradually closed and the solar simulator turned off to observe the results. Upon cooling it was observed that no glass was produced and the crucible was partially disintegrated at the region which appeared to change colour. [image: ]
[bookmark: _Ref449212773]Figure 10: Photograph of initial fused silica batch irradiated by 2 lamps of the HFSS beam with shutters 100% opened. Melting of crucible visible from the dark patch at top-left edge of the crucible.
Experiment A2: Next, a similar experiment was conducted, this time using an alumina crucible to withstand higher temperatures. In this experiment, 20 g of fused silica batch was contained within the crucible. Again, 2 lamps were used and shutters gradually 100% opened but this time the total electrical power supplied was increased to 24.5 kW. No melting was initially visible (Figure 11a) and then a dark patch appeared in the surrounding bed of alumina powder (Figure 11b). In an attempt to force the batch to melt, the power was further increased by switching on a third lamp and again opening shutters 100%, giving a maximum combined electrical power supply of 34.5 kW but still no melting occurred while the dark patch appeared to be growing. Finally, a change in colour of a section of the batch nearest to the dark patch was observed, but at the same time the crucible appeared to be melting (Figure 11c) so then the shutters were closed to abort the experiment.
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[bookmark: _Ref422295662]Figure 11: Photographs of fused silica batch under HFSS beam. a) at beginning of experiment A2; b) dark patch appears in surrounding alumina; c) dark patch spreads and crucible begins melting just before experiment aborted.
Upon cooling, it appeared that some of the silica may have seeped out of the crucible into the surrounding alumina powder and underwent some form of reaction (Figure 12). The silica contained within the crucible appeared to be sintered, forming a single block. The glass produced in this experiment appeared to have shrunk away from the crucible at the side opposite to the leak, separating the glass from the containing crucible at this section (Figure 12).
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[bookmark: _Ref424050790]Figure 12: a) Sintered silica and b) section of alumina powder bed corresponding to dark patch in figure 5 where reaction appears to have occurred during experiment A2.
Since it appeared from the previous two experiments (A1-2), that focus of the HFSS was over-heating the crucible and surrounding alumina before sufficient power could be supplied batch itself, it was subsequently decided to run another experiment (A3), this time using a larger crucible so that the centre of the focussed beams could be aimed into the batch, with the top exposed surface of the crucible  and surrounding alumina powder further away from the focal point and therefore under a relatively lower flux intensity. 
Experiment A3: In this experiment, 40 g of silica was contained inside a larger crucible with a 41 mm top inside diameter. This time 3 lamps were switched on with a combined electrical power supply of 34.5 kW and the shutters were gradually opened. Video data during this experiment was lost but the following description was recorded based on live observations and data logs of shutter opening and lamp power. A bright spot was observable on the batch surface which appeared to be the point receiving the greatest incident radiation intensity but no melting was observed until 80% shutter opening, when a colour change was observed on the surface of the batch corresponding to the nucleation of a melt which coincided with the aforementioned bright spot. The shutters were then opened further which caused the melt pool to grow and spread with increasing speed but still very slowly and eventually enveloped the entire surface of the batch. At 100% shutter opening some unknown gases began to evolve from the experiment, so the shutters were reduce to 90% and the gaseous emissions appeared to subside. Then, the shutters were closed. After the beam was completely switched off the glass and surrounding refractories were observed to be still glowing red hot (Figure 13). 
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[bookmark: _Ref424055061]Figure 13: Photograph of fused silica glass inside cavity reactor visible through the mirror soon after the beam was switched off- still glowing red hot. Experiment A3.
Upon cooling, a block of fused silica glass appeared to have been successfully produced with only a very small quantity of remaining silica remaining around the outer edge inside the crucible which later fell onto the surface of the glass (Figure 14). 
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[bookmark: _Ref424115767]Figure 14: Photographs of a) fused silica melt surface cooling and b) fused silica glass produced from experiment A3
Experiment A4: Finally, a 55 g silica batch experiment was conducted aiming to observe the effect of increasing the power supplied further on the melting rate and glass produced. This time, taking extra care to avoid cracking the crucible by increasing power slowly up to a maximum of 4 lamps with 100% shutter opening corresponding to an indicative power supply of 41.8 kW and  resulting in a maximum crucible temperature of around 1340oC (Figure 15). 
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[bookmark: _Ref451029414]Figure 15: Indicative power and crucible temperature time series for the final silica glass melting experiment (A4).
A melting zone nucleated from two points on the surface of the batch and with the crucible appearing to still be intact the batch was held at temperature until the batch appeared completely melted with a smooth, reflective surface (Figure 16). Figure 17 shows a sample the glass produced upon cooling.
[bookmark: _Ref422405328][image: ]
[bookmark: _Ref451029475]	Figure 16: Progression of fused silica melt during experiment A4.
[bookmark: _Ref422405959][image: ]
[bookmark: _Ref424116949]Figure 17: Fused silica glass produced from static melting experiment A4.
3.3.4.2. [bookmark: _Ref451281401]Soda-lime-silica powdered batches (A5-7)
Experiment A5: The initial soda-lime-silica melt consisted of 19 g of powder batch inside a small crucible of 30 mm top inside diameter. Two lamps were switched on with an electrical power supply of 19.1 kW and the shutters were gradually opened at a rate of 10% every 90 seconds. By 80% shutter opening, foam and small bubbles were visible on the glass forming batch surface (Figure 18a). The shutters were held at 80% opening, corresponding to an indicative power of 15.3 kW, for 14.5 minutes. During this period, large bubbles evolved and as they collapsed drew in some of the foam from the surface (Figure 18b). At 22m:22s from the start of experiment A5 (Figure 18c), the bubbling ceased and then the remaining foam dissipated, leaving a clear, static, melt surface with a reflected image of the two solar simulator lamps on its surface (Figure 18d). 
[bookmark: _Ref422408018][bookmark: _Ref424136762][image: ]
[bookmark: _Ref451030016]Figure 18: Crucible temperature and indicative power time series with snapshots showing progression of 19 g soda-lime-silica melt during experiment A5 at the maximum indicative power of 15.32 kW  at the following times after the start of the experiment: a) 12m:02s; b) 18m:20s; c) 22m:22s; d) 25m:08s.
Upon cooling, a completely transparent glass was revealed (Figure 19). It appeared that the entire contents of the crucible had fully melted. This was the first example of producing a transparent glass using a concentrated radiation heat source. 
[bookmark: _Ref422831057][image: ]
[bookmark: _Ref451030196]Figure 19: First soda-lime-silica glass sample produced from experiment A5.
Experiment A6: Next, a larger (80 g) soda-lime-silica batch was tested, this time in a graphite-clay crucible (‘Super Salamander’, Morgan Ceramics). Again, 2 lamps were switched on and shutters gradually opened but this time before any melt could be produced unknown fumes were observed evolving from the experiment. It was suspected that this may have been due to a reaction of the graphite in the crucible with the silica in the batch and there was no extractor to remove the fumes so, for safety, the experiment was aborted after only 4.5 minutes of switching the lamps on, when the temperature of the crucible measured only 462oC.  Subsequently, it was decided to use mullite or alumina crucibles rather than graphite ones.
Experiment A7: Finally, the largest available mullite crucible was filled with 232.9g of soda-lime-silica powdered batch to test the maximum possible limits. During this experiment the glass temperature was measured (Figure 20) using a thermocouple immersed directly inside the glass batch. There was no available crucible large enough to function as the outer safety crucible so the inner crucible was placed directly inside a carved out refractory insulation brick instead. A total three lamps were used and the shutters were gradually opened to 80% when the glass temperature approached 1500oC and the glass appeared to be reacting vigorously and foaming substantially (Figure 20a). The shutters were held at 80% opening with the three lamps on, providing an indicative power of 25.1 kW for 16 minutes and then the glass temperature appeared to be decreasing and there was significant foam on the melt surface (Figure 20b) so the shutters were opened slightly more to 90 % giving a maximum indicative power of 28.2 kW for a further 36 minutes by when most of the reactions appeared to have completed and foam dissipated, leaving a static, reflective melt surface (Figure 20c). Then, in order to demonstrate an annealing process, the shutters were gradually closed and lamps switched to slow cool the glass to its transition temperature of around 500oC. It was held at this temperature (requiring 1 lamp on with around 40% shutter opening corresponding to around 4.2 kW) for half an hour and then the shutters were gradually closed to allow the glass to eventually cool down to room temperature.
[bookmark: _Ref422905616][image: ]
[bookmark: _Ref451030327]Figure 20: Temperature and indicative power profiles for 233g soda-lime-silica glass forming batch melt and corresponding snapshots of melt surface during experiment A7 seen through 6 cm dia aperture. a) 80% shutter opening / 12m:37s from start of experiment; b) 90% / ~50-60min; c) 90% shutter opening 28m:13s.
Upon cooling, the glass produced again appeared fully transparent with no unreacted batch remaining. However, despite the attempt to anneal at the transition temperature it had still cracked and there were still some trapped bubbles, more so from deeper in the melt than the surface (Figure 21).
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[bookmark: _Ref422906759]Figure 21: Soda-lime-silica glass produced from 233g powdered SLS batch during experiment A7.
The 233 g of soda-lime-silica batch would have formed 191 g of glass, with the difference in mass due to the CO2 gas produced from the decomposition of carbonates during the glass forming process. Based on a typical density for soda-lime-silica glass of 2470 kg/m3, the 191 g of glass produced corresponds to a volume of around 77 cm3.
3.3.4.3. Soda-lime-silica pelletised batches (A8-9)
Experiment A8: For the first experiment using the pelletised soda-lime-silica batch, only 10 g was tested in order to make sure it was safe to melt due to concerns about too much foam being generated and therefore possibly damaging the mirror immediately above it, since this batch contained additional fining agents and there was no previous experience with how it would react to the beam. Using two lamps, each with reduced electrical power of 10.5 kW, the shutters were gradually opened at a rate of 10 % every 90 s. By 70 % shutter opening the batch could be observed melting and bubbling (Figure 22a) but by 80 % opening, localised melting of the crucible was observed so the shutter opening was returned to 70 % (corresponding to an indicative power of 14.8 kW) and held at this setting for 18 minutes. During this time the crucible temperature stayed at around 1480oC and the melt proceeded initially in a similar way to the powdered soda-lime-silica batch (Figure 22a) but with larger quantity and smaller sized bubbles evolved. However, after 18 minutes (Figure 22b) the rate at which bubbles on the surface were dissipating was so slow that it was decided to terminate the experiment by gradually closing shutters.
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[bookmark: _Ref422914176]Figure 22: Initial pelletised soda-lime-silica batch melt progression during experiment A8. a) Early melting of pellets; b) final remaining bubbles on melt surface after 18 minutes at 1470-1490oC.
Upon cooling, the glass produced appeared even clearer than the powdered soda-lime-silica batch and with fewer bubbles. Also, the crucible and glass survived, unbroken (Figure 23). 
[image: ][bookmark: _Ref422914497]Figure 23: Glass produced during experiment A8 from 10 g of pelletised soda-lime-silica batch.

Experiment A9: Next, 58.5 g of pelletised soda-lime-silica batch was loaded in a larger mullite crucible. Again, 2 lamps were switched on, with and electrical power supply of 21 kW and the shutters gradually opened. As soon as the shutters were sufficiently opened to clearly view the melt surface (Figure 24a), it could be seen that melting was already underway with glass bubbling in a pool near the centre surrounded by unmelted pellets around the edge of the crucible. As the shutters were opened further (Figure 24b), the melting proceeded more vigorously with large bubbles developing and the pool gradually expanding. As the large bubbles burst on the surface they sucked in the nearby pellets on the surface and so eventually all the remaining pellets on the surface were enveloped by the melt pool (Figure 24c). Gradually the frequency of the bubbles evolving decreased and it appeared that the bubbles were mostly evolving from the same locations, below which unmelted pellets could be seen (Figure 24d). Eventually, the large bubbles which appeared to be evolving from the remaining reacting batch below the surface subsided, leaving only much smaller bubbles or foam on the surface (Figure 24e). Finally the shutters were opened to 90%, giving a maximum indicative power supply of 18.8 kW and then most of the foam slowly cleared leaving a reflective surface. 
[bookmark: _Ref423856876]
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[bookmark: _Ref423885953][bookmark: _Ref423885950]Figure 24: Graph showing variations in indicative power supplied and temperature measured at two positions on the crucible during the final soda-lime-silica pelletised batch static melting experiment with corresponding snapshots of melt surface. a) 70% shutter opening / 10m:29s from the start of experiment; b) 75% / 11m:44s; c) 80% / 16m:13s; d) 85% / 22m:55s; e) 85% / 25m:19s; f) 90% / 42m:00s.
Then the shutters were gradually closed to observe the result. The glass produced (Figure 25) was transparent (with a green tint which is probably due to iron impurities in the batch) with smooth, reflective surfaces and very few bubbles. This was arguably the best quality glass produced from these static melting experiments.
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[bookmark: _Ref423806573][bookmark: _Ref422986804]Figure 25: Glass produced from soda-lime-silica pelletised batch in experiment A9.
3.3.5. XRD results
Comparison of the XRD results () of the batches and corresponding glasses produced during these static melting experiments, revealed that in every case the crystalline raw materials (seen by the peaks in the XRD trace of the raw materials) were completely converted into x-ray amorphous glasses (shown by the broad peak in the glasses’ XRD traces). 
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[bookmark: _Ref422987715][bookmark: _Ref422987709]Figure 26: XRD traces comparing crystalline raw materials to glass produced from static melting experiments. a) pure silica, b) soda-lime-silica powdered batch, c) soda-lime-silica pelletised batch.
3.4. [bookmark: _Toc457232991][bookmark: _Toc457232992][bookmark: _Toc457232993][bookmark: _Toc473995156]In-flight melting experiments
3.4.1. Setup
For the in-flight melting experiment, a borosilicate glass funnel was used to contain the glass forming batch. A series of preliminary experiments were conducted to find the batch particle size and funnel outlet tube size to generate a flowrate of ~60 g/min because this was the flow rate used by  Liu, (2011) who demonstrated in-flight soda-lime-silica glass melting using an electric ac arc heat source with a similar power to that which could be provided by the HFSS beam (~50 kWth).The funnel was accurately positioned such that the focal point of the HFSS beam was located just below the outlet of the funnel tube, to lie in the path of the falling from of batch. A linear actuator connector to a steel bar was set up such that the end of the steel bar closed the end of the funnel outlet tube to hold the batch until the linear actuator was activated to pull the bar away from the funnel outlet to release the falling batch stream. A mobile phone was fixed on the funnel, functioning as a remotely controlled agitator i.e. when required it was called, causing it to vibrate thus agitating the batch particles to encourage them to flow. All equipment near the focal point of the beam was wrapped in aluminium foil to reflect radiation to avoid overheating. Refractory insulation bricks were setup behind the experimental setup to prevent the radiation passing through to damage any other equipment in the room (Figure 27).
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[bookmark: _Ref422994386]Figure 27: In-flight melting experimental setup
3.4.2. Experiments (A10-11)
Two in-flight melting experiments were conducted using: 
1) 7 g of crushed soda-lime-silica pelletised batch (experiment A10); 
2) 20 g of silica sand (experiment A11). 
For both experiments (A10-11) all 10 bulbs of the HFSS were switched used and the shutters 100% opened (corresponding to an indicative power of around 107 kW) as soon as the batches were released. The falling steams of batch particles irradiated by the full power of the beam were visible from the camera positioned behind the shutters (Figure 28).
[bookmark: _Ref422995989][image: ]
[bookmark: _Ref451030688]Figure 28: Falling streams of a) soda-lime-silica (A10) and b) pure silica batches (A11), in the path of the focal point of the HFSS beam running at full power.
The difference in the appearance of the streams seen in Figure 28 was due to the difference in the shape of the particles. The soda-lime-silica stream (Figure 28a) was made from crushed pellets so had more irregularly shaped particles compared to the silica sand stream (Figure 28b) which consisted of more spherical particles and therefore better flowability. For each experiment after the batch contained inside the funnel had run out, the beam was switched off and the material collected in the container below to observe results.
3.4.3. Results 
Neither of the two batches which underwent the in-flight melting experiments appeared to show any visible signs of melting or change. Comparing the XRD results of the batches before and after being subjected to the in-flight melting experiments (Figure 29), some small differences in the SLS pattern can be seen which would be consistent with very limited reactions occurring. 
[bookmark: _Ref422997651][image: ]
[bookmark: _Ref451014561]Figure 29: XRD results comparing glass forming batches before and after in-flight melting experiments for a) pure silica and b) soda-lime-silica batches.
3.5. [bookmark: _Toc473995157]Discussion
3.5.1. Preliminary experiment
The preliminary solar melting experiment using impure silica sand, produced a partially formed, poor quality glass, resembling that produced by Trombe (1954). This was the first experimental evidence in this project which showed that, a glass melt pool could be produced using a concentrated solar beam. Although the colouring in the sand suggested it would more readily absorb the visible wavelengths of the solar radiation than the purer raw materials considered for producing better qualities of glasses, since a melt pool could be produced even on a water-cooled plate, this provided confidence to pursue further experiments using commercial purity raw materials contained inside refractory insulated crucibles.
3.5.2.  Fused silica static melts
The initial static melting experiment attempting to melt a small batch of pure silica sand contained inside a small mullite crucible was unsuccessful. It appeared that the focal point of the beam was directed close to the edge of the crucible rather than the centre of the batch and therefore the crucible began melting before the batch. Therefore, in subsequent experiments, larger re-crystallised alumina crucibles were used to contain the fused silica batches. These had the dual advantage of a higher melting point than the mullite and greater distance of the exposed top surface of the crucible away from the focal point of the beam. This allowed more power to be supplied to the batch without melting the crucible and eventually resulted in complete melting of the contained silica. However, it appeared that the viscosity and bubble content of the fused silica glass produced was far too high to be considered for most useful applications. 
3.5.3. Soda-lime-silica static melts
The larger soda-lime-silica static melting experiments were surprisingly successful since the initial aim was to generate a small melt pool on the surface of a 10 g batch, with no expectation for bubble removal or quality of glass. But by the end of this series of experiments, there was no crucible available at the time large enough to contain the volumes of molten glass being generated, with the entire contents of the largest crucible, 232 g of soda-lime-silica batch, completely melted. Furthermore, the glass produced contained far fewer bubbles than expected considering the relatively short period of time they were held at the melting temperature which was in the order of tens of minutes, compared to conventional melts which are typically held at melting temperature for tens of hours. In addition, all the soda-lime-silica melts appeared to generate melts which appeared sufficiently fluid to potentially undergo subsequent forming processes. However, this claim could not be properly substantiated without further experiments which would require a setup which would enable a fluid stream of the molten glass produced to be observed.
The soda-lime-silica pelletised batch produced particularly good quality glass, even better than the equivalent powdered batch. This was probably due to the fact that the batch mixture was more homogenous in the pelletised form whereas the unbound powders could be segregated. This is particularly significant for smaller volume melts with short melting times because in such scenarios there is little opportunity for the batch to homogenise by mixing due to convection currents as is the case in more conventional large scale melting tanks. Therefore, pelletised soda-lime-silica appears to be the most promising batch type for future solar-heated glass melting process development.
The larger soda-lime-silica melts generated large volumes of bubbles and foam (Figure 20) over a long period of time before the melt surface could clarify. Also, long after the batch on the surface had melted away it could be seen there was still unmelted batch below (Figure 21). Furthermore, the glass produced showed significantly more trapped bubbles in the sections deeper in the melt compared to nearer the surface (Figure 21). Therefore, in order to avoid these issues related to melting and removal of gases from batches deep below the melt surface, a batch feeding system was thought to be desirable to feed a single layer of pellets as a batch blanket covering the top of the melt surface. This would allow existing batch on the surface to melt down and gases to be removed before feeding subsequent layers on top.
3.5.4. Volume of solar heater glass melting 
Prior to these experiments, it was envisaged that glass could only be melted at the point where the focal of the beam was directly incident and so secondary heating would be necessary to melt larger volumes of glass. However, these experiments indicated that larger volumes of glass can be produced using a concentrated solar beam than originally envisaged, This might be due to the fact that as the glass forming batch melts, it becomes more transparent to the incoming solar radiation, which allows the solar radiation to transmit through the initial melt to heat the remaining unmelted batch, which eventually results in the complete melt pool.
3.5.5. Effect of bubbles
The bubbles inside the melt on the surface of the glass forming melt would be expected to cause scattering of the radiation. In conventional melts heated by gas flames the scattering of radiation by bubbles in the melt usually has the effect of reducing the rate of heat transfer through the melt (Klouzek & Nemec 2003). However, since silicate glasses are much more transparent to solar radiation compared to radiation from flames it may be possible the scattering effect of the bubbles causes solar radiation which would otherwise transmit all the way through the glass melt without being absorbed, to instead, be absorbed inside the melt and therefore improving the heat transfer to the melt. Furthermore, it may be possible that the solar radiation transmitted through the melt could interact with the bubbles by multiple internal reflections causing them to heat up and possibly collapse, which could explain the reason why there were fewer bubbles in the glasses produced than expected considering the short retention times at temperature. Alternatively, the relatively short retention time required for bubble removal might be explained by the smaller volume and depth of melt compared to conventional tanks.
3.5.6. Graphite-clay refractory crucibles 
The fumes observed evolving from the graphite-clay crucible during the static soda-lime-silica melting experiments could have been due to either: 1) vaporisation of a binder since the crucibles used were new. If so this could be resolved by preheating the crucible in an oven with a suitable extractor to remove any binder; 2) reaction of the silica in the batch with the graphite in the crucible forming carbon monoxide. 
3.5.7. Temperature measurements
One of the major difficulties encountered in this series of experiments was the measurement of glass melting temperatures. A pyrometer could not be used for measuring the required temperatures due to the high radiation flux at the focal point of the beam which would have caused too much interference. It might have been possible to switch off the beam temporarily to use a pyrometer to measure the glass melt temperature but there would be rapid cooling as soon as the beam was switched off, which would have incurred a large error on such temperature measurements. Furthermore, switching off the beam immediately would cause thermal shock issues. Therefore, thermocouples were used to measure temperature rather than an optical pyrometer. One or two thermocouples were positioned at arbitrary positions on the crucible which introduced inconsistencies in the measurements. For example, Figure 24 shows the temperatures measured at two different positions on the same crucible which varied by several hundred Celsius. In this particular experiment, the thermocouple in position A appeared to consistently measure a lower temperature than the than the thermocouple at position B, except for the last few minutes of the experiments as the beam was switched off. Also, the thermocouple at position A appeared to give a dampened response to the changes indicative power supply which is most clearly shown during the incremental increases in power supply during the heat up phase where thermocouple B gives much more distinct increases in temperature than thermocouple corresponding to the step increases in power supplied. This seems to suggest that thermocouple A may have been further away from the focal point of the beam, which would explain the lower temperature for most of the experiment. Also, thermocouple A might have been more insulated from the beam as this would explain the dampened response and higher temperature after the beam was switched off. Therefore, it was difficult to find representative series of measurements indicative of the glass melting temperatures.
In the final soda-lime-silica powdered batch melt, a S-type thermocouple was directly immersed inside the glass melt itself but the data temperature data obtained from this reading could be of questionable reliability since the glass would be electrically conductive at melting temperatures and therefore could interfere with the temperature signal from the thermocouple tip. Therefore, following these experiments it was decided for subsequent experiments that a thermocouple could be contained inside a fused silica tube which could in turn be immersed in the glass in order to obtain more representative glass melting temperature data.
Also, there was an issue of limited visibility of the melt surface when the shutters were not fully opened as the only camera capable of viewing the melt was positioned behind the shutters. Since it was necessary to open the shutters gradually in order to avoid thermally shocking the refractory crucibles, this meant it was impossible to see how and when exactly the melt initiated for the soda-lime-silica batches which appeared to have already begun melting before the shutters were sufficiently open to view them.
3.5.8. In-flight melting experiments
Regarding the in-flight melting, it appeared that the main problem was that the region surrounding falling stream of glass was too cold so any heat absorbed by the batch particles would be rapidly re-radiated to their surroundings. However, it was difficult to know for sure, since the temperature of the falling steam of particles was not measured. As explained above, the use of a pyrometer to measure temperature was impossible due the inference of the radiation from the HFSS beam. Also, positioning a thermocouple in the path of the falling stream near the focus of the beam would not provide a representative temperature of the falling particles because the thermocouple would be stationary at the focal point and therefore much hotter than the particles which quickly fall past the focal point. It may still be possible to possible to melt glass forming batch by the in-flight method if the concentrated solar radiative heating were combined with a secondary heat source to provide sufficient heating to the surroundings, similar to the hybrid oxy-gas flame/plasma arc heated in-flight glass melting by Liu et al (2011). However, since the static melting experiments already appeared much more promising compared to the in-flight, it was decided to focus on melting batches contained inside refractories instead.
3.5.9. Indicative power
Since there was no measurement of the radiative flux on the melt surfaces, the only data available regarding the power supplied to the samples from the HFSS beam during these experiments is from data recorded from the bulb electrical power consumption and shutter opening. This was used to calculate an ‘indicative power’ which was simply the sum of electrical power supplied to the bulbs multiplied by the percentage shutter opening. However, due to optical errors, each bulb actually provides slightly different distributions of radiant power to the focal point so comparing the sum of electrical power supplied from different sets of bulbs is not a perfect measure of relative radiant power supplied to the melt surfaces. The indicative power recorded did not provide the actual radiant power supplied to the melt surface as required to calculate the thermal efficiency of the solar glass melting process. 
3.5.10. Radiant power
Two methods could be used to directly measure the radiant power supplied to the glass forming batch surface: 1) a thermogauge could be used to measure the flux intensity at a series of points covering the surface area of the glass forming batch. Then, by integrating this flux distribution over the aforementioned surface, the incident radiant power could be estimated; 2) a calorimeter consisting of a water-cooled chamber with a beam inlet aperture could be used to measure the total thermal energy entering it by measuring the flow rate and temperature difference of the water  inlet and outlet flows. 
However, it was too difficult to provide access for a thermogauge to the location of the surface of the glass forming batch as it was contained inside the cavity reactor. Flux measurements could not be taken without the cavity reactor would not be representative as they would not account for the effect of the CPC secondary concentrator at the beam inlet of the reactor on the flux distribution of the beam at the melt surface. Also, since the surface areas of glass forming batches tested in the static melting experiments varied significantly, it was too difficult to find a calorimeter with the same beam inlet apertures to provide comparable results. 
Therefore, it was concluded that subsequent experiments would be designed to accommodate radiant power measurements at the melt surface by use of a thermogauge or calorimeter.
3.5.11. Beam inlet aperture window
The existing cavity reactor used to house the static melting experiments featured an optional water-cooled quartz glass window at the beam inlet aperture. Although this window could have reduced convective and re-radiation heat losses from the otherwise exposed melt surface, this window was not used due to: 1) the risk of damage to the window by gases evolved from the reacting glass forming batches and 2) the loss of power due to absorption of part of the radiation from the beam by the window. However use of such windows for future solar glass melting reactor designs could be considered.
3.5.12. Annealing
Only the smallest melt managed to survive the rapid cooling after the beam was switched off with the glass and containing refractory crucible in once piece. Despite attempting to anneal at the glass forming temperature for half an hour and slow cool the largest soda-lime-silica melt (experiment A7, see section 3.3.4.2), this proved insufficient to relieve the internal stresses causing the glass to crack on cooling. Annealing and slow cooling in the order of hours or even days would probably be required to produce a properly annealed glass of  such a large section thickness which would be very difficult with a real direct concentrated solar radiation heat source due limitations of the natural daily variations of solar energy availability. Therefore, it seems future solar glass melting experiments should focus on using the solar beam only for melting the batch and then secondary heating for the annealing and slow cooling process.
3.6. [bookmark: _Toc473995158]Conclusions
The first experiments using concentrated radiation to simulate solar powered glass melting were conducted. In one series of experiments, an ‘in-flight’ melting method was tested, which involved directly irradiating a falling streams of various silicate glass forming batch particles with a High Flux Solar Simulator (HFSS) beam. This method was not successful, probably due to the insufficient residence time of the particles passing through the focal point of the beam and too cold surroundings such that the falling particles would lose any gained heat before they could melt. Another series of experiments involved melting stationary glass forming batches contained inside conventional refractory crucibles. This proved much more successful with pure silica, powdered and pelletised soda-lime-silica glass forming batches all forming complete melt pools and demonstrating complete conversion of all the crystalline raw materials to fully x-ray amorphous glasses. All soda-lime-silica batches produced sufficiently fluid melts to demonstrate removal of bubbles and homogenisation so produced transparent glasses whereas the pure silica melt was too viscous to produce useable glass melt. Soda-lime-silica pelletised batches gave the most promising results, rapidly forming the highest quality glasses with least bubbles. 
The main limitations of these experiments was a lack of data regarding actual radiant power on the glass forming batch surface and glass forming batch temperatures which made it difficult to evaluate the feasibility of ever generating a flow of molten glass as required for any useful application. Also since the rate of melting was observed to be limited by the depth of the batch, future solar glass melting experiments should involve melting one layer of batch at a time, fed onto the surface of an existing melt. Furthermore, it was found that selection of the size and material of the refractories used to contain the glass forming batches, depending on the flux intensities supplied were critical to enable a melt pool to be generated and sustained. Finally, from this series of experiments it was realised that although the primary energy required to melt glass forming batches could be provided by direct concentrated solar radiation, a secondary source capable of providing a steady supply of heat over longer periods would probably be better suited for the subsequent annealing and slow cooling process.
Therefore subsequent experiments focussed on melting soda-lime-silica pelletised batches, in crucibles rather than in-flight with the aim of demonstrating a flow of molten glass produced using a concentrated solar beam and evaluating the efficiency thereof by measuring melting temperatures, flux intensities and flow rates. In summary, the experiments described in this chapter proved the basic feasibility of making useful glasses using a concentrated solar radiation heat source and provided essential insights required for the design of subsequent experiments to develop this novel field of solar glass melting.


[bookmark: _Toc473995159]Glass melt flow experiments
4.1. [bookmark: _Toc473995160]Introduction
In order to demonstrate a viable glass making process powered by concentrated solar heat, it is necessary to sustain a flow of the glass melt beyond the focal point of the beam. Due to the unique set of features related to the utilisation of concentrated solar radiation for glass melting, this is significant new challenge which is addressed in this chapter. The high intensity radiation from a solar beam is concentrated over a small area, with the flux rapidly diminishing with increasing distance from the focal point. Furthermore, glass melts are partially transparent to solar radiation so it was difficult to predict the temperature fields and the flow of glass forming melts generated by solar irradiation. In the previous series of experiments (A1-12, see chapter 3), glass forming batches contained inside refractory crucibles were successfully melted using concentrated simulated solar radiation (see section 3.3). However, since the experiment could not be accessed while the beam was on, it was not possible to determine whether the melts produced could be sustained at sufficient fluidity as required for any useful glass making process. Therefore, in order to demonstrate a flow of molten glass using a concentrated solar beam, the experimental series B1-6 were conducted are described as follows.
4.2. [bookmark: _Toc473995161]Setup
4.2.1.  High Flux Solar Simulator (HFSS)
The HFSS was again used to provide a controlled source of concentrated simulated  solar radiation as required for the following experiments. As described previously (see section 3.3.1), the HFSS consists of an array of xenon arc lamps with concentrating optics to provide a simulated beam of high intensity solar radiation. The power supplied to the experiments was controllable by adjusting the number of lamps in use and by incremental opening of shutters between the HFSS and the glass melting experiment. Shutter openings and the electrical power supply to the lamps were logged at 1 second intervals over the course of the following experiments using a data acquisition system. The ‘indicative power’ was calculated over by multiplying the percentage shutter opening by the total electrical power supplied (Table 2) to the lamps in use.
4.2.2. [bookmark: _Ref441684388] Glass forming batch
Pelletised soda-lime-silica glass forming batch (Figure 30d) supplied by Apollo Furnaces ltd was used for the following experiments due to its capability to rapidly form a homogenous melt with few bubbles under solar beam irradiation as already demonstrated (see section 3.3.4.3) and explained (see section 3.5.3). The was considered particularly important for these experiments due to the short retention time of the melt in the path of the beam. The average density of the pellets was determined by measuring the diameters (Ø) of a random sample of 14 pellets, taking the average of three measurements per pellet using a Vernier calliper (± 0.01 mm), to estimate the volume (V) for each pellet by   as the pellets were approximately spherical. Then each pellet’s volume was divided by its mass, measured using a four decimal point scale. The average density obtained from these measurements was 1.69 g/cc with a variation from the mean of +8.5 to -9.4%. 
4.2.3. Modified crucible
Shallow, round, mullite and alumina crucibles (as described in section 3.3.3), of varied sizes, but all around 2-3 cm deep and 4-6 cm diameter, were modified with the addition of a spout to allow molten glass to flow out and a weir to prevent un-melted batch from passing into the spout (Figure 30). The modified crucibles were constructed from three different standard crucible geometries for the main crucible, weir (Figure 30b) and spout (Figure 30a). These three parts were modified from their original geometries in order to be fitted together by the following methods. In the case of the slip cast mullite these parts were cut with a scalpel while still malleable, before firing. Since the alumina crucibles were supplied already fired, a diamond-tipped, water-cooled circular saw was required to cut them to shape. Finally, the parts were assembled and joined together using alumina cement (JIC Refractories, Jonsett TA) to produce the modified crucibles as shown in Figure 30. The alumina cement was allowed to dry over a few days and then heated to 1000oC to set. The diameter of the crucibles were selected to fit within the  ̴ 6 cm Ø focal spot of the beam and a shallow depth chosen in order to enable complete and rapid melting. The exact dimensions of each of the modified crucibles used in the following experiments (B1-6) are provided in appendix (ID 2). The modified crucibles were filled with the glass forming batch, surrounded by ceramic fibre insulation (Fibrax Durablanket, Unifrax, France)  and contained within a larger mullite crucible as shown in Figure 30. 

[image: ]
[bookmark: _Ref419201293]Figure 30: A modified crucible with a) spout and b) weir, surrounded by c) insulating wool and contained within a larger crucible; d) Industrial SLS pellets contained inside feed compartment of crucible; e) location of temperature measurements.
4.2.4. Temperature measurements
A thermocouple was located contacting with the outer surface of the crucible, near the outlet Figure 30. The thermocouple was connected to a data acquisition system to log temperature measurements every second during the course of the experiments. 
4.2.5. Batch feeder
A batch feeder was specially made for the following experiments, to enable feeding of the pelletised glass forming batch into the modified crucibles while the beam was still on. The batch feeder (Figure 31) was constructed from thick, welded steel sections and electrical components were located sufficiently far away focus of the beam in order to survive temporary exposure to the high intensity radiation from the beam. The batch feeder was remotely controlled so that it could be operated without direct manual intervention as users were forbidden to enter the experimental room (except in emergencies) while the beam was on due to safety regulations. As shown in (Figure 31), the batch feeder consisted of:
a) A dispenser, from which a small number of pellets at a time were fed into the melting zone;
b) An agitator, which controlled the flow of pellets. It was activated when required to feed, causing the pellets to flow out on demand;
c) A hopper, which contained a store of pellets to gradually replenish the number of pellets in the dispenser; 
d) A linear actuator, (Gimson Robotics, stroke length 700mm) that moved the dispenser tip to the melting zone for feeding and away from the melting zone after feeding to prevent overheating of the batch feeder.
The temperature at the tip of the batch feeder was monitored. When in position, an agitator was operated in pulses to cause the required quantity of pellets to flow under gravity from the hopper, through the dispenser and into the crucible. The agitator motor speed, the angle of the dispenser and the space between the outlet of the hopper and the dispenser were all adjustable in order to limit the pellet feed rate as required. 
[image: ]
[bookmark: _Ref419201434]Figure 31: Remotely controlled intermittently operated batch feeder consisting of: a) dispenser; b) agitator; c) hopper; d) linear actuator.
4.2.6. Overall setup
As shown in Figure 32, a water-cooled mirror at 45o to the horizontal HFSS beam, was used to reflect the beam vertically into the glass forming batch. An XYZ table was used to accurately position, the centre of the crucible containing the glass forming batch such that it coincided with the centre of focus of the beam. The batch feeder was positioned such that when the linear actuator was fully extended it could feed the batch into the crucible and then it could be retracted to move away from the path of the beam to cool down between feeds. 
[bookmark: _Ref424228166][image: ]
[bookmark: _Ref430439741]Figure 32: a) Overview of the glass melt flow experimental setup with details in red square as follows; b) zoomed-in view below the 45o mirror with the batch feeder in position to feed c) when the feeder’s linear actuator is retracted to move away the from the path of the beam to cool down.
Initially, a water bucket was positioned below the outlet spout of the modified crucible to collect the glass produced. Later, this water bucket was replaced with collecting crucible inside a heater to provide additional heat to encourage the glass flow. 
A video camera with protective filters, positioned behind the shutters, was used to observe the melting zone via the reflected image in the 45o mirror. Glass samples produced were crushed to fine powders and analysed using a Siemens D5000 X-ray diffractometer using Cu-Kα radiation, in order to determine whether the crystalline raw materials has been converted into x-ray amorphous glass. All length measurements of crucible geometries and frozen glass flow distances were measured using Vernier callipers with a precision of ± 0.01 mm. The mass of pellets fed was estimated by measuring the diameter of each pellet from the images captured from the video of the melt surface and scaling the results according to the measured size of the crucible. Then, from the diameters, the mass of each pellet was estimated by the same method as explained in section 4.2.2. All times provided in the descriptions of the following experiments are measured from the moment the shutters were first opened, marking the start of the experiment as logged by the data acquisition system. These times are accurate to the nearest second and given in the format X minutes: Y seconds. 
4.2.7. Flux measurements 
In a separate experiment, a TG1000-58F thermogauge was used to measure the flux distribution produced. The thermogauge was calibrated by the manufacturer (Vatell Corp., Christiansburg, VA, US) for ±3% accuracy with a repeatability of ± 1%. 15 flux measurements were taken at equal intervals covering a region in and around the surface of the melt. Each flux measurement gave the average flux intensity over a 1.5 cm diameter circular area corresponding to the 15 black circles shown in (Figure 47). These flux measurements were repeated for the most common HFSS beam settings (Table 2) used during the course of experiments B1-6. The ‘gross radiative power’ was calculated by integrating the flux measurements over the  ̴ 6 cm diameter focal spot of the beam and compared them to the corresponding ‘indicative power’ (4.2.1) for each setting to find the average ratio between the two measures of power supplied as shown in Table 2. This ratio was then used to infer the gross radiative power for B1-6 based on the indicative power logged during the course of experiments B1-6 and used for comparison in the following descriptions.
[bookmark: _Ref441585384]Table 2: HFSS settings used during flux measurements used to infer the gross radiative power during experiments B1-6.
	HFSS beam setting ID
	# Lamps
	Total electrical power (kW)
	Shutter opening
	Indicative power (kW)
	Gross radiative power  (kW)
	Indicative: gross radiative power ratio

	1
	4
	44.81
	85%
	38.09
	3.00
	0.079

	2
	3
	32.25
	100%
	32.25
	2.68
	0.083

	3
	2
	21.91
	100%
	21.91
	1.74
	0.079

	Average
	0.080


4.3. [bookmark: _Toc473995162]Experiments (B1-6)
The complete dataset of the glass melt flow experiments (B1-6) is provided in Appendix 3. A summary of these experiments, including the most significant data is provided as follows.
For the initial experiment (B1), the modified crucible was pre-loaded, half full with powdered soda-lime-silica batch. Initially, 2 lamps were switched on, with a combined electrical power supply of 21.9 kW and the shutters were gradually opened up to 90%, delivering a gross radiative power supply of 1.57 kW by 04m:47s when the initial charge of powered soda-lime-silica batch could be seen melting (Figure 33a), as shown by foam and some specular reflection appearing on the batch surface. While holding the power supply at the same level, the melting gradually became more clearly visible (Figure 33b) as some of the foam dissipated, revealing a more reflective surface, so much so that the reflected image of the HFSS lamps, albeit greatly distorted, began to appear (Figure 33b). Then, at 09m:42s, the shutters were closed temporarily to allow the batch feeder to move into position to feed.
[bookmark: _Ref439004443][image: ]
[bookmark: _Ref451031473]Figure 33: Video snapshots showing the initial charge of powdered SLS batch melting down during experiment B1 at a) 04m: 47s and b) 09m:42s. Scale bar based on 5.52 cm outer diameter of the main crucible.
At 11m:17s (Figure 34a), the shutters were re-opened, revealing the new charge of soda-lime-silica pellets floating on the surface of the melt, which at this point, was almost completely covered by foam. The shutters were opened further to 100% at 12m:35s, providing a gross radiative power supply of 1.75 kW. The pellets gradually melted and the foam dissipated (Figure 34 b,c) to reveal an increasingly reflective melt surface. By 14m:06s (Figure 34d) all the pellets had melted down and most of the foam had dissipated so then the shutters were temporarily closed again for the next feed.
[bookmark: _Ref439006075][image: ]
[bookmark: _Ref451031533]Figure 34: Video snapshots showing newly fed batch melting down during experiment B1 at a) 11m:17s; b) 00:12:04; c) 12m:50s; d) 14m:06s. Scale bar based on 5.52 cm outer diameter of the main crucible.
The shutters were re-opened to 100% after feeding and a similar process was observed with the next new charge of pellets, initially floating on foam at 15m:47s and gradually melting to reveal an increasingly clarified melt surface. However, this time, more time was allowed for the last of the residual foam and bubbles to dissipate, remaining mostly near the outer edge of the melt 17m:57s (Figure 35). The melt was nearly completely clear by 19m:51s except for some very small bubbles still evolving from the melt. At this point the shutters were closed for the next feed.
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[bookmark: _Ref451031617]Figure 35: Clarification of the residual foam around the edge of the melt during experiment B1 from a) 17m:57s to b) 19m:51s. Scale bar based on 5.52 cm outer diameter of the main crucible.
At 22m:38s, the shutters re-opened to reveal too many pellets had been fed (Figure 36a)  – so much so that that they had flowed over the weir and even out of the crucible into the surrounding insulation. Also, one pellets had partially blocked the outlet spout. Then, as the pellets melted down, it became clear that the weir had broken (Figure 36b) so that it completely sank into melt. To avoid risk of further damage to the crucible, the shutters were partially closed to 80% at 25m:10s to reduce the beam intensity. The shutters were held in this setting until it was clear that the crucible was still intact, so then the shutters were re-opened to 90% at 27m:47s (Figure 36c). The melt continued to clarify and then at 28m:29s, for the first time, the melt appeared to start flowing down the outlet spout (Figure 36d). Even some of the pellets outside the crucible, in the surrounding insulation had melted (Figure 36). 
[bookmark: _Ref439071039][image: ]
[bookmark: _Ref451031668]Figure 36: Successful progression of melt despite overfeed during experiment B1 at: a) 22m:38s; b) 24m:15s; c) 27m:47s; d) 28m:29s. Scale bar based on 5.52 cm outer diameter of the main crucible.
In order to maintain a sufficient level of melt in the crucible for the flow to be sustained, at 28m:29s, the shutters were closed for the next feed. However, when the shutters were reopened (Figure 37a), it became apparent that too many pellets had been fed again. From 33m:19-34s (Figure 37 b-d) the melt was flowing out over the side of the crucible into the surrounding insulation instead of the spout, because the spout was blocked with unmelted pellets, so the experiment was aborted.
[bookmark: _Ref439076780][image: ]
[bookmark: _Ref451031751]Figure 37: Overfeed in experiment B1 at a) 32m:13s, resulting in overflow of the melt at: b) 33m:19s; c) 34m:04s; d) 35m:34s. Scale bar based on 5.52 cm outer diameter of the main crucible.
Observation of the crucible after cooling (Figure 38) showed that glass melt flowed 17 mm down the spout which corresponded to 45 mm from the centre of the crucible. It was concluded that, the failure of the initial experiment B1 was mainly due to overfeeding. 
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[bookmark: _Ref440622722]Figure 38: Photograph of the glass containing modified crucible after experiment B1.
Therefore, in the following experiments B2-7, it was decided that the feed rate should be limited to prevent unmelted batch blocking the outlet spout. Also, the crucibles were pre-loaded with pelletised rather than powdered SLS batch. Furthermore, since the previous experiment (B1) proved that higher been intensities than initially envisaged could be tolerated, experiment B2 started more aggressively, with 3 lamps on at a combined electrical power supply of 32.6 kW and gradually opening the shutters up to 90% to give a gross radiative power supply of 2.61 kW by 06m:09s. As shown in Figure 39, as the pre-loaded pellets melted down, a part of the crucible remained empty, exposing the base of the crucible to direct irradiation from the beam. It was feared that this could cause the crucible to fracture due to thermal shock but the crucible remained intact. 
[bookmark: _Ref439153770][image: ]
[bookmark: _Ref451031844]Figure 39: Melting of the initial pelletised batch during experiment B2 at a) 05m:09s; b) 06m:09s ; c) 07m:09s. Scale bar based on 5.58 cm outer diameter of the main crucible.
Once the initial charge had melted down, the shutters were closed for the next feed. This was followed by a series of feeds, each time closing the shutters to 40% to feed a few pellets and then re-opening up to 100% until the pellets had melted. After each feed, the melt gradually crept further down the spout. However, after further feeding, the melt began flowing increasingly over the side of the spout into the surrounding insulation, instead of down the spout (Figure 40) so the shutters were closed to abort the experiment.
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[bookmark: _Ref440123500]Figure 40: Progression of melt flow over the side of the spout into during experiment B2 at: a) 36m:13s; b) 38m:43s; c) 45m:13s. Scale bar based on 5.58 cm outer diameter of the main crucible.
Observation of the glass containing crucible after this experiment B2 (Figure 41) showed that despite the lack of any unmelted pellets blocking the spout, the initial flow down the spout had frozen and accumulated 40 mm along the spout which corresponded to 64 mm from the centre of the crucible. As shown in Figure 41, this forced the melt behind the accumulation, at around 28 mm along the spout (corresponding to 52 mm from the centre of the crucible) to flow over the sides of the spout. 
[bookmark: _Ref439427028][image: ]
[bookmark: _Ref451031923]Figure 41: Photograph of the crucible after experiment B2 showing: a) the progress of the main glass flow freezing part way down the spout, and b) the following glass spilling over the sides of the spout.
So, in the following experiments (B3-6), the length of the spout was shortened in order to encourage the melt to flow over the end of the spout to enable continuity of the flow rather than freezing prematurely.  Subsequently, in experiment B3, the melt flow did reach the end of the spout (Figure 42) but the viscosity of the melt at the end of the spout was too high for it to flow over the end so the maximum gross radiative beam power was increased to 3.43 kW but this resulted in fracture at the base of the crucible preventing further progress.
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[bookmark: _Ref441669878]Figure 42: Photographs of the glass produced after experiment B3: a) immediately after the beam was switched off and b) after cooling. 
It appeared that there was insufficient heat along the spout to sustain a fluid melt while the beam intensity was too high at the main section of the crucible. Therefore, for subsequent experiments (B4-6) the focus of the beam was moved 2 cm away from the centre of the main, circular part of the crucible, towards the spout. Furthermore, the gross radiative power was increased up to a maximum of 4.29 kW in order provide sufficient heat to the end of the spout. This resulted in yet further progress of the melt beyond the end of the spout but still the viscosity of the melt was too high to sustain the flow and eventually the crucible fractured.
Finally, it was concluded that it was not feasible to generate flow of molten glass out of the crucible with the beam alone because the beam intensity required would cause the crucible to fracture. So, in the following experiment (B5), an electrically powered tube furnace was positioned below the spout to provide additional heat to encourage the glass to flow all the way down the spout and out of the crucible. With this furnace in place, the melt progressed much further than previously. The melt flowed out of the spout and slowly proceeded down towards the furnace below (Figure 43). However, over the overhanging glass was highly viscous, and stuck to the outer crucible, hindering further progress. The high viscosity was partly due to the high feed rate resulting in some in incomplete melting of the batch and bubbles being entrained in the flow and also because of the relatively low temperature outside the crucible. With the flow rate out of the crucible limited, the level of glass inside the crucible continued to rise as more batch was fed. Eventually the level of the melt rose above the weir causing it to collapse and in turn causing the base of the crucible to fail as it fell into it. 
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[bookmark: _Ref440136884]Figure 43: Photograph after experiment B5 showing the overhanging glass with entrained bubbles and unmelted batch, stuck to the outer crucible before it could enter the furnace below. The height of the outer crucible is shown for scale.
For experiment B6 a heat shield was constructed, extending from the open end of the electrical furnace up to and surrounding the end of the spout (Figure 46) in an effort to sustain a higher temperature of the melt flowing out of the crucible. The temperature and power profiles for this experiment are shown in Figure 44. Due to the heat from the furnace below, the crucible temperature measured 235oC before the shutters were opened for the start of this experiment. Extra care was taken reduce the risk of failure due to thermal shock by allowing 19m:07s for the initial heat up to a gross radiative power supply of 2.1 kW. Then a series of small batch feeds were conducted, gradually increasing the power in consecutive feeds up to a maximum gross radiative power of 2.62 kW.
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[bookmark: _Ref439523353]Figure 44: Temperature and power supply profiles for successful glass melt flow experiment (B6) with the 1-7 marking the instants where pellets were fed.  
The moments at which new batch was fed for experiment B6 can be seen in Figure 44 (marked 1-7) by a corresponding drop in crucible temperature and rise in the feeder tip temperature. This is because in order to feed batch the feeder had to move into the path of the beam causing it to increase in temperature and the new batch which entered the crucible was initially at room temperature so immediately extracted heat from the much hotter crucible. The first batch feed was attempted without an associated partial closure of the shutter because the beam power and the initial temperature of the feeder was sufficiently low. As the experiment progressed, with increasing beam power and insufficient time in between consecutive feeds for the feeder temperature to completely recover, the shutter had to be partially closed to prevent overheating of the feeder. However, the fraction of the shutters closed for each batch feed was kept at a minimum to prevent thermal shock associated with sudden cooling of the crucible. With each consecutive feed, the level of the melt rose and eventually, a melt flow down the spout was established (Figure 45). 
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[bookmark: _Ref441512148]Figure 45: Time-lapse snapshots from video of the successful glass melt flow experiment (B6). This shows the 4th out of 7 feeding cycles completed in this experiment with the time (in minutes and seconds) from the instant when new pellets were fed (00:00) through till the moment just before the next pellets were fed (03:15). Crucible Ø=45mm. The black line at the left edge of the first image is due to the temporary partial closing of the shutters (required to prevent the batch feeder from overheating) behind which the camera is situated.
The melt continued to flow all the way out from the spout into the crucible inside the furnace below where it was collected (Figure 46). The melting continued without any issues and the experiment was only eventually ended due to lack of visibility inside the collecting furnace coupled with a lack of storage capacity inside the collecting furnace. Inspection of the experiment upon cooling revealed that the crucible was completely intact until the end of the experiment and a stream of glass had successfully travelled all the way into the crucible inside the collecting furnace without any unmelted batch and only a few bubbles entrained.
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[bookmark: _Ref440188127]Figure 46: Photograph after experiment B6 showing the successful glass melt flow, surrounded by heat shielding bricks out from the crucible and into furnace below.
4.3.1. Flux measurement results 
Figure 47 shows the results of the flux measurements at the focal plane corresponding to a gross radiative power of 2.62 kW as used to successfully sustain a glass melt flow out of the crucible in experiment B6. It can be seen from these results that the flux intensity significantly reduced with increasing distance away from the centre of the crucible and down the spout which explains the great difficulty in maintaining a molten flow out of the crucible. 
[image: ]
[bookmark: _Ref439514551]Figure 47: a) Locations of the flux measurements (1-15) with the focus of the beam aimed at the centre of locations 7 and the modified crucible shown by the area coved in diagonal red lines. b) results of the average flux measured over the circular areas corresponding to the 15 locations shown.
Figure 48 shows the flux distribution contour plot produced by interpolation between the 15 measured points, over a 45 mm circular area, corresponding to the area of the main section of the crucible experiment B6. 
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[bookmark: _Ref439443483]Figure 48: Contour plot of Incident flux (kW/m2) distribution covering area corresponding to melt surface inside the modified crucible during the glass melt flow experiment B6.
The eccentricity of the flux distribution was due to imperfections in the system design. This included errors associated with accurately locating the focal point of the beam. Also, since the beam was composed by the radiation from three separate lamps, it was difficult to ensure they were all perfectly aligned to a common centre of focus.
4.4. [bookmark: _Toc473995163]Analysis
Integrating the flux distribution over the surface shown in Figure 48 yields a total incident radiant power supply of 1.588 kW and dividing this total power by the 45 mm diameter circular surface area gives an average flux of 999 kW m‒2. 
Feeding cycles marked 5, 6 and 7 in Figure 44 of experiment B6 were selected for calculations of melting rate and thermal efficiency (Table 2) because they represented a period of consistent glass melting flow with constant input power and periodic temperature profiles. The thermal efficiency of the utilisation of the radiation for glass melting for this period was calculated as follows:
	
	…
	(1)


Where C is the theoretical energy required to heat up and melt the glass forming batch, which is assumed to be C=2635 J/g (see Section 5.8.1);  is the glass melting rate; and P is the radiative power delivered from by beam to the surface of the melt which, as explained above, was P=1.588 kW. The glass melting rate was found by multiplying the rate of batch melted by a batch factor of 0.8 which accounts for the change in mass associated with the CO2 lost via the decomposition of the carbonates in the raw materials to oxides in the glass produced. Also, dividing the melting rate by the surface area of the melt (1.52×10-3 m2) in experiment B6 yields the area specific melting rates shown in Table 3.
[bookmark: _Ref441569073]Table 3:Results of selected feeds from glass melt flow experiment B6.
[image: ]
The XRD results of comparing the soda-lime-silica batch to the glass produced from experiment B6 (Figure 49) shows complete conversion of the crystalline raw materials into an x-ray amorphous glass.
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[bookmark: _Ref439580881]Figure 49: XRD traces comparing the soda-lime-silica batch to the glass produced from experiment B6.
4.5. [bookmark: _Toc473995164]Discussion
4.5.1. Thermal efficiency
The average flux intensity of the solar simulated radiation required to generate a sufficiently fluid glass forming melt for the current experimental setup (B6) was 999 kW m‒2 which is much greater that in a conventional glass melting tank furnace - usually around 90-200 kW m‒2 (Trier 1987c). This large discrepancy between the intensity of heat input required to sustain a glass melt in a conventional tank furnace compared to that of the current experimental setup could be explained as follows. 
Firstly, the thickness of the insulating walls and dimensions of the glass melts contained in conventional glass furnaces are both typically several orders of magnitude larger than that of the current experimental setup so the surface area to volume ratio and heat losses per unit volume of the glass melt through the containing walls of a conventional glass furnace would therefore be much smaller than that of the current experimental setup. 
Secondly, the glass melting surfaces in the current experimental series (B1-7) were entirely exposed to the cold surroundings whereas in conventional glass furnaces the melt surface is covered by a well-insulated roof which would be significant in terms of the radiative heat losses. Calculating black body radiative heat loss over the exposed melting surface area at 1450ᵒC (Eb = AσT4), yields an approximate value of 796 W, which is around half of the total incident radiative power (1.588 kW). 
Furthermore, since the layer of the semi-transparent molten glass was quite thin (around 20 mm), a significant proportion of the incident radiation could have been transmitted through the melt and reflected off the bottom of the crucible and back out without being absorbed by the glass.
Finally, the reflected image of the solar simulator bulbs, clearly visible on the melt surfaces (see Figure 45 at 03:15) suggests a yet further significant proportion of the incident radiation was immediately reflected. Thirdly, conventional glass furnaces usually operate at approximately thermal equilibrium because they are continuously held at the glass melting temperature. Therefore, little additional heat is absorbed by the refractories as there is no significant increase in temperature. In contrast, the current experiments were heated up from room to glass melting temperature within a few minutes and sustained for under an hour at a time. Therefore, some of the heat input could have been absorbed by the materials surrounding the glass, still increasing in temperature. Although during the period selected for the efficiency calculations, the thermocouple measurements appear to suggest that there was no significant increase in the temperature between the consecutive feeds (see feeds 5-7 in Figure 44), suggesting thermal equilibrium had been reached. However the calculated thermal efficiency over the same period (Table 3) were significantly increasing for each consecutive feed which suggests thermal equilibrium was still being approached during this period. If so then the error in the temperature measurements may have been due to some direct exposure of the thermocouple tip (although efforts were made to avoid this by covering it with insulation material) to the radiation from the beam causing it to register a temperature not perfectly representative of that of the crucible.
4.5.2. Throughput
The melting rate and efficiency calculation were based on feeding cycles 5, 6 and 7 of experiment B6. During this period, the melt surface was only partially covered by batch. Greater efficiency could have been achieved by completely covering the surface of the melt as this would have enabled greater utilisation of the incident radiation from the beam. However, in earlier experiments, too much batch was fed at once which resulted in some unmelted raw materials prematurely spilling over into the outlet spout and blocking further progress of the melt. It appeared from these experiments the ideal batch coverage for the current setup would be around 70-100% of the melt surface in order to maximise the thermal efficiency while ensuring all the raw materials were fully melted before flowing out. These values for the optimal coverage of the melt surface by batch is similar to that of comparable glass furnaces (Díaz-Ibarra et al., 2013). However, the current batch feeding system made it difficult to consistently feed at the optimum rate so a new batch feeding system was developed for subsequent experiments (see chapter 5). 
It is difficult to envisage how the solar glass melting experiments described in this chapter could be feasibly scaled up for industrial glass production as surface area available for melting was greatly limited by the surface area covered by the focus of the beam. Even for very large solar concentrating systems, the area of maximum concentration of the beam is usually in the order of 10-1 to 100 m2 whereas the melting area of glass furnaces can range in the order of 101 to 102 m2. However, if, due to the great flux intensity at the focus of a concentrated solar beam, the throughput of glass melting could be sufficiently high such that this could offset its surface area limitation. In order to evaluate whether this could be true, we compare the throughput of the current experimental series to that of the most relevant type of existing glass melting furnaces which are called ‘Day Tanks’.  Day tanks are intermediate scale glass furnaces which operate on 24 hour cycles. During the day, they melt (for 12 hours) and refine (for 4 hours) up to 1450-1500oC; in the evening,  the melt is cooled and pulled out to be formed at around 1150oC (for 8 hours) (Díaz-Ibarra et al., 2013). This is a similar operational schedule to that of a solar glass melting process due to the natural limitation of direct solar radiation only being available during daylight hours and therefore considered to provide the most relevant comparison as follows. According to Trier (1987a), the area specific melting rate of day tanks lies between 0.4 and 0.8 t m–2 d–1. However, as explained this includes time for melting, fining and working whereas our current experiments only included melting. Therefore, for a fair comparison if similar periods required for refining and working area assumed, the equivalent daily area specific melting rate for our current solar glass melting process would be calculated by multiplying the average area specific melting rate of 16 g m-2 s-1  (Table 3) over 12 hours per day which yields 0.7 t m–2 d–1. Although this value of the throughput of glass melting at the focal point of the beam, despite the sub-optimal batch coverage and inefficiencies, is already at the higher end of the range of existing day tanks (0.4 and 0.8 t m–2 d–1), it is still insufficient to offset the surface area limitation of the focal spot of the solar beam so the overall melting rate at the focal point would still be significantly smaller than that of a fossil fuel fired day tank.
4.5.3. Thermal shock
The heat distribution is also of great importance with respect to the issue of thermal shock of the glass containing refractories. In order to enable a viable glass making process, the glass containing refractories must be able to withstand extended periods without failure. However, as observed in the current series of experiments, the glass melting process was severely limited by fracture of the crucibles which were made of similar class of materials as those used in conventional furnaces which operate continuously for years. This could be explained by the fact that the refractories used to contain glass melts are intended to withstand only very gradual thermal gradients as observed in conventional furnaces whereas in the current experimental setup the refractories were exposed to relatively steep spatial and temporal thermal gradients, sometimes resulting in fracture due to thermal shock. However, the cracks observed during the course of these experiments always occurred in the base of the crucible which was fully submerged below the glass melt, whereas the side walls of the crucible which were directly incident to the radiation from the beam never failed. Also, providing additional structural support to the crucible bases appeared to improve their durability. Furthermore, the site of the fractures usually coincided with the location where the weir fell to the base. This suggests that the failures were not purely due to thermal gradients but also due the structural design of the crucible. Also, the damage might have been partially due to chemical attack from the glass melt. This is addressed in the following chapter where a new crucible design is developed accordingly. In the following sections, the effect of thermal gradients learned during the current experimental series (B1-6) are discussed in further detail.
4.5.3.1. Temporal thermal gradients
Conventional tank furnaces usually require several days to initially heat up and then are held at glass melting temperatures indefinitely. However, in the current series of experiments, the glass containing refractories were heated up to glass melting temperature within a few minutes and then then the heat input was temporarily reduced each time batch was fed, causing large fluctuations in temperature. However, despite the relatively rapid heat up in the current experiments experimental series, the crucibles never fractured during these initial periods. The fractures occurred, later, during periods when new batch was being periodically fed at melting temperature. Each time batch was fed, the shutters were temporarily partially closed in order to prevent the batch feeder which came in the path of the beam to feed, from overheating. These sudden reductions in beam intensity, also served to test the durability of the system to similar periods expected in a real solar process such as temporary cloud cover. In the initial experiments the power beam power was reduced by up to 60% for each feed. This, coupled with the effect of simultaneously feeding cold batch, resulted in the steepest periods of crucible temperature gradients observed during the course of these experiments of around -200oC in 12 seconds. During the course of the experimental series described in this chapter (B1-6), the heating regime was incrementally adjusted in response to observations of crucible failure due to too high flux intensities and freezing of the flow due to too low beam intensities. Eventually, an appropriate heating regime consisting of an initial heat up period from room temperature to a melting temperature of around 1450oC over around 30 minutes; minimizing the changes flux intensity during melting to within 20%; and a maximum average flux intensity of around 1000 kW/m2 over the surface of the melt was found to be sufficient to sustain a fluid glass melt without fracture of the containing refractories.  For subsequent developments it was decided to modify the feeder to obviate the need for temporary partial reductions in beam power.
4.5.3.2. Spatial thermal gradients
In conventional tank furnaces, the flux intensity over the heated area only varies in the range of 90-200 kW m-2 (Trier 1987c) over tens of meters. By contrast, the results of the flux measurements for the beam intensities required to sustain a glass melt in the current experimental series (Figure 48) show much steeper gradients with the flux varying in the range of 800-1100 kW m-2 over only a few centimetres. These relatively steep spatial gradients would result in larger differences in thermal expansion across the refractories which could explain the fractures observed during the early experiments. The reason for the steep gradients in flux intensity is related to the methods used to concentrate sunlight which is simulated by the HFSS. Essentially the rays are aimed to a common focal point, but inevitably there are optical imperfections which results in an approximately Gaussian distribution with greatest flux near the centre of the intended focus and rapidly reducing flux with increasing distance from the centre. One method of reducing this flux intensity gradient is by utilising the rays at a plane beyond the focal plane. As the rays diverge beyond the focal point, the resultant flux distribution becomes less concentrated (Petrasch et al. 2007). This would also increase the surface area available for melting.
4.5.3.3. Thermal gradients in a real solar process
The issue of thermal gradients is of great important with respect to the objectives of this project because utilisation of real solar radiation would require the capability to deal with a naturally variable radiant power supply. Although the available power from real solar radiation is not directly controllable, the maximum power supplied to the glass could be controlled by limiting shutter opening between the solar concentrator and the glass forming melt. However, dealing with sudden reductions in the availability of solar radiation power supply, as would be expected during cloud cover, could not be dealt with by adjusting shutter opening. This series of experiments showed that such sudden reduction of beam power could be severely limiting. Too steep reductions in beam power proved unsustainable for the survival of the containing refractories. Obviously, in general variations in heating power can cause thermal shock. However, experiments B1-6 provided new and useful knowledge regarding the fine balance of solar radiation intensity with secondary heating required to sustain a glass melt flow while avoiding thermal shock of the containing refractories. 
4.5.4. Crucible design
During the previous static melting series of experiments (A1-12), not a single incident of crucible failure during glass melting was observed. By comparison, in experiments (B1-6), many of the crucibles failed prematurely during glass melting. This could be explained by the following differences between the two experimental setups. Firstly, in the static melting experiments, the depth of glass forming batch contained relative to the size of the crucibles was much greater than that of these experiments (B1-6). So, the glass melt would have acted as a buffer to the incoming solar radiation, attenuating and dispersing it before it impinged on the containing refractories, especially the base of the crucibles which appeared to be the most prone to fracture. Second, the static melting experiments were conducted inside single piece crucibles whereas the current series of glass melting experiments were conducted in modified crucibles produced by cutting various pieces to shape (crucible, weir, and spout) and cementing them together. So, the stresses induced by the thermal gradients would be amplified by the great number of discontinuities in the walls of the modified crucibles. Third, in the previous series of experiments, once up to glass melting temperature, the beam intensity was held a nearly constant level until the end of the melting process. By contrast, in the current experiments, the beam power was frequently reduced to feed additional batch while at melting temperatures. Therefore, for subsequent experiments, it was decided to use refractory crucibles designed to avoid stress concentrations, capable of holding a greater depth of melt with greater wall thickness for improved strength.
Significant variability in the durability of the crucibles were observed during the course of these experiments (B1-6). Since, there were variations in the dimensions and construction of the crucibles used, it was difficult to evaluate the whether the cause of the failures were mechanical or chemical. Furthermore, due to small differences in the exact location of the thermocouple with respect to the crucible resulted in significant different temperature measurements for similar heating regimes. Therefore for the next stage of the project (see chapter 5) a design focus was placed upon improving the crucible design and the temperature measuring systems.
4.5.5. Secondary heating
Comparing the results of the melt flow experiments and corresponding flux intensity measurements showed that at flux intensities lower than around 600 kW m-2, without a heat shield and secondary heat, the glass flow down the spout would freeze, preventing further flow. Transmission of heat from the beam within the main body of the melt has proven to be sufficiently effective to sustain a melt pool at the focal point of a solar beam. However, experiments B1-6 showed how transmission of the heat from the beam beyond the main body of the melt, carried by the glass out flow is very limited. In order to sustain any significant glass melt flow beyond the main body of the melt at the focal point of the beam, a secondary heat source capable of maintaining temperatures at around 1200oC, coupled with heat shielding around the glass outflow is necessary. The problem of sustaining a glass outflow did not appear to be solvable by increasing the beam intensity alone as increasing the beam intensity significantly increased the risk of the thermal shock of the refractories while having a relatively small effect on sustaining the glass outflow. Even for very high beam intensities, the rate of cooling outside the focal point increased so fast that it appeared to be infeasible to sustain the viscosity of flow required for any realistic forming processes. However, with a relatively small contribution from a secondary heat source coupled with adequate insulation around the outflowing melt, it has been shown that a melt flow can be sustained. Another advantage of incorporating secondary heating demonstrated in experiments B1-6 is that it can preheat the glass containing refractories which reduces the risk of thermal shock.
4.5.6. Fining
One issue which has not been investigated in the current experimental series (B1-6) is that of fining (dissolution of residual sand grains and removal of gas bubbles). In conventional furnaces this is a process which occurs over a period of up to 36 hours. Due the nature of the design of experiments B1-6, it was not possible to control the retention time of the glass melt. So the retention time was only limited by the time required for the melt to flow across the crucible so would have been in the order of seconds to minutes. Despite this relatively short retention time, it was possible to fully convert the crystalline raw materials into an x-ray amorphous glass flow. This was helped by the pelleted batch which ensured that the batch components were well mixed. However, there were still some residual bubbles apparent in the glass produced. For the production of higher quality glass using solar radiation, a method of controlling the flow rate of the glass melt would be required to allow sufficient time for fining.
4.6. [bookmark: _Toc473995165]Conclusions and summary
A series of experiments (B1-6) were conducted, using heat from a concentrated solar simulated beam to sustain a semi-continuous glass melting process. The experimental setup included a crucible with a lateral spout to allow the glass melt produced to flow out. The crucible was positioned at the focal point of a High Flux Solar Simulator beam and a feeder intermittently delivered pelletised soda-lime-silica glass forming batch into the crucible while sustaining beam power to allow continuity of the process. The geometry of the crucible, batch feeding rate and beam intensity profiles were incrementally adjusted to optimise the process over this series of experiments. It was found to be infeasible to sustain an open glass melting process using concentrated solar heat alone, as the flux intensities which the glass containing refractories could survive were shown to be insufficient to allow any melt flow away from the main body of the melt. However, with supplementary secondary heating at 1200oC, coupled with insulation around the glass outflow a consistent flow of molten glass away from the focal point of the beam was demonstrated. Also, use of secondary heating was shown to help with improving the distribution of heat over the refractories and thereby reducing the risk of thermal shock associated with using the concentrated solar radiation alone. 
With 1.588 kW of the simulated solar radiation incident over the surface of the melt (average flux of 999 kW m‒2) and secondary electrical heating at 1200oC around the outflowing glass, in experiment B6, a consistent glass flow was demonstrated with a glass melting rate of 0.021-0.031 g/s, corresponding to a thermal efficiency of 3.6-5.3% (Table 2). This melting rate per unit area was similar to that of existing intermittently operated glass furnaces. However the actual throughput was very small due to the small surface area which was limited by the focal spot of the beam. This, coupled with the issue of the overly steep temperature gradients at the focal point of the beam has led to the conclusion that a better use of the solar beam would be to locate the surface of the melt beyond the focal plane of the beam where the radiation would be more dispersed but still sufficiently intense to allow melting over a much greater surface area and therefore allowing greater throughputs and reducing the risk of thermal shock.
These experiments provided crucial insights into the sensitivity of glass containing refractory materials to thermal gradients induced by radiative heating of glass by a concentrated solar beam. Although many of the crucibles used in experiments B1-6 did fracture due to thermal shock, it was shown, that by careful control of a solar radiation beam power made possible by controlling the opening of shutters between the solar concentrator and the glass melt a glass melting process could be sustained inside conventional refractory materials as opposed to much more expensive materials such as platinum which otherwise would be necessary to deal with the steep thermal gradients associated with direct heating from a solar beam. It was concluded that in order to sustain the long term operation required for a viable glass making process an improved crucible design, still made of conventional refractories but designed for greater thermal shock resistance than those used in experiments B1-6 was required. Also, use of surrounding materials with greater thermal heat capacity combined with secondary heating would help to improve the resistance to thermal shock associated with solar heating. These conclusions are addressed in the work described in chapter 5.
Experiments B1-6 have provided important insights into the utilisation of concentrated solar radiation to enable a consistent glass melting flow while sustaining the structural integrity of the containing refractories. Also, these experiments provided estimates of the beam power, crucible and furnace materials and dimensions, batch feed and glass melting throughputs as required for the next stage of development of a solar heated glass making process which is addressed in chapter 5.
[bookmark: _Toc473995166]
Scale-up experiments
5.1. [bookmark: _Toc473995167] Introduction
In this chapter, following the previous small scale experiments discussed in the previous two chapters, further experiments constituting the next stage in development of solar glass melting are discussed. This involved the design, construction and testing of a scaled-up solar glass melting furnace to demonstrate higher thermal efficiency and capability to deal with intermittent radiation availability as required to simulate more realistic solar powered operation. A scaled up solar heated glass melting furnace was required to provide data regarding the efficiency, productivity and practical barriers to the commercialisation of solar heated glass melting technology. This scale-up was intended to improve understanding of the practical applicability of solar glass melting by finding limitations in the process and by analysing the glass produced therein.
5.2. [bookmark: _Ref427139721][bookmark: _Toc473995168] Initial design
5.2.1. Design specifications overview
A scale up reactor was designed with the aim of demonstrating efficient use of concentrated solar radiation for melting glass forming batches. Also, in order to demonstrate operation with intermittent availability of solar radiation the scale up reactor was designed to use secondary electrical heating to maintain sufficient temperatures inside the furnace during periods of unavailability of direct ‘solar’ radiation. 
The general design of solar glass melting furnace essentially consisted of an insulated box with the following main features: 
1) Beam inlet section: for the solar radiation to enter the furnace;
2) Batch feed: to deliver the glass forming raw materials to the melting zone;
3) Melting zone: to melt the glass forming batch by the solar irradiation;
4) Glass accumulation section: to hold the molten glass at temperature to homogenise and evolve gaseous products;
5) Secondary heating: to prevent thermal shock of refractories in the event of solar radiation supply cut off (to simulate realistic operation dealing with intermittency of solar radiation availability);
6) Glass out-flow system: to control the flowrate and temperature of the glass leaving the accumulation section in order to allow the glass to hold for fining as long as required and then to flow out, at a reduced temperature, suitable for the subsequent forming process;
7) Forming process: to form the fined, molten glass into its final solid product to demonstrate the potential for manufacturing useful glass products;	
8) Annealing and slow cooling: to control the temperature profile of the glass to limit internal stresses otherwise induced within the glass by natural cooling.
A summary of the design of this solar glass melting system especially built for the experiments described in this chapter are discussed in the following subsections.
5.2.2. [bookmark: _Ref427054382]Glass melt containment
A container was designed to hold the glass melt with the following requirements: 
1) a glass melting surface to receive the batch feed and to be heated by the greatest possible fraction of the direct radiation from the beam over the maximum possible surface area in order to maximise the melting rate; 
2) an accumulation zone for the fully melted glass to be held at around 1500oC to remove bubbles and homogenise; 
3) a path for the glass to flow out from the accumulation zone to somewhere accessible for the subsequent forming process. 
Two main configurations of the glass containment were considered: 
1) Single chamber (Figure 50a): where the glass melting would occur in the same chamber as where the glass accumulated, with the melting surface simply on the top of the accumulated glass, below which would be an outlet tube controlled by a freeze-thaw valve. 
2) Dual chamber (Figure 50b): where the glass would be melted in an initial chamber and then flow laterally to an adjacent chamber where it could be held before being forced out by a plunger via freeze-thaw valve. 
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[bookmark: _Ref427391915]Figure 50: Schematic showing a) single vs b) dual chamber melt containment concepts
The advantage of the single chamber concept included its relative simplicity of construction and therefore lower cost. Also, it would enable use of a greater fraction of the direct radiation of the beam to be absorbed by the accumulating glass compared to the dual chamber concept where the accumulated glass would be in a separate chamber and therefore would be difficult to receive direct radiation from the beam. The main advantage of the dual chamber concept considered was the ability to incorporate a plunger to force globs of glass through the outlet. This was not possible in the single chamber concept as the plunger would inevitably block the path of the incoming beam. Therefore the single chamber concept relied on temperature changes at the outlet to control the outflow which made it relatively difficult to produce discrete globs of glass, due to the continuous, non-linear function describing the relationship between the viscosity and temperature of glasses. Whereas the combined effect of increasing temperature and pressure applied by a plunger as would have been possible with the dual chamber would have provide a much more reliable method of extracting discrete quantities of glass from the melting process. Furthermore, the use of plunger, combined with shears at the outlet could have enable consistent, discrete globs of glass to be produced which would have been ideal for demonstrating many glass forming processes such as casting and blowing whereas the use of temperature changes alone could only allow a stream to be produced which was more difficult to form. However, the cost of the smallest glass gob feeder system (automated plunger, shears and freezer thaw valve) commercially available was around £200k which was too expensive for this project. Therefore, the single chamber concept was selected instead. 
Also, the melting surface area was a critical design parameter because if it was too small, the melting rate and the volume of glass contained would have been limited and so the purpose of demonstrating a significant ‘scale-up’ from the previous series of experiments would be lost. Conversely, if the melting surface area was too large, the beam intensity spread over this surface might have been too low to allow the batch to melt completely. Also the overall furnace dimensions had to be built around this and needed to fit within the space constraint of the HFSS experimental facility. Another design parameter was the depth of the glass container. This was required to contain sufficient volume of glass to be produced during the course of a day and to demonstrate forming processes. However, the expected melting rate was unknown as the results of the previous experiments were not comparable due to the significant planned changes to the glass melt containment for these scale-up experiments. Also, the depth of glass to be contained was limited by the depth  of glass through which heat from the solar radiation could penetrate as it was essential that all the glass contained was maintained at around 1500oC otherwise there would be a risk of unmelted raw materials being entrained in the final glass produced therefore reducing its useful applicability. Considering these constraints, melting surface area of around 300 cm2 and depth of 14 cm depth was selected.
Another parameter that effected the design of the glass melt containment was the location of the electrical heating elements required for the main chamber to maintain temperature during periods when the beam was off. This was relevant to the construction of the melt container as explained in the following subsection. In this regard two configurations were considered with either the heating elements outside the glass melting container (Figure 51a) or inside (Figure 51b).
[bookmark: _Ref426621421][image: ]
[bookmark: _Ref451034052]Figure 51: Schematic comparing options for locations of heating elements either a) outside glass container or b) inside.
The advantage of keeping the heating elements inside the glass melt container, either above the melt surface or even immersed in the glass melt itself would have been 1) effective heating due to the avoidance  of the glass melt container hindering the heat transfer from the heating elements to the glass; 2) compactness; as the glass melt container could be directly surrounded by insulating materials whereas with the heating elements outside, there needed to be some space between the glass melt container and the insulation materials to accommodate the heating elements; 3) efficiency; more of the heat emitted by the heating elements would be absorbed by the glass and glass container whereas with the heating elements in a space between the container and insulation, the heat emitted would be more split between transfer inside to the glass and container and outside towards the surrounding insulation. However, there were concerns about the interaction of the beam with the heating elements would could cause rapid overheating of the elements and therefore cause failure. Also, there were concerns about chemical attack on the elements by the glass melt and gases evolved during batch melting. Therefore, the safer option of locating the heating elements outside the glass container was selected.
The use of either a refractory brick construction or a single piece crucible were considered for the glass container. The advantage of using bricks was mainly mechanical durability. However, a crucible was selected due to its relative ease of replacement which was important to run the required series of experiments in the limited time available to access the HFSS facility. Also, the minimum wall thickness of a crucible was much thinner than that of an equivalent container made of bricks and therefore would more effectively transmit heat from the surrounding electrical heating elements through itself to the contained glass.  Therefore a crucible design was selected rather than a brick construction for the glass containing refractories. 
Also, coating the inside of the crucible with a reflective surface was considered in order to reflect any radiation from the beam which may have transmitted all the way through the melt, back into the melt in order to maximise the absorption of radiation in to the glass. However the coating would need to be made of a material which was resistant to chemical attack by the glass melt such as platinum or molybdenum. It was decided that this would be too expensive and impracticable.
Fused silica was selected for the material of the crucible for its excellent thermal shock resistance which was particularly important for solar heated glass melting due to the rapid heating by the beam. It also satisfied the usual constraints for a glass contact refractory of high melting point and resistance to corrosion by the melt. A cylindrical crucible geometry was selected to minimise sharp edges which could otherwise cause stress concentrations upon thermal expansion. For the same reasoning, a hemispherical base for the crucible was considered. However due to the large size of the proposed crucible and high cost of fused silica a compromise of cylindrical side walls and a flat base was agreed with the supplier of the crucible (Almath) as this could easily be constructed from a tube for the side walls and a flat sheet for the base welded together. An inside diameter of 187 mm satisfied the melting surface area constraints described above. An inside depth of 120 mm satisfied the glass melt depth constraints described above while allowing sufficient extra height to avoid risks of any glass overflowing due to bubbling and/or foaming. The maximum available wall thicknesses of 13 mm for the side wall and 20 mm for the base was selected to minimise chances of failure during experiments. Critically, the bottom outlet tube length and diameter had to be sufficiently open to allow glass to flow out on demand while not too open such that it would be impossible to accumulate glass when required. Therefore preliminary experiments were conducted whereby the pelletised soda-lime-silica glass forming batch was melted and poured through tubes of various diameters and the flow observed to find the most appropriate size. The results of these preliminary experiments suggested an length of 100 mm and diameter of 15 mm was suitable.  The final crucible geometry, which satisfied all the design considerations described above, is shown in Figure 52. Five such crucibles were specially made by Almath to allow for a series of experiments with spare crucibles in case of premature failures. 
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[bookmark: _Ref426626018]Figure 52: Geometry of fused silica crucibles made by Almath  for the scale-up experiments. All dimensions in mm.
5.2.3. Beam inlet
The aim of the beam inlet section was to maximise the fraction of radiant heat from the solar beam passing through into the reactor while minimizing the heat losses back out. In order to do so, it was designed for the beam to converge towards the beam inlet section, passing through the aperture with maximum flux intensity and then diverging as it entered into the furnace to spread over the glass melting surface. The beam inlet section consisted a cut-out all the way through the outer casing of the furnace through the insulation, follow the converging path of the beam, leading to the beam inlet aperture where the beam would enter into the heated cavity. Critically, the section nearest to the aperture needed to withstand the highest radiation intensity. 
Various iterations of the beam inlet sections were designed. Initially, a compound parabolic concentrator (CPC) was envisaged for the beam inlet section. A CPC is essentially a optical funnel so the beam would be focussed at the top wider opening of the CPC and then its radiation would be reflected down through the narrower CPC outlet which would coincide with the beam inlet aperture thereby further concentrating the beam. However the minimum angle at which the beam would diverge after passing through the aperture preceded by a CPC was so large that either 1) the glass melt surface would need to lie too close to the beam inlet aperture in order to be incident to the direct path of the beam; 2) if the melt surface were further down in the design diameter crucible, a significant portion of the direct path of the beam would impinge on the sides walls of the crucible rather than being directly incident on the glass melt surface; or 3) the size of crucible required to receive the full beam irradiation at a safe level below the beam aperture would be too large to be accommodated inside a furnace which could fit within the constraints of the HFSS experimental facilities. Therefore, instead of a CPC, a simple cone with an angle of 45 degrees towards a 60 mm aperture was selected. Initially, a water-cooled, reflective metal cone was envisaged and a prototype thereof was specially manufactured by spinning a cone made of copper and then electroplating its surface with silver and polishing to give a reflective surface. Copper pipe was coiled around the back surface of the cone for water cooling. It was envisaged that the water cooling around the beam inlet could also function as a method of capturing waste heat due to spillage of radiation missing the inlet aperture. However, the rate of heat removal from the cone by the water was insufficient to deal with the high beam intensities around the aperture. Therefore, finally, it was decided to make the beam inlet cone from high temperature ceramic fibre insulation blanket instead. 
A transparent quartz window was considered for the beam inlet aperture, in order to minimize convective heat losses. However the cost of such a window which would need to be water-cooled, the loss of beam power absorbed by the window and issues of gradual degradation of the window due to the high beam intensities seemed to outweigh the benefits. So it was decided to leave the beam inlet aperture open, without a window.
5.2.4. Batch feed
Pelletised soda-lime-silica batches were selected for the scale-up solar glass melting experiments for improved homogeneity and flowability of the raw materials compared to the equivalent powder batch. The homogeneity of the batch was considered particularly critical to enable a solar powered glass melting process to generate homogenous glass due to the relatively short retention times limited by daily solar energy availability as compared to conventional glass melting furnaces which typical hold the glass melt at around 1500oC for ~36 hours to ensure a fully homogenised melt. An industrially sourced pelletised soda-lime-silica batch was selected for the initial scale-up experiments due to its wide applicability, with similar compositions used commercially for manufacturing glass containers and sheets.
A batch feeding system was developed with the aim of delivering batch to the surface of the melt. The aim was to supply the batch to maximise efficiency while ensuring all the batch was fully melted and homogenised by providing an even spread of batch over the melt surface and controlling the feed rate according to the melting rate.
Maintaining a layer of batch on the surface of the melt (‘batch blanket’) would provide thermal insulation to the melt below. This is known a ‘cold top’ type of glass melting regime. However, this would be difficult to implement for a solar heated furnace due to usual requirement for a vertical beam heating from the top. Also, a cold top could result in excessive build-up of foam compared to a feeding regime in which the batch fed onto the surface was allowed to fully melt down and any foam produced allowed to dissipate before feeding more batch. However, this would result in periods where a hot surface of molten glass would be left exposed without any batch blanket cover and so such a batch melting regime, known as a ‘hot top’ would result a reduced risk of excessive foam build up at the cost of lower thermal efficiency. The build-up of foam was considered particularly significant for solar glass melting as this would impede the absorption of the radiation to the target glass forming batch below. 
Finding the optimum feeding regime for solar glass melting was one of the aims of the scale-up solar glass melting experiments so the batch feeding system was required to deliver batch at rates ranging from small continuous flows through to larger intermittent charges. For the preliminary scale-up experiments the existing batch feeder developed for experiments B1-6 was selected as it fulfilled this requirement.
A series of preliminary experiments were conducted to find the suitable feed tube diameter, sufficiently large to enable the glass forming batch pellets to flow through reliably but no larger so as to minimise heat losses through this opening. A range of diameters for the feed tube were tested by pouring pellet in and observing the flow out. The results of these experiments suggested a safe feed tube diameter of 30 mm. 
5.2.5. [bookmark: _Ref429043147]Refractory insulation 
The aim of the insulation was to maximise the thermal efficiency of the solar glass melting process by minimising the conductive heat losses through the walls. A maximum design temperature of 1500oC was assumed for the inside walls, as this was a typical glass melting temperature and the glass melt itself was to be separated from the insulation walls by the crucible and then an air gap to accommodate the heating elements so the walls were never expected to exceed this temperature. The insulation was designed to maintain a safe outside wall temperature of below 100oC and sustain structural integrity throughout.
Two types of refractory insulation materials were considered: 1) Bricks with higher thermal mass; 2) fibreboards with lower thermal mass. The advantage of the higher thermal mass materials would be that when the furnace is heated up, the temperature of the furnace would be less sensitive to rapid changes in input radiation, as would be expected for the furnace heated by direct concentrated radiation with intermittent availability. On the other hand, although the fibreboard refractories have less thermal mass they are better at withstanding thermal gradients so would be better suited to more variable temperatures. 
Refractory insulation bricks (JIC Refractories, SWP 23 and 28) rated up to 1500oC were selected for the innermost layers of the furnace walls as the equivalent fibreboards rated up to such high temperatures were too expensive. Fibreboards (Porextherm, WDS Ultra) with better insulation value but lower temperature rating were utilised for the outer wall layers where they would be expected to be cooler. The complete thickness of the compound insulation walls of the furnace was 241 mm. The roof section was designed to be removable to enable access to the crucible and to adjust thermocouples in between experiments. The roof section included the ‘Inlet block’ (see Appendix ID 3) which accommodated the feed tube and beam inlet section. The inlet block was made of a cast refractory insulation (Arelcrete LC1600) rated to 1600oC, typically used for furnace burner ports, therefore suitable for withstanding rapid heating associated with its close proximity to the focal point of the beam. The inlet block was seated on roof slabs for support (see appendix ID 3) which were made in four pieces to enable ease of manual removal for full access into the furnace and re-assembly. The remaining roof section was made up to 215 mm thickness with ceramic fibre insulation wool (Unifrax, Fibrax Durablanket 128) sheets.
All the insulation materials were held inside a custom made steel casing to provide structural integrity. Holes were bored through the casing and refractories to accommodate the heating element rods, a conical cut-out to follow the 45o path of the beam inlet aperture and /cylindrical hole was made in the bottom of the furnace to accommodate the outlet tube heater (described below). 
5.2.6. Main chamber electrical heating 
An electrical heating system was specially designed and built to provide the secondary heating for the solar glass furnace. This was required to:
1) Enable intermittent operation by providing sufficient heat to prevent failure of the refractories due to sudden cooling when the beam is switched off at glass melting temperatures in order to simulate realistic operation limited by intermitted availability of solar radiation. In order to achieve this, the heating elements needed to provide sufficient heat to 1) reduce the rate at which temperature of the refractories would drop to less than 5 oC/min (preferably less than 3 oC/min) from when the beam was switched off at glass melting temperatures of around 1500 oC until they reached a minimum temperature of around 800-1150oC. Then the heating elements needed to be capable of providing sufficient heat to maintain a holding temperature of 1000-1200oC while the beam is off overnight;
2) Gradually preheat the furnace, from room temperature to around 1000-1200oC to prevent thermal shock when the beam would be first switched on for the actual melting process.
3) Overnight heating of the refractories to approach steady state temperatures, so that the beam power could be utilised for the actual glass melting process rather than wasting the limited beam time (available only during the day) for simply heating up the system.
4) Preheating was also considered a useful feature to ensure the initial charge of pellets could be rapidly melted to prevent unmelted batch from prematurely flowing down the outlet tube.
Use of the secondary electrical heating to assist with the actual melting process while the beam was on was also considered as an extra possible design feature. This would have required heat to be provided to the glass batch at its melting temperature of around 1500oC. However, it was preferred if the solar beam could provide all the required heat for the actual melting process.
Accordingly, the electrical heating elements were designed to provide sufficient power to: 1) overcome conductive heat loss through the walls for an inside furnace wall temperature at an overnight holding temperature of 1150oC overnight; 2) enable sufficiently quick changes in temperature in between consecutive experiments; 3)  Overcome radiative and convective heat losses through the furnace apertures.
Three types of commercially available electrical resistance heating element were considered: 1) FeCrAl; 2) SiC and 3) MoSi2. 
FeCrAl elements were commercially available (Sandvik, Kanthal heating materials) in the forms of coiled wires, ribbons and rods. The available forms were typically embedded or attached to refractory bricks, boards or tubes to form heating modules. These were the cheapest type of heating element considered, had good resistance to thermal shock and the best mechanical durability. However, they were limited by a maximum operating temperature of 1400oC (preferably 1200oC in most cases) which was considered dangerously close to the nearby glass melting temperature which would be around 1500oC. At the initial design stage, the temperature to which the heating elements would be subjected was not exactly known, due to uncertainties related to the transmission of solar radiation through the glass melt, crucible and air gap separating the direct radiation from the beam to the elements. Also, the FeCrAl had the lowest heating maximum power density of 66 kW/m2 at the maximum rated temperature of 1100oC so they would have struggled to provide rapid preheating of the furnace and might even struggle to maintain the glass and containing refractories above 1100oC during periods in between melting, while the beam would be off. It would have been impossible to deliver any power to assist the glass melting process at 1500oC since the elements were not capable of emitting any heat over 1400oC.
MoSi2 were available commercially in the form of meandering rods, usually fixed to ceramic fibre insulation boards for the necessary support (Sandvik, Superthal modules). These could provide the best performance of all the heating element types considered with operating temperatures up to 1600oC, superior power output density and the ability to deal with the most rapid temperature fluctuation. However, the cost of the MoSi2 elements plus the transformer required for their power supply would have cost in the order tens of thousands of pounds, which was too expensive for this project.
SiC elements were the intermediate option, in terms of cost and performance. These were commercially available from Sandvik in the form of long rods which would typically run through a furnace with electrical terminals at either end and a heated section in the middle. They could be connected in series or parallel to give a wide range of power outputs at temperatures rated to 1600oC. The maximum safe power output of the SiC heating elements was a function of the heated section (element) of the rods’ surface area and the furnace/element temperature, varying approximately linearly from 3 W/cm2 up to 1600-1625oC to 15 W/cm2 up to 1200-1380oC respectively. Since the rods could be safely be spaced as close as one rod diameter apart from one another this corresponded to a maximum theoretical heating power for the scale-up furnace in the order of tens of kilowatts which was far in excess of the requirements for rapid preheating, holding temperature in between experiments and could even assist with the glass melting process if required. However, in reality, the actual heating power was limited by the current which could be feasibly supplied to them from the available mains power supply without requiring expensive transformers or phase angle thermistors. This meant the heating elements would need to be capable of running directly from the available mains line which could supply 230 V (+/- 10%) with a maximum current of 32 A. Accordingly, a heating element network consisting of 6 SiC heating elements (n), each 1.4cm diameter (Ø), 30 cm length (L), connected in series was selected. As shown in the calculations provided in the appendix ID4, this satisfied all the constraints of power supply voltage, current and elements surface loading. Since the surface loading was sufficiently low (4.9 W/cm2), Sandvik[footnoteRef:3] confirmed under this duty, use of solid state relay (SSR) with an on/off temperature controller for intermittent power supply would be “perfectly adequate”, rather than the conventional but much more expensive use of a thyristor. Although this provided a reduced power of 4 kW meaning a slower ramp rate and would have struggled to assist with melting if required, it was considered the best available option within the budget of the project. [3:  Email from Sandvik Heating Technology UK, Sales Area Manager EMEA North, Daniel Burton, 6/6/14.] 

5.2.7. Power supply and control
Accordingly, a power supply (Figure 53) was specially designed and built for the heating elements to run from the mains Swiss power supply available at the Solar Laboratories at PSI where the scale-up glass melting experiments would be run. 
[image: ]
[bookmark: _Ref426716300]Figure 53: Wiring schematic of the power supply for the SiC heating elements
This power supply unit (Figure 53) included the following features:
1) A PID temperature controller (Eurotherm 3216/CC/VH) to enable set point and ramp rate furnace temperature control and display by measuring temperature from an input thermocouple sensing the furnace temperature and switching on/off power supply to the heating elements via the SSR (Crydom A2475). 
2) The PID temperature controller also measured the current via a transformer to check if there were any faults in the system including over-current and SSR failure
3) An over-temperature alarm unit (Eurotherm 2132i/AL) to cut off power supply to the heating elements in case of a potential failure whereby the heating elements’ temperature exceeded 1600oC based on thermocouple sensor contacting one of the heating elements;
4) A current data logger (Lascar EL-USB-ACT) to record the power supplied to the heating element assuming mains power supply voltage. 
5.2.8. Outlet flow control
The aim of the outlet flow control was to enable the glass melt to be held at around 1500 oC in the main chamber to remove bubbles and homogenise and then encourage a controlled flow of molten glass out of the furnace to be accessible for the subsequent forming process demonstration. As explained in section (5.2.2) the glass was to flow out from the main chamber of the crucible, through a hole in its base, down a 100 mm long vertical tube of 15 mm diameter. By controlling the temperature of this outlet tube the viscosity of the glass contained could be varied to control its flow rate. This was designed to be actuated by a tube heater surrounding the outlet tube and subsequent outlet stream, which could be heated to 800oC at which temperature the glass viscosity would be sufficiently high to prevent any flow and then it could be heated up to 1200oC which should encourage a flow of glass at a suitable viscosity for subsequent forming processes.  However, due to the broad viscosity-temperature profile and large thermal mass of glass melt flows, it was envisaged that once the glass was flowing out it to be difficult to switch the flow off the flow rapidly by only reducing power supplied to a tube heater to eventually reduce its temperature. Ideally, a custom-made tube heater using MoSi2 heating elements, coupled with integrated water cooling, would be used to provide the most rapid changes in temperature. However, an existing tube heater using only FeCrAl wire elements of an acceptable size of 80 mm inside diameter and 300 mm length, was already available with a power supply and temperature control unit. Therefore, although this could not provide as effective control as the aforementioned option, it was selected due to the substantial time and cost savings. However, use of this FeCrAl tube heater introduced another difficulty- its maximum operating temperature was 1200oC and the melting point of the FeCrAl was 1400oC, while the nearby glass melt to be contained in the main chamber above was to be at 1500oC. Therefore, there were concerns that the tube heater could fail if it was too close to the main chamber of the crucible. On the other hand if it was too far away there would be a poorly heated section of the outlet tube between the main chamber and where the tube heater was situated, which would inhibit the effectiveness of the outlet flow control by the heater. Furthermore, due to the constraints of the fixed length of the available tube heater selected, moving the tube heater further down from the main chamber of the crucible, would leave an increased distance between the open end of the outlet tube and the open end of the outlet tube heater, which the glass stream would need to flow through increasing the risk of the stream sticking to the inside of the outlet tube heater. Since the penetration of the beam through the glass and therefore through to the outlet tube heater was unknown so it was decided initially to position the outlet tube heater at a safe distance of more than 50 mm away from the main chamber and then to bring it closer if required and possible based on temperature measurements at this section during the experiments.
5.2.9. 	Forming process
In order to demonstrate the practical applicability of the solar glass melting process various glass forming processes were considered. A major constraint in this regard was the limited time which was allowable for entering the experimental room while the beam was on. Safety regulations forbade entering the experimental room while the beam was on except for limited periods in emergency situations. This was partly due to the risk of the xenon arc bulbs spontaneously exploding which was very unlikely but could theoretically happen at any time while the bulbs were on and would cause serious harm to anyone in the experimental room at the time. The shutters could be closed while the lamps were on, to enter the room but only for up to one minute as thereafter the risk of overheating of both parts of the solar simulator receiving reflected heat back from the closed shutters as well as the shutters themselves overheating, would become unacceptable. For longer term access to the experimental room the lamps were required to be switched off. However, there was a minimum delay of 20 minutes before the lamps could be restarted to allow sufficient time for the lamps to cool sufficiently to allow a restart.
Due to the time constraints of human access to the experimental room, use of remotely controlled machinery was considered to operate the forming process. Three types of forming processes were considered; 1) rolling; 2) pressed casting; 3) fibre drawing.
Rolling was considered a particularly suitable because the outlet flow was restricted by a narrow tube so a stream would be produced which could be continuously rolled in-line. For this envisaged rolling process, a pair of counter-rotating carbon rollers, with shapes engraved on their surfaces mating with the glass, would have periodically imprinted on the solidifying stream as it passed between them. The  continuously formed glass would be passed on to a conveyor belt to be cut to a series of discrete pieces before annealing. 
Alternatively, the glass outlet stream could have been collected in a mould and pressed with an engraved plunger to produce pressed glassware.  This would have the advantage of being less sensitive than rolling to small changes in the width of the outlet stream. However, enabling the demonstration of continuous process would be more difficult as the glass produced would need to have been sufficiently fluid to fill the mould and then be cut off or another mould quickly placed, otherwise the glass stream would spill out of the moulds in between consecutive casts. Also, the casting process would be sensitive to any changes in the temperature of the glass outflow as this would affect the time required for the glass to set and the force required to press the glass to give a well-defined print.
Fibre drawing was also considered as an alternative method for forming the glass produced. This would have involved the glass stream flowing through a plate with fine holes (bushings) to generate the fine fibres (filaments) flowing down under gravity. Then the filaments could either be collected by winding onto rotating spindle to produce fibre glass or they could be dispersed by a stream of pressurised air and a flame followed by a spinnerets to produce glass wool. However, the bushings are usually made of platinum due to its suitable wetting, refractoriness and thermal shock resistance which, combined with the equipment required for the processes described was considered too expensive.
It was therefore decided that a series of preliminary experiments would be conducted to observe the flow of glass produced and a forming process most appropriate to that which was observed selected.
5.3. [bookmark: _Ref427146271][bookmark: _Toc473995169]Preliminary experiments (C1-3)
The following preliminary experiments (C1-3) were required to develop the designs further as there were many uncertainties, such as the amount of absorption of solar radiation in glass and therefore temperature profiles throughout furnace, melting rate of glass and quality (bubble content, homogeneity) of glass produced which would in turn affect the outflow control and forming process. Addressing these uncertainties might have required changes to the original system design.
The following campaign was conducted within a time constraint of 5 days of access to the HFSS facility provided by the second successful grant by the Solar Furnace Access for the European Research Area (SFERA 2). The first three days were required to arrange the setup described in 5.3.1, leaving only two days for the actual experiments with the aim of testing the initial scale-up solar glass melting system design (see section 5.2).
5.3.1. [bookmark: _Ref427139579]Setup
The solar glass melting furnace was positioned below a water-cooled mirror at 45o from the horizontal HFSS beam to deflect it vertically down into the beam inlet aperture through the top of the glass melting furnace as shown in Figure 54. 
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[bookmark: _Ref426925335]Figure 54: Scale-up reactor positioned at focal point of HFSS beam via 45o mirror. All dimensions in mm.
This was the position which gave minimum shading of the beam. Some shading was inevitable due to the size of the reactor and space constraints. This allowed 6 bulbs to be used as shown in Figure 55. Lamps 8, 9 and 10 could not be used in the following experiments as there was a risk that the section of the radiation therefrom would cause overheating of the exposed front side of the reactor blocking part of the beam, as shown in Figure 55. All the radiative power supplied from lamps 4, 5, 6 and 7 could theoretically reach the target aperture via the mirror. Lamps 1, 2 and 3 could supply 54.5%, 92.2% and 92.2% of their radiation to the target aperture with the rest spilling over the top of the mirror.
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[bookmark: _Ref427050493]Figure 55: Drawing showing path of HFSS beam from the 10 lamps to the furnace beam inlet aperture via the mirror. Shaded areas show the section of each lamps radiation which could theoretically arrive at the beam inlet. 
Once the furnace was in position, the crucible, thermocouples and heating elements were installed in the locations shown in Figure 57. The industrial soda-lime-silica pelletised batch was filled to a height of 3.8 cm inside the crucible in order to make the top surface of the pellets coincide with the section where the direct path of the beam would diverge to just cover the full surface of the crucible. The batch feeder was setup to one side of the furnace with chute leading the pellets into the batch feed port as shown in Figure 56.
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[bookmark: _Ref426925326]Figure 56: Photograph of setup for preliminary solar glass melting experiments showing view from the top of the furnace with the yellow arrows showing the path of the beam coming from the HFSS and reflected off the 45o into the beam inlet aperture.
Due to unexpected interference of the electrical power supply to the heating elements with the thermocouples connected to the data acquisition system, it was not possible to record data from any of the thermocouples connected to the data acquisition system. However, it was possible to take manual readings from the thermocouples directly connected to the furnace controller. These included thermocouples in the following locations: 1) the air gap between the crucible and furnace inside wall (Figure 57a, Tmain) which controlled the main SiC heating elements; 2) the air gap above the tube heater near the neck of the crucible (Figure 57b, Tneck) which controlled the outlet tube heater; 3) directly contacting one of the SiC heating elements (Figure 57c) which was connected to an over-temperature alarm unit designed to cut off the power supply in case the element overheated.   
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[bookmark: _Ref424721898]Figure 57: Schematic of scale-up solar glass melting furnace with thermocouple positions: a) Furnace air (Tmain) ; b) Neck air gap (Tneck) ; c) Touching heating element.
Ceramic fibre insulation blanket was used to close the beam inlet and bottom glass outlet heater apertures during the preheating. The experiments were viewed from the control room, from which the lamps, shutters, batch feeder and furnace temperature controllers were remotely operated. Also two video cameras were setup to provide a live view and recordings of the bottom outlet and batch feeder. The electrical power supply to the lamps and percentage shutter opening were logged the course of the following experiments. The product of the total electrical power supplied to the lamps, the lamp shading factor and percentage shutter opening is referred to as the indicative power in the experiments described in the following experiments (C1-3). The timings of the events in these descriptions are reported in hours, minutes and seconds from the start of each experiment. Where the timing is based on automatically logged data the times are provided in the format (hh:mm:ss) corresponding the hours, minutes and seconds from the start of the experiment. When the event was manually observed and recorded the time is specified only in hours and minutes as the accuracy of these observations (+/- 30 seconds) did not justify specification of seconds. 
5.3.2. Experiment C1 
For the first test (C1), due to a shortage of available beam time, the main chamber was only preheated for 4-5 hours, to 680oC before switching the beam on with two lamps on and the shutters were opened by 10% and then gradually opened further. After 4 minutes from the start of the experiment (0h:4m), the bottom outlet plug was opened and then Tneck dropped from 540oC to 500oC and by 0h:19m it began to fluctuate by +/- 20oC. Also, there were smaller temperature fluctuations measured at Tmain. It appeared that this was caused by convective air stream flowing in from the bottom outlet, through the furnace and out through the beam inlet at the top. The rapid temperature fluctuations at the neck section were problematic as this was used to control the outlet heater which, as a result, was rapidly switching on and off, even while it was well below its set point of 800oC, probably due to a response of the controller intermittently measuring rapid increases in temperature followed by rapid decreases caused by an oscillating air flow. By 17 minutes and 32 seconds from the start of experiment C1 (0h:17m:32s), the shutters were opened 60% and the beam inlet was first viewable (Figure 58). At this moment, the image appeared too bright at some parts to know whether or not there was any melting in these parts but by 0h:19m:53s flickering (not easily observable from a static snapshot but can be seen in video) in the brightest part appeared to suggest the emergence of molten glass. It could be seen (Figure 58) that the beam was slightly eccentric with relative to the beam inlet. Despite extra efforts made to better align the focal point of the beam with the centre of the aperture with fine adjustments made by adjusting the angle beam-down mirror and then reviewing the position of the beam with respect to the aperture, this was the closest practically possible and was actually reasonably accurate considering the scale of the experimental setup (Figure 54) compared to the view of the beam inlet shown in Figure 58. 
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[bookmark: _Ref427228173]Figure 58: First view of beam inlet of the scale-up solar heated glass furnace. Experiment C1 at 0h:17m:32s. Showing eccentricity of beam focus with respect to the 6 cm diameter beam inlet aperture (~6 cm dia).
By 0h:22m:33s (Figure 59b), with 3 lamps and 60% shutter opening, providing an indicative power of 18.4 kW, the molten glass became more easily visible as the camera’s aperture adjusted to provide a better view of the batch melting surface. It could be seen (Figure 59b) that the initiation of melting was unevenly distributed, corresponding to the uneven distribution of the flux intensity on the batch surface as molten glass forming batch (visible as slender brown regions in between some of the pellets) and deforming pellets appear at the brightest areas compared to the darker areas of the batch surface, near the top of the image, where the pellets appear to remain more spherical, indicative of a lack of melting in areas of lower flux intensity. By 0h:26m:18s (Figure 59c) the melt could be seen spreading over the bright region while the darker regions still remained unmelted. By 0h:29m:21s (Figure 59d), the molten glass produced from the batch in the brightest region appeared to overflow into the darker region while the pellets in the darker region had only just started to deform. By 0h:35m:56s (Figure 59e) the melt pool in produced in the central bright region appeared to deepen, seen by a change of colour from brown to black and with 51.9 kW indicative power, the melting appeared more vigorous, with bubbling observable in the melt pool, which seemed to suck in the batch from the darker sections, which by now were mostly melting down. The remaining batch continued to melt down very slowly until all the batch reactions appeared to subside and then the melt was held under the full power of the beam Figure 59f). 
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[bookmark: _Ref449855653]Figure 59: Snapshots showing progression of melt surface viewable through beam inlet from video camera situated behind the shutters at the following times/radiative beam power supply during experiment C1: a) 0h:17m:32s/ 1.03kW; b) 0h:22m:33s ; c) 0h:26m:18s/ 2.37kW ;d) 0h:29m:21s/ 3.05kW; e) 0h:35m:56s / 4.20kW; f) 1h:17s:36s / 4.90kW. 
Meanwhile, the air temperature inside the furnace steadily increased from a minimum Tneck of 495oC and Tmain of 686oC at 0h:16m to 690oC and 962oC at 1h:13m respectively (Figure 60). Then, at 01h:16m:25s, the first glass was observed flowing out from the bottom outlet (Figure 61). 
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[bookmark: _Ref427320887]Figure 60: Temperature and beam power profile for experiment C1 - the first test of the scale-up solar heated glass furnace. Around 3 kW of heating power was also provided by electrical elements during this period but the time series data was lost.
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[bookmark: _Ref427261713]Figure 61: First observation of glass produced from the bottom outlet at 01h:16m:25s from the start of experiment C1. Scale bar based on the inside diameter of the bottom outlet tube heater.
The actual temperature of the glass flowing out of the bottom outlet must have been much higher than the 690oC last measured at the neck section because  the glass would have needed to be much hotter than this temperature to produce the glass flow shown in Figure 61. The significant discrepancy between Tneck and the actual temperature of the glass flowing was probably in part due to the fact that the thermocouple at the neck section (Tneck) was measuring a cooling flow of air past the neck section rather than the glass temperature itself. This is explained in more detail in the discussion in section 5.8.1. Figure 62 shows the glass melt surface when it was flowing through the bottom outlet after all the initial batch had melted down. At 1h:20m:23s, the first charge of additional batch was fed, followed by two more small feeds at 1h:31m:26s and 1h:36m:5s. Each new charge was fed after the previous had almost completely melted down in an effort to maintain the level of the melt while ensuring the glass was fully melted but the rate at which glass was flowing out was faster than the batch feeding rate. By 1h:41m:0s (Figure 62a) the depth of glass was so thin that bottom outlet could be seen through it. Then from 1h:44m:32s to 1h:45m:20s (Figure 62b) a large charge of pellets was fed, covering the entire surface of the melt. Compared to the melt progression of the initial charge of pellets (Figure 59), these pellets melted much more evenly (Figure 62c) and rapidly, with all the batch fully molten and reactions mostly complete by 1h:53m:42s (Figure 62d). This was probably due to 1) the full power of the beam (4.90 kW indicative), provided by all 6 lamps throughout the melting of this charge compared to 1.03-4.90 kW indicative power provided by 2 to 6 lamps over the course of the melting of the initial charge; 2) increased furnace temperature and 3) reduced thickness of batch blanket compared to the initial charge of batch.
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[bookmark: _Ref449857012]Figure 62: Snapshots of glass melt surface with the maximum 60.6kW indicative power of the beam at the following times: a) 1h:41m:0s; b) 1h:45m:20s; c) 1h:46m:31s; d) 1h:53m:42s.
Meanwhile the glass continued to flow out of the bottom outlet in a very thin straggly stream which was blown around by the aforementioned convective air stream. It solidified as it fell to form a tangle of irregular glass filaments as shown in Figure 63.
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[bookmark: _Ref427315534]Figure 63: Glass flow (visible inside red circle) out of bottom outlet aperture at 1h:40m:54s from the start of experiment C1. Scale bar based on the 8 cm inside diameter of the outlet tube heater.
The beam was held at full power until the glass flowing from the bottom outlet appeared to cease and then at 15:56:34 the shutters were closed to switch the beam off for the day. Then the beam inlet and bottom outlet apertures were closed with the ceramic fibre blanket insulation. The main furnace controller was set to 1100oC and the outlet tube heater was set to 1000oC overnight.
5.3.3. Experiment C2
The following morning, as soon as the beam inlet aperture was opened, in preparation for switching the beam back on, Tmain dropped from 1100oC to 1018oC and Tneck dropped from 1000oC to 900oC. Then, as the bottom outlet aperture was opened, Tneck decreased further to 580oC. Next, the beam was switched on (0h:0m:0s) and radiative power supply was gradually increased to a maximum of 4.87 kW by 0h:12m:46s. This increasing beam power enabled Tmain to recover to around 1100oC by 0h:32m:52s, with decreasing electrical power supply to the elements (Figure 64). At 0h:32m:52s, the first new charge of batch of the day was fed. Subsequently, Tmain was maintained at 1100oC while Tneck continued to increase. The manual temperature readings of Tmain and Tneck  during the course of this experiment (C2) are plotted, from the time the beam was first switched on, along with the corresponding power supply to the electrical heating elements and radiative power input from the beam in Figure 64 and explained in the following section.
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[bookmark: _Ref428970497]Figure 64: Temperature and power profiles for solar glass melting experiment C2.
The heating elements’ power shown in Figure 64 is seen to have fluctuated because as the controller’s thermocouple (Tmain) measured a temperature approaching the set point it automatically flickered on/off in order to reach its control set point without overshooting. At 0h:38m, when Tneck measured 745oC, while feeding another charge of batch, glass was observed starting to flow from the bottom outlet, again, in a very similar way to that observed previously (Figure 61), with a small glob of glass suddenly falling out followed by a thin stream. However, this time, with the furnace fully preheated overnight the melting was more rapid and a greater volume of glass was produced from the outlet compared to the previous day. Over the course of the day, the glass outflow was intermittent and variable, typically in the form of a thin stream as before. The outlet stream which would eventually get stuck to the inside of the outlet tube heater on its way out. Then the following stream would get stuck as well, forming a tangle inside the outlet tube heater. This caused the temperature inside the outlet tube section to increase as the glass blockage impeded the cooling flow of air until the temperature was sufficiently high to allow the accumulated glass blockage to fall out (Figure 65). 
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[bookmark: _Ref427571612]Figure 65: Snapshot of bottom outlet video showing blockage of tangled glass released from the outlet at 0h:50m:13s during experiment C2. Scale bar based on the 8 cm inside diameter of the outlet tube heater.
The released blockage of glass was followed by a thin stream and then this cycle repeated again. At 1h:21m, the main furnace set point temperature was increased to 1200oC in an effort to encourage a more consistent outflow. At 1h:42m:46s, the beam was switched off briefly to fix a problem with the batch feeder and at 1h:58m:38s the beam switched off to simulate a period of cloud cover (Figure 64). During this period, the main electrical heating elements remained on with the beam inlet aperture left open and by 2h:0m:1s the glass outflow ceased. During the break, despite the fact that the electrical heating elements were left on at a set point of 1200oC and the outlet heater at 1000oC, Tmain and Tneck both dropped from 1154oC and 768oC at 1h:55m to 942oC and 647oC respectively by 3h:08m which was just before the beam was restarted again for experiment C3.  
5.3.4. Experiment C3 
This temperature drop was probably because the heat losses associated with leaving the beam inlet and bottom outlet apertures open over the break exceeded the maximum power that could be supplied by the heating elements. Then, there was a long series of melting cycles, with varied quantities of batch being fed, after each previous charge had melted down and the glass produced accumulated in the crucible.  This pattern appeared to change from around 2h:10m:5s from the start of experiment C3, after which, any subsequent pellets fed, appeared to be sucked down to the bottom outlet and at this time the glass melt could be observed flowing down out through the outlet until the bottom of the outlet tube was visible again (Figure 66). 
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[bookmark: _Ref427676247]Figure 66: Snapshots from video showing the view through the beam inlet aperture. The new pellets fed, melt and are sucked down through the bottom outlet tube during experiment C3 at: a) 2h:19m:28s; b) 2h:19m:55s; c) 2h:20m:12s; d) 2h:20m:32s; e) 2h:21m:57s.
Meanwhile, at the bottom outlet the glass flow continued the cyclic pattern described above but as the day progressed even larger volumes of glass were produced. As before, the flow started very slowly with a thin stream solidifying on its way out which eventually got stuck inside the outlet tube heater which caused clogged glass to accumulate. But the period of these cycles and size of clogged glass continued to increase with the final glass blockage (Figure 67) weighing 800 g, which had to be manually broken off to allow further glass to flow out.
[bookmark: _Ref427679013][image: ]
[bookmark: _Ref427679789]Figure 67: Large glass blockage at bottom outlet during experiment C3. Image rotated by 45 degrees to adjust for offset of camera position to show approximately horizontal ground. Scale bar based on the 8 cm inside diameter of the outlet tube heater.
Also, the fluidity of the stream following the blockages increased as the day progressed. For example, Figure 68 shows the final fluid stream - a thicker section of which can be seen falling around 1 m in between the two consecutive frames of the video shown. The time interval between the frames was 0.05 seconds so the stream at this moment was flowing at a speed of approximately 25 m s-1.
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[bookmark: _Ref427679771]Figure 68: Fluid steam produced at bottom outlet. The snapshot on the right is taken 0.05 seconds after that on the left. Ground level approximately 45 degrees offset from horizontal in these snapshots due to positioning of camera.
This cycle repeated till the end of the day when the beam was switched off to cool down.
Upon inspection after cooling to room temperature, the crucible appeared to have remained intact for the course of the experiments, evidenced by the lack of glass leakage so the cracks visible were probably formed after the experiment once the glass had cooled sufficiently to be unable to flow out of these cracks (Figure 69).
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[bookmark: _Ref427679886]Figure 69: Photograph of crucible (major inside diameter 187 mm) inside the furnace with the roof opened for inspection after the preliminary experiments (C1-3).
5.3.5. [bookmark: _Ref427139619]Conclusions
The following conclusions regarding the design of the scale-up solar glass melting furnace were derived based on the results of the preliminary experiments described above:
1) Continuous melting of glass forming batch with glass flowing out simultaneously was not feasible with this setup due to the small volume of glass contained and therefore insufficient retention time for the glass to fully melt, remove bubbles and homogenise (fining) before flowing out and therefore producing an inconsistent stream of glass from the outlet. Therefore, instead, it was decided that the glass outflow must be strictly prevented until all the glass forming batch fed is fully melted and fined before releasing the glass through the outlet;
2) The cooling flow of air entering the bottom outlet, running through the furnace and out of the beam inlet aperture at the top needed to be blocked in order to reduce the associated heated losses and temperature fluctuations;
3) An improved outlet flow control system was required to produce a more consistent and controllable stream of glass in order to enable subsequent forming processes to be demonstrated;
4) Alternative batch compositions should be considered to provide improved flowability of the glass produced;
5) An improved batch feeder was required to provide and controlled and measurable supply of batch to the melt surface;
6) A manually operated forming process was required in order to provide the flexibility required to deal with unpredictability of the outlet glass flow produced.
5.4. [bookmark: _Toc473995170]Improvements
Accordingly, the following improvements were made to the scale-up solar glass melting furnace in preparation for the final series of experiments.
5.4.1. Beam inlet plug
In order to reduce convective heat losses when the beam inlet was closed, an improved beam inlet plug was developed. Previously, the beam inlet was closed with layers of ceramic fibre insulation blanket. However, due to the low density of this material, after repeated use it deformed around the edges where it was handled, leaving gaps through which hot air could flow. Therefore, the improved beam inlet plug (appendix ID3) featured a conical block of cast insulation to provide the weight required to force the attached ceramic fibre insulation layers above to form a better seal with the beam inlet aperture to prevent the air flow. It also featured a handle to prevent the deformation of the ceramic fibre insulation blanket otherwise caused by handling it directly.
5.4.2. Outlet flow control
In order to deal with the difficulties related to controlling the flow of glass produced through to bottom outlet experienced during the preliminary experiments, an improved outlet flow control system was developed. 
It was realised that the large space between the outlet tube heater and the outlet tube itself impeded the effectiveness of the temperature control. Therefore a new outlet tube heater was selected, which would more closely wrap around the outlet tube to provide more effective temperature control. Narrowing the gap between the outlet tube and heater would also help to restrict the cooling air flow. Also, the distance which the glass stream exiting the bottom of the outlet tube was required to travel before it escaped the outlet tube heater, made it likely to get stuck on the way out. So it was decided to extend the outlet tube so that it could come closer to the exit of the outlet tube heater.  Also, it was decided that the control thermocouple for the outlet heater was to be positioned inside a thermowell next to the outlet heaters heating elements in order to isolate it from any fluctuations in air temperature which caused the problems identified in experiments C1-3.
Use of SiC or MoSi2 heating elements for the outlet tube heater was considered for improved effectiveness of heating but instead a FeCrAl wire element tube heater was selected due to budget constraints. The new FeCrAl tube heater assembly selected was the 38/2/1Z/F supplied by Severn Thermal Solutions as this was considered a feasible solution with a suitable size to effectively heat the extended outlet tube while fitting inside the existing space, the remaining space being packed with ceramic fibre insulation as shown in Figure 70.
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[bookmark: _Ref427750366]Figure 70: Design of outlet tube and heater extension to fit within existing space.
The new outlet tube extension and heater was tested using a prototype of the crucible with the same outlet tube length and inside diameter with the new outlet tube heater assembly as follows. The modified crucible and pre-melted soda-lime-silica glass were preheated inside gas furnaces to 1450oC. Meanwhile the new outlet tube heater assembly was preheated to its maximum operating temperature of 1200oC with an insulated space above it to accommodate the crucible with the extended outlet tube. The crucible was transferred from the preheating furnace to this space with its outlet tube passing the outlet tube heater and then the pre-melted glass was poured inside to observe the glass flow through the outlet tube. Initial attempts failed with the glass solidifying on its way out (Figure 71).
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[bookmark: _Ref427753762]Figure 71: Irregular glass flow produced during preliminary experiments to develop outlet flow system. Scale bar based on inside diameter of the outlet tube heater shown here was 38 mm.
Subsequent experiments showed that a greater weight of molten glass was required inside crucible above the outlet tube as well as further heating of the crucible to generate a more fluid flow of glass through the outlet. 
Also, in order to enable the flow to be cut off and kept frozen, without any glass leakage until flow was required again, it was found that a water-cooled, conical metal plug was required to block the end of the outlet tube and rapidly dissipate heat otherwise simply reducing the temperature setting of the tube heater alone did not give a sufficiently rapid response. 
5.4.3. Forming process
Further experiments were conducted to test casting the glass produced from the outlet tube. These experiments were setup similarly to the previous experiments described above whereby the glass was pre-melted and poured into an insulated crucible with an outlet tube running through the outlet heater at 1200oC. Figure 72 shows the results of such an experiment where the glass produced from the outlet was more fluid and consistent than the previous experiment, shown in Figure 71, due to the increased weight of molten glass contained in the crucible above the outlet tube as well as further preheating of the crucible. However the glass stream produced from the outlet tube would not fill the preheated mould below as required for the pressed casting demonstration, rather it solidified on contact with it.
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[bookmark: _Ref427762169]Figure 72: Glass flowing out through tube heated to 1200oC solidifying prematurely rather than filling the shape of the mould. Scale bar based on the 38 mm inside diameter of the tube heater.
It appeared that the reason for the difficulty in casting the stream produced was because the surface area to volume ratio of the thin stream was too large so that it cooled too rapidly and therefore solidified before it could cast. Therefore it was decided to collect the glass stream produce in a crucible contained inside another furnace at 1200oC and then manually pour the collected glass into a mould to demonstrate the casting process. Accordingly, preliminary experiments were conducted to test this process with the collecting furnace (Figure 73c) positioned on a fork lift to enable it to be positioned close to the outlet tube when collecting and then be moved away to provide access to cut off the stream when required.  As before the crucible with the extended outlet tube and glass was preheated inside the nearby gas furnaces (Figure 73a) and the outlet tube heater was wrapped in insulation (Figure 73b) with a space above it to accommodate the crucible with its bottom outlet tube to pass through the heater.
[bookmark: _Ref427763586][image: ]
[bookmark: _Ref451037629]Figure 73: Photograph showing setup of preliminary experiments to test bottom outflow system with a) glass and crucibles with outlet tubes preheated to 1450oC in gas furnaces, b) outlet tube heater at 1200oC wrapped in insulation and c) collecting furnace at 1200oC on a fork lift.
Despite, collecting the glass inside the crucible the industrial soda-lime-silica glass appeared too viscous to cast at 1200oC. So, the same experiment was repeated an alternative batch (Phillips 3300 – see section 5.5.1) which contained more fluxing agents so could be cast more easily at 1200oC.
5.4.4. Batch feed
The original batch feeder functioned by agitation causing pellets to fall down a slope. The limitation of this method of feeding batch was that it tended to result in uncontrolled inconsistencies in the quantity of batch fed. Also, it was difficult to measure the mass of batch fed. Therefore, a new batch feeder was developed which worked using a conveyor belt (Figure 74a) rather than agitation. This allowed for greater control and consistency of the batch feed rate. This also enabled the mass of batch fed to be measured by placing the feeder with the batch stored in the hopper (Figure 74b) on a mass balance (Figure 74d) and recording the change in mass before and after each feed. The mass balance was connected to a data logging system (Figure 74e) in order to record the results automatically during the experiments.
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[bookmark: _Ref427835535]Figure 74: a) conveyor belt batch feeder setup to transfer batch stored in b) hopper via c) chute into scale-up solar glass furnace feed port. Feed rate measurement provided by d) weighing scale connected to e) data logging system. Scale bar based on the 37 cm conveyor belt length.
Also, it was decided that subsequent experiments should start by preheating one layer of pellets covering the base of the crucible (around 300 g) inside the furnace before switching the beam on. Then, the beam would initiate melting. This was designed to ensure that the first charge of pellets could rapidly and homogeneously melt. This was intended to reduce the risk of unmelted pellets from the initial charge being prematurely swept into the outlet tube and disrupting the flow. 
5.4.5. [bookmark: _Ref428974522] Cooling air flow
In order to block the cooling flow of air entering from the bottom outlet, running through the furnace and exiting through the beam inlet port (Figure 75a), refractory insulation materials were used to plug the gap between the crucible and the roof and the crucible and the outlet heater (Figure 75b). 
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[bookmark: _Ref427748656]Figure 75: Schematic diagrams (not to scale), showing the modifications to outlet tube and heater to improve on the results of experiments C1-3. a) Original (experiments C1-3); b) Improvement (experiments D1-4). 
5.5. [bookmark: _Ref427139630][bookmark: _Toc473995171] Final experiments (D1-4)
Following the improvements to the scale-up system described above, a final series of experiments were conducted, using the HFSS to melt two types of glass forming batches. A drawing of the final scale-up solar heated glass furnace is provided in 
Figure 99.
5.5.1. [bookmark: _Ref451091781]Materials 
Both types of glass forming batch used for these experiments were pelletised soda-lime-silica. One, described in the following experiments (D1-4) as ‘industrial’ soda-lime-silica pelletised batch, was the same as that described in (Sections 3.3.2 and 4.2.2) and that used in experiments C1-3. This batch was representative of the composition used for large scale industrial glass production. It was designed to solidify very quickly upon cooling as required for automatic forming processes.  The other type of pelletised soda-lime-silica batch used in these experiments was ‘Phillips 3300’. According to the supplier (Glassworks Services Ltd, Doncaster), the glass composition of this batch was as follows (mol %): 72% SiO2; 2% B2O3; 16% Na2O; 1% K2O; 5% CaO; 3% ZnO. The extra flux in this batch was designed to make it solidify slowly in order to provide the time required for manual forming processes. These two batches, represented a range of glass compositions to understand the suitability of solar heated glass furnace for different types of production. The Theoretical Energy Requirement (TER) for the formation of the industrial and Phillips 3300 glasses were calculated (see Section 5.8.1 and Appendix ID 11) to be  2541 J g-1 and 2532 J g-1 respectively.
5.5.2. Setup
As in experiments C1-3, the solar glass melting furnace was carefully positioned to align the horizontal HFSS beam, deflected vertically by a water-cooled mirror at 45o into the beam inlet port. The new conveyor belt batch feeder was setup on a weighing scale beside the furnace, enabling a measured flow of batch feed. For the initial experiment a water bucket was placed below the outlet, and then in later experiments, this was replaced by a vertical tube furnace to collect the glass produced.
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Figure 76: Photograph of initial setup scale-up solar glass melting experiments
In a separate experiment described later (section 5.6) a calorimeter was positioned in the exact same position as the furnace shown in Figure 54 in order to find the ratio of indicative power (electrical power supplied to the lamps multiplied by percentage shutter opening) to the actual radiative power supplied to furnace as measured by the calorimeter in this position, which was found to be 1:0.0809. Based on this ratio, with the lamp power and shutter opening logged during the course of the following experiments, the radiative power supplied was inferred. CCTV cameras were setup to record furnace controller and alarm unit temperatures as well as the bottom glass outlet and batch feed inlet which were recorded and viewed live from the control room. Four experiments (D1-4) were conducted. The time of events described in the following sections, are reported in terms of the hours, minutes and seconds (hh:mm:ss) from the time when the beam was first switched on for each experiment described. As before, where the event was manually observed and recorded, the time is specified only in hours and minutes as the accuracy of these observations (+/- 30 seconds) do not justify specification of seconds. Before, starting the beam for each experiment, the furnace was preheated using the electrical heating elements. Where recorded, the time from when the preheating was started, to when the beam switched on, is given in terms of negative hours and minutes (-hh:mm). Where the start time of preheating was not specifically recorded, these periods are reported as ‘overnight’. 
5.5.3. Experiment D1
The aim of the initial experiment was to test the improved scale-up solar glass melting furnace with the Phillips 3300 pelletised soda-lime-silica batch. In particular, the glass stream produced from the improved outlet control system was observed and tested in order to evaluate its suitability for subsequent forming processes. 
An initial charge of 298 g of the Phillips 3300 pelletised soda-lime-silica batch was preheated in the crucible overnight from 16:21 on 18/3/15 (-20h:15m), until 12:36 on 19/3/15 (0h:0m) by when the furnace temperature had reached 1019oC. From 12:36 (0h:0m) to 0h:20m six lamps were switched on and shutters were fully opened, providing a total radiative power of 5.25 kW. As long as the beam stayed on, the temperature measured by outlet tube heater’s control thermocouple continued to increase and by 0h:25m the temperature exceeded its controlled set point of 1000oC. From 0h:35m:45s  till 1h:44m:58s, a total of 1470 g batch was fed and melted, over a series of intermittent feeds. Initially, there were issues with reflected rays of the HFSS beam impinging on belt, causing it to overheat and therefore slip. This was resolved by constructing a heat shield and adding a fan to keep the conveyor belt batch feeder cool. At 2h:1m:0s, when the Tmain measured 1018oC, glass was observed flowing out into the water bucket below (Figure 77). Initially (2h:1m:20s-2h:1m:57s), the glass flow emerged in irregular globs and then, from 2h:1m:38s, it appeared as a very fluid continuous stream which continued to flow until 2h:3m:43s when an attempt was made to temporarily stop the outflow by switching off the outlet tube heater and cutting the stream with shears and blocking the end of the outlet tube with a metal plug. However, the stream was initially too fluid to be stopped until 2h:12m:22s when the stream had sufficiently cooled and therefore viscous to be cut off and blocked successfully (Figure 77). 
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[bookmark: _Ref427841839]Figure 77: First flow from bottom outlet during experiment D1. Time of day and corresponding times the start of experiment D1 are shown on each snapshot. Scale bar based on the 38 mm inside diameter of the outlet tube heater.
Since it had now been demonstrated that a controlled glass flow could be produced, a subsequent experiment was run in an attempt to collect the glass produced. So, at 2h:9m:17s, the beam was switched off in order to replace the water bucket below the outlet with the collecting furnace set to 1200oC. The collecting furnace was seated on a weighing scale to measure the mass of any glass collected. The collecting heater contained a crucible to collect glass to demonstrate the planned indirect casting process. By 2h:25m:21s the collecting tube heater was setup in position to collect glass produced from the outlet and so the beam was restarted and by 2h:33m:43s it was at full power. At 2h:32m:33s, an increase in mass was measured by the weighing scale below the collecting furnace as the glass flow restarted. Initially the glass appeared to be flowing into the collecting furnace fairly steadily at a rate of around 8.6 g/min (Figure 78). At 2h:46m, while glass was still flowing through the bottom outlet into the collecting furnace, the temperature measured by the outlet tube heater control thermocouple was 1193oC. Around 23-25 minutes after the flow began rapid fluctuations in mass were measured (Figure 78) so the experiment was aborted. 
[bookmark: _Ref425343615][image: ]
[bookmark: _Ref451073787]Figure 78: Mass of glass collected measured from time of first increase in mass recorded (2h:32m:33s) during experiment D1.
An insufficient mass of glass had accumulated inside the collecting furnace to demonstrate the subsequent forming process so the collecting furnace was moved out of the way and the trailing stream of glass was cleanly cut off and frozen (Figure 79) to pause the flow overnight. 
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[bookmark: _Ref424805680][bookmark: _Ref424805676]Figure 79: Photograph of the end of the outlet tube after successfully cutting off the fluid stream and forming a frozen glass plug while holding molten glass in the main part of the crucible above after experiment D1. Scale bar based on the 38 mm inside diameter of the outlet tube heater.
5.5.4. Experiment D2
The aims of the next experiment (D2) were to:
1) Demonstrate restarting the melting process in the morning after holding overnight to simulate realistic operation working around typical solar energy availability time constraints; 
2) Accumulate sufficient glass in the collecting furnace to demonstrate a casting process;
3) Produce a more consistent outflow of glass by holding the glass inside the melting chamber under the full power of the beam for a longer period to homogenise and remove bubbles. 
During the previous experiment (D1), it was realised that the temperature of the outlet tube soon exceeded the controlled setpoint temperature of the outlet tube heater, limiting the maximum time which the glass could be held inside the main part of the crucible before flowing out. Therefore, it was decided to hold the metal plug in the end of the outlet tube in order to dissipate excess heat and block the glass from prematurely flowing out. Accordingly, the metal plug was held in by attaching it to a rod seated on a refractory insulation brick on the collecting furnace below (Figure 80). The rod was connected to the outlet plug via a spring mechanism aiming to provide just enough force to hold it in place and allowing it to be removed manually without breaking the fragile outlet tube.
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[bookmark: _Ref427857590]Figure 80: Experiment D2 setup. a) Collecting tube furnace on weighing scale positioned below glass outlet port (temporarily closed with metal plug) to collect glass to be produced; b) Glass outlet port temporarily closed by metal plug. Scale bars (green lines) based on the 38 mm inside diameter of the outlet tube heater.
With this setup, the main furnace temperature (Tmain) and the outlet tube heater were set to 1042oC and 800oC the night before the start of experiment D2. Then, after removing the beam inlet roof plug and allowing Tmain to recover back to 1042oC, experiment D2 began with the beam was restarted (0h:0m:0s) at full power. Then the main furnace gradually heated up beyond its controlled set point, but this time the outlet heater was successfully maintained at its control setpoint of 800oC with the help of the metal outlet plug dissipating excess heat. Then the beam was temporarily switched off and restarted to demonstrate operation during simulated periods of temporary cloud cover. From 2h:40m:8s to 5h:15m:48s a uninterrupted series of batch feeds were conducted, averaging around 300 g of batch per feed and requiring around 15 minutes each to melt and recover glass temperature (Figure 81). By 5h:15m:48s it was considered the repeatability of the process had been demonstrated so batch feeding was finished to allow sufficient time for the subsequent fining and forming processes to be completed within daylight hours to simulate realistic solar operation. So, from 5h:15m:48s the glass was held in the main chamber with the beam maintained on full power without any new batch being added to demonstrate a fining process until 6h:32m:5s (Figure 81). During the entire experiment from the moment the beam was switched on until the end of the fining period the outlet was successfully controlled to maintain a sufficiently low temperature to prevent premature outflow of glass, staying within 10oC of its controlled setpoint of 800oC.
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[bookmark: _Ref428186977]Figure 81: Temperatures, radiative beam power and mass of batch fed during melting and fining period of experiment D2.
Tmain was set to 1100°C at 6h:22m:1s so when the beam was switched off the SiC electrical resistance heating elements would maintain the melt at a sufficient temperature for the forming process to proceed. At 6h:32m:6s the beam was turned off in order to enter the experimental room to demonstrate the forming process. Immediately after switching the beam off, the roof plug which covers the beam inlet aperture was put in place to reduce heat losses. Then the metal outlet plug was removed from beneath the glass outlet tube and the collecting tube furnace below was raised up closer to the glass outlet to allow the glass melt to flow out of the main chamber into the collecting furnace below and the outlet tube heaters set point was increased to around 1150oC. Then at 6h:44m:14s an increase in mass was recorded by the collecting furnace mass balance. Accordingly, a glass stream was observed flowing out of the outlet tube and into the collecting furnace (Figure 82). 
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[bookmark: _Ref425332939]Figure 82: Glass flowing from main furnace outlet into collecting furnace during experiment D2.
After an initial unsteady period of around 40 seconds, the rate of mass collected in the collecting furnace became almost perfectly constant with a linear trend line of 2.06 g/s giving a close fit (Figure 83).
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[bookmark: _Ref425708025]Figure 83: Mass of glass collected in collecting furnace during experiment D2 from the moment (6h:44m:14s) the first change of mass was recorded.
Once the crucible inside the collecting furnace was filled with glass, the collecting furnace was moved out of the way and then an attempt was made to cut off the trailing stream of glass. However the glass flow was too hot and fluid to be cut off and so continued to flow out regardless (Figure 84) and the crucible in the collecting furnace was accidentally overfilled with glass (Figure 85). 
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[bookmark: _Ref428198606]Figure 84: Video snapshots of bottom outlet during failed attempt to cut off fluid glass stream during experiment D2.
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[bookmark: _Ref428198823]Figure 85: Photograph of over-filled crucible inside collecting furnace from experiment D2. Scale bar based on the 8 cm inside diameter of the collecting furnace.
Also, while attempting to cut off the glass stream from the bottom outlet of the main furnace, the electrical power supply to the collecting furnace was unexpectedly lost as a fuse was blown causing the glass contained to cool down. Subsequently, the power supply to the collecting furnace restored and once the furnace temperature recovered to 1200oC an attempt was made to pour the glass contained inside the crucible into a mould to demonstrate the casting process.  Although the glass initially, flowed out the crucible it solidified before it could fill the shape of the mould. It appeared the glass was not sufficiently hot to flow because it overfilled the crucible so the top section was outside the hottest section of the furnace below and when the crucible was lifted out the tongs gripping the inside of the crucible were immersed in the top part of the melt causing the heat stored in the glass melt to be rapidly conducted away.
Then, an attempt was made to directly cast the glass stream still emerging from the bottom outlet but by this time it had cooled down too much to cast, with the stream solidifying before it could fill the shape of the mould (Figure 86a). Next, the glass stream was wound on a metal rod to observe the ability to produce coiled glass filaments (Figure 86b).
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[bookmark: _Ref450346746]Figure 86: a) Photograph of failed attempt at directly casting the outlet stream at 7h:2m during experiment D2; b) Snapshot of video of bottom outlet showing winding of outlet glass stream (time of day and time from start of experiment D2 shown). Scale bars based on the 38 mm inside diameter of the outlet tube heater.
Then the remaining glass was allowed to flow out. With the beam off but the outlet heater held at around 1200oC the glass continued to flow out and during this time glass fibres were drawn, with continuous lengths of many metres. The flow gradually narrowed and wound itself into coils and then eventually the flow stopped as the glass inside the crucible was depleted, leaving a tangle of glass fibres (Figure 87a). Upon closer inspection the glass produced from the stream appeared to contain very few bubbles (Figure 87b).
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[bookmark: _Ref428202636][bookmark: _Ref428202705]Figure 87: Photographs of a) all overall mass of glass produced and b) a close up image of a single piece of glass produced from experiment D2.
A total of 3514 g of glass was collected from in and around the water bucket as shown in Figure 87. Upon cooling the furnace was opened to inspect the inside (Figure 88). Although, the crucible had cracked, there was no evidence of leakage of glass out of the crucible. Therefore, it appeared that the crucible must have cracked only after the experiment was finished when it cooled down below a temperature at which glass could flow. The unmelted pellets visible in Figure 88 fell in while opening the furnace for inspection. It can be seen in Figure 88, that the ring of ceramic fibre insulation blanket used to block the flow of air between the top of the crucible and the roof had melted. 
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[bookmark: _Ref428263262]Figure 88: Photograph of crucible used in experiments D2 after cooling. 
Also, the surface of ceramic fibre blanket around the outlet tube heater which was exposed to the inside of the main chamber of the furnace had fused. Otherwise, all the other refractories remained in good condition.
5.5.5. Experiment D3
The aim of experiment D3 was to demonstrate the feasibility of melting, fining, generating a flow and forming the industrial pelletised batch in the scale up solar glass melting reactor. Also, by operating a series of melting cycles over the course of a day, the productivity and efficiency of the process was evaluated.
195 g of industrial soda-lime-silica pelletised batch was preheated inside a new crucible with the main furnace heating elements temperature controller set to reach a target temperature of 1000oC the day before the start of experiment D3 (-15h:5m). A reduced quantity of batch (195 g rather than 295 g used in experiment D2)  was preheated in this experiment in order to ensure that when the beam was switched on the initial charge of batch could be rapidly melted in order to prevent any unmelted pellets prematurely falling down the outlet tube. The outlet tube heater was set to an increased set point of 900oC due to the higher viscosity of the industrial glass forming batch compared to that used in experiments D1 and D2. 
Once the main chamber and outlet heaters had reached their respective set point temperatures, the beam inlet plug and shutters were opened (0h:0m:0s). Then one lamp was switched on every minute until by 0h:39m:37s six lamps were switched on, with the shutters 100% open, providing a 5.04 kW of radiation into the furnace. The focal point of the beam did not appear well centred so at 0h:22m, the 45 degree mirror was adjusted slightly to improve the alignment.
After some initial batch feed charges, at 1h:49m the feed port became clogged with pellets so the beam was switched temporarily to change the position of the batch feed chute such that the pellets could be fed through the beam inlet port instead. At 2h:8m:10s the beam was restarted immediately at full power (5.1 kW) and by 2h:30m:54s the glass temperature had recovered to 1412oC  and the batch feeding cycles were resumed. A series of feeding cycles were completed, initially allowing the glass temperature to increase, over consecutive feeds, until the glass reached a maximum temperature of 1563oC at 4h:9m:19s and then the period after each consecutive charge was fed was reduced to prevent overheating. After the last charge of batch was fed, the glass was held under the full power of the beam to homogenise and remove entrained bubbles. During this series of melting cycles and fining period the full power of the beam was maintained with 5.1 kW of radiative power entering the furnace, except for short breaks of less than 2 minutes to fix problems with the batch feeding system (Figure 89).
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[bookmark: _Ref428288959]Figure 89: Temperature profiles and mass of batch fed during melting and fining period of experiment D3. During this period the radiative beam power was held at 5.1 kW and no additional heat was supplied by the electrical heating elements.
At 6h:42m:49s, the beam was finally switched off after melting and accumulating a total of 3453g of glass forming batch. As the temperature dropped due to the absence of the beam, the electrical heating elements gradually took over to maintain the main furnace temperature at a set point of 1050oC, while preparations began for demonstrating a forming process. Immediately after switching off the beam, the beam inlet port was closed. Then, the outlet port was opened by removing the metal plug and then the collecting furnace was moved into position below the glass outlet. At 6h:51m:26s the first increase in mass was recorded by the collecting furnace corresponding to the start of the glass outlet stream. By 6h:55m:30s, the crucible inside the collecting furnace appeared sufficiently full so the collecting furnace was moved down out of the way of the stream and an attempt was made first to directly cast the outlet stream while it still appeared sufficiently fluid at 6h:55m:51s. Before attempting the cast, the mould was preheated using a propane torch. This time the glass proved to be sufficiently fluid to fill the mould so it was then transferred to the casting table to be pressed with an engraved plunger, then removed from the mould and finally transferred to the annealing oven to successfully demonstrate a pressed glassware forming process (Figure 90). 
[image: ]
[bookmark: _Ref428373050]Figure 90: Snapshots from video of direct casting of glass stream produced during experiment D3. a) collecting the glass stream in a preheated mould; b) transferring filled mould to casting table; c) pressing the glass in the mould; d) releasing it therefrom; e) and transferring it to the annealing oven.
The direct casting was successfully repeated a second time and then the outlet heater was switched off causing the stream to gradually slow down. Then, the outlet stream was successfully cut off again but this time as the metal plug was removed the end of the outlet tube broke off with it as shown in Figure 91.
[image: ]
[bookmark: _Ref428443574]Figure 91: Snapshot of video of bottom outlet as outlet tube is accidentally broken off while removing the metal outlet plug tool during experiment D3. Time from start of experiment below time of day, provided at the top of the figure.
Since the outlet tube was broken, the remaining glass in the crucible solidified inside the outlet tube heater, causing a blockage which was eventually removed but only at the cost of seriously damaging the outlet tube heater.
Next, an indirect casting was attempted using the glass which was held in the collecting furnace at 1200oC. The casting table was moved next to the collecting furnace to minimize the time required to transfer the glass from the collecting furnace to the mould which was essential to ensure the glass remained sufficiently hot. Again, the mould was preheated using a propane torch and then the collecting furnace was opened, the crucible containing the molten glass was lifted out and poured into the mould on the casting table. The trailing glass from the crucible to the mould was cut off and leaving a glob of malleable glass in the mould which was then pressed, then removed from the mould (Figure 92) and finally transferred to the annealing oven. 
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[image: ]
[bookmark: _Ref428374229]Figure 92: Indirect casting of glass produced during experiment D3. a) Transferring crucible from collecting furnace to the casting table; b) pouring and then c) cutting off glass glob trailing from the crucible into the mould; c) pressing glass in the mould with an engraved plunger to print a pattern; d) releasing the pressed glassware produced from the mould. 
This indirect pressed glassware casting process was also repeated but the second time there was insufficient glass remaining in the crucible so a very thin section of glass was produced which broke due to thermal shock while being transferred into the annealing oven. 
After annealing and cooling to room temperature, closer inspection of the pressed glassware produced from directly casting the glass stream (Figure 93) revealed the glass contained few bubbles and the pattern from the plunger was successfully impressed upon the front surface (Figure 93a). However, the back surface of the pieces directly cast from the stream (Figure 93b) showed discrete folds of glass from the stream as it solidified on contact with the base of the casting plate rather than filling the mould properly.
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[bookmark: _Ref428436465]Figure 93: Photographs of the first piece of pressed glassware directly cast from the glass stream during experiment D3 showing the a) front and b) the rear of the same piece.
The pressed glassware produced from casting via the crucible in the collecting furnace (Figure 94) avoided the problem of the discrete folds observed on the rear of the directly cast pieces but contained more bubbles and did produce a clear pattern on the front surface.
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[bookmark: _Ref428438152]Figure 94: The first piece of pressed glassware indirectly cast via the crucible in the collecting furnace. Photographs of the a) front and b) rear of the same piece.
Since the outlet tube of the crucible was broken, the furnace was allowed to gradually cool down to room temperature in order to replace it. Sections of the glass remaining in the crucible appeared almost completely bubble free and homogeneous (Figure 95). 
[image: ]
[bookmark: _Ref451074977]Figure 95: Photograph of glass piece from industrial soda-lime-silica batch recovered from the base of the crucible after experiment D3.
5.5.6. Experiment D4
The aim of the final experiment was to demonstrate longer term, repeatable operation of the scale up solar glass melting furnace. Also, the intention was to run a series of consistent melting cycles, maintaining a similar temperature and power profile in order to extract data required to evaluate the efficiency and heat balance of the scale up solar glass melting furnace. However, there were a number of difficulties arising from the outcomes of the previous experiment (D3). Due to the time constraints associated with the limited access to the HFSS facility, experiment D4 was the last opportunity to fulfil these aims and there was insufficient time to make the required changes to the experimental setup to completely deal with these difficulties. Firstly, the outlet tube heater was damaged from the previous experiment (D3), because the only way to remove the glass blockage from the previous experiment (D3) was to remove the working tube protecting the heating elements inside the tube heater and it was not possible to replace this leaving the heating elements dangerously exposed. Second, all but one of the custom made fused silica crucibles had been destroyed in the previous experiments (D1-3) so the only remaining crucible available for experiment D4 had a short outlet tube due to an error in its production. Thirdly, the ceramic fibre insulation surrounding the outlet tube heater, which the crucible was supported on had significantly deteriorated during the course of the previous experiments (D1-3) so it was difficult to maintain the crucible in its correct position as it tended to eventually slump to one side when loaded. As a result, it was difficult to align the outlet tube of the crucible in the ideal position within the outlet tube heater - it was too far inside and off-centre. Although, efforts were made to correct these issues, due to time constraints, it was decided to proceed with the following experiment (D4) despite not managing to fully rectify them. 
300 g of the industrial soda-lime-silica batch was preheated overnight to a Tmain of 1150oC and outlet tube heater set point of 900oC. The experiment proceeded similarly to the previous experiment (D3) but this time a more regular feeding cycle was maintained from 1h:47m to 3h:47m, with 300g of batch fed per cycle, melting down and recovering to 1460oC every 15 minutes (Figure 96). [image: ]
[bookmark: _Ref427167227]
[bookmark: _Ref451075318]Figure 96: Snapshots of the part of the glass melt surface visible though beam inlet aperture showing progression of a typical melt during experiment D4 with the time (mm:ss) from the start of  a new batch feed shown above each snapshot. Scale bar based on the 6 cm Ø aperture.
These consistent feeding cycles were repeated seven times, during which time the radiative power supply from the beam was maintained at 5.26 kW. Then the accumulated glass was held for an hour at 1470-1490oC. During this fining period the power was gradually reduced to prevent overheating. Then at 4h:58m:27s the beam was switched off in order to enter the experimental room to attempt casting (Figure 97). 
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[bookmark: _Ref428543865]Figure 97: Temperatures, beam power and mass of batch fed during melting and fining period of experiment D4.
However, since the outlet tube was too short and misaligned due to degradation of the ceramic fibre blanket which the crucible was seated on, the glass which flowed from the outlet tube adhered to the inside of the outlet tube heater. Since the protective working tube inside the tube heater was destroyed in the previous experiment, the glass produced contacted directly with the exposed heating elements thus destroying the outlet tube heater. Therefore, control of the outlet glass flow was lost and could not be restored without reconstructing the outlet tube heater so this ended the final experimental series of the project. 
5.6. [bookmark: _Ref426991075][bookmark: _Ref450514943][bookmark: _Toc473995172]Calorimeter measurements (E1)
In a separate experiment (E1), a calorimeter was used to evaluate the radiative power supplied by the HFSS beam to the scale up solar glass melting furnace. The calorimeter consisted of an insulated cavity with a 6 cm diameter beam inlet aperture and a flow of water contained inside copper tubes completely covering the inside surface of the cavity. The radiative power supply from the beam entering the cavity via the aperture was calculated by measuring the water flow rate and temperatures at the inlet and outlet of the calorimeter. For these measurements, the solar-heated glass melting furnace was replaced with the calorimeter positioned exactly where the furnace was with respect to the HFSS beam (as shown in Figure 54) with the 6 cm beam inlet aperture of the calorimeter coinciding with where the 6 cm beam inlet aperture of the furnace was. In order to ensure the measurements from the calorimeter were comparable to the experiments conducted with the furnace, everything which was around the path of the beam from the HFSS to the beam inlet aperture of the solar-heated glass furnace during the experiments, were kept in the exact same locations during the calorimeter measurements, as show in Figure 98. Furthermore, the top plate of furnace was positioned in exactly the same location as it was on the furnace. Also, the batch feed chute and heat shield for the feeder were kept in place to take into account their shading effects. Finally, aluminium foil was used to cover the section corresponding to face of the furnace closest to the HFSS (Figure 98).
[image: ]
[bookmark: _Ref428547782]Figure 98: Calorimeter setup in place of the scale-up solar glass melting furnace for comparable radiative power input measurements.
Once the calorimeter was set up in position (Figure 98), the beam was switched on and the power recorded by the calorimeter was logged. The beam power was adjusted incrementally within the range it was used during the course of the scale-up solar glass melting experiments i.e. from 80-100% in increments of 5% with all 6 lamps used during the experiments kept on. Comparing the radiative power recorded by the calorimeter to the indicative power (% shutter opening  electrical power supplied to the lamps  lamps’ shading factors) a reasonably constant (+3.3% /-2.7%) ratio of 1:0.0809 respectively was found. As noted in section 5.5.2, this value was used to infer the radiative power supplied to the scale-up solar glass melting furnace from the indicative power logged during experiments D1-4.
5.7. [bookmark: _Toc473995173]Analysis 
[bookmark: _Ref427424190]The following analysis was calculated for the period from 1h:45m:37s to 3h:53m:42s of experiment D4, corresponding to a period of regular solar-heated melting cycles. All the parameters used in this analysis are shown in Table 5.
It can be seen from the process data for this period, as summarised in (Figure 97) and Table 4, that the consecutive feeding cycles during this period were very similar in terms of temperature, power input and mass of batch fed so, for the following analysis, these measurements were averaged over the analysed period (Table 4) and steady state conditions were assumed. 
	Cycle ID
	Start time (hh:mm:ss)
	Start temperature (oC)
	Cycle period (s)
	Mass of batch fed (g)
	Radiative power supply (w)

	1
	01:45:37
	1452
	892
	300
	5264

	2
	02:00:29
	1462
	822
	285
	5264

	3
	02:14:11
	1463
	870
	305
	5264

	4
	02:28:41
	1460
	895
	295
	5264

	5
	02:43:36
	1457
	964
	305
	5264

	6
	02:59:40
	1462
	1059
	300
	5264

	7
	03:17:19
	1466
	1116
	310
	5264

	8
	03:35:55
	1463
	1067
	315
	5264

	Total
	
	
	7685
	2415
	

	Average
	
	1461
	961
	302
	5264


[bookmark: _Ref443920664]Table 4: Process data for the series solar-heated glass melting cycles during experiment D4 considered for the following analysis. Cycle periods defined as the period from when the charge of batch was first fed (start time) till all the batch in that charge was completely melted down and then the temperature recovered the start temperature of the consecutive cycle. For the final cycle (ID 8) before the subsequent fining period during which no more batch was fed, the cycle period was defined as the period from the cycle start time till the moment the temperature recovered to its starting temperature.
A control volume defined for the following heat transfer analysis was as a cylinder of equal diameter and concentric to the inner surface of the glass containing crucible and of height to fill the distance from the base of the crucible to the beam inlet aperture shown in 
Figure 99.
[bookmark: _Ref443754544][image: ]  
[bookmark: _Ref457074450]Figure 99: a) Locations of the boundaries of control volume and positions of temperature measurements for the following thermal analysis and b) main heat flows involved.
Qx are the main heat flows analysed as explained and evaluated in the following paragraphs and the results summarised in Figure 101.
 was the radiative power supplied from the HFSS beam entering the beam inlet aperture and this was constant throughout the period analysed. This was calculated by measurements of the electrical power supply to the HFSS lamps and shutter openings, combined calorimeter measurements at the beam inlet aperture as explained in section 5.6.
  was the power utilised to overcome the chemical heat of the glass forming reactions and for heating up the raw materials up to the melting temperature. This was averaged over the analysed period of melting cycles using
	
	[bookmark: _Ref443988723]Equation 4


where is the chemical energy demand per unit mass of glass melted for heating up the raw materials from room temperature to an assumed melting temperature of 1500oC and converting  the batch to glass[footnoteRef:4]. is the total mass of batch which was fed, melted and recovered to the starting temperature over , the total period analysed as shown in Table 4. [4:  Here we assume a typical value for the theoretical energy demand for clear container (soda-lime-silica) glass according to calorimetry measurements  by Carvalho (1998) which is the best possible approximation based on the information available regarding the composition of the batch. This is discussed further in Section 5.8.1.] 

From  ,  ,  ,  and  the thermal efficiency () and glass melting rate  of the solar-heated glass melting process is calculated as follows:
	
	Equation 5

	
	Equation 6


 is the conduction heat loss through the boundaries of the control volume which subdivided into  and  as explained in the following paragraphs. Since the temperatures on either side of the walls conducting heat away from the control volume were measured and the thermal conductivities of the materials constituting these walls were known, the heat losses by conduction, were calculated by application of Fourier’s law, assuming 1D steady state heat transfer as follows (Equation 7). 
	 
	[bookmark: _Ref451075808]Equation 7
	a,b

	
	
	


 : There was no flow of glass out of the bottom outlet during the period analysed, the surface area of the frozen column of glass through the bottom outlet was very small compared to that of the base and the thermal conductivity of and temperature gradient across this section of  glass in the bottom outlet was sufficiently similar to that of the crucible so it was considered acceptable to model the base of the crucible with the bottom outlet, together as a single plane wall with constant thermal conductivity (and thickness ( so the heat transfer across this boundary could be found by application of Equation 8, which was derived by integration of Equation 7a over the thickness of the crucible base. The inside surface of the crucible () was assumed to be approximately equal to the average temperature measured by the thermocouple inside the glass melt (Tglass) over the period analysed. The outside surface temperature of the crucible was measured by thermocouples in two similar locations: 1) Tcrucible and 2) Tneck , corresponding to the locations shown in 
Figure 99. The temperatures measured at these positions were very similar throughout the period analysed so the average of Tneck and Tcrucible was used to give the outside surface temperature of the crucible.
	
	[bookmark: _Ref443994998]Equation 8


 : The ring of insulation between the top of the crucible and the roof was made of ceramic fibre insulation wool but was greatly compressed so it was assumed to have a similar thermal conductivity as the side walls of the crucible. Even if there was a small difference in the conductivities of these two parts, the proportional effect this would have on the overall heat balance was considered negligible because of the relatively small surface area of the ring of insulation. Therefore, this ring of insulation together with the side walls of the crucible were modelled as a single open cylinder, with constant thermal conductivity (; side length equal to the distance depth of the crucible (Hcrucible depth ) plus the height of the ring of insulation (Hinsulation ring);  inside and outside radii (ri,o)  equal to that of the crucible. So the heat transfer across this boundary could be found by use of the following equation which is derived by integration of Equation 7b over the thickness of the crucible side walls:
	
	
Equation 9


 : The rate of conduction heat flow from the inside surface of the roof bounding the control volume to the to the outside by conduction was estimated to be similar to heat flow in the opposite direction due to the high intensity of radiation spilled over the surface of the roof near the beam inlet aperture so the net heat transfer across this boundary was considered too small relative to the overall heat flows to justify the computational cost required so the conduction heat flow through this roof section was ignored (Qcond roof = 0) for the purpose of this analysis. The overall conductive heat losses is given by Equation 10. 
	
	[bookmark: _Ref444098357]Equation 10


 is the radiation escaping back out through the beam inlet aperture and is subdivided as follows:
	
	[bookmark: _Ref444099376]Equation 11


 is the heat loss through the beam inlet aperture due to the thermal radiation emitted by the heated surfaces inside the control volume. Fundamentally, emission of thermal radiation is due to the molecular and atomic agitation associated with the internal energy of materials (Siegel & Howell 1981). The total energy emitted by an ideal black body is given by the Stephan-Boltzmann equation as follows:   
	
	Equation 12


Where  is the total energy emitted by the ideal radiator per unit time and surface area, at temperature T and  is the Stephan-Boltzmann constant. In order to calculate  , the internal surface of the control volume involved in the radiative heat transfers are subdivided, as shown in Figure 100.

[image: ]
[bookmark: _Ref444074823]Figure 100: Surfaces (i=1…4) inside the control volume involved in the radiative heat transfers analysed: 1) Glass melt surface; 2) Inside furnace roof; 3) Crucible side walls and the ring of insulation between the crucible and furnace roof; 4) Beam inlet aperture. 
These surfaces shown in Figure 100 are almost the same as that of the control volume shown in 
Figure 99, except surface 1 is the melt surface rather than the base of the crucible. The melt depth is assumed to be 31 mm which is the average melt depth over the period analysed. The surfaces (i=1-3) are assumed to emit thermal radiation equally in all directions with constant emisivities corresponding to e1-3 given in Table 2. The emissivity of a surface is a measure of how well it emits thermal radiation compared to that of a black body. The radiation emitted from the surfaces inside the control volume which escape the beam inlet aperture is given by Equation 14. 
	
	
	[bookmark: _Ref444098301]Equation 13


Where  is the radiation shape factor, defined as the fraction of the emitted thermal radiation leaving surface x which arrives at surface y (Siegel & Howell 1981). The shape factors are governed by the geometric orientation of the surfaces to one another. The radiation shape factors for each combination of surfaces involved in this analysis are given in appendix ID6 and the results given in Table 5. It can be seen from Figure 100 that there is no direct line of sight from surface 2 to the aperture (surface 4) so . Also, since it is assumed that T1..3 = Tglass  , so Equation 13 can be solved as follows (Equation 14):
	
	[bookmark: _Ref444096256]Equation 14


 is the radiation from the beam which is not absorbed by the glass and containing surface but rather is transmitted and reflected before escaping back out through the beam inlet aperture.is found by application of the law of the conservation of energy with respect to the the all the other main heat flows related to the control volume as follows:
	
	Equation 15


[bookmark: _Ref444096117][image: ]
[bookmark: _Ref444168492]Figure 101: Utilisation of total power input (Qsolar in = 5264 W) according to heat flows analysed.
	Parameter
	Symbol
	Value
	Source

	Radiative beam power entering control volume
	
	5264 W
	Table 4

	Total mass of batch fed over period analysed
	
	
	Table 4

	Total time period analysed
	
	
	Table 4

	Average temperature on inside surface crucible
	Tinside crucible
	1416 oC=1689 K
	Thermocouple measurement (Tglass , 
Figure 99a)

	Average temperature on outside surface of crucible
	Toutside crucible
	1252 oC
	Thermocouple measurements (Tcrucibe and Tneck , 
Figure 99a)

	Crucible thermal conductivity
	
	1.0 W m-1 K-1
	DFC Thermal Ceramics Ltd, Isopresed Fused silica data sheet.

	Crucible base thickness
	
	15 mm
	Crucible supplier (Almath), see Figure 52.


	Crucible inner radius
	
	93.5 mm
	

	Crucible outer radius
	
	106.5 mm
	

	Depth of crucible
	
	120 mm
	

	Height of ring of insulation between crucible and roof
	
	25 mm (+/- 5mm variance)
	Measured using callipers in between experiments (D1-4)

	Average depth of glass melt
	
	31 mm
	Batch feed data log experiment D4. See appendix ID5

	 Theoretical energy required for conversion of batch to glass melt
	
	 (batch)
	(Carvalho 1998)

	Batch factor
	
	0.8
	(Díaz-Ibarra et al. 2013)

	Emissivity surface 1 (glass melt)
	e1
	0.7
	(Díaz-Ibarra et al. 2013) 

	Emissivity surface 2 (inside furnace roof)
	e2
	0.8
	

	Emissivity surface 3 (crucible sides)
	e3
	0.8
	

	Stephan-Boltzmann constant
	σ
	5.669×10-8 W m2 K-1
	(Holman 2002, p.368)

	Radiation shape factor surface 1 to 4 (aperture).
	
	
	Appendix ID6

	Radiation shape factor from surface 3 to 4. 
	
	
	

	Surface area 1
	
	
	

	Surface area 3
	
	
	


[bookmark: _Ref451076922]Table 5: Parameters involved in heat transfer calculations for the solar-heated glass melting process.
5.8. [bookmark: _Toc473995174]Discussion
5.8.1. [bookmark: _Ref451036522]Theoretical energy requirement for batch to glass conversion
Carvalho (1998) presented the results of the Theoretical Energy Requirement (TER) for production of clear container (soda-lime-silica) glass from batch as a function of temperature obtained by calorimetry measurements. The value of 2635 J g-1 used in the current work is obtained by interpolating Carvalho’s (1998) results for the TER of clear container glass at a temperature of 1461oC as per the results of the experiments described in the current work (Table 4). This value of the TER was selected for the calculations described in section 5.7 as it represented the best approximation possible based on the data available. 
Carvalho (1998) explained methods for calculating the TER for soda-lime-silica glass formation based on the composition of the glass. The accuracy of these calculations are measured by comparison to the calorimetry measurements and the difference between them is assumed to the error in the calculations. For the purpose of the calculations described in section 5.7 the experimental value rather than calculated value for TER is used. 
For completeness, the calculated value for the TER (according to the method described by Carvalho (1998)) for all the glasses melted in the experiments described in this thesis are set out in Appendix ID 11 and summarised in Tables 6 and 7. These calculations only take into account the major oxides involved: SiO2 , CaO, Na2O. It is assumed that after these crystalline oxides are formed from their raw materials, they undergo a series of reaction to form vitreous Na2O.3CaO.6SiO2 , Na2O.2SiO2 and SiO2. 
The exact composition of the pelletised batch used in experiment D4 was not specified by the supplier of the batch (Apollo Furnace Ltd, UK) for proprietary reasons but it was known to be a soda-lime-silica composition as typically used for the manufacture of clear container glass. So for these calculations assume a typical composition for clear container soda-lime-silica glass according to Smrcek (2010) of (wt%) 72.3% SiO2, 13.5% Na2O, 9.7% CaO and 4.5% other minor components. 
Table 6: Input constants (thermodynamic properties) assumed  for calculations of Theoretical Energy Requirements (TER) for the production of glasses discussed in Section 5.8.1.
	Parameter
	Value
	Units
	Source

	Enthalpies of dissociation of raw materials to oxides:

	Na2CO3 → Na2O
	3040
	kJ/(kg carbonate)
	(Carvalho 1998)

	CaCO3 → CaO
	1796
	kJ/(kg carbonate)
	(Carvalho 1998)

	Enthalpies of reactions from oxides to assumed phases in glass melt:

	Na2O + 3CaO + 6SiO2 → Na2O.3CaO.6SiO2 (vitr)
	-3303
	kJ/(kg CaO)
	(Carvalho 1998)

	Na2O + SiO2 → Na2O.2SiO2 (vitr)
	-3576
	kJ/(kg Na2O)
	(Carvalho 1998)

	SiO2 → SiO2 (vitr)
	152
	kJ/kg 
	(Carvalho 1998)

	Specific heat capacities :

	Soda-lime-silica (SLS)
	1256
	J/kg K
	(Díaz-Ibarra et al. 2013)

	Pure silica 
	697
	J/kg K
	(Conradt 2010)



Table 7: Output results of calculations of the Theoretical Energy Requirements for the production of glasses discussed in Section 5.8.1.
	Glass
	Mole fractions of phases in glass melt
	TER (kJ/kg of glass)

	
	SiO2 
(vitr)
	Na2O.2SiO2 
(vitr)
	Na2O.3CaO.6SiO2
(vitr)
	Sum
	

	Pure silica
	1.00
	0.00
	0.00
	1.00
	1153

	Powder SLS
	0.20
	0.33
	0.47
	1.00
	2622

	Container (Industrial) SLS
	0.34
	0.32
	0.34
	1.00
	2528

	Phillips 3300 (SLS)
	0.34
	0.32
	0.34
	1.00
	2541



5.8.2. [bookmark: _GoBack]Temperature measurements
The electrical power supply to the main furnace heating elements caused interference with the thermocouple temperature measurement signals going to the data acquisition system. Efforts were made to shield the thermocouples from the element terminals but this issue persisted. The thermocouples connected directly to the furnace power supply controller rather than to the data acquisition system were unaffected so readings could be taken therefrom. However the controller did not have any data logging capability, therefore readings were manually noted from the controller displays in experiments C1-3. Then experiments D1-4, a camera was set up to record the display so more regular reading could be recorded after the experiments. In experiments C1-3, this was a major problem because electrical power supply to the heating elements was required throughout the experiments, even after the furnace was at maximum temperature with the beam on. This was because the cooling flow of air resulted in the need for extra electrical heating to maintain the glass melting temperatures. Therefore, there was a lack of temperature readings throughout experiments C1-3. However, after blocking the path of the cooling air flow, in experiments D1-4, soon after the beam was switched on, the furnace temperature exceeded the set point of the furnace temperature controller so the electrical power supply to them was switched off. Therefore, for experiments D1-4, temperature measurements logged by the data acquisition system were available for all times while the beam was switched on including, most critically, the melting cycles and subsequent fining periods. However, there were periods before the final series of melting cycles shown where some batch was fed but then then the batch feeder malfunctioned so the beam was switched off to fix it and during these intervals the furnace temperature approached the 1200oC furnace set point so the electrical heating elements switched on and therefore the electrical interference recurred so temperature data logs during this period were lost until the beam was switched on again. This demonstrated the capability of the solar glass melting furnace to operate intermittently which would be essential for real operation where solar radiation availability could be unexpectedly be cut off due to temporary cloud cover.
Use of optical pyrometers was considered for measuring temperatures inside the solar glass melting furnace. This would have had an advantage over thermocouples as it could have avoided the problem of interference between the electrical power supply to the heating elements and the thermocouples’ temperature measurement signals. Also, it could have enabled measurement of the surface temperature of the glass melt which was difficult with a thermocouple as it would have required contacting the surface of the melt which was moving during the experiment. However, the high intensity radiation from the HFSS beam would have interfered with the optical temperature measurements inside the crucible and maybe also in the surrounding spaces inside the furnace so thermocouples were used there instead. However, on further consideration, a pyrometer may have been better used to measure the temperature of the flow of glass produced at the bottom outlet. There may have been some radiation from the outlet heater, but this would have been less intense than that of the HFSS beam. Thus, use of a pyrometer to measure the temperature of the outlet glass flow is recommended for future work. Otherwise, use of a thermocouple to measure the outlet glass flow, would have required contacting and therefore disrupting the glass stream. Thermocouple measurements elsewhere appeared to be unrepresentative of the actual temperature of the glass produced from the outlet. This is demonstrated by the fact that, glass flows through the bottom outlet were observed when Toutlet and Tmain measured as low as around 740 oC and 1030 oC respectively, whereas the minimum glass temperatures required to exhibit such fluidity would have to be at least 1100-1200 oC. 
In order to withstand the glass melting temperatures of over 1500oC the thermocouples had to be made of platinum/rhodium wires and to avoid interference with the path of the vertical solar beam, they had to enter the furnace laterally so needed to be sufficiently long to pass through the thick insulating walls of the furnace into the centre of the furnace where the glass melt was situated. Furthermore, although the length of thermocouple wire immersed in the melt was initially protected from the direct contact with the melt by a fused silica tube sheathing, sometimes this protective tube would break rendering the exposed length of platinum/rhodium wire difficult to recover for use as a thermocouple because the electrical conductivity of the glass melt frozen between the thermocouple wire would affect the temperature measurements. However, the crucibles which were also made of fused silica never failed during the course of the same experiments because they were constructed from thicker walls and were fixed in their positions whereas the thermocouple sheathing tubes had much thinner walls and were freely floating in the melt so the exact location of the temperature measurements in the melt was unknown. The tubes probably failed by impact either with the walls of the crucible, or the incoming batch pellets. This suggests fused silica or similar glass contact refractories might still be suitable for the thermocouple sheathing but an improved design is required for greater structural integrity.
5.8.3. Outlet glass flow 
The control of the glass flow was significantly improved from experiments C1-3 to D-4. In experiments C1-3 the glass produced alternated from blockages (Figure 67) followed by an uncontrollable stream whereas in experiments D1-4  a clean, fluid, glass stream was repeatedly produced on demand and sufficiently controlled to successfully collect (Figure 82) and utilise for subsequent forming processes (Figure 90). This was achieved by using an improved outlet tube heater, using a plug to block the outlet (Figure 79) until the glass was fully melted, fined and sufficiently hot to produce an acceptable flow. However, it was still difficult to reliably stop the fluid stream on demand (Figure 84). In order to solve this problem use of an outlet tube heater preferably using MoSi2 with active cooling control is recommended for future work, to enable more rapid cooling than was achieved with the cheaper FeCrAl tube heater used.
Also, there were difficulties in the outlet flow of glass due to a slight difference in the length of outlet tubes used in between subsequent experiments. This was due to uncertainty regarding the ideal outlet tube length relative to the tube heater as there were concerns that if the tube was too long its open end would become too cold as it would be further out of the tube heater and therefore there might be difficulty in re-melting the glass at this point. Also, since the outlet tube was made of fused silica, there were concerns that it could become sufficiently cold to undergo a phase change to cristobalite and therefore fail. On the other hand, if the outlet tube was too short, the outflow of glass could get stuck inside the outlet tube heater. In reality, the latter appeared to be a more significant problem. The experiments suggest that the ideal length of outlet tube would be such that the bottom open end of the tube should be flush with the outlet tube heater opening. It is also recommended for future work that the outlet tube should always remain concentric to the outlet tube heater to prevent the glass stream sticking to the inside of the outlet tube heater. In the current setup it was seated on ceramic fibre insulation blanket which deteriorated during the course of the experiments resulting in off-centre movement of the crucible’s outlet tube. Therefore, this problem may be solved by providing a more stable base for the crucible to be seated on. 
5.8.4. Batch feed
Various feeding regimes were tested during the course of the scale-up solar glass melting experiments. Continuous feeding was found to be inappropriate because this would have required the glass produced to also be removed continuously to prevent overfilling of the crucible and during the course of experiments C1-3 this was found to result in leaving insufficient time for the glass forming batch to fully melt down and reach a sufficient level of homogenous fluidity to produce a workable outlet flow of glass. This was partly a consequence of the small size of the melting area relative to conventional glass tank furnaces. Also, it was found that dealing with this issue by continuously feeding at a very slow rate with only a few pellets on the surface of the melt at any moment was inefficient compared to melting a batch blanket covering the entire surface of the melt. But, it was found that melting a thick layer of batch required a disproportionately long time to melt and fine. Therefore, the ideal batch feeding regime was found to be charging sufficient bath to just cover the surface of the melt with a single pellet thick blanket, then waiting until the previous charge had fully melted down and the temperature of the glass melt recovered before feeding the next layer and then eventually holding the glass accumulated under the full power of the beam without further feeding to allow time for fining. A camera capable of viewing the surface of the melt was required to observe the progression of the melting and fining phases in order to time the batch feeding accordingly. The use of such a camera systems is recommended for future solar-heated glass furnaces. Conventional glass tanks also use camera systems to view inside the furnace. 
Initially it was planned to feed batch through a separate port. However, it was found during the course of experiments D1-4 that it was better to feed through the same port as the beam inlet because this was much larger than the feed port so allowed feeding of an unlimited quantity of batch without any risk of blockage. Also, the anticipated issue of the batch feed interfering with beam inlet was became insignificant since the ideal feeding regime was found to be short intermittent feeds of batch once every 15 minutes which meant the time for which the beam port was shaded by the batch was insignificant.
5.8.5. Forming processes
Working the glass produced by hand rather than via remotely controlled machines was beneficial as it helped to develop a more intimate appreciation of the consistency and workability of the glass produced as it flowed out of the bottom outlet, which would otherwise have been difficult by remote observations alone. It appeared that the glass remaining in the bottom of the crucibles Figure 95 and the filaments produced (Figure 87) by simply allowing the glass stream to solidify naturally were much more homogeneous and contained fewer bubbles compared to the cast pieces (Figure 93 and Figure 94). Therefore it appeared that many of the bubbles and inhomogeneities in the cast pieces were incorporated after the glass stream was produced. Since the glass stream was much cooler and thinner than usual for conventional casting, the solidifying stream could have trapped air bubbles as it filled the mould. Therefore, in order to enable casting from the solar glass melting furnace, an alternative outlet flow control system is recommended to produce much hotter and therefore more fluid globs rather than the thin, cool stream produced in these experiments. Alternatively, the existing outlet flow control system may be better suited for demonstrating continuous fibre drawing but this would require an extended fining time to ensure that all the bubbles were removed before releasing the stream. The most conducive forming process for the glass stream produced in this work might be glass fibre insulation wool spinning as this process could tolerate the few remaining bubbles observed in the glass produced with the short fining period as already demonstrated. Glass fibre insulation materials are useful for building insulation in locations where ambient temperatures are very high due to high solar radiation, as the use of insulation reduces the cooling loads on air conditioning systems required to sustain comfortable air temperatures inside buildings.
5.8.6. Chimney effect
Blocking the cooling flow of air through the furnace (section 5.4.5) after experiments C1-3 significantly improved the rate at which the beam could heat up the furnace. This eliminated the reliance on the secondary electrical heating during the glass melting phases by experiments D1-4. This could be seen by comparing the temperature and power profiles of the preliminary experiments to the final experimental series. For example, during the preliminary experiment C2 (Figure 64) after preheating the furnace overnight and melting with full power of the beam during the morning followed by a break, the beam was restarted up to full power. Then, even with the support of full power from the heating elements and the beam staying at full power for several hours Tmain only increased up to a maximum of only 1162oC. By comparison, during Experiment D3 of the final experimental series (Figure 89), after a similar history of preheating overnight, melting in the morning followed by a short break, the beam was restarted at full power. This time, with the cooling stream of air blocked off, as soon as the beam was switched on, Tmain increased so rapidly that the heating elements automatically completely switched off and Tmain increased beyond 1200oC within an hour of start up without any support from the electrical heating elements (Figure 89). Therefore, it was realised that avoiding any channels through which a cooling air stream could develop is an important design consideration for the development of future solar glass melting reactors. 
5.8.7. Restart delay
There was a delay of around 2 days in between experiments because of the following procedure required to restart experiments. After a glass melting experiment, the furnace required at least one day with the beam inlet port left open to cool down sufficiently to be safe to access. Once cooled, the roof section had to be disassembled in order to provide access inside the furnace to replace the crucible or make any other changes. First, the top plate had to be removed which required undoing a large number of mechanical fixings. Then, the top layers of ceramic fibre blanket insulation had to be removed, which required care as they otherwise easily fell apart with rough handling and required wearing face masks, gloves and coats otherwise the loose fibres would cause irritation. Then, the inlet block followed by the four roof tiles (see appendix ID3) had to be removed which were awkward to lift out as they were heavy and fragile and were situated 1.9m above the ground (Figure 54). Great care was required to avoid the fragile the silicon carbide heating elements inside the furnace while replacing the crucible and re-setting thermocouples. Once the required changes were made then the furnace then had to be re-assembled and preheated overnight before melting experiments could be resumed. Therefore, during the course of the experimental series, decisions were sometimes made to continue with experiments despite non-ideal situations due to the limited access time available to use the HFSS and the long down time required to make changes. For example, during the setup of Experiment 4 of the final experimental series, it was realised that the crucible’s outlet tube was not concentric with respect to the outlet tube heater so some efforts were made to correct this by handling it while still assembled though the narrow beam inlet port opening but there was insufficient time required to open up the furnace completely to more accurately re-set the crucible. Unfortunately, as a result the glass produced from this experiment became stuck inside the outlet tube heater. 
Therefore, it is recommended that future solar glass melting furnaces be designed better for quick access to make changes. This may be achieved by using lightweight vacuum formed fibreboards rather than cast refractories, bricks and blankets used which would improve the ease of handling for quick access as well as being capable of surviving more rapid cooling and reheating. This would also make the entire construction of the furnace much lighter weight. Therefore, use of lighter weight refractories could enable significant reductions in the down-time in between future experiments. Use of fibreboards were considered in the initial design stage (section 5.2.5) but at this stage, before any experiments were conducted there was significantly greater uncertainty regarding the temperatures to which the refractories would be subjected to when the beam was on. Therefore, refractory bricks and cast refractories were initially selected for the hottest sections of the furnace, designed to withstand over 1500oC because the equivalent fibreboards were too expensive. However, now with the benefit of temperature measurements during the solar glass melting experiments, it would be possible to safely specify a temperature duty of 1400oC for the hottest furnace wall thus enabling use of fibreboards to replace the bricks at an acceptable cost. However, the roof surface directly above the glass melt should still be specified to at least 1600oC as the cast refractory rated to this temperature survived but still showed signs of deterioration over the course of the experiments suggesting the temperature at this surface approached its rated temperature. Also, this surface would also be required to withstand chemical attack from the gases evolved from the melt. The other reason for initially specifying the heavy cast refractories in the roof was to accommodate the feed port. However, since it was found that it is easier to feed through the beam inlet port this criteria becomes redundant therefore making replacement of the cast sections in the roof with lighter weight alternatives recommended. The use of lighter weight refractories would be recommended to reduce the down-time in between melting experiments which is mostly useful for enabling more rapid iterative improvements during experimental series. However, after this intermediate stage of development, for later solar glass furnace designs it may be necessary to return to heavier refractories because they would offer advantages for larger scale, long term, economic operation due to their lower cost, better durability and greater heat storage capacity.
5.8.8. Batch compositions
During the course of experiments D1-4, two types of pelletised soda-lime-silica glass forming batch were melted. First, the Phillips 3300 batch was used to demonstrate applicability for small scale, art glass production. Second, an industrial soda-lime-silica batch was used, in order to demonstrate wider applicability. The art glass contained more fluxing agent which allowed it to flow at a lower temperature and remain more malleable for longer after being removed from the furnace so that it could be more easily formed manually whereas the industrial batch contained less fluxing agent so required higher temperature to flow and solidified rapidly on cooling as it was designed to be used in high temperature, continuous melting furnaces and formed rapidly in-line, by automatic machines. This choice of batch was considered important with respect to the scale-up solar glass furnace experiments as the aim was not only to melt and refine the glass forming batches but also to demonstrate forming the glass produced and intermittent operation as solar energy is naturally only intermittently available. This was related to the viscosity of the melts because the glass outflow would pass through a narrow, heated tube and then be formed manually. If the viscosity was too high, the glass could become stuck inside this tube and could not be formed. If the viscosity was too low, it would be too difficult to stop the flow as would be nectary to demonstrate intermittent operation. Over the course, both glass forming batches were successfully, melted and refined, but only the industrial batch was successfully formed. This was partially because industrial batch melting experiments (D3-4) were conducted melted after the Phillips 3300 batch melting experiment (D1-2) so benefited from experience gained in the process. Although the Phillips 3300 was supposed to be easier to form manually due to its extended range of fluidity, this was actually problematic as it made it more difficult to control the flow. 
5.9. [bookmark: _Toc473995175]Summary and conclusion
A scaled-up solar glass melting furnace was designed, developed and tested. The furnace was essentially an insulated box with an aperture in its roof through which the focussed beam and glass forming batch entered into a crucible where the glass was melted and then output through a bottom outlet tube. The furnace also contained heating elements to enable operation with intermittently available solar radiation by maintaining sufficient refractory temperatures to prevent thermal shock when the beam was switched off at high temperatures. In addition there was a tube heater acting as a freeze-thaw valve to control the flow of glass through a port at the bottom of the furnace to provide access to the glass produced to demonstrated subsequent forming processes.
A series of experiments (D1-4) were successfully conducted, melting two types of commercially available soda-lime-silica pelletised glass forming batches (see section 5.5.1). Experiments D1-2 used a batch (Phillips 3300) which was designed for small-scale art glass production due to additional fluxing agents, designed to enable ease of manual forming processes by making the glass more malleable at lower temperatures. Experiments D3-4, used  batch (soda-lime-silica) with a more typical composition for large scale industrial container glass production. The beam was focussed to pass through a 6 cm diameter aperture through the furnace roof and then diverged to heat the top surface of the melt, onto which batch was intermittently fed. The crucible was initially charged with a commercial pelleted SLS batch and preheated inside the furnace overnight using the electrical heating elements. In the morning the beam was switched on and once a melt had been obtained and the rapid batch reactions had ceased the melt was periodically fed with more pellets. With 5.25 kW of radiative power delivered by the beam into the furnace, a stable and rapid melting cycle was achieved, melting 300 g of batch and recovering temperature before subsequent feeds every 16 minutes (figure 1b) giving a thermal efficiency of around 16%. Once several kilograms of molten glass had accumulated in the main chamber, the melt was held at around 1500oC for an hour to demonstrate a fining process where bubbles and inhomogeneities were reduced before increasing the temperature of the outlet tube heater to generate an outlet flow of glass. The glass produced was cast into a preheated mould and pressed to demonstrate a forming process and then annealed in a separate oven. 
Intermittent operation was successfully demonstrated with the beam was switched off temporarily to simulate a diurnal cycle and intermittent cloud cover. Successful re-establishment of the melt cycle was achieved after an overnight hold and the process was successfully restarted. Finally, a pressed glass casting process was successfully demonstrated and the glassware produced was annealed in a separate oven. 


[bookmark: _Toc473995176]Discussion
6.1. [bookmark: _Toc473995177]Introduction
In this chapter, the significance of the results obtained from the experiments conducted during the course of this project will be discussed. The aim here is to explain the novelty of our work with respect to the existing knowledge and literature about concentrated solar thermal technology and the importance thereof with respect to the glass manufacturing process. Also, a further section of analysis is also included in this chapter, in which the results of our experiments are extrapolated to assess economic feasibility of envisaged scale-up scenarios using real solar radiation to make glass (see section 6.5). 
6.2. [bookmark: _Ref432953580][bookmark: _Toc473995178]Proof of concept 
Experiments A1-10 (see chapter 3) were the first attempt to investigate the practicality of using concentrated solar radiation as a heat source for glass making. Previous researchers had already shown that a concentrated solar beam could be used to generated sufficiently high temperatures to melt refractory oxides including silica (Trombe 1954), (Hernandez & Olalde 2006). However, this was achieved by the self-crucible (also known as ‘cold crucible’ or ‘skull melting’) method whereby a hollowed section of the refractory oxide powder inside a water cooled rotary kiln is irradiated by the beam causing the irradiated surface of powder to sinter, surrounded by cooled powders which act to contain the melting particles and thus avoid the issue of thermal shock otherwise associated with containing the melt inside a conventional refractory crucible. However, this method is not suitable for most glass production (except for nuclear waste immobilisation (e.g. Sobolev et al,. (2005)) because: 
1) It results in a layer of partially melted particles at the interface between the melt and the containing cooled powders;
2) The water cooling extracts heat from the beam resulting in significant exergy destruction as the high quality energy from the high intensity beam is transferred to low quality energy carried away by the cooling water;
Verlotski (1997) has also shown that a high intensity radiation source can be used in a static chamber to heat a refractory oxide to over 1500oC. However, these results were not directly transferrable to glass melting using concentrated solar radiation because: 
1) Verlotski (1997) used a laser beam as the heat source which is not similar to concentrated solar radiation either in terms of the radiation spectrum or flux intensities. A laser beam is monochromatic and collimated whereas a concentrated solar radiation beam has an emission spectrum approximated by a black body at 5780 K. Also, the flux density of the laser beam used was 4 MW/m2 which is equivalent to a solar concentration ratio of C=4000 suns which is well beyond the maximum deliverable by large scale commercially viable solar concentrator systems which are limited to around C=2000 suns;
2) Verlotski's (1997) only demonstrated sintering of MgO particles whereas a realistic solar glass making process would require capability to produce a fluid melt from a glass forming batch.
So, existing methods of utilising concentrated radiation for effecting high temperature processes were not sufficiently transferrable to evaluate the feasibility of solar powered glass melting. Therefore, we developed a novel series of experiments, using a High Flux Solar Simulator (HFSS) beam to test melting glass forming batches by two prospective methods (see sections 6.2.1 Static melting and section 6.2.2 In-flight melting) more relevant to glass making than the prior art. 
6.2.1. [bookmark: _Ref433032267]Static melting
In these experiments, the solar beam irradiated silicate glass forming batches contained inside refractory crucibles, surrounded by insulation. This was similar to a conventional glass melting setup usually heated by a flame or by electrical heating elements but until this work, it had never before been tested using a (simulated) concentrated solar radiation heat source. In these experiments it was shown for the first time that concentrated solar radiation could be used to not only melt glass forming batches but could also generate pools of fluid glass. By comparison, previous researchers (Trombe 1954; Hernandez & Olalde 2006) only demonstrated partial melting of refractory oxides including silica by employing the self-crucible method whereby it was impossible to generate a complete melt due to active cooling of the surrounding unmelted refractory powders required  to contain the melt. This is an important distinction because most glass making process require a body of fully molten glass which is sufficiently fluid to be produced for fining and subsequent forming processes. 
Furthermore, experiments A1-10 were the first demonstration of melting glass forming batches using a solar beam directly inside conventional aluminosilicate crucibles. It was previously assumed infeasible to melt refractories using a solar beam in conventional refractory crucibles due to the risk of immediate fracture due to thermal shock which necessitated the use of a cold crucible (Verlotski et al. 1997). However, we have demonstrated, that by gradually increasing the beam intensity by incrementally opening shutters between the concentrator and the crucible and surrounding the crucible with sufficient insulation and thermal mass, it is possible to sustain a melt within such a crucible. However, upon cooling back to room temperature, at the end of the experiments, the crucibles did eventually fracture. This problem was solved later in this project and discussed in section 6.4. 
.
Also, the beam intensity required to melt the glass forming batches was within the range which could be delivered by realistic solar concentrator systems (C<2000 suns). Therefore, these experiments represented the first step towards demonstrating a realistic glass making process powered by direct concentrated solar radiation.
Three types of glass forming batches were melted in crucibles using the HFSS solar beam:
1. Pure silica sand;
2. Soda-lime-silica mixed granules and powders;
3. Pelletised soda-lime-silica mixture.
This was the first time such materials of composition suitable for glass making had been irradiated by a (simulated) concentrated solar beam. The soda-lime-silica glasses were of the widest relevance as these compositions were representative of the most common type of glass produced worldwide for all kinds of products from containers to windows. The nearest comparable materials irradiated by concentrated solar beams were silica sands (Trombe 1954) but they were not of the purity suitable for glass making. The melt produced from these silica sands was insufficiently fluid for fining and no useful quality of glass was produced. (Meier et al. 2006) heated limestone using a solar beam to produce lime but this was in an indirectly irradiated solar furnace. Also, (Verlotski et al. 1997) irradiated MgO with a high intensity laser beam which is comparable only due to the mode of heating and being a refractory oxide but is obviously not directly applicable to glass melting using solar radiation.
The volumes of glass we originally expected to melt were based on previous experiments where static samples of refractory oxides were directly irradiated by high intensity radiation such as: 1) our preliminary experiment using a 2 kWth solar concentrator melting sand which generated around 1 cm3 of partially formed glass; 2) (Verlotski et al. 1997) who used a 400 W laser to sinter up to 7.8 cm3 of MgO. Therefore, with our greater requirement to not only partially melt the glass forming batches as already demonstrated, but also to generate a fluid melt pool using the HFSS which could deliver comparable radiant power densities to that of the aforementioned experiments, we originally envisaged generating melt pools in the order of a few cm3. However, in reality we found, we were able to generate much larger melt pools than expected, so much so that in experiments A1-10 we were limited only by the capacity of the largest size crucible, as we were unprepared for the size of melts produced the largest being 77 cm3 which was an order of magnitude larger than the previously reported experiments. This significant increase in the volume melt producible compared to the prior art could be explained by the fact that we managed to sustain the melt without any active cooling and therefore improved the melting efficiency and enabled a larger volume of material to sustain sufficiently high temperatures to melt. This increase in volume of melt producible using a solar beam is significant for glass making because the efficiency of any glass melting process is largely determined by the volume of melt contained. In order to generate useful glass, the melt must be held at around 1500oC to homogenise and remove bubbles and during this time substantial heat is lost through the walls of the tank containing the melt so increasing the volume of the melting tank, decreases the surface area to volume ratio and therefore reduces heat losses. 
Not only did these experiments exceed the original expectation in terms of the quantities of glass produced, but the soda-lime-silica batches also far exceeded the quality expected by glass produced by direct irradiation by a (simulated) solar beam. All the samples produced were proved to be fully converted from their crystalline raw materials to x-ray amorphous glasses. Furthermore, the soda-lime-silica glasses were completely optically transparent and the melt surface was secularly reflective so much so a photographic image of the HFSS could be seen in the melt surface after all the batch had fully melted down. Also, despite the relatively short retention times of the melt, the glasses produced contained very few bubbles. Overall, this provided the most promising evidence to date related to the feasibility of producing useful glasses using a solar beam heat source. By comparison, previous experiments, melting refractory oxides including silica, by direct irradiation by a solar beam had only every produced partially transformed glassy materials, always containing some unmelted raw materials and never producing anything transparent or anything considered useful from the point of view of glass making. This significant improvement of the quality of glass producible compared to the prior art could be attributed to novel features of these experiments: 1) use of raw materials more suitable for high quality glass making than previous experiments with higher purity silica sand and a flux (in our case sodium carbonate) to reduce the temperature at which a fluid melt/solution  could be formed; 2) avoidance of active cooling of the melting chamber and instead insulation thereof to retain heat, thus allowing the raw materials to produce a complete melt pool. In summary, experiments A1-10 demonstrated for the first time the possibility of producing useful glasses using a solar beam heat source.  
However, it was found that producing similar quality glass from pure silica using a solar beam was not possible. Although it was possible to generate and sustain a complete melt pool, and thereby completely converting all the crystalline silica to an x-ray amorphous glass, even with the maximum power deliverable by a realistic solar beam, it was not possible to generate a transparent, bubble free glass as demonstrated with the soda-lime-silica. Furthermore, the viscosity of the silica melt did not appear sufficiently low to be considered feasible for subsequent forming processes required for a realistic glass making process. This was because without a flux such as sodium oxide, the temperature required to generate a fluid melt is significantly higher and so the input power density required exceeds that which could be delivered by a realistic solar beam. Also, even if higher solar concentrations could be delivered, it was shown that then one hits a limit that the containing crucible itself would begin to deteriorate thus rendering such a process practically infeasible. This shows the limits of solar glass melting, that most but not all batch compositions may feasibly be melted to produce glasses using a solar beam, as pure silica is considered one of the most difficult glasses to produce a fluid melt from while soda-lime-silica represents the most common and widely represented glass composition.
By comparing the glass produced from powdered versus pelletised soda-lime-silica batch it was found that the latter produced significantly better quality glass than the former. This is because, the raw materials were more homogeneous in the pelletised form compared to the powdered mixture. This is particularly important for solar glass melting due the limited number of hours it is available during the day, forcing the need to rapidly melt and homogenise compared to conventional furnaces which can deal with less homogenous raw materials because they are  large and are continuously heated enabling residence times of ~36 hours which is sufficient to produce a homogeneous glass despite inhomogeneities of the input raw materials. Therefore, pelletised soda-lime-silica glass batch was considered the most promising type of glass forming batch for the solar glass melting experiments.
Testing a range of sizes of melts during experiments A1-10 provided new understanding of the effects of the melting area and depth of the melt with respect to progression of the melting process and the glasses produced thereby. It was found that for batches which require high beam intensities, such as pure silica, if the containing crucible was too small the crucible itself would start to deteriorate under the high beam intensity which limited the progression of melt. This is because a smaller crucible would be close to the centre of the beam focal point and therefore exposed to excessive radiant flux. Also, although, the larger batches took longer to complete all reactions but the rate of increase in melting time with respect to the mass of batch melted was decreasing. For example, a small pelletised soda-lime-silica batch (10 g, experiment A8) required 18 minutes at glass melting temperatures for most of the reactions to complete ,while a much larger pelletised soda-lime-silica batch (58.5 g, experiment A9) required 25 minutes under similar conditions to reach a similar stage of progress. This, coupled with the fact that a larger melt surface is capable of capturing a greater proportion of the total spread of radiation from the concentrated solar beam meant that increasing the size of the melt, increased the melting efficiency. However, the glass produced from the deepest melt was found to contain more entrained bubbles at the bottom. Therefore, experiments A1-10 helped to provide practical information regarding the realistic sizes of melts which could be generated from a solar beam, as required for the subsequent series of experiments for further development of solar glass melting. 
6.2.2. [bookmark: _Ref433032318]In-flight melting
The in-flight solar glass melting experiments, where falling streams of glass forming batch were irradiated by a solar simulated beam in an attempt to rapidly produce glass proved unsuccessful. It appeared that the failure of the in-flight melting experiments was due to insufficient residence time of the batch particles in the path of the beam. Also, the temperature surrounding the falling stream was too cool to sustain a melt. This shows that despite other high intensity radiant heat sources being capable of in-flight melting of glass forming batches (Yao et al., 2008, 2009) this is not true for glass melting using concentrated solar radiation. Even using beam intensities well beyond that which could be feasibly generated by most solar concentrating systems, there was no sign of melting of the falling particles of any of the batches tested by this method. Others have shown that a solar beam can be used to heat falling streams of particles but these experiments cannot be directly transferred to solar powered glass melting. (Koepf et al. 2012) used sloped surfaces which the heated particles fell down to increase the residence time of the irradiate particles and to allow the particles to also be heated indirectly by these surfaces. However, with this setup the maximum surface temperature reported was 1173 K which would not be sufficient for glass melting. Also, even if it was possible to achieved sufficient temperatures for glass melting with this setup, use of a sloped surfaces would not be practical for glass melting as the glass forming melt would stick to these surfaces which need to remain free for the process to continue to operate. Others have suggested higher temperatures could be achieved by irradiating free falling graphite particles (Abdelrahman 1979) suspended in a gas, with high intensity solar beams but the particles used would need to be highly absorbent of the incident solar radiation - much more so than the white, reflective glass forming batch. 
6.3. [bookmark: _Toc473995179][bookmark: _Ref432953588]Semi-continuous glass melt flow 
In order to demonstrate any useful applicability of the solar glass making process it was necessary to demonstrate not only melting glass forming batches at the focal point of a solar beam, but also generating a flow of molten glass therefrom beyond the focal point of the beam in order to show that the glass produced could be formed into useful products. This was important because it would not be realistic to envisage an entire glass making process with the focal point of a solar beam not only due to its limited size but also due to the difficulties related to the high radiation intensity therein. Therefore, it was considered necessary to demonstrate the flow of molten glass away from the focal point from the beam to another location where it could undergo a subsequent forming process. This was also considered that natural progression from a batch process towards a more continuous process. 
The use of direct solar heating combined with secondary electrical heating to effect a viscous glass melt flow had not been previously reported. It was difficult to predict how this flow would develop due to the complex interactions of a solar beam with glass forming batch as it converted from the raw material which as it would transform from a powder batch to a semi-transparent glass melt exhibiting very complex, non-linear thermodynamic and optical properties, that would depend on composition, temperature and redox state (Prokhorenko 2005). Therefore, rather than attempting to solve this problem theoretically, it was considered more useful to run a series of experiments to develop a more realistic understanding of how this flow would develop. Based on the success of experiments A1-10 it was decided to keep a similar general method of directly irradiating pelletised soda-lime-silica glass forming batch inside an aluminosilicate crucible. The specially made crucibles for experiments B1-6 were designed as follows: 
1) A spout was added at one end to allow the molten glass produced to flow out; 
2) A weir was added across the top of the crucible to prevent unmelted pellets to be fed into one side of the crucible from flowing to the other side of the crucible where the outlet spout was situated. 
Also, the size of the crucible was selected based on the results of the previous series of experiments: 
3) limited depth of 20mm to ensure heat from the beam could rapidly penetrate to the bottom of the melt to produce a fluid flow; 
4) the diameter of the crucible was limited to 45 mm so that the 60 mm focal region of the beam would not only cover the region where the batch would melt, but also cover part of the spout where the glass could flow out. 
Furthermore, a feeder was required to deliver the glass forming batch into the focal point of the beam. Due to the extremely high beam intensity, use of existing feeder systems was considered infeasible so a new batch feeder was specially made for these experiments. The batch feeder was fabricated from thick welded steel sections in order survive the intense heating from the beam. It was mounted on a linear actuator which enabled it to move into position to feed a charge of batch and then move away from the focal point in order to cool down in preparation for the next feed. This provided useful insight into the constraints associated with feeding material directly into the path of the beam which ultimately lead an alternative batch feeder for experiments D1-4 (see section 6.4). 
As the crucibles were shallow to ensure the entire depth of their contents was rapidly and completely melted before flowing out, it was found that they were easily fractured due to the intense heat from the beam penetrating though to the base of the crucible and causing thermal shock. Also, the glass froze on its way out down the spout as it flowed away from the focal point of the beam preventing further glass from flowing out. This problem was overcome by building a heat shield to prevent heat loss around the outlet region and using another electrical heater to maintain the outflowing glass at sufficient temperature to enable the glass to successfully flow from the crucible where the batch was melted out into a secondary container where it was collected. Eventually, a beam intensity regime was found which enabled it to heat up gradually from room temperature, then melt a series of feeds and so successfully generating a flow of molten glass which proved to be fully converted into x-ray amorphous, transparent glass. However, this process was found to be very inefficient with only 3-4% of the incident radiation from the beam utilised for glass melting process. Despite, insulating the bottom and sides of the crucible to minimise heat losses the top surface was exposed to enable access for the beam and batch feeder so there was no resistance to heat loss through this top surface. Also, due to the small scale of experiments B1-6 the glass contained had a large surface area to volume ratio resulting in poor thermal efficiency. Furthermore, after the beam was switched off the crucibles cracked due to the rapid cooling of the glass and crucible from 1500oC to room temperature. In summary, although experiments B1-6 successfully demonstrated for the first time the ability to generate a flow of molten glass using heat primarily from a solar beam, there was still significant room for improvement in the process to deal with the challenges of durability and thermal efficiency. The results of experiments B1-6 provided information about the realistic range of melting capacity for solar-heated glass melting process which fed into the subsequent scale-up system designs (see section 6.4).
6.4. [bookmark: _Ref432953590][bookmark: _Ref451095963][bookmark: _Toc473995180]Scale-up experiments
In order to deal with the limitations experienced in the semi-continuous experiments i.e. efficiency, thermal shock and sustaining a melt beyond the focal point of the beam; a new solar glass melting reactor was developed. This scaled-up solar glass melting furnace was essentially a well-insulated box containing a large crucible which would contain the soda-lime-silica glass forming melt. The crucible was made from fused silica. With an internal diameter 187 mm, this crucible provided a melting surface area an order of magnitude larger than the previous series of experiments, which were limited by the area of the focus of the beam, which was mainly concentrated over a diameter of 6 cm. In order to overcome this limit, rather than focussing the beam directly onto the glass melting surface, instead the focal point of the beam was aimed coincide with a 6 cm diameter aperture in the insulated roof of the furnace and then the beam was allowed to diverge is it passed through this aperture to spread over the much larger glass melting surface area. This configuration of a small beam inlet aperture leading to a much larger glass melting surface area, surrounded by insulation, was designed to minimize the heat losses from the otherwise exposed glass melting surface. In order to access the glass produced, there was a hole in the base of the crucible which lead to a vertical tube which ran all the way though the bottom insulated wall of the furnace to an opening where the glass stream could emerge to be accessed to demonstrate a subsequent forming process. Surrounding this outlet tube, was an electrically powered heater to act as a freeze-thaw valve to control the glass outflow. In addition, there were independently controlled electrical resistance heating elements inside the furnace between the crucible and the insulating walls of the furnace. These heating elements were designed to enable the furnace to sustain operation with a variable intensity beam, as would be expected with real solar radiation availability, by providing sufficient heat to:
1) Offset the rapid cooling associated with the event of sudden loss of the beam during melting at 1500 °C as would be the case for cloud cover during the day and therefore preventing fracture of the refractories (i.e. the insulating walls) due to thermal shock; 
2) Hold the furnace temperature above 1000oC overnight to prevent the glass contained from freezing and therefore preventing fracture of the glass contact refractory (i.e. the crucible) as the glass would otherwise force a contraction of its container at it froze as it would reduce in volume while adhering to the walls of its container.
Although others had previously developed furnaces which used concentrated solar radiation inside an insulated cavity to enable high process temperature, the combination of a solar furnace with integrated secondary electrical heating to maintain sufficient temperatures to enable a realistic solar glass melting process had not previously been tested. Experiments D1-4 provided useful data about the temperatures to which the heating elements would be exposed which was previously unknown due to the uncertainties was related to the transmission of radiant heat through the glass melt. In the design stage it was assumed for safety that the heating elements could be exposed to temperatures approaching the maximum glass melting temperatures of over 1500oC so SiC heating elements rather than lower cost FeCrAl or NiCr heating elements were specified. From the results of these experiments it is now known that the temperature at which the heating elements would be exposed to would be only a maximum of just over 1200oC and they would not need to ever operate (i.e. have an electrical current passing through them) above this temperature. This means it would be possible to use lower cost FeCrAl or NiCr heating elements in a future solar glass melting furnace.  In future, the electrical power required by these heating elements could be provided by stored solar energy. The feasibility of this is considered in section 6.5. 
The outlet glass flow control was critical because it was required to enable two key glass making process: 1) refining and 2) forming. Until now, only melting had been demonstrated whereas these two processes which were essential for any useful glass making process had yet to be shown to be feasible using a direct solar furnace. The outlet glass flow control enabled refining of the glass melt as crucially, it allowed the molten glass produced to be held at 1500oC whereas without flow control as with experiments B1-6, the retention time of the glass produced was dictated by the time required by the glass to flow from where the raw materials were fed to the outlet. In more conventional modern glass tank furnaces, since their sizes are so large, this time taken by the glass to migrate across the furnace is designed to be sufficient to ensure that the glass refining process (i.e. dissolution of all contained refractories, removal of bubbles and homogenisation) is complete before the glass emerges at the outlet. However, since the size of the melt contained inside the solar glass melting furnace was much smaller than conventional glass tanks, it was found that operating the melting and refining process continuously was not feasible as this did not allow sufficient residence time for the glass forming batch to generate a fully refined and homogenous melt. Consequentially, in early experiments (C1-2 in chapter 6), where a continuous process was attempted, it was found that the glass outflow was inconsistent and therefore too difficult to control. Therefore, it was decided to operate the glass melting as a batch, rather than a continuous process, whereby one layer of batch was fed at time, then allowed to fully melt down and this was repeated until the crucible was sufficiently full and then the accumulated glass was held under the full power of the beam at 1500oC to refine for an hour before releasing the glass through the outlet. This successfully enabled a more consistent and flow of glass to be produced which was collected from the outlet and formed into pressed glassware which was then annealed in a separated annealing oven, thereby demonstrating a complete glass making process.
Initial tests of the scale up solar glass melting furnace revealed a problematic cooling air flow which entered from the bottom outlet port, rose through the furnace and drew heat out through the beam inlet aperture at the top. It was difficult to prevent air flow through the beam inlet port as this was required to be open to allow the beam and batch feed in. One possible solution to this problem would have been to cover the beam inlet port with a quartz window which would be transparent to the beam while preventing air flow through it. However, this avoided as it would have introduced further problems related to the need to remove gases evolved from the melt, combined with the high intensity radiation degrading the window which would have required active cooling. Instead, the problem of the cooling air stream was addressed by blocking potential paths where the infiltrating air could enter the furnace. This was achieved by blocking open channels with ceramic fibre insulation blanket. This approach proved to be successful. Before blocking this cooling air flow, the secondary electrical heating elements were required to be on, even when the beam was running on full power, to sustain the furnace temperature above 1200oC. Once the cooling air flow was blocked, soon after the beam was switched on, the entire furnace temperature rose beyond 1200oC, taking over completely from the electrical heating elements. This issue of a cooling air flow through the reactor had not been previously reported by other researchers who have developed high temperature solar furnaces. Usually, at such high temperatures, radiative losses dominate but our experiments revealed that convective heat losses can also be significant. This may be due to the unique design of our glass melting solar furnace with its lack of window covering the beam and batch inlet and opening for the glass outlet flow.
After having overcome the initial issues of the infiltrating cooling air flow and the outlet glass flow control, the ability to run a series a stable, repeatable melting cycles was successfully demonstrated. When the glass temperature measured 1560oC, a charge of 300 g, which was just sufficient to just cover the full melt surface, was added. This required 15 minutes to transform the raw material to a stable glass melt and for the glass temperature to recover back to 1560oC. It was found that this cycle could be repeated until the crucible was full. This was achieved with 5.25 kW radiant power entering the 6 cm diameter aperture which corresponds to a concentration ratio of C=1857 kW/m2 (suns) and a thermal efficiency of ηth = 16 %. This was a significant improvement on the previous series of experiments of ηth = 3-4 % and could be explained by the reduction in re-radiation losses from the melt surface by being held inside an insulated enclosure and the reduced surface area to volume ratio associated with the scale-up. Also, the concentration ratio required is within the range capable of being delivered by real existing solar concentrators which can provide 2000 suns (e.g. see Siegel & Ermanoski, 2013).
Furthermore, it was demonstrated that the solar glass furnace could deal with situations where the solar beam power was suddenly lost, such as in the case of cloud cover, and operate on a day/night cycle. In both cases the secondary electrical heating elements gradually took over to sustain glass temperatures above 1000oC to prevent it from solidifying, which would otherwise destroy the crucible containing the glass as it would force an associated contraction. Also, around this temperature, the silica crucible would undergo a phase change which could cause it to fracture. Therefore, the use of secondary heating to sustain safe temperatures inside the furnace with intermittent solar radiation availability, was necessary for demonstrating the viability of a realistic solar powered glass melting production.
Observation of glass sections remaining in the crucible in which the glass had been melted, accumulated and refined, revealed a high quality, homogeneous glass. Interestingly, despite the increased volumes and depths of glass melted in the scaled-up solar-heated glass furnace, the glass produced appeared homogenous and contained few bubbles throughout. This was achieved by improvements in the design of the furnace based on outcomes of experiment A1-10, B1-6 and C1-3. These improvements ensured that the entire contents of the crucibles was completely heated by a combination of the transmission of radiant power from the beam through the glass and sufficient thermal mass and insulation surrounding it to prevent cooling around the otherwise exposed outer surfaces. This demonstrated the scalability of the solar glass melting process without compromise of the produced glass quality. 
The capability to generate an output flow of glass from the solar glass furnace and produce pressed glassware therefrom was demonstrated. This was another important new step towards demonstrating the viability of a realistic, complete solar glass melting process. However, the pressed glassware produced was much less homogeneous and contained more bubbles than that which was recovered from the crucible in which it was melted. This was because the outlet glass stream was too thin and cool to be suitable for casting. This problem may have been solved by using a wider outlet tube and a more effective heater/cooling system. However, due to budget and time constraints for this project we were limited to a non-ideal outlet flow system for the chosen forming process. Further work is required to improve the glass outflow system according to the type of product to be produced. This is discussed further in section 7.4.1.
6.5. [bookmark: _Ref446857760][bookmark: _Toc473995181]Implications for scale-up
Although this project is focussed on addressing the technical constraints associated with the realisation of solar-heated glass production, it is instructive to consider the implications of the results the experiments conducted during the course of the project. So, in this section, the results of the analysis of the performance of the scaled-up solar heated glass furnace (see section 5.7) are extrapolated to envisage how a future solar-heated glass melting production using real solar radiation could be realised.
6.5.1. [bookmark: _Ref457072334]Method of analysis
The performance of the current experimental solar-heated glass furnace is considered in an envisaged scenario where it were powered by real solar radiation to estimate the area of land that would be required for the solar collection and the quantity of glass that could be produced. The primary source of energy for solar-heated melting and fining while there is sufficient direct solar radiation is assumed to be provided by a solar thermal concentration system described in section 6.5.1.2. Secondary power (see section 6.5.1.3) is assumed to be provided by a solar photovoltaic (PV) system with energy stored in batteries (see section 6.5.1.4). Then, the results of this analysis for the based on the experimental system (see section 6.5.1.1) are extrapolated for various scale-up scenarios (see section 6.5.1.5). The capital investments required for these envisaged scale-up scenarios are estimated and their economic feasibility analysed (see section 6.5.1.6). A spreadsheet containing all the calculations involved in this section can be found in appendix ID8.
6.5.1.1. [bookmark: _Ref446597396]Experimental basis
The following analysis is based on the melting period measured during 01:45:37 to 03:53:42 of experiment D4 because this was a period of repeatedly consistent process data which was considered representative of the performance of the current experimental solar-heated glass furnace’s performance. During this period, the HFSS beam intensity maintained a constant level, while a series of melting cycles with very similar quantities of glass forming batch fed at regular intervals, resulting in a periodic glass temperature profile and complete conversion of batch to a fluid glass melt pool. The relevant results from this experiment which are used in the following analysis are summarised in Table 6. 
6.5.1.2. [bookmark: _Ref446597200]Solar concentration system 
Solar concentrating systems suitable for providing, a vertical beam with sufficient intensity as required for the solar-heated glass furnace, are called tower reflector or beam down optical concentration systems, (Rabl, (1976), Segal & Epstein, (2000, 2008)) and consisted of a field of heliostats, a “tower reflector“ (hyperboloid mirror) and a compound parabolic concentrator (CPC, (Winston et al., 2005)) functioning as a secondary concentrator. The ambient solar radiation intensity is concentrated by a factor of 1000 from the heliostat mirrors to the CPC, which then further concentrates the solar radiation by a factor of 2 (Winston et al., 2005) before it reaches the furnace beam inlet aperture.  This gives an overall concentration ratio of C=2000 suns. Such a system has been built and successfully operated at the Weizmann Institute of Science, Israel, for a power of around 500 kW. Typical values for the specifications of such a solar concentrating system as assumed for the following analysis are provided in Table 6. In the following analysis the use of a beam-down solar concentration to power a solar-heated glass furnace as shown in Figure 102, is considered. 
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[bookmark: _Ref444344150]Figure 102: Schematic diagram (not to scale), showing the main features of an envisaged scaled-up solar-heated glass furnace powered by a beam-down solar concentration system. The rays of solar radiation shown as yellow lines. The field of heliostat mirrors change their angle during the day to direct the incoming rays via the tower top beam down reflector to a common focal spot around the beam inlet where a CPC secondary concentrator further concentrates the rays into the beam inlet aperture of the solar-heated glass furnace.
The method for estimating the size of solar collector field and glass production of the solar-heated furnace powered by such a solar concentrating system, follows that by Meier et al,. (2005) who conducted a similar analysis for a similar solar-heated process. Accordingly, the envisaged solar-heated glass furnace for this analysis, is assumed to operate in a location with an average annual Direct Normal Irradiance (DNIyr) of 2300  (Figure 103). DNI is the quantity of direct solar radiation which would be received by a surface normal to the path of its rays, which is commonly used to evaluate the total solar energy resource for future solar concentration systems. 
[image: ]
[bookmark: _Ref444180310]Figure 103: Global DNI distribution. The analysis considered for the envisaged solar-heated glass furnace scenarios are based on a location with an annual average DNI of 2300 kWh/m2, corresponding to the orange coloured regions shown here. Source:  SolarGIS © (2016) GeoModel Solar[footnoteRef:5] . [5:  Written permission to use this image was provided by Solar GIS on 13/5/2016. For more information see: http://solargis.com] 

However, the fraction of this solar radiation available solar-heated glass melting is limited by the efficiency of the solar concentration system, the minimum radiation intensity required by the furnace to effect the glass forming reactions and the envisaged hours of glass melting operation conducted. According to Meier et al (2005), = 2133  , is the average annual DNI, which would be of  sufficient intensity to sustain a process temperature inside a solar reactor-receiver of 1200-1600 K, when using a beam-down solar concentration system in a location with DNIyr =2300.  Since, most of the reactions involved in glass melting occur within a similar temperature range, this was considered an appropriate value for this analysis of solar-heated glass production. Also, =2677 h/y (Meier et al. 2005), is the average number of hours per year in which the solar radiation is within the range corresponding to  . In order to allow for 7 days of planned annual maintenance,  =358 d/y is the assumed number of days of operation per year. Accordingly, the average number of hours of solar powered glass melting and fining per day () is given by Equation 16 and the average solar intensity at the beam inlet aperture () of the furnace during this period is given by Equation 17.
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	[bookmark: _Ref444429339]Equation 17


The melting rate is assumed to be approximately proportional to the beam intensity at the furnace inlet aperture. So, average melting rate expected using the real solar radiation intensity assumed to be available ( is given by Equation 18.
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	[bookmark: _Ref446149399]Equation 18


Where  and  (Table 6) are the average melting rate and beam intensity at the inlet aperture, measured during the experiments using simulated solar radiation.  is the solar concentration ratio as explained in 6.5.1.2.  Essentially, this accounts for the fact that the intensity of radiation used in the experiments using the solar simulator was slightly higher than that expected from the real solar radiation assumed to be available in this analysis. Equation 20 is used to estimate the power required to be incident at the heliostat mirrors (), in order to provide sufficient power for the solar-heated glass furnace ( which is given by Equation 19.
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	[bookmark: _Ref457234116]Equation 20


Where  is the glass melting rate and efficiency based on experiments,  is the theoretical energy required for glass melting,  is the batch factor (as explained in section 4.4) and is the fraction of the direct solar radiation which is transferred from the collecting field of heliostat mirrors to the beam inlet aperture of the solar-heated glass furnace (Table 6).  takes into account various losses associated with transferring the available direct solar radiation from the heliostat mirrored surfaces to the solar-heated glass furnace beam inlet as discussed in appendix ID7. Accordingly, Equation 21 is used to calculate the surface area of heliostat mirrors () required to collect sufficient sunlight to power the solar-heated glass furnace. Where  accounts for time during which the heliostats are not available for use as they may require maintenance. Also, since the heliostat mirrors do not completely cover the land area which they occupy, the area of the field ( requried to collect the required direct solar radiation during the day is given by Equation 21.
	
	…
	[bookmark: _Ref446503477]Equation 21
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	Equation 22


Where is the typical fraction of the land area which is covered by the collecting heliostat mirrors which is also known in the literature as the ‘heliostat packing density’ and is typically around 0.35 (Epstein et al 1996), (Segal & Epstein 1999). The time available per average day during which new glass forming batch can be melted () is given by Equation 23. This accounts for the periods, based on the experiments, required to initially preheat the furnace (  to the melting temperature and the period after melting, required for fining ( during which no new raw material is fed but power is still required to sustain the glass at sufficient temperatures to effect bubble removal and homogenisation to produce glass of useful quality. Then, Equation 24 is used to estimate the average daily glass production ().
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6.5.1.3. [bookmark: _Ref446597325]Overnight energy demand
After melting and fining during the day, for the remainder of the day and overnight when there is insufficient sunlight and to enable melting temperature, the furnace is assumed to be sustained at 1100oC, as demonstrated in the experiments to enable the glass produced to be formed and prevent the damage otherwise associated with cooling. The average duration of this period per day is () and energy demand () over this period is given by Equation 25 and Equation 26 respectively.
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Where is the overnight heating demand due to conduction heat losses through the walls of the furnace associated with sustaining the temperature inside the furnace at 1100oC. This is calculated in appendix ID8 by modelling the furnace as an insulated cylinder with 1D, steady state heat transfer across the melt containing side walls, superstructure sidewalls, roof and base, assuming typical values for each of these sections’ thermal conductivities, thicknesses and external surface heat transfer coefficients for intermediate scale glass furnaces according to Díaz-Ibarra et al., (2013). 
6.5.1.4. [bookmark: _Ref446597309]Photovoltaic and battery storage system
 For this analysis, we consider the use of a solar photovoltaic (PV) system to generate sufficient electrical energy during the day to be stored in batteries, to meet the glass furnace’s overnight energy demand (. The area of the solar PV field required is given by Equation 27.
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Where  is the daily average daily Global Horizontal Irradiance which is the quantity of both direct and diffuse radiation falling on a horizontal surface, conventionally used to predict the power generation of PV systems. A value of  is assumed for this analysis, being typical for regions with high solar radiation availability (see appendix ID9).  (IRENA 2012) and  (U.S. D.O.E., 2013) are the assumed typical overall system efficiencies for a conventional mono-crystalline PV system and the roundtrip efficiency for electrical energy storage in batteries respectively. Typical costs of 1400 $/m2 (IRENA 2012) for the PV field and 250 $/kWh (U.S. D.O.E., 2013) for the battery storage are assumed.
6.5.1.5. [bookmark: _Ref446597434]Scale-up scenarios 
The estimated glass production rates, land areas and costs associated with the solar concentrating and PV systems required for the existing experimental system and for nine scale-up scenarios (1a,b,c; 2a,b,c; 3a,b,c) are provided in Table 7. These nine scale up scenarios are based on three sizes of solar concentrating systems corresponding to 1) 1,000 m2, 2) 5,000 m2 and 3) 25,000 m2 of heliostat mirror area and for each of these sizes, the a) worse, b) intermediate and c) best case scenarios with respect to the efficiency of the solar-heated glass furnace are given as follows. These particular sizes of solar concentration systems were selected because their costs were conveniently available from Meier et al (2005). For the worse case (a) scenarios, the same glass furnace efficiency as our existing experimental system  is assumed. The performance of the envisaged real system should be greater than  partly due to reducing surface area to volume heat losses on scale-up and partly because the existing experimental system was not optimised so there is significant scope for improvements in future developments as discussed in section 7.7. However, the overall glass melting efficiency of future systems could be lower if the retention time required to produce the required quality of glass proved to be much longer than that of our experiments. Also, the maximum efficiency which could be achieved is limited both by the Carnot efficiency ( limit as well as the maximum rate of net heat absorbtion ( due to the fact that some heat must be re-radiated back out through the beam inlet aperture (Steinfeld 2004). So, the maximum possible overall efficiency (as assumed in the best case (c) scenarios for each size system envisaged is given by Equation 28.
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From Equation 28, it can be seen, than this ideal efficiency could actually be increased if the concentration ratio ( were increased, which might be possible by use of an improved solar concentrating system, as discussed in section 6.5.3.2. For the intermediate (c) scenario the solar glass furnace efficiency is assumed to be 30%, which represents an estimated achievable level of improvement being higher than the efficiency current experiments but well within the ideal limit for the reasons already explained. The daily glass production is proportional to the area of mirror, the efficiencies of the solar concentrating system and glass furnace so Equation 29 is used to estimate the glass production rates for each of the scale-up scenarios.
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Where  is the daily glass melting rate for each scale-up scenario with assumed glass furnace efficiency of  and specified area of mirrors ;  (from Equation 24) is the daily melting rate for the current scale experimental system using solar radiation and  (from Equation 21) is the corresponding area of mirrors that would be required. 
The beam intensity is limited by the solar concentration system and available solar insolation so this is assumed to remain constant on scale-up. So, assuming a constant beam intensity (, the area of the beam inlet aperture must increase proportionally to the input power which is directly proportional the area of heliostat mirrors constituting the solar concentration system. Also, in order for the results of the scale-up scenarios to be representative of the results of the experiments, the internal surface area of the glass furnace is assumed to scale up with the same ratio to the area of the beam inlet aperture as the experimental system. The overnight heat demand () is determined by the conductive heat losses through the walls of the furnace according to the method described in section 6.5.1.3. Then, the area of the PV systems for the scale-up scenarios area given by . The cost of the PV system and battery energy storage for each scenarios scales up linearly at the aforementioned rates of 1400 $/m2 and 250 $/kWh respectively. 
6.5.1.6. [bookmark: _Ref446597711]Economic feasibility
The economic viability of a capital investment such as that of a solar power system to replace fossil fuels to provide process heat is conventionally evaluated according to Pay Back Time (PBT), Net Present Value (NPV) and Internal Rate of Return (IRR) which are explained with respect to the current analysis of solar-heated glass production as follows. 
PBT is the time required for the value of an initial capital investment to pay for itself by the net profits generated from it. Meier et al (2005) calculated the PBT for a beam down solar concentration system to power an otherwise fossil-fuel powered lime furnace based on extrapolations from their experiment. In this analysis, they assumed the same high solar insolation of 2300 kWh m-2 y-1 and low land price of 2 $/m2 as we have in our analysis Table 6. In their experiments, they demonstrated the solar-heated lime furnace could operate at an efficiency of 35 % with room for improvement, so they assumed that the envisaged commercial solar-heated lime kiln could operate at an efficiency of 45 % which would be the same as the equivalent fossil fuel fired furnace. Also, since the solar and fossil-fuel heated furnaces were very similar, they assumed that the size and therefore capital cost of the two types of furnaces were similar. This greatly simplified calculation of the PBT because it meant that the solar concentrating system could be conveniently decoupled from the conventional lime production process. Rather than having to estimate all the capital costs associated with building and running a solar-heated lime kiln at different scales. Instead, since the cost of the solar concentration system was the main difference in the capital costs between the solar and fossil-fuel systems compared, this was essentially the only significant capital cost in for the calculation of the PBT for the solar system. Accordingly, they calculated that it would take a PBT of 10-20 years for the initial cost of the solar system to pay for itself assuming the solar concentration system would save nearly all the fossil-fuels otherwise burnt during this period and that they could sell the lime produced by solar-heated lime production for twice the value of the lime would otherwise sell from a conventional the equivalent fossil-fuelled furnace. This is because their experiments showed that the solar-heated lime kiln could produce higher quality lime than the conventional fossil fuelled equivalent. By comparison, our experiments demonstrated intermittent solar-heated glass melting at a peak efficiency of around ngf=16 % while commercial fossil-fuel fired furnaces operate continuously at ~50% (Scalet et al. 2013). Also, we were unable to evaluate the commercial value of the glass produced from the solar-heated glass furnace. Therefore, the same direct comparison between the solar-heated vs. fossil fuel fired processes as Meier et al (2005) cannot be made because the solar-heated glass making is not similar to the conventional fossil fuel fired process and therefore it is impossible to calculate the PBT for the investment in a solar power system to replace fossil fuels for conventional glass production by the same method. However, a qualitative discussion of the known factors affecting this PBT relative to the equivalent solar-heated lime process does provide some useful insights as follows. The efficiency of the current solar-heated glass furnace is lower than the conventional fossil fuelled process whereas for the lime process these values are assumed to be equal. The quality of glass produced from the solar-heated glass furnace is lower than that of the conventional process whereas for lime it was higher. Also, Meier et al (2005) assumed a fuel oil price of 176.5 $/t for calculating the energy cost savings associated with using solar energy instead of fossil fuels but currently, the price of oil is much lower than this. All these factors, mean that the PBT for solar heated glass production now would be significantly longer than the 10-20 years calculated by Meier et al (2005). For comparison, Ross & Tincher (2004) claimed that most US glass manufacturing companies expected payback times within one to two years on their capital investments. Also, the typically assumed lifetime of solar concentration systems are around 25 years.  So, although it is difficult to properly evaluate the PBT for an investment in concentrated solar radiation to replace use of fossil fuels for a conventional continuously operated, large scale glass tank, it is already clear that such an investment would not be considered economically viable with respect to conventional glass production. 
Therefore, in the following section we consider an alternative business model as follows. Conventional glass manufacturing operates a commodity business model. This means that the primary objective is to minimize the unit production cost by maximising efficiency. Since, glass production is an energy intensive process, competition between producers has gradually lead to glass tanks becoming extremely large in order to benefit from economies of scale. A larger tank has a smaller surface area to volume ratio and therefore the heat losses per unit volume of glass produced generally decreases with increasing glass furnace size. As a result of many years of competition, research and development, the conventional glass making process has been greatly optimised and scaled up such that today’s cost per unit mass of glass is extremely low. For example, the value of low quality formed glass containers in Europe is only around 200 £/t[footnoteRef:6]. Also, the energy efficiency of conventional glass production is now very high. This makes it extremely difficult to compete with. However, as a result of the great scales of today glass tanks and optimisation for manufacturing a low variety of product to minimise unit cost, they now suffer from a problem of overcapacity and inflexibility (Pipino 2014). Therefore, recently, smaller furnaces have become of greater interest to glass manufacturers, because, despite being less efficiency and more expensive per unit of glass produced, they provide greater flexibility in meeting business demands (Philip Ross & Tincher 2004, pp.40–41). Also, since glass is now a relatively low value per unit volume product, it is now not worth transporting container glass for example in Europe, more than 500 km (European Commission 2013) from producer to consumer. Due to the great scale of conventional glass tanks they are extremely required great initial capital investment (European Commission 2013) and so to get a good return on investment they must be built in a location within the range at which it is economical to transport the glass to consumers, there is sufficient demand to take up the huge production rates of these glass furnaces which are typically in the order of hundreds of tonnes per day. Therefore, the locations of these conventional glass furnaces are primarily concentrated in the most industrialised regions of the world with highest population densities and/or low cost energy available from locally available fossil fuels, as shown by the distribution of container glass furnaces (see appendix ID10).The price of glass would be expected to be higher than the global commodity market value in locations where which are not served by conventional glass manufacturing facilities due to aforementioned geographical range limit. Day tanks are relatively smaller glass furnaces which than conventional tanks, which are designed to for operation in such markets, where there is insufficient demand to justify investment in conventional glass production. Day tanks operate periodically, with most of the glass production occurring during a single working shift during the day and then an overnight hold, similar to the envisaged solar-heated glass furnace. Also, the area specific melting rate and efficiency of day tanks are similar to that of the current solar-heated glass furnace (see section 5.7). Therefore, assuming it possible to produce a sufficient quality of glass as required to meet the demands of local consumers otherwise supplied by a fossil fuel fired day tank, then it would be valid to estimate the payback period on the investment of a solar powered glass furnace to replace use of fossil fuels for a day tank.  [6:  Source: Personal communication (email 11/3/2016), L. Keen, Apollo Furnaces Ltd.] 

For this estimation, an empirical equation for the melting area  specific fuel oil consumption of day tanks (Equation 31, (Trier 1987a)) is used. From this, the fuel consumption of the equivalent day tanks which would be required to produce the same quantities of glass corresponding to each of the envisaged solar heated glass production scale-up scenarios (see section 6.5.1.5) is given by Equation 30 and Equation 31. Then, the corresponding fuel savings annual fuel savings and PBTs associated with using a solar heat than fossil fuels are given by Equation 32 and Equation 33 respectively. 
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Where Am is the melting area of the equivalent day tank;  (from Equation 29) is the daily glass production rate for each of the solar-heated glass production scale up scenarios;   is the typical melting area specific glass production rate (600 kg m-2 d-1 (Trier 1987a)) of the equivalent oil fired day tanks; G (kg m–2 d–1) are the glass melting rates and Am are the melting areas of the equivalent day tanks;are the annual fuel savings associated with using solar energy instead of oil (assuming an average fuel oil price of $60/barrel (see US EIA (2016));  and are the total initial capital investments and running costs required for the solar power systems for each of the scale-up scenarios. Equation 31 is only valid for small to medium size glass production (for values of Am > 12 m2, G becomes negative) so can only be used to estimate the fuel consumptions for scale-up scenarios 1a to 2b (see section 6.5.1.6). Therefore, the following financial calculations are only made for these scenarios. 
The Net Present Value (NPV) is another method for evaluating whether a capital investment is worthwhile. NPV is defined as the present value of the flow of net incomes minus the present value of the flow of investments. For solar-heated glass production the present value of investments is simply the initial capital costs because this is assumed to be incurred at the start of the project. The present value of net incomes is the anticipated fuel savings less the cost of running the solar power system, but since this is expected to occur over the economic life of the solar power system, assumed to be around 25 years (Epstein et al. 1996), (Broesamle et al. 2001) so the present value is given by discounting this ‘income’ over 25 years at an annual discount rate of  (Meier et al. 2005) which takes into account the time value of money and risk associated with the investment. Therefore, the NPV is given by Equation 34. 
	
	…
	[bookmark: _Ref446440968]Equation 34


If NPV > 0, then the investment is considered worthwhile i.e. the present value of incomes is greater than the present value of investments at the assumed discount rate. For the case of solar-heated lime production discussed, Meier et al., (2005) concluded that the cost of heliostats would have to fall to below 100 $/m2 for NPV to be positive i.e. for the proposed capital investment required to replace fossil-fuels with the beam down solar concentrations system for lime production to be commercially viable. However, this great cost reduction coupled with the already optimistic assumptions of extremely high solar radiation availability and extra high value of lime produced was a found to be practically too difficult to realise so solar-heated lime production has not proved commercially viable yet. As discussed, the specifications of the solar-heated lime production were relatively more optimistic than the envisaged solar-heated glass production, so the results of a similar analysis for the latter, would also likely to conclude that the solar-heated process is uncompetitive compared to the equivalent fossil fuelled process. Therefore, for this analysis, we again consider the investment to be relative to Day Tanks and not to conventional continuously operated glass furnace. Accordingly, for the calculation of solar-heated glass production, the present value of investment is simply equal to the total capital cost of the solar power systems because this is assumed to be invested at the beginning of the project. The present value of the future profits (annual fuel savings minus the running cost of the solar power system) are discounted at a rate of 15% per annum over the assumed 25 years life of the solar power system as Meier et al (2005). The Internal Rate of Return (IRR) was also calculated for the scale-up scenarios, defined as the discount rate at which NPV=0. Finally, the assumed unit price of fuel was varied to find the minimum value in dollar per barrel of oil required for the solar-heated glass melting investment to become viable i.e. at which NPV=0 for i=15%.
[bookmark: _Ref451210616]Table 8: Parameters involved in the calculations to estimate the size of solar concentrating systems required to power a solar-heated glass melting furnace.
	Parameter
	Symbol
	Value
	Unit
	Source

	Experimental glass melting rate using simulated beam
	
	0.251 
	g/s
	Experiment D4 

	Intensity of simulated beam at inlet aperture during experiment.
	
	1.86E+06
	W/m2
	Experiment D4 

	Solar concentration ratio
	C
	2000
	
	(Winston et al., 2005)

	Solar-heated glass melting efficiency
	
	16 
	%
	Experiment D4 

	Average operating solar insolation
	
	2133 
	
	(Meier et al. 2005)

	Number of operating days per year
	
	358 
	d/y
	(Meier et al. 2005)

	Minimum solar insolation threshold
	
	500 
	w/m2
	(Meier et al. 2005)

	Theoretical energy of batch to glass conversion
	
	2671 
	J/g
	(Trier 1987b)

	Overall efficiency of solar concentrating system
	
	52
	%
	(Meier et al. 2005)

	Availability of heliostat mirrors
	
	98.3
	%
	(Meier et al. 2005)

	Fraction of land covered by heliostat mirrors
	
	35 
	%
	(Meier et al. 2005)

	Number of operating hours per year
	
	2677
	h/y
	(Meier et al. 2005)

	Hours required for fining per day
	
	1 
	h/d
	Experiment D3-4

	Hours per day for heat up
	
	0.3 
	h/d
	Experiment D3-4

	Daily Global Horizontal Irradiance 
	
	5.5 
	
	(Solar GIS, 2016b)

	Efficiency of solar PV system
	
	14
	%
	(IRENA 2012)

	Efficiency of energy storage system
	
	75
	%
	(U.S. Department of Energy 2013)


[bookmark: _Ref446526908]

6.5.2. Results and discussion
[bookmark: _Ref451099133][bookmark: _Ref444792135]Table 9: Results of analysis for scale-up scenarios of solar-heated glass production. Where cells are marked as ‘N/A’, the required commercial values were not available. The cost of a CSP system was not available for the experimental solar-heated glass furnace because it was below the minimum size commercially available. The fuel savings for scenarios 2c to 3c were not available because their glass production rates were greater than the maximum limit for day tanks (see section 6.5.1.6) for which the investment evaluations are based.
[image: ]
The results in Table 7 suggest the solar-heated glass production might be a viable alternative to an intermediate scale (~4 tpd) fossil fuelled day tank on, if the efficiency of the furnace could be improved from the current 16% to 30% (scenario 2b) and oil prices were at least around $50-60 per barrel. The solar power system for such a scheme would require a total initial capital investment of $13 M and land area of 2 hectares (ha).  To put these numbers into perspective: the gross floor area of one of the largest glass bottle manufacturing facilities in Europe is around 14 ha (Packaging Gateway, 2003); the area of the world’s largest field of heliostats for concentrated solar power generation is 1420 ha (NREL 2014); and a typical cost for the construction of 250 tpd container glass furnace in Europe is €40-50m (European Commission 2013) ≈ $45-56m.
For smaller scales (< 1 tpd glass production) the fuel savings are too small so the initial capital investment and running costs for the solar field are difficult to justify. The maximum scale-up, is limited by the local demand as if this is too large it would come into direct competition from conventional continuously operated glass furnaces which operate at much greater efficiencies, so as discussed it appears infeasible to compete in such scenarios. 
6.5.3. Opportunities for future improvements
In the following sections, factors affecting the viability of future solar-heated glass production are discussed. In order for solar-heated glass production to be commercially viable in the future, there would need to be significant improvements both of the solar concentration technology and the solar-heated glass furnace itself. The exact extent to which these improvements are necessary for solar-heated glass production to become commercially viable is not determined quantitatively due to the issues discussed in section 6.5.4 so they are discussed only qualitatively as follows. 
6.5.3.1. Intermittent heating
 The main waste of energy for the current solar-heated glass making process is associated with the need to hold the glass at around 1000-1100oC when there is no solar radiation available, during which time no new glass can be produced. This has particularly great negative effect on the commercial viability of the process because the cost of storing solar energy is very expensive.  This could be partially addressed by using thicker, insulation walls with lower thermal conductivity to minimise the power demand over this period. However, degree to which insulation could be improved insulation is limited by cost. Also, for the currently proposed mode of operation, it is necessary to allow the glass temperature to cool every day from the fining temperature of 1500oC to 1200oC in order for the glass to be at the correct viscosity to undergo the subsequent forming processes. Then, it must be reheated to 1500oC again before restarting melting again. So, there is an associated necessary waste of heat for this cyclical mode of operation which limits the degree to which increasing insulation can be used to improve the overall efficiency. So, this problem could be addressed in the future by developing a new type of glass furnace which would be operated intermittently. 
6.5.3.2. [bookmark: _Ref446720130]Alternative solar concentrating system 
Recently, an alternative beam-down solar concentration system design has been described by Siegel & Ermanoski (2013) which uses a horizontal flat mirror close to the focal point of the heliostats instead of the hyperbolic mirror, avoiding the need of a secondary concentration by placing the solar reactor/receiver near the top of the tower. This system was designed to deliver a vertical beam into a solar thermo-chemical receiver-reactor operating at a process temperature of 1500oC, similar to a solar-heated glass furnace. The use of a concentric tubular heat exchanger around the focal spot of the beam was proposed to capture the lower intensity radiation around the focal spot of the beam to generate 800oC steam to drive a thermochemical reaction for the generation of hydrogen, while leaving the highest intensity radiation, nearest the centre of the focal spot of the beam, at an average of concentration ratio of C=3000 to enter a reactor aperture. This proposed use of a heat exchanger around the beam inlet aperture which captured the otherwise spilt radiation around the beam inlet aperture to generate fuels raises a particularly interesting option for efficiently meeting the overnight heat requirements for the proposed solar-heated glass production as discussed in section 6.5.1.3. Also, the high beam intensity at the beam inlet aperture could enable significantly improved glass melting efficiencies as illustrated by setting C =3000 in Equation 28, which gives an increased ideal efficiency of the solar-heated glass furnace of . Also, the potential avoidance of a CPC secondary concentrator at the beam inlet would also be advantageous for a solar-heated glass melting furnace as it would avoid any potential issues related to the degradation of the CPC which could be expected due its otherwise necessary location near the harsh environment of the glass melting furnace. However, a disadvantage of this system compared to the conventional beam down systems, is the need to elevate the solar-heated glass furnace to a point close the mirror at the top of a tower as this would incur significant cost and operational difficulties compared to locating the furnace at ground level. 
6.5.3.3. Heliostats 
The main cost of any beam-down solar concentration systems is the heliostat field, so reducing the cost of the heliostats would have a significant impact on the overall cost of solar-heated glass production. Usually, heliostat are fixed structures which require substantial concrete foundations and rigid steel frames in order to ensure they maintain their exactly position under wind loads. The great number of heliostats required and the precision necessary to provide the high optical quality over such a large area makes them expensive. However, a new type of heliostat technology is currently being developed, called Helio100 (Hess 2015), (Bemarking 2015), which is a new type of heliostat technology whereby the heliostat mirror is mounted on a lightweight, portable frame which is specially designed so that each heliostat can be easily lifted and placed in the field. Then, the heliostat uses a GPS system to automatically decide what angle it should face its mirror based on its relative position to the focal point. It is claimed that this will dramatically reduce the setup costs for the instalment of the heliostat field and especially beneficial for small scale solar concentration systems as envisaged for the solar-heated glass furnace. 
6.5.3.4. Alternative solutions for overnight heat provision 
As explained in section 6.5.1, the heat required during periods where direct solar radiation would be unavailable, was assumed to be provided by a field of solar photovoltaic panels which capture excess solar energy and store it in batteries while it is available. This scenario was selected in order to satisfy the original design concept of a ‘solar powered’ glass furnace. Also, it was convenient because large scale photovoltaics and battery energy storage systems are already commercially available and so the relevant parameters for the analysis were readily available from the literature. However, if these constraints were allowed to be relaxed, the following alternative options for provision of heat demand during periods of solar radiation unavailability could be considered.
Thermal Energy Storage (TES): While solar radiation is available, it could be concentrated and absorbed either directly or indirectly (see section 2.3.3) into a material, which is well insulated to either increase in temperature and/or changes phase thereby storing the solar radiation in the form of sensible or latent heat respectively. Liu et al (2016) provides a review of TES systems for storing concentrated solar energy. In theory, this would be ideal solution to meet the backup power demand of a solar-heated glass furnace as it involves minimal energy conversions from solar radiation to the heat required. However, in practise, storing the high temperature of heat required for a glass furnace is difficult and so no such commercially available systems exist yet.
Solar fuels: Alternatively, solar energy could be stored in the form of chemical potential energy while it is available by using the heat from concentrated solar radiation to effect a thermo-chemical reactions to generate combustible fuels such as hydrogen via two-step water-splitting reactions (e.g. see (Kodama 2003)) and the heat required when solar radiation is unavailable could be provided by ordinary combustion of these solar fuels (Steinfeld 2004). One advantage of using solar fuels over TES is that the energy density of solar fuels are generally much higher than that of materials for TES. Also, the heat losses associated with storage at high temperature can be avoided by use of solar fuels instead of TES.  Furthermore, the high temperatures required for the glass furnace can be much more easily achieved by combustion of solar fuels. In fact, not only could the minimal temperature of 1200oC required for sustaining the safe operating temperature in a glass furnace could be sustained but by combustion of solar fuels the primary energy required for glass melting and fining at 1500oC could also be delivered. However, currently the energy conversion efficiency from solar radiation to solar fuels is low so even for the best solar concentration technology it is not yet competitive when compared to use of conventional PV with storage (Siegel & Ermanoski 2013).
Hybrid solar-fossil fuel operation: Alternatively, during periods where direct solar radiation is unavailable, fossil fuels could be burnt to provide the required heat. In this case, the glass furnace would probably operate with continuous melting and fining like a conventional glass tank furnace, because the relatively low cost of fossil fuels compared to stored solar energy would mean that it could be more economical to produce glass all day rather than only melting and fining when direct sunlight is available and holding the furnace with minimal power for the rest of the time as originally proposed. However, this scenario falls outside the scope of this project, so is not discussed in any further detail here. 
6.5.4. [bookmark: _Ref445307086][bookmark: _Ref451099956]Limitations of scale-up implications analysis
For the current scale-up implications analysis, the operation of the solar-heated glass furnace was essentially modelled as the following series of steady state periods: melting, fining, overnight hold and heat-up. In reality, these would be transient processes with significant variations in temperature, solar power availability, glass forming melt mass flows and chemical conversions throughout. This was simplified in the current model, by assuming averaged solar radiation intensity from existing analysis of real solar concentration systems, over the relevant operational periods and linearly extrapolating from experimental results, assuming the beam intensity to be directly proportional to the melting rate and the fining period to be equal to that of the experiments. This provides the best approximation of potential solar-heated glass production rates for the scale-up scenarios considered, that is currently possible from the available data. However, the aforementioned transient effects were ignored because modelling those dynamics was considered infeasible due to the current lack of required information.  Also, the current scale-up implications analysis assumes that the envisaged solar-heated glass furnaces in every scenario considered could produce glass of equal commercial value to their equivalent fossil fuel heated day tanks at rates corresponding to that of our experiments in which generally demonstrated removable bubbles and inhomogeneities from glass forming melts. However, we were not able to go as far as evaluating the suitability of the glass produced from the solar-heated furnace for particular glass articles according to the commercial demands in the location analysed. Furthermore, it is currently difficult to predict how the glass quality would vary for each of the scale-up scenarios due to the lack of experimental data and models required. Therefore, current scale-up implications analysis can only provide first order approximations regarding the scale of commercial viability of solar-heated glass production. Further work (see section 7.7) is required for an improved model to provide the degree certainty with respect to accuracy of predictability of production rate and quality required for real capital investments. 
6.6. [bookmark: _Toc473995182]Perspectives from the glass industry
Discussions at the European Society of Glass 2015 conference, where this work was presented, revealed that the use of solar energy for glass making was could be of interest for two reasons:
First, the glass industry has a long investment horizon because the construction of a glass furnace is very expensive and the investment period is long since a glass furnace must operate continuously typically for 10-12 years and in some cases up to 20 years or more (Scalet et al., 2013). During this time the accumulated cost of fuel is substantial. This matches well with the business model for renewable energy investments such as the proposed use of concentrated solar energy for a glass furnace because although the initial capital cost of building the solar concentrating system is high, the best return on investment is achieved by operating it over similarly long periods as glass furnaces are usually operated because this results in substantial fuel cost savings over the lifetime of the project. This effect is particularly true for the glass industry because there is a high cost of prematurely shutting down a glass furnace because it results in the permanent deterioration of the refractories so the furnace must be rebuilt before it can be restarted again. Discussions at the International Energy Authority, Solar Heating and Cooling (IEA SHC) task 49/IV expert meeting, where this work was also presented also highlighted this issue as discussions there revealed that integration of solar heat for other industrial processes has been limited due the short investment horizons of the industries relative to the long payback periods of solar thermal investments.
Second, the modern glass industry is inflexible because in order to increase thermal efficiency due to the high cost of fuel, glass melting furnaces have followed a trend of increasing size in order to decrease the surface area to volume ratio of the glass melt and therefore increase thermal efficiency. This effect coupled with the fact that most glass production facilities are designed to produce only one kind of product make the process very inflexible. This is problematic for the glass industry as it makes it difficult to capture smaller niche markets as they appear. Also, since glass is generally a has a low value to weight ratio it is uneconomical to transport glass long distances from the site of manufacture to the point of sale, so a conventional glass furnace must be built in a location where there is sufficient demand in the local area to take up the large production of these increasingly large furnaces. However, since solar energy is essentially free, this relaxes the need to operate a very large furnace as a lower efficiency compared to conventional fossil fuelled furnaces could be acceptable. Therefore, it is envisaged that a potential role for solar glass furnaces could be to capture smaller niche markets in locations where there is sufficient direct solar radiation and where it would otherwise uneconomical or too risky to build conventional, large scale, fossil fuelled glass furnaces due to relatively low local demand for glass.
6.7. [bookmark: _Toc473995183]Summary and conclusions
The experiments carried out during the course of this project have successfully developed a new area of research about glass melting by direct concentrated solar irradiation. We have demonstrated for the first time, the possibility of producing useful glass using process heat provided by a solar beam. Previous work related to melting refractory oxides using a solar beam was limited to methods not capable of producing most useful glass articles. We have developed a new type of solar furnace with integrated secondary electrical heating designed and tested to produce useful glass with a realistic variable solar beam intensity. Our experiments have provided data that proves that a realistic solar beam can be used not only to melt the raw materials for making glass at a thermal efficiency of 16%, but also refine the glass melt produced to rapidly remove bubbles and then generate a flow away from the focal point of the beam to be formed into useful products. 
Conventional, large scale, continuously operated, glass furnaces heated by fossil fuel combustion greatly outperform the current solar-heated glass furnace in terms of throughput, efficiency and the glass quality produced. This is partly because conventional glass tanks are much larger than the current solar-heated glass furnace so the surface area to volume ratio of the melt contained is much smaller, giving rise to better thermal efficiency and melting rates despite the much longer residence times required. Also, since direct solar radiation is naturally only intermittently available, during periods of low availability, the melting rate is reduced and extra heating power is required to recover back to melting temperatures whereas these issues are completely avoided in the conventional, continuously operated glass furnaces as heat is provided by fossil fuels. However, the results of the analysis conducted in this chapter, suggest that solar heated glass production could be competitive with smaller scale glass production in remote locations with high solar radiation availability.


[bookmark: _Toc473995184]Conclusions and suggestions for further work
7.1. [bookmark: _Toc473995185]Introduction
The main objective of the project described in this thesis was to address the key technical issues related to the direct utilisation of solar heat for glass production. In this chapter, the conclusions of this research project are explained. 
A review of literature (see chapter 2) revealed that there was insufficient existing data to provide any useful assessment of the feasibility of solar-heated glass melting and that no system suitable for using concentrated solar radiation for glass melting or anything suitably similar had had ever been reported previously. 
Therefore, a series of experiments were conducted during the course of this project, using a High Flux Solar Simulator (HFSS) beam to melt glass forming batches, incrementally leading to the development of a scalable solar-heated glass furnace in order to address the practical issues related to the use of concentrated radiation for solar powered glass production and assess the feasibility thereof. In the current chapter, conclusions are drawn from the results of the research conducted in this project. In particular, the following questions are addressed. 
What kind of solar receiver-reactor and glass forming raw materials (‘batch’) would best utilise concentrated solar radiation to generate the most useful glass forming melts (section 7.2)? How could a glass melting flow be sustained with concentrated solar radiation (section 7.3)? What quality and quantity of glass could be produced by a solar-heated glass furnace and how efficient could the process be (section 7.4)? How does solar-heated glass production compare to conventional glass production (section 7.5)? What are the future prospects for solar-heated glass production (section 7.6)? Finally, recommendations for further work are provided in section 7.7. 
7.2. [bookmark: _Ref447110877][bookmark: _Toc473995186]Generating glass forming melts using concentrated solar heat
Initially, two methods were tested for generate glass forming melts using concentrated solar radiation. One method involved irradiating a falling stream of the raw materials aiming to rapidly generate a melt ‘in-flight’. However, even with the highest attainable beam intensities, this method proved infeasible due to the insufficient residence time of the particles in the path of the beam and cold surroundings causing excessive heat losses. 
Another method tested, involved irradiating a static, glass forming batch, contained inside a conventional refractory crucible proved to be much more successful, with a series of complete glass melt pools generated using a realistic solar beam. Even, pure silica sand was fully melted to produce an x-ray amorphous glass but its practical use was limited due to the excessively high temperatures required to sustain a sufficiently low viscosity melt to allow entrained gases to evolve. However, a mixture of silica with sodium and calcium carbonates (soda-lime-silica) did form significantly fluid melts such that rapid removal of gases and homogenisation of the melt (fining) was demonstrated and completely transparent glasses were produced. This was of great practical significance because soda-lime-silica is the most common glass produced worldwide for a range of products most of which require transparent, homogenous glasses with minimal entrained gases. So experiments A1-10 demonstrated for the first time that this important class of materials could be produced using process heat provided directly by concentrated solar irradiation. 
7.3. [bookmark: _Ref447110880][bookmark: _Toc473995187]Sustaining a glass melting flow using concentrated solar heat
Next, in order to enable continuity of the solar powered glass melting process, experiments B1-6 (see chapter 4) aimed to sustain a flow of molten glass beyond the focal point of the beam. In order to enable any useful glass making process it is necessary to sustain a flow molten glass from the initial location where it is melted to a subsequent location where it could be formed into the required glass product. Although it was known from the previous experiments that the solar beam could sustain sufficiently high glass melt temperatures at its focal point, this heated area where the radiation intensity was greatest was very small and the surrounding areas were cold which meant it was not obvious whether sustaining any useful flow of glass beyond the focal point was feasible. 
In experiments B1-6, pelletised soda-lime-silica glass forming batch was periodically fed into a crucible which was continuously irradiated by the solar beam and had a lateral outlet to allow the glass produced to flow out. The initial experiments showed that it was not feasible to sustain any significant flow beyond the main body of the melt at the focal point of the beam without any secondary heating because the beam intensities that would be required to do so would be too great for the available glass containing refractories to survive. So, in subsequent experiments, secondary heating at 1200oC and insulation was provided around the outflowing glass and this lead to a successful demonstration of a consistent flow of the glass forming melt out of the crucible and into a secondary container. The average intensity at the focal point of the beam (999 kW m‒2) required to sustain this glass melt flow was within the range that could be delivered by a realistic solar beam. However, the melting rate (1.3-1.9 g/min) of this semi-continuous glass melting process proved to be severely limited by the small area (28 cm2) of the focus of the beam. Also, the thermal efficiency (~4%) of this process was very poor, primarily due to the heat losses from the exposed melting surface which had to be left open in this experimental setup to allow access for the beam. Furthermore, some of the crucibles used in the initial experiments fractured under the significant thermal gradients induced by the concentrated solar radiation. However, over the course of these experiments, the crucible design, beam heating and batch feeding regime was incrementally optimised to enable a glass melt flow to be successfully sustained within conventional refractory materials. So, experiments B1-6 suggested that by judicious choice of the design of the glass containing refractories, and control of beam intensity (by limiting shutter opening between the solar concentrator and the glass forming melt), minimal secondary heating and insulation around the glass flow away from the focal point of the beam and preferably with the glass forming batch pre-homogenised (e.g. by pelletisation) a flow of soda-lime-silica glass forming melt could be sustained as required for a realistic process. Furthermore, these experiments provided useful inputs regarding the melting surface area, secondary heating temperatures and throughputs required for the design of the next stage of the development of the solar-heated glass making process.   
7.4. [bookmark: _Ref447110895][bookmark: _Toc473995188]Performance of a scalable solar-heated glass furnace
Finally, as described in Chapter 5, a complete solar-heated glass melting furnace with the following features was designed built and tested:
1. Scaled-up for improved thermal efficiency and throughput;
2. Capability to sustain long term operation with variable, concentrated solar radiation availability;
3. Flowrate control to enable fining to produce improved quality glass;
4. Accessibility of the output glass to demonstrate a complete glass making process including forming and annealing.
The scaled-up solar-heated glass furnace (Figure 99) essentially consisted of an insulated box, which contained a crucible which in turn contained the glass forming melt. The vertical solar beam and glass forming batch inputs were fed into the furnace through a cut-out running through the roof of the insulated box. The size of the aperture at the inside surface of the box was equal to the size of the focal spot of the beam and they were aligned to coincide. There was a gap between the inlet aperture and the surface of the melt contained in the crucible which allowed for the beam to diverge after passing through the aperture, to spread over the surface of the melt in order to maximise the surface area available for melting while minimising heat losses as re-radiation could only escape out through the relatively smaller area of the inlet aperture. The crucible had an outlet tube extruding out of its base which passed through the bottom walls of the insulated box and was terminated by a freeze-thaw valve. Also there were electrically powered heating elements, inside the insulated cavity, surrounding the crucible, to provide secondary heating. 
It was originally envisaged that secondary heating might be required to assist the direct solar heating to sustain the glass melt pool as in these experiments the size of the crucible was much larger than the focal spot of the beam. However, experiments C1-3 and D1-4 showed that direct solar heating of the glass was not so limited by the small area of the focal spot of the beam but rather a realistic solar beam could disperse through substantial volumes of glass forming melt so without any another heat input a large melt pool could be sustained at sufficient temperatures throughout to ensure all the raw materials contained were fully dissolved and a fining process could be effected to produce significant quantities of bubble free, homogenous glass. The secondary heating was only required during periods of solar radiation unavailability, corresponding to cloud cover and nights, to prevent the otherwise expected damage to the refractories associated with rapid cooling. By the use of this minimal secondary heating coupled with adequate thermal insulation and heat capacity of the materials surrounding the glass melt, the system was successfully operated over experimental periods in the order of days while dealing with beam intensity variations simulating realistic solar radiation availability. Admittedly, secondary heating at 1000-1200oC  from a non-solar, conventional electrical power supply, was required temporarily to sustain the refractories at safe temperature when the simulated solar radiation was unavailable. However, the most energy intensive processes of glass melting and fining at ~1500oC was solely provided by the concentrated solar simulated radiation during experiments D1-4. The relatively low temperature of the heat supply required by the secondary heating important for the commercial viability of future solar-heated glass furnace designs because it meant that cost of delivering this heat would be substantially lower than if heat at full melting temperatures was required. This is particularly important if, as envisaged for future developments the secondary heating would ultimately be derived from renewable sources because the lower temperature and power demand reduced the otherwise very high cost associated with storing and delivering more heat at higher temperatures. 
With 5.26 kW radiant power input from a High Flux Solar Simulator (HFSS) beam into the solar-heated glass furnace,  consistent, repeatable melting cycles were successfully demonstrated, with around 300 g of soda-lime-silica glass forming batch melted every 970 s, corresponding to a glass melting thermal efficiency of 16 %. This was an order of magnitude improvement on the previous experimental series (B1-6, see chapter 4) due to the decrease in surface area to volume ratio of the glass forming melt and encapsulation within an insulated box which reduced the heat losses, especially from the otherwise completely exposed top surface of the melt. 
7.5. [bookmark: _Ref447110911][bookmark: _Toc473995189]Solar versus fossil-fuel powered glass production 
Currently, it is infeasible for solar-heated glass production to compete directly with conventional, centralised, large scale (hundreds of tonnes per day (tpd)) fossil-fuelled glass production because the latter has the advantages of economies of scale, being able to operate continuously and the benefit from over a century head start of optimisation resulting in much higher efficiency, productivity and quality of glass producible than the former. 
However, our experiments and subsequent analysis suggest that solar-heated glass production could be economically competitive with smaller scale, fossil-fuelled glass furnaces known as Day Tanks (see section 2.2.6.2), which are used where the demand may not be sufficient to make larger scale glass furnaces economical. Day tanks are operated on a daily basis rather than continuously, in a similar way to the envisaged solar-heated glass furnace. If the solar-heated glass furnace was scaled-up to ~4 tonnes per day (tpd) glass production and realistic increases in efficiency were made due to decreasing surface area to volume ratio with scale up and future optimisation, the solar-heated glass furnace could operate with a comparable performance to that of the equivalent fossil-fuelled day tanks (see section 6.5.2). This envisaged, 4 tpd solar-heated glass furnace, would require a total land area of 2 hectares accommodate both a field the field of mirrors to provide for the primary direct concentrated solar radiation for glass melting and a solar photovoltaic system to provide the required secondary heating. The total capital investment required for such a solar system, including backup energy storage, would be around $13M, which would pay itself back in fuel savings, within the first 7 years (see section 6.5.2, assuming an oil price of $60 /barrel) of its expected 20-25 year life. 
7.6. [bookmark: _Ref447111843][bookmark: _Toc473995190]Prospects
[bookmark: _Ref447111982]In light of the results of the research described in this thesis and current economic trends, the following conclusions are drawn regarding the commercial prospects of solar-heated glass production in terms of the relative feasibility of using solar radiation compared to alternative sources of process heat to meet future glass production demands.
Directly substituting the process heat currently provided by fossil fuel combustion in existing conventional large scale glass tank furnaces with solar-heating is infeasible because the payback period for the capital investment required for the solar power systems required would be far greater than the cumulative cost of fossil fuels over such a projects lifetime. Also, the area of land that would be required to capture sufficient solar energy to power a conventional large scale glass furnace, would be greater than the available space in the locations where such glass furnaces exist. 
For locations where land and solar radiation is less limited such as desert regions, the cost of transport of the glass produced to customers is more limiting because in such regions the local demand for glass is relatively low. Since glass products generally have a low value per unit volume and economic operation of large scale glass furnaces require very high volumes of sales, locating a large scale solar-heated glass furnace in a desert regions, would be uneconomical because the local population densities are typically so low in desert regions that glass produced would have to be transported too far to be sold.
Therefore, the only remaining opportunity where solar-heated glass production might be economically viable is in locations where there is currently insufficient local demand to justify the capital investments required for conventional large scale glass furnaces but sufficient demand exists for smaller scale glass productions. For such markets, smaller scale, intermittently operated glass furnaces called Day Tanks exist. These operate on a daily basis to accommodate a single day’s working shift. Such smaller scale furnaces have recently become more attractive for glass manufacturing companies due to their advantage of flexibility in meeting local business demands despite being less efficient (Philip Ross & Tincher 2004, pp.40–41). Our analysis suggests that a solar-heated glass furnaces could be commercially competitive with such smaller scale fossil fuelled glass furnaces. However, this would still require significant but achievable increases in efficiency and would probably be limited, in the near term, to markets requiring products with less strict quality requirements than modern container and sheet glass, such as insulation fibres and low quality containers. 
7.7. [bookmark: _Ref457073896][bookmark: _Toc473995191]Future work 
The following recommendations for further work are proposed to improve and evaluate the technical and commercial feasibility of solar-heated glass production.
7.7.1. [bookmark: _Ref447035959]Experimental
The existing scale-up solar-heated glass furnace experimental setup as described in chapter 5 should be modified as follows. 
Second, many more simultaneous temperature measurements should be taken with accurately determined locations throughout the glass melt and batch blanket under solar irradiation in order to develop a better understanding of the heat transfer of solar radiation through the batch blanket and glass forming melt and validate the accuracy of any future models. The number of temperature measurements taken during the current experimental setup was severely limited for the reasons explained in section 5.8.1. An improved method for enabling multiple accurate temperature measurements capable of withstanding the severe conditions inside the glass forming melt under exposure to concentrated solar radiation is required. This could be realised by drilling holes for thermocouple inputs, laterally, through the side wall of the glass containing refractory (e.g. a fused silica crucible). The thermopile wires should be sheathed inside a tube made of the same material as the glass containing refractory walls, to prevent thermal expansion mismatch, and the outer diameter of this tube should fit tightly within the holes bored through the glass containing refractory walls.  The thermocouples should be positioned to take temperature measurements in the batch blanket and at incremental depths through the glass forming melt. These thermocouple inputs ports must be sealed, using a similar refractory, to prevent leakage of the melt. Care should be taken to minimise thermal resistance between the thermocouple junction and the glass melt while maximising the thermal resistance between the junction and surrounding crucible to ensure accurate measurement of the glass temperature at the point of measurement rather than the crucible that the temperature measurements accurately reflect those of the batch or melt rather than the surrounding crucible. Also, the thermocouples should be shielded from electrical interference from the electrical heating elements and radiation from a solar simulator, as this was a problem experienced with the existing experimental setup.
First, an improved method is required for extracting the glass forming melt produced by solar irradiation in order to subsequently form useful glass articles whose quality could be analysed in order to determine their commercial value. The problem with the existing system was that the outlet tube in the bottom of the crucible was too narrow so the outlet stream of glass produced had such a high surface area to volume ratio that it cooled prematurely so it was difficult to consistently produce casting reflecting the quality of the glass forming melt. Therefore it is recommended that either the outlet tube be made of a greater diameter or an improved outlet flow system be developed to provide a better flow for casting. This could be achieved using plunger and automatic shears to reliably generate discrete units of molten glass (‘gobs’) from the output flow. The current version of the solar-heated glass furnace did not include this partly due to budget constraints but also due to concerns about inference of the plunger in the path of the beam. However, for future work, the plunger could be removed during solar-heated glass melting in the day and replaced overnight to extract the accumulated glass forming melt. For convenience the plunger could be integrated into the beam inlet aperture cover. Alternatively, the plunger could be accommodated inside a secondary chamber adjacent in which the glass produced from the existing solar-heated chamber accumulated such that it is not exposed to the direct solar irradiation as suggested in section 5.2.2. Alternatively, a door could be constructed in the side wall of the furnace to provide access for the glass to be manually cast or blown. Then, after annealing, sections could be cut from the castings and the number and sizes of defects could be measured to provide a consistent measure of the quality of glass produced. 
Alternatively, since the existing scale up solar glass melting furnace is already capable of generating an output stream of glass of quality potentially suitable for production of glass fibre insulation material, it could be modified to accommodate an outlet flow nozzle, followed by platinum bushings to generate the glass fibres and then use a conventional fibre spinning system to generate insulation wool. Further work would be required to investigate parameters required to generate a stream of sufficiently consistent molten glass with adequate surface tension from the solar glass furnace as required to efficiently spin fibreglass wool of required quality to satisfy commercial glass fibre insulation materials standards (e.g. see EN13162:2012+A1, British Standards Institution (2015)).
With this improved experimental setup, a series of experiments should be conducted, initially with the HFSS again used to provide a controllable beam power supply to systematically investigate the effect of beam power, batch blanket composition, coverage and thickness, feed intervals, melt depth and fining times on the melting rate, efficiency and quality of glass production. For common silicate glasses, the transition metal ions concentrations are expected to be the most important factor with respect to the effect of batch composition on the absorption of solar radiation (Choudhary & Potter 2005). 
Subsequently, a similar series of experiments could be repeated using a real concentrated solar beam. In this regard, the vertical axis solar furnace 5 (SF-5) at the Platforma Solar de Almeria (PSA) could provide a suitable solar beam for experiments on the current scale of solar-heated furnace, with capability to provide a 5 kW vertical beam at a peak concentration of over 6000 kW/m2 (Rodriguez et al. 2014). 
Also, longer term studies are required to observe the effect of solar heating on the life of the furnace refractories as this has a significant bearing on the economics of glass production (Trier 1987e). The results of such experiments, would be of great benefit to the future development of a model for solar-heated glass production as discussed in the following section (7.7.2).
7.7.2. [bookmark: _Ref447066377]Model
The experiments carried out in this project have provided the first insights regarding the realistic range of glass melting rates and quality practically achievable. However, further work is required to develop a model capable of predicting the performance of a scaled-up solar-heated glass production with sufficient accuracy to provide the confidence required for its commercialisation. Also, further modelling would be useful for optimisation and control of the solar-heated glass melting process. The results of the implications of scale-up analysis (6.5.2) suggest ~4 tpd solar-heated glass production scale is probably the most economically viable so the proposed models could assume a similar scale. The results of our experiments suggest the quality of glass producible should be sufficient for the manufacture of glass fibre insulation wool or low quality containers so the model could work according to the corresponding quality criteria for these products. Also, the existing experimental data suggests that the real process is always far from steady-state so a transient model might be required. The proposed model for a solar-heated glass melting furnace could be composed of three main sub-models. The first sub-model would deal with solar radiation input from the concentrator to evaluate the flux input to the batch blanket. The second sub-model would deal the melting of the batch blanket. Existing models for conventional glass furnaces usually assume the batch blanket is a perfect insulator to the melt below and the new melt develops from the top surface of the batch blanket by what is essentially a diffusion process. However, the observations of the much thinner than usual batch blankets melted under solar simulated irradiation in our experiments suggest this conventional approach is only partially true here but the development of the melt through the batch is significantly encouraged by the effect of the melt from below spilling over the batch blanket as gases are evolved and burst on the batch/melt surface so the proposed batch blanket sub model should take this effect into account as well. The third sub-model would be a CFD model, solving the mass, momentum and energy equations of the glass forming melt, tracking trajectories to evaluate temperature profiles and residence time distributions to ultimately predict the quality of the glass forming melt for a given solar concentrator in a given geographical location as a function of the process parameters over time. 
A model of solar-heated glass melting would require a combination of glass melt spectroscopy data in the 0.5-2.5 micron region (corresponding to the majority of solar radiation) as a function temperature for batch compositions corresponding to the desired product. Combining this data with empirical relations between the beam intensity, glass temperatures profiles and batch meting rates obtained from solar-heated glass melting experiments would be required to optimise the batch composition and glass furnace design to maximise and predict thermal efficiency, productivity and glass quality for a commercial scale solar-heated glass melting furnace.
7.7.3. Evaluation of commercial feasibility 
As discussed in section 6.5.1.6, it is clearly infeasible for solar-heated glass production to compete directly with conventional, large scale, fossil fuel glass production. The only opportunity for the near term economic viability for solar-heated glass production would be to exploit the niche market where there is sufficient demand to take up around 4 tpd of insulation glass fibre or glass containers with a tolerance for some bubbles and inhomogeneities but insufficient local demand to justify, much larger scale conventional production (~300 tpd high quality glass). Also, there must be very high solar radiation availability (DNI over 2000 kWh/m2) for solar-heated glass production to be viable. In such a location, the local value of these glass products should be surveyed. The cost of investment required solar-heated glass production for the location considered, could be estimated following a similar method set out in section 6.5.1 with modifications to the glass melting rate according to the result of the further experiments and models set out in section 7.7.1 and 7.7.2 respectively.
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Villafán-Vidales, H.I., Abanades, S., Montiel-González, M., Romero-Paredes, H., Arancibia-bulnes, C.A. & Estrada, C.A., 2015. Transient heat transfer simulation of a 1 kWth moving front solar thermochemical reactor for thermal dissociation of compressed ZnO. Chemical Engineering Research and Design, 93, pp.174–184.
Villafán-Vidales, H.I., Arancibia-bulnes, C.A., Dehesa-carrasco, U. & Romero-paredes, H., 2009. Monte Carlo radiative transfer simulation of a cavity solar reactor for the reduction of cerium oxide. International Journal of Hydrogen Energy, 34, pp.115–124.
Vogel, W., 1994. Forward. In Glass Chemistry. Berlin: Springer-Verlag, p. v.
Welford, W.T. & Winston, R., 1978. The optics of nonimaging concentratrors, New York: Academic Press.
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	2
	dimensions of mod crucibles.xlsx
	Measured dimensions of the modified crucibles used in experiments B1-6.

	3
	appendix scale up drawings.docx
	Drawings of the scale up solar heated glass furnace refractory parts.

	4
	Appendix SiC heating load calc.docx
	Heating elements power supply voltage, current and elements surface loading calculations.

	5
	Experiment D4 melting period analysis.xlsx
	Analysis of the melting period of experiment D4. 

	6
	radiosity shape factors appendix.xlsx
	Areas and radiation shape factors for surfaces involved in analysis in chapter 5.

	7
	Appendix RE solar concentrator nth.docx

	Description of efficiencies contributing towards the overall efficiency of the solar collector system assumed in chapter 6.

	8
	implications of scale up analysis.xlsx
	Calculations involved in the analysis described in section 6.5.

	9
	global GHI map.png
	World map contour plot of average Global Horizontal Irradiance (GHI)

	10
	global glass furnace locations.png
	Global distribution of flat and container glass tank furnaces.

	11
	TER calcs.xlsx
	Calculation of the Theoretical Energy Requirement (TER) for the formation of soda-lime-silica glasses from batch.
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Scale-up scenario specifications

Heliostat mirrors area  m^2 1,000 1,000 1,000 5,000 5,000 5,000 25,000 25,000 25,000

Solar glass furnace efficiency 16% 16% 30% 16% 30% 16% 30%

Glass production rate

Daily mass of glass produced t/d 5.E-03 0.4 0.8 1.5 2.2 4.1 7.5 11 21 37

Annual mass of glass produced t/yr 2 158 296 535 788 1,482 2,673 3,939 7,410 13,363

Equiv 8oz glass bottles per year units/yr 7.55E+03 6.95E+05 1.31E+06 2.36E+06 3.47E+06 6.53E+06 1.18E+07 1.74E+07 3.27E+07 5.89E+07

Concentrated solar thermal power (CSP) system

Land area for heliostat mirrors m^2 31 2,857 2,857 2,857 14,286 14,286 14,286 71,429 71,429 71,429

   CSP system initial capital costs

Heliostat mirrors cost (installed) $1,000 N/A 804 804 804 2,502 2,502 2,502 7,855 7,855 7,855

Tower (installed) $1,000 N/A 116 116 116 350 350 350 1,524 1,524 1,524

Tower reflector (installed) $1,000 N/A 45 45 45 203 203 203 648 648 648

CPC (installed) $1,000 N/A 214 214 214 322 322 322 846 846 846

Land $1,000 N/A 11 11 11 56 56 56 279 279 279

EPCM (indirect cost) $1,000 N/A 129 129 129 421 421 421 1,463 1,463 1,463

Contingency (indirect cost) $1,000 N/A 157 157 157 504 504 504 1,686 1,686 1,686

Total CSP capital costs $1,000 N/A 1,476 1,476 1,476 4,358 4,358 4,358 14,301 14,301 14,301

  CSP system running costs

O&M for heliostat field $1,000/yr N/A 14 14 14 68 68 68 342 342 342

O&M for tower reflector $1,000/yr N/A 1 1 1 3 3 3 16 16 16

O&M for CPC $1,000/yr N/A 2 2 2 3 3 3 9 9 9

Insurance $1,000/yr N/A 13 13 13 43 43 43 144 144 144

Total CSP system running costs $1,000/yr N/A 30 30 30 117 117 117 511 511 511

Photovoltaic (PV) system 

Area PV system  m^2 62 1,215 1,280 1,407 5,495 5,652 5,938 26,289 26,654 27,298

PV system cost $1000 87 1,700 1,792 1,969 7,692 7,913 8,314 36,804 37,316 38,217

Battery storage cost $1000 9 175 185 203 793 816 857 3,795 3,848 3,941

Total area required (CSP land + PV) m^2 9.31E+01 4.07E+03 4.14E+03 4.26E+03 1.98E+04 1.99E+04 2.02E+04 9.77E+04 9.81E+04 9.87E+04

Total capital cost (CSP+PV+Batteries) $1000 N/A 3,352 3,452 3,649 12,844 13,087 13,529 54,901 55,465 56,459

Investment evaluations

Annual fuel savings $1,000/yr N/A 56 186 542 1,032 2,247 N/A N/A N/A N/A

Annual Profit (fuel saving - running costs) $1,000/yr N/A 26 156 512 915 2,130 N/A N/A N/A N/A

Pay Back Time (PBT) yr N/A >25 22 7 14 6 N/A N/A N/A N/A

Net Present Value (NPV, i=15%) $1,000 N/A -3,186 -2,445 -340 -6,930 683 N/A N/A N/A N/A

Internal Rate of Return (IRR) % N/A -11% 0% 13% 5% 15% N/A N/A N/A N/A

Oil price required for NPV=0 @i=15% $/barrell N/A 500-600 180-190 60-70 120-130 50-60 N/A N/A N/A N/A

Parameter Unit Experiment

Scale up  scenario
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Impurity Effect on glass produced [2] Acceptable limits %
Iron oxides and FeTiO; Tints or makes glass opaque. Optical <0.008 [2]

Milk bottles <0.04 [2]
Windows <0.15 [2]
Typical <0.025 [1]
Alumina AL,O; Improves chemical durability, lowers Best flint <0.1 [2]

thermal expansion but too much Amber<4[2]
increase viscosity of melt and decreases | Typical <0.2 [1]

transparency.

Calcite CaCOs Have erratic distribution in sand so best | Typical < 0.05 [1]
Dolomite CaMg(COs). | avoided.

Magnesia MgO Increases melting temperature. Typical < 0.05 [3]
Titanium dioxide TiO; | Colours glass Typical <0.02 [2] —0.03 [3]
Refractory minerals Survive melt to form inclusions Avoid [2] (% unknown)
e.g. Alsilicates, large

silica particles

Mica Causes spot and holes in glass Avoid [2] (% unknown)
Manganese MnO Tints Typical < 0.05 [3]
Cobalt Cos0s Colours Typical < 0.0002 [3]
Loss on Ignition Carries other undesirable impurities, Typical <0.12 [3]

(including moisture) | causes dusting and foaming in tanks
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Figure 5: The spectral power distribution of solar radiation and the absorption spectrum of molten glass at 1400°C
(Chaudhary & Potter 2005).
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Figure 4: Photograph of initial fused silica batch irradiated by 2 lamps of the HFSS beam with shutters 100% opened.
Melting of crucible visible from the dark patch at top-left edge of the crucible.
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Figure 4: Photograph of initial fused silica batch irradiated by 2 lamps of the HFSS beam with shutters 100% opened.
Melting of crucible visible from the dark patch at top-left edge of the crucible.

Figure 5: Photographs of fused silica batch under HFSS beam. ) at beginning of experiment; b) dark patch appears in
surrounding alumina; c) dark patch spreads and crucible begins melting just before experiment aborted.
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: a) Sintered silica and b) section of alumina powder bed corresponding to dark patch in figure 5 where
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Figure 6: a) Sintered silica and b) section of alumina powder bed corresponding to dark patch in figure 5 where
reaction appears to have occurred.
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Figure 9: Progression of fused silica melt
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Figure 13: First soda-lime-silica glass sample produced
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Figure 15: Soda-lime-silica glass produced from 233g powdered batch
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Figure 18: Glass produced from 10g of pelletised soda-lime-silica batch.
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Figure 5: Video snapshots showing the initial charge of powdered SLS batch melting down during experiment BI at a)
04m:47s and b) 09m:42s

Figure 6: Video snapshots showing newly fed batch melting down during experiment B1 at a) 11m:17s; b) 00:12:04; c) 0
12m:50s; d) 14m:06s
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Figure 7: Clarification of the residual foam around the edge of the melt during experiment BI from a) 17m:57s to b)
19m:51s/

Figure 8: Successful progression of melt despite overfeed during experiment Bl at: a) 22m:38s; b) 24m:15s; ¢)
27m:47s; d) 28m:29s





image41.png
B HS 0D - compound figures semi cont - Word 7 = - x

EIRl -OME  INSERT  DESIGN  PAGELAYOUT  REFERENCES  MAILINGS  REVIEW  VIEW Signin

o X Cut _— #Find -
o - iy 3

- TimesNewRo-jo -] A " Aa 209 | nagbeene Assbeene AaBbCc Asebcel AAB| asebcer acsbeeo aambeene | e
paste - AW A - D lormal | TNo Spac... Headin eadin itle ubtle  SubtleEm.. Emphasis || s
e S Formatpainter B L U e x X A-¥-A- SE== 2 B8 TNormal | TNoSpac.. Headingl Heading2 Ttk Subtite  SubtleEm.. Emphasis || [ g
Ciipboard - Font 5 Paragraph 5 Styes 5 g A&

-

TAETAd

Figure 8: Successful progression of melt despite overfeed during experiment BI at: a) 22m:38s; b) 24m:15s; ¢
27m:47s; d) 28m:29s

35m:34s
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Figure 65: Snapshot of bottom outlet video showing blockage of tangled glass released from the
outlet aperture (8 cm dia) at Oh:50m:13s during experiment C2)|
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Figure 3: Snapshots showing melt progreession which glass flows out through the bottom outlet.
) 13:55:23; b)15:55:50; ¢) 13:56:07; d) 13:56:27; ¢) 13:57-52.
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