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[bookmark: _Toc40635730]Abstract

Tata Steel Power Plant in Port Talbot was built between 1954 and 1981. There are 4 boiler houses, Margam A, B, C and Service Boilers with current installation of Margam D ongoing. Currently, there are 7 Boilers and 8 Turbo Alternators that generate steam to be utilised in steel manufacture, the auxiliary processes in steel making and power generation. 
Electricity is generated on site via steam driven turbines. Steam is made via water tube boilers utilising the on-site indigenous gases, Blast Furnace Gas, Basic Oxygen Steelmaking Gas and Coke Oven Gas as well as imported Natural Gas. 
This project focuses on Boiler 3. This a water tube boiler producing steam into the 44bar main, it was originally installed in Llanwern, Newport in 1972 using BFG, COG and Fuel Oil but was decommissioned in 2002 and moved to Port Talbot where it was recommissioned using just enriched BFG and Natural Gas in 2004. The project aim is to reinstate the ability for the Boiler to utilise Coke Oven Gas to reduce the volume of Natural Gas imported to Port Talbot site.
Analysis into burner type and suitability was undertaken along with research into the indigenous site gases, combustion and safety requirements necessary to ensure the safest possible solution was installed. 
The solution of a lance burner was installed and safely commissioned, along with the associated platforms, walkways, burner management system and supports. The project was completed at £105,300 below budget coming in at £396,300.  
This project has enabled Coke Oven Gas, which would normally have cost the business to flare, to displace Natural Gas and increase Boiler efficiency. The savings have surpassed initial predictions by an increase of 5% at over £300,000per annum. 
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[bookmark: _Hlk33710944][bookmark: _Toc40635733]Overview
Tata Steel UK has various sites across both England and Wales including packaging in Hartlepool, Electrical in Newport and Colours in Shotton. Tata Steel UK directly employs more than 8000 people and many more contractors; over half of these are employed by Tata Steel UK Strip Products based in Port Talbot, Newport and Trostre, South Wales.  
Tata Steel Strip Products UK (TSSPUK) Port Talbot is an integrated steel production plant currently capable of producing over 3.5 million tonnes of steel per annum. By using the raw materials of coal, coke, iron ore and limestone, hot and cold rolled steel is manufactured via the process illustrated in Figure 1.1;
[image: ]
[bookmark: _Toc40635837]Figure 1.1: Steelmaking Process Port Talbot (Tata Steel, 2014)
Many products are manufactured from strip steel and key markets include automotive, construction and packaging. Tata also supply to various other sectors including energy, power, defence and security with 60% of sales going to the UK market (Tata Steel, 2016).

[bookmark: _Toc29285999][bookmark: _Toc40635734]Port Talbot Steelworks
The Steel Company of Wales was formed after the Second World War. It was established with the intention to build an integrated steel plant on the Margam Iron and Steel Works site which became the Abbey Works and was fully operational by 1953. After nationalisation in the 1960’s it became part of British Steel, only to be privatised again to become Corus in 2000. In 2007, Corus was taken over by the Tata Group and Port Talbot became part of Tata Steel Strip Products (Malaws, 2013) 
Port Talbot works is currently the largest steel producer in the UK, with two large Blast Furnaces, Coking Ovens and Hot and Cold Mills producing strip steel. At full capacity Port Talbot can produce 92,000 tonnes of iron per week, and employing more than 4000 full time workers and an estimated 3500 contractors, it is one of South Wales’ largest employers.
 
[bookmark: _Toc29286000][bookmark: _Toc40635735]Port Talbot Power Plant
The Power Station at Tata Steel, Port Talbot was built between 1954 and 1981 with an installed capacity of 113.1MW, and an average current capacity of 70MW (TCE, 2014). The by-product gases of the steel process, Blast Furnace Gas (BFG), Coke Oven Gas (COG) and Basic Oxygen Steelmaking Gas (BOSG) as well as Natural Gas are utilised as fuel in the Boilers to generate steam for power and processes (Tata Steel, 2018). 
Process steam and some of the steel plant power requirements are being met by Margam A, B, C and Service Boilers. Construction is currently taking place on Margam D to increase generation capability of the Power Station which will help create a steel plant that is electrically self-sufficient. All boilers are water tube boilers and vary in size, producing process steam for steel manufacturing, its auxiliaries and finally power generation. 

[bookmark: _Toc29286001][bookmark: _Toc40635736]Boilers
In the most basic definition, a steam boiler is a closed vessel into which water is heated until it is converted to steam at a required pressure. 
There are different types of Boilers which can be split into two main groups, water tube and fire tube. 
[bookmark: _Toc40635737]Fire Tube Boiler
A fire tube boiler consists of several tubes through which hot gases are passed. Tubes are immersed in water and when heated, the water is converted to steam shown in Figure 1.2.
[image: ]
[bookmark: _Toc40635838]Figure 1.2: Fire tube boiler (Ubi, 2010)
Hot combustion gases are produced by burning fuels. The hot gases travel through the pipe work in the boiler. The hot pipe work heats the water in a pressurised drum until it becomes steam and is channelled off. Fire tube boilers are low cost due to the simplistic design and compact size. However, they are inefficient systems due to low rate of heat transfer. Fire tube boilers are slow to respond to load changes due to the large volume of water present and high pressures cannot be achieved as the water and steam are held in the same closed vessel (Pett, 2018) 
[bookmark: _Toc40635738]Water Tube Boiler
A water tube boiler has tubes of water heated by surrounding hot gases. As illustrated in Figure 1.3, water filled tubes are located throughout a boiler and are surrounded by gases formed in a furnace using a chosen fuel. 
[image: ]
[bookmark: _Toc40635839]Figure 1.3: Water tube boiler (Brain, 2008)
Water tube boilers work on the principle of natural water circulation. 
Natural water circulation is where cooler feed water is introduced into the steam drum. As cold water is denser than warm or hot water, it displaces the warmer water to the front of the furnace where it is exposed to the higher gas temperatures. The heat from the gases produce steam in the water which is released, separated and channelled away. 
As the design can include burners firing from various directions the benefit of using water tube boilers includes better heating control and, due to the smaller water volume, it can respond rapidly to changes in heat input and load changes. Water tube boilers are more efficient as they have a larger surface area exposed to heat, therefore the rate of heat transfer is greater and consequently higher steam pressures can be achieved. However, they are large and expensive. Water tube boilers are not simple to make and due to the complexity of the designs a robust control system is needed, consequently, the cost of a water tube boiler can be quite high (Spirax Sparco1, 2019)

[bookmark: _Toc40635739]Margam Boilers
The Boilers in Port Talbot are water tube boilers and are comprised of three main systems to help produce steam: The Fuel, Water and Steam system. 
[bookmark: _Toc40635740]The Fuel System
The main components that make up the fuel system include burners, combustion chamber/furnace, heat exchanger, controls and exhaust stack. 
To create heat fuel is burnt via the burners in the furnace, this produces hot gases. When the hot gases encounter the heat exchanger, where the water is stored, it heats the water to produce steam. Control systems are used to regulate and monitor temperature, fuel, water, steam, flows and pressures and ensure that the boiler operates within safe limits and to its’ design specification. The exhaust stack ensures all waste gas is removed from the building and boiler to a safe place. Waste gas can be sampled to monitor the combustion process and boiler efficiency (Haddadin and Khouri, 2019)
[bookmark: _Toc40635741]The Water System
The water system is comprised of a water treatment plant, boiler feed water heaters, deaerators, heat exchanger, feed pump and economizer. Feed water is the water supply for the process.  The feed water system includes feed water heaters, the deaerators and economizer. The water is first treated via the treatment plant to ensure it is clean and rid of any particulates or elements that can affect the integrity of the boiler; it is regularly sampled throughout the process to ensure this. The water is preheated via waste heat from the boiler, and then travels through the deaerator which passes steam through the water to extract oxygen. The economizer is the last stage of the feed water process and is used to further improve boiler efficiency by heating the water via exhaust gases. Any water filled tubes exposed to heat are considered heat exchangers; therefore the water is constantly exposed to heat during the process (Tata Steel, 2018). 
[bookmark: _Toc40635742]The Steam System
Steam/mud drums, boiler tubes, superheaters, attemperators/desuperheater and condensate systems are the components of the steam system in a water tube boiler. The steam/mud drum is where steam and water are separated. The water is fed from the economizer and, once turned into steam, flows out of the drum via the steam outlet tubes. The steam is saturated at this point. It consequently passes through the superheater to remove moisture. The superheater raises the temperature of the steam above saturation point. The steam then passes through an attemperator also known as a desuperheater. This controls the amount of heat added to the steam by using water into the flow of steam. Any condensate then passes through the boiler and is returned as feed water to go through the process again (Satyendra, 2014).
[bookmark: _Toc29286002][bookmark: _Toc40635743]  Project Overview
Boiler 3, shown in Figure 1.4, is a 44-bar steam generating boiler installed and commissioned by International Combustion Limited (ICL) originally in 1972 in Llanwern Steelworks, Newport. Original design fuels were Blast Furnace Gas (BFG), Coke Oven Gas (COG) and Fuel Oil. In 2002, Boiler 3 was decommissioned and relocated to Port Talbot Steelworks as part of the decommissioning of the heavy end of Llanwern site. It was recommissioned in Port Talbot in 2004 but modified to fire only Blast Furnace Gas and Natural Gas. Since its installation in Port Talbot there have been various complications with the Boiler including forced draught fan issues and high steam and metal temperatures. Due to these issues the maximum continuous rating (MCR) of the boiler has been reduced. Steam generation capacity is currently restricted to 28kg/s compared to original capacity of 35kg/s. It has been identified that by introducing Coke Oven Gas to Boiler 3 it has potential to save money by reducing Natural Gas import to site but also an increase in Boiler efficiency and the capability to produce more steam due to the increase in furnace temperature. 
[image: ]
[bookmark: _Toc40635840][bookmark: _Toc29286003]Figure 1.4: Image of Boiler 3

[bookmark: _Toc40635744]Project Aim
This project will aim to reintroduce Coke Oven Gas firing capability to Boiler 3 in Port Talbot Steel Works. It is predicted that the eventual outcome will include the ability of the boiler to operate at its original maximum continuous rating of 35kg/s with the identified savings achieved. The original design and specification will be used as a template. 

[bookmark: _Toc29286004][bookmark: _Toc40635745]Objectives
· Undertake the necessary research and evaluate the most suitable approach to reinstall COG burning capability to Boiler 3
· Create robust justification to secure business funding 
· Implement proposed solution
· Evaluate effectiveness of proposed solution

[bookmark: _Toc29286005][bookmark: _Toc40635746]Project Management Overview and Timing Plan
The project sponsor is a senior engineer within the department and is one of the leads for Energy Optimisation and Natural Gas Reduction Projects within the steel works. The report author is the project engineer and is responsible for project and contractor management, planning and coordination as well as the project budget. Plant support was offered through the Outage Maintenance Manager for the Power Plant as well as operational teams and managers. 
Zeeco Ltd is the main contractor and will supply the chosen burners and burner management system. Supporting them are mechanical, electrical and PC&A support provided by Tata, JES, C&P Engineering and Emerson Systems. Extra support is provided by various other contractors listed in Figure 1.6 and includes scaffolding erection and pipe work inspection.
[image: ]
[bookmark: _Toc40635841]Figure 1.6: Project Management Structure 
Project timing plan is included below in Figure 1.7: 
[image: ]
[bookmark: _Toc40635842]Figure 1.7: Project Gantt chart (Larger version available in appendix 1.1)
Ancillary installation of the project is to be carried out while Boiler 3 is online. The final installation of the burner design is to be coordinated to take place during statuary outage, therefore robust planning is vital for the project to be completed. 
 
[bookmark: _Toc40635747]Reason for Undertaking Project
Currently Boiler 3 has unavoidable Natural Gas consumption during unplanned site gas disturbances especially during Blast Furnace outages. There are huge cost implications associated with this, not only due to the cost of Natural Gas import but the associated taxes applied when using Natural Gas to generate electricity. Another associated benefit is the reduction in Coke Oven Gas Flare during periods of time when Coke Oven Gas consumers are limited. By enabling Coke Oven Gas to be utilised on Boiler 3, during these periods especially, it will help reduce the cost of the flare and utilise a high calorific site gas which is a valuable resource. 
Current combustion set up on Boiler 3 includes 8 BFG burners tangentially fired in four corners on two levels. Natural Gas is fired from two burners at the front of the boiler. There are 2 turbo driven feed pumps providing water to the boiler, out of which 1 was modified to motor driven feed pump recently. The boiler is provided with 2 rotary air pre-heaters to increase the temperature of the combustion air to the burners from ambient to approximately 500°C.  Each forced draught fan and induced draught fan have a common turbine drive, out of which, one was converted to motor drive (TCE, 2014). Figure 1.8 shows the general arrangement of Boiler 3.
[image: ]
[bookmark: _Toc40635843]Figure 1.8: General Arrangement of Boiler (Larger version available in appendix 1.2)

[bookmark: _Toc40635748]Steel Industry Challenges
The global recession of 2012 hit the steel industry hard and it is still trying to recover. Although recently there have been years where Tata Steel Port Talbot have seen a rise in profits, there is always potential for another recession to hit which could be worse than the last. As well as a volatile customer market, the cost of energy and fuel is constantly increasing and as such more emphasis has been placed on Margam Power Plant to increase energy production using fuel as efficiently as possible. 
A major step forward has been the installation of Margam D which will see a 30MW Turbine Alternator installed on site. This will increase site generation production to an average of 100MW. There have however, been several projects identified as an interim measure to increase efficiencies of existing kit and maximise the use of indigenous site gases to generate power for site utilisation. By reintroducing Coke Oven Gas burning capability to Boiler 3 it will reduce the need for natural Gas import as well as utilising gases produced on site which otherwise are a further spend when flared.
[bookmark: _Toc29286008][bookmark: _Toc40635749]Natural Gas Savings
It is projected that by installing Coke Oven Gas firing capability back to the boiler there will be a reduction in both Natural Gas consumption and COG flare. It will increase boiler efficiency due to the increase in furnace temperature, all with associated savings, which are currently estimated at £200k for the first year.
Natural Gas Price - £4.76 per GJ
Natural Gas Tax price - £0.67 per MWH
COG price - £3.70 per GJ
Total Fuel and Tax savings - £117,415
Total auxiliary consumption savings - £42,254
Total benefit from additional electricity generation COG - £126,394
Total project savings - £286,063

[bookmark: _Toc29286010][bookmark: _Toc40635750]Project Scope
The scope of this project is to include the installation of COG pipe work and combustion equipment as well as including all associated ancillary works. This includes drainage systems, platforms and access. 

[bookmark: _Toc29286011][bookmark: _Toc40635751]Measurable Targets
It is necessary to identify measurable targets to review in order to gauge whether a project has been successful or not. The identified measurable targets for this project will be evaluated once the project has been completed and include:
· Boiler 3 efficiency 
· Utilisation of COG on Boiler 3
· Usage of Natural Gas on Boiler 3
· COG Flare

[bookmark: _Toc29286012][bookmark: _Toc40635752]Project Budget
The current budget for this project is £500k for completion. This has been calculated based on previous project funding and educated estimates for the work. Adequate contingency has been included in the budget as a large-scale project can incur unexpected costs if there are unseen issues. 
In order to keep costs to minimum competitive quotations were obtained throughout the project and wherever possible work was carried out by Tata employees instead of contracted employees. 
Figure 1.9 shows a copy of the cost estimates and actual prices for comparison. The project was well managed and came in under budget. 
[image: ]
[bookmark: _Toc40635844]Figure 1.9: Cost estimates Vs Actual 
[bookmark: _Toc29286013]

Background Research

[bookmark: _Toc40635753]Background Research
[bookmark: _Toc29286014][bookmark: _Toc40635754]Combustion and Energy
[bookmark: _Hlk33711158]When looking at processes that involve combustion and burning fuel for energy, it is critical to understand the combustion process. Stoichiometric combustion is the ideal combustion of a fuel, where all carbon, hydrogen and sulphur molecules have been burnt off. There are various ways to measure stoichiometric combustion, with stack and exhaust fume monitoring being the most common. If carbon, hydrogen or carbon monoxide is present in the waste gas, the process has not been stoichiometric. 
Stoichiometric air need is the calculation used to ensure that complete combustion of a fuel occurs. 
Combustion of most fuels is as follows, 
Fuel + Oxygen + Energy = Carbon Dioxide + Water
The equation shows complete combustion of fuel, oxygen and energy with the resultant products of carbon dioxide and water. For stoichiometric combustion both sides need to balance. 
Combustible fuels are made up of molecules that react with oxygen molecules. It is the available molecules that are used to for the stoichiometric calculation. Methane, for example, when heated with oxygen creates carbon dioxide and water.
Methane + 2 * Oxygen = Carbon Dioxide + 2 * Water
CH4 + 2O2 = CO2 + 2H2O
To balance the equation, 2 oxygen molecules are needed for every molecule of methane. 
Therefore, for stoichiometric combustion of methane with oxygen you need 2 molecules of oxygen for every molecule of methane. 
If a fuel is burnt in air instead of pure oxygen all other reactants that are present need to be considered. Figure 2.1 represents the composition of air,
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[bookmark: _Toc40635845]Figure 2.1 – Air Composition (Engineering Toolbox1, 2019)
Air is composed of 20.95% oxygen therefore the ratio of oxygen to air is equal to 4.77:1. Since 2 molecules of oxygen are needed to fully combust 1 molecule of methane, the final air requirement is: 
2 * 4.77 = 9.55
Therefore, the oxygen to air ratio is 9.55:1.
This obviously assumes that the mixing conditions for complete combustion are met. Unfortunately, this cannot be guaranteed in industrial applications so, excess air is always added to ensure there is no surplus fuel which can lead to uncontrolled combustion or unburnt gas escaping. 
There are three different types of fuel mixture that can be used in combustion processes. 
· Fuel rich, where there is an excess of fuel in the mixture, this is seen as dangerous as control of the burning process is lost. 
· Stoichiometric, where the perfect amount of fuel and oxygen is present for complete combustion to occur. 
· Fuel lean, where there is an excess in oxygen present. This is to ensure that all fuel is combusted and no gas escapes to atmosphere or unexpectedly combusts in an area that is not controlled or monitored.

[bookmark: _Toc29286015][bookmark: _Toc40635755]Calorific Value (CV)
The calorific value of a gas is the amount of energy released as heat when the fuel fully combusts with oxygen.
CV calculation takes into consideration all combustible components present in the gas and is expressed in Giga Joules per Normal meter cubed (GJ/Nm3). The lower calorific value (LCV) is generally used as the value assumes that any water content is in a vapour state at the end of the combustion process. 
Calorific value is calculated by using the combustible elements present in any gas. For example, the calorific value of a gas mixture containing 40% Hydrogen and 60% Nitrogen is as follows, 
= (Hydrogen % X Hydrogen LCV) + (Nitrogen % X Nitrogen LCV) / (Hydrogen % + Nitrogen %)
= (40% X 10.8GJ/Nm3) + (60% X 0GJ/Nm3)/ (40% + 60%)
= (432) + (0) / 100
= 4.32GJ/Nm3
Nitrogen is an inert gas and as such has no calorific value; the LCV for Hydrogen was sourced online at Engineering Toolbox, (Engineering Toolbox2, 2019)
Calorific value of site gases varies, and so static CV analysers are used to continuously sample the gas. The results are then used in a feedback loop to alter the supply of excess air provided to ensure the combustion process is as efficient as possible yet still allowing for 10% excess air. Sporadic samples are also regularly carried out to compare with the results of the analysers

[bookmark: _Toc40635756]Site Gases
As a by-product of the steel making process, site gases are made. These are utilised in processes on site to help lower cost by reducing the amount of Natural Gas imported. There are 3 indigenous site gases that are used on site. These are Blast Furnace Gas, Coke Oven Gas and Basic Oxygen Steelmaking Gas. 
[bookmark: _Toc40635757]Blast Furnace Gas (BFG)
Blast Furnace Gas is a by-product of the blast furnace iron making process. It is made as hot air flows through the iron ore, coke and limestone mix in the Blast Furnace. The waste gas is then collected and distributed around site to end users. It is used in various applications on site including as a fuel in the boilers to produce steam. BFG CV is heavily dependent on the Blast Furnace operating parameters and as such CV analysers are used on site to monitor composition. Typically, Port Talbot BFG has a CV of between 3 – 4 GJ/Nm3. As it is composed of mainly nitrogen, an inert gas and consequently is not a great source of heat energy. Blast Furnace Gas also contains a lot of water, which needs to be regularly drained at various points to prevent gas flow issues. Due to the varying gas composition it is difficult to maintain a perfect stoichiometric air ratio and therefore it is important to constantly have excess air to ensure complete combustion. 
[bookmark: _Toc40635758]Basic Oxygen Steelmaking Gas (BOSG)
Basic Oxygen Steelmaking Gas is made from the process where molten iron is made into steel. In the steel plant process alloys, fluxes and coolants are added to molten iron to help create the required steel grade. High pressure pure oxygen is then blown through a water-cooled lance into the mixture. This removes any unwanted impurities including large amounts of carbon to turn the iron into steel. Although most of the waste product is a slag waste to be removed from the steel, there is also a large amount of waste gas produced. This gas is collected via a collection hood and utilised in processes throughout the steel production process. The CV of BOS gas is higher than BFG, generally between 8-9GJ/Nm3, however, due to the BOS process being cyclical there is not a consistent supply. As such BOS gas in Port Talbot is mainly used as an enrichment gas to help stabilise and increase the CV of the BFG. 
[bookmark: _Toc40635759]Coke Oven Gas (COG)
Coke Oven Gas is a by-product from the coking process. Coal is baked under extreme temperatures in a coking oven, volatiles are burnt off and any waste products are utilised or disposed of. This gas is utilised most in Port Talbot in various processes as a fuel to displace Natural Gas usage including the Reheat Furnaces, Power Plant and the Coke Ovens themselves. Raw COG is full of contaminates, including tar vapours and high amounts of hydrogen sulphide, which are not wanted by the downstream consumers as they cause various issues including pipe erosion and blockages in the pipe work and valves. To reduce and eliminate this the raw gas goes through various cleaning and scrubbing processes demonstrated in Figure 2.2,
[image: COG process.PNG]
[bookmark: _Toc40635846]Figure 2.2 – Coke Oven By-products cleaning process (Platts, 2019) 
It is the highest calorific site gas at an average of 16-19GJ/Nm3 and is widely used across site. The gas composition that has been used for the purpose of this application is in Figure 2.3, 
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[bookmark: _Toc40635847]Figure 2.3 – Gas composition taken by Tata Labs 2019  
[bookmark: _Toc40635760]Natural Gas
Natural Gas is the preferred fuel in combustion systems on site; however it is very costly to the company at between £4-8 per GJ. Natural Gas generally has a consistent and reliable CV of 36.5GJ/Nm3 and is provided by an offsite supplier. Natural Gas won’t erode or damage pipe work like the site gases and when combusted the energy produced is as consistent and reliable as the supply. 
[bookmark: _Toc40635761]Site Gas Considerations
There are many site gases available and so it would seem an easy solution to replace a lot of Natural Gas with the site gases BFG, BOSG and COG. However, there are considerations to make, including system redesigns to ensure that the required flow and volume of fuel is constant as well as monitoring of CV to then ensure that the correct amount of combustion air is provided. All of which is to be constantly measured to reduce any risks or hazards occurring. 
Engineers need to consider the maintenance of not only the pipe work but of the supplier of the gases. If the process is interrupted for either a scheduled maintenance or a breakdown the volume of gas produced will be affected. All end users need to be aware and able to facilitate these incidences.
During the combustion process there are new elements and gases produced. Unfortunately, some of these are toxic and harmful to people and the environment. Due to this, the process is controlled to limit the formation of these. This can be done through monitoring and controlling the amount of fuel, combustion air and temperatures that are seen throughout the combustion process. 
[bookmark: _Toc40635762]NOx
Nitrogen Oxide formation occurs through two processes, thermal NOx and prompt NOx. Thermal NOx is created by the temperature of the combustion zone and oxygen concentration. It can therefore, be limited if the flame temperature is lowered or controlling the amount of oxygen present during combustion. However, control of these parameters can be very difficult especially in industrial applications. As previously mentioned, combustion processes on Tata site are generally operated with 10% excess air. This is to ensure that all there is no uncontrolled combustion of excess of fuel; however this contributes to the formation of Nitrogen Oxide. It also creates a circular problem as the hotter the combustion chamber gets the more likely to create Nitrogen Oxide due to an increase in the combustion zone. Therefore, it is critical to have efficient and accurate monitors in place to limit this occurring as much as possible. As Coke Oven Gas has a higher flame temperature than Blast Furnace Gas this problem is likely to become an issue if not controlled properly (Habib et al, 2008). It is therefore critical for limits to be imposed on the allowable emissions for these gases to monitor the combustion processes. The limit set for the installation of Coke Oven Gas firing to Boiler 3 was 200ppm. This has been enabled by stack emission monitoring. The waste gas stack on Boiler 3 has a monitoring system in place with a feedback loop so that control of combustion is monitored and alarmed.  
[bookmark: _Toc40635763]SOx
SOx are formed when sulphur is present in the gas. Sulphur dioxide has the potential to turn to sulphur trioxide when exposed to excess air which can increase the dew point of gases. If the flue gas temperature then falls below this point it can cause sulphuric acid which is highly corrosive on metal surfaces (Sridhar and Mohaideen, 2012). This can dramatically affect not only the performance of the boiler but will affect the life span of the asset. Consequently involving a lot of extra resource and spend to correct the issues present or ultimately investing in a new asset.


[bookmark: _Hlk33711480]Boiler Operations 

[bookmark: _Toc40635764]Boiler Operations
[bookmark: _Toc40635765]Overview
As previously mentioned in section 1.3, the basic working principle of boiler is relatively simple and is shown in Figure 3.1. Fuel is burnt in a furnace and hot gases are produced. These hot gases come into contact with a water vessel and the heat off these gases transfer to the water and consequently steam is produced in the boiler. In Port Talbot Power Plant, the steam is piped to turbines to produce power.
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[bookmark: _Toc40635848]Figure 3.1 – Typical heat balance of a boiler (Jayamaha, 2008)

[bookmark: _Toc40635766]Water Tube Boilers 
The first design of boilers struggled to reach higher pressures. This was due to the difficulty in building large vessels capable of containing high pressure, however, with the invention of water tube boilers it enabled higher pressures to be produced. Further understanding of control and utilisation brought about between 1970s-1990s has meant companies are interested in high efficiency usage and steam production. There are also the environmental benefits from high efficiency power generation as it will decrease CO2 greenhouse emissions (Basu et al, 2012) 

[bookmark: _Toc40635767]Feed Water and Steam Circuit of Boiler
The feed water and steam circuit of a boiler consists of several components, all of which play a significant part in the efficient generation of steam.
Feed water enters the boiler via the steam drum and flows down the down comer and into the mud drum. From the mud drum it enters the wall tubes (risers) where it is heated. Steam is produced in the risers and the steam/water mix re-enters the steam drum where steam and the steam/water mixture are separated. The flow of water and steam is maintained by natural circulation. Natural circulation, as previously explained in section1.3.2 is achieved by the relatively colder feed water being higher in density than the steam/water mixture. This flow is shown in Figure 3.2
[image: water tube boiler]
[bookmark: _Toc40635849]Figure 3.2 – Feed water circuit (Tata Steel, 2018)
It is important to try and recover as much condensate as possible as this helps reduce the cost of water treatment. The feed water condensate has already been chemically treated and is warm, therefore needing less energy to turn into steam hence making the boiler more efficient (Bahadori, 2016).  
[bookmark: _Toc40635768]Deaerator
Figure 3.3 below shows the water and steam flow through a deaerator system. A deaerator is used for the removal of oxygen and other dissolved gases from the feed water supply to the boiler. Oxygen is the main cause of corrosion in boilers and needs to be removed by either chemical or physical processes. Similarly, if carbon dioxide is present then the pH of the feed water will be low (acidic) and the rate of corrosion is higher. Typically, pitting can occur which can cause deep penetration and perforation on metal surfaces in a short time period (Jackson, 2017).
Water exposed to air can become saturated with oxygen with temperature varying the concentration: the higher the temperature, the lower the oxygen content. Therefore, the first step in feed water treatment is to heat the water to drive off the oxygen. Typically, a boiler feed tank should be operated at 85°C to 90°C. Chemicals such as sodium sulphite or tannin can be added to remove any remaining oxygen (Jones, 2020).

Steam is injected at the base of the head and flows in the opposite direction to the water (counter flow), or from the sides crossing the flow (cross flow). The aim of this is to provide as much contact between steam and water flows as possible to raise the water to the required temperature. 

The steam is injected via a diffuser to provide good distribution of steam within the deaerator dome.

[image: Fig. 3.21.3 - Inside a deaerator dome] 
[bookmark: _Toc40635850]
Figure 3.3 - Inside a deaerator dome (Spirax Sarco2, 2020)

[bookmark: _Toc40635769]Economiser
The economiser is a heat exchanger which takes heat from the flue gas and uses it to increase the temperature of feed water to the boiler. A lot of energy is lost if the high temperature of the flue gases is not utilised. By utilising these gases in heating the feed water, higher efficiency and better economy can be achieved therefore less energy is required to produce the steam. Alternatively, if the same quantity of energy is supplied, then more steam can be produced. In broad terms a 10°C increase in feed water temperature will give an efficiency improvement of 2% (Spirax Sarco3, 2020). This is achieved by passing the waste flue gas over the economiser, therefore transferring the heat from the flue gases to the feed water, shown below in Figure 3.4.
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[bookmark: _Toc40635851]Figure 3.4 – Illustration of an economiser (Bright Hub Engineering, 2020) 

[bookmark: _Toc40635770]Boiler steam Drum
A steam drum is a pool of water/steam at the top end of the water tubes. The drum stores the steam generated in the water tubes and separates the steam/water mixture from the steam. The difference in densities between hot and cold water helps in to collect the hot water and saturated steam into the steam drum. 
High efficiency separation is very important to prevent water droplet carryover into the superheater, where serious thermal damage can occur. It prevents the carryover of solids into the superheater and turbine blades where deposits may form and can be difficult to remove. The long-term effect of these deposits is a reduction in turbine efficiency as well as superheater tube temperature increases which can cause tube distortion and burn out.
The mud drum is located beneath the boiler drum to collect the solid materials which precipitate out of the boiler feed water. The process by which suspended solids are collected in the boiler is referred to as cycling. Cycling occurs because the boiler feed water is sent through the boiler drum repeatedly. This is done to produce the maximum amount of steam per unit volume of feed water. On each pass through the boiler drum, a portion of the boiler feed water is vaporised. This results in an increase in the solids concentration in the boiler drum. Eventually, the solids concentration hinders the ability to maintain steam generation efficiency and boiler blow down is required (Babcock and Wilcox, 2020).

[bookmark: _Toc40635771]Boiler water treatment
Generally, water supplies contain minerals and solids. Calcium and magnesium are the most commonly found minerals in water supplies. Water may also contain silica, iron, and other trace minerals that vary by geographic location. The build-up of minerals on a surface is referred to as scale. The build-up of scale on a heating surface insulates and overheats metal surfaces, reducing the life of the boiler and making it less efficient. Additionally, the scale can travel downstream of the boiler clogging ports and surfaces of other equipment. It is therefore important for water to be treated before it can be fed into a boiler.
Boiler water treatment is used to control the solids that can cause corrosion and build up throughout the boiler water system.
There are three phases of water treatment in a boiler system:
· Blow down- which maintains the total dissolved solids in the system
· External treatment- which removes hard salts, minerals and oxygen before the water enters the boiler.
· Internal treatment- which maintains proper water chemistry by adding chemical additives to the boiler water.
[bookmark: _Toc40635772]Boiler blow down
Boiler blow down is to ensure that the concentration of total dissolved solids is kept below a certain maximum allowable level and to prevent the accumulation of suspended solids that collect at the bottom of the boiler drum.

Boiler blow down is generally carried out in two stages. First a continuous blow down from just below the low water level. This is to control the total dissolved solids of boiler water, but it can also help to recover some 80% of heat content and 10 - 20% of pure water in the form of condensed flash steam. Secondly, bottom blow down is completed to remove suspended solids and should be carried out on an intermittent basis from the bottom of the boiler drum. The intermittent blow down can be automated via programmable cycle timers. Discharge of bottom blow down is to a blow down vessel at atmospheric pressure.  
[bookmark: _Toc40635773]Conductivity 
Conductivity is a measurement of how many solids are in the water and is based on the ability of the water to conduct electricity. The more solids that are present, the better the water conducts electricity, but the more scale will build up. Water treatment programs use conductivity to measure and control the solids level in the boiler water and control it via the boiler blow down. 
[bookmark: _Toc40635774]PH levels
The pH level is a measurement of the acidity or basicity of the water. The pH scale runs from 0 – 14, with 0-5 being acid and 9-14 being base. Untreated ground or surface water is usually in the pH range of 6 – 8. Ideal water pH for boilers will range from 8 pH to 13 pH, depending on the type of boiler, so the pH level of the water sometimes needs to be increased. Caustic soda and sodium carbonate are often used to raise the pH of the boiler water in steam systems, while sodium borate is commonly used in hot water boilers.
[bookmark: _Toc40635775]Gases
Steel boilers are sensitive to oxygen in the boiler water as it can cause pitting, a severe form of irreversible corrosion. As the water is heated, gases (oxygen and carbon dioxide) are driven out of the water and settles on the metal surface, causing corrosion. Water treatment minimises this damage. Oxygen can be removed mechanically using a deaerator, or chemically. High-pressure boilers typically utilise a deaerator followed by addition of chemicals to the boiler water.

[bookmark: _Toc40635776]Drum level control
The drum level must be controlled to the limits specified by the boiler manufacturer otherwise there is potential for water carryover. Boiler water carryover into the superheater or the turbine may cause damage resulting in extensive maintenance costs or outages of either the turbine or the boiler. If the level is low, overheating of the water wall tubes may cause tube ruptures and serious accidents, resulting in expensive repairs, downtime, and injury or death to personnel. A rupture or crack most commonly occurs where the tubes connect to the drum. Damage may be a result of numerous or repeated low drum level conditions where the water level is below the tube entry into the drum.
Poor level control also influences drum pressure control. The feed water going into the drum is not as hot as the water in the drum. Adding feed water too fast will result in a cooling effect in the boiler drum reducing drum pressure and causing boiler level shrinkage. 
[bookmark: _Toc40635777]Carryover
If the impurities in the boiler feed water are not dealt with properly, carryover of boiler water into the steam system can occur. This can lead to problems elsewhere in the steam system, such as contamination of the heat transfer surfaces, which will increase thermal resistance and reduce the effectiveness of heat transfer and restriction of steam trap orifices, which can reduce steam trap capacities and ultimately lead to reduced output due to water logging. 
Carryover can be caused by two factors:
· Priming – Where boiler water has travelled into the steam take-off and is generally due to one or more of the following:
· Operating the boiler with the water level too high.
· Operating the boiler below its design pressure; this increases the volume and the velocity of the steam released from the water surface.
· Excessive steam demand.
· Foaming - This is the formation of foam in the space between the water surface and the steam off-take. Foaming can cause level indication issues, probes and differential pressure cells will read the foam level instead of the water level.
· 
[bookmark: _Toc40635778]Down comer/ Water Wall Tubes (Risers)
The down comers supply feed water from the steam drum to the water wall headers and are strategically placed outside of the boiler confines to aid the natural circulation of the boiler as shown in Figure 3.5. 
The water wall tubes are where most of the steam making process takes place. Feed water leaves the drum and enters the down comer tubes which are situated outside the boiler walls, and feeds the water wall, which then feeds into the wall tubes. As the name suggests, these tubes form the wall of the combustion chamber and absorb much of the heat produced by the burners where the boiling process takes place before passing a water steam mix back into the steam drum. This all happens by means of natural circulation. 

[image: C:\Documents and Settings\powells\Desktop\simon\Sirkulasi Alam Air dlm Boiler.jpg]
[bookmark: _Toc40635852]Figure 3.5 – Natural circulation of the down comers and water wall tubes (EnggCyclopedia, 2020)

[bookmark: _Toc40635779]Superheater
Superheated steam is steam that is at a temperature higher than the saturation temperature for the steam pressure. For example, steam at a pressure of 44 barg has a saturation temperature of 257°C (Engineering Toolbox4 2020). If further heat was to be added to this steam and the pressure remained at 44barg, it would become superheated. This extra heat results in steam which:
· Contains more energy than saturated steam. 
· Has a greater specific volume than saturated steam. 
Superheated steam is principally used in power generation plants as the driving force for turbines.  Many boilers are installed with a superheater, which is a heat exchanger where heat is transferred to the saturated steam to increase its temperature which in turn raises the overall cycle efficiency. It reduces the moisture content in the steam before it passes into the steam main and finally into the turbines.
Superheating the steam has further advantages:
· Wet steam within a turbine would result in water droplets and erosion of the turbine blades, as well as increased friction. 
· Higher pipeline velocities can be used. This means that smaller distribution pipelines can be used (provided that the pressure drop is not excessive). 
· Superheated steam includes very little to no condensation in the pipe work, therefore, there is only a requirement for steam trapping during start-up (Zafar, 2017) 

[bookmark: _Toc40635780]Re-heat
The re-heat is a heat exchanger in which heat is transferred from the turbine exhaust steam to condition the steam for use further on in the process. The re-heat section can be found in the convection zone of the boiler.

[bookmark: _Toc40635781]Steam Desuperheating
De-superheating is the process by which superheated steam is restored to its saturated state, or the superheat temperature is reduced shown in Figure 3.6. 



[image: ]
[bookmark: _Toc40635853]Figure3.6 - A desuperheating station (Nord, 2019)

[bookmark: _Toc40635782]Draught plant
The draught is one of the most essential systems of thermal power plant. It supplies the required quantity of air for combustion and removes the burnt products from the system.
To move the air through the combustion chamber and to produce a flow of hot gases through the boiler there needs to be a difference of pressure. This difference of pressure for maintaining the constant flow of air and discharging the gases through the waste gas stack is known as draught. Draught can be obtained by use of chimney, fan, steam or air jet or a combination of these. When the draught is produced with the help of chimney only, it is known as Natural Draught and when the draught is produced by any other means except chimney it is known as Artificial Draught.
[bookmark: _Toc40635783]Types of Draught
Natural Draught
Natural draught uses the stack or chimney affect. Flue gases are hotter and less dense than the surrounding air around the stack opening. As flue gases rise through the stack, a natural convection current is formed creating a pressure gradient through the stack, ducting and furnace. This causes combustion gases to be sucked into the stack and combustion air to be drawn into the furnace. Natural draught furnaces operate below atmospheric pressure.
Forced Draught
A forced draught furnace uses a fan or blower to force combustion air through the system. Control is accomplished by regulating the fan speed or damper operation. This type of furnace is operated slightly above atmospheric pressure. Forced draught furnaces must be airtight to prevent leakage of flue gases into surrounding area
Induced Draught
An induced draught fan draws the gases through the flue ducting and the combustion air into the furnace. Control is accomplished by regulating the fan speed or damper operation and is operated slightly below atmospheric pressure. Induced draught is used with solid fuel burning or stokers, because the furnace is not airtight.
Balanced Draught
Furnaces equipped with both an FD (Forced Draught) and ID (Induced Draught) fans are called balanced draught systems. In balanced draught systems, the forced and induced draught fans work together to move combustion air and flue gases through the furnace. The FD fan is used to regulate the combustion airflow and the ID fan is used to regulate furnace pressure. Balanced draught furnaces are typically operated slightly below atmospheric pressure (Basu and Debnarth, 2015)

[bookmark: _Toc40635784]Air Preheater
An air preheater is a general term to describe any device designed to heat air before another process with the primary objective of increasing the thermal efficiency of the process. The purpose of the air preheater in a boiler is to recover the heat from the flue gases which increases the thermal efficiency of the boiler by reducing the useful heat lost in the flue gas. Consequently, the flue gases that are released via the stack are at a lower temperature, allowing a simplified design of the conveyance system and the flue gas stack. It also allows control over the temperature of gases leaving the stack which enables reduced emissions to atmosphere (Haddadin, 2019).

There are two types of air preheaters for use in steam generators in thermal power stations: One is a tubular type built into the boiler flue gas ducting, and the other is a regenerative air preheater. These may be arranged so the gas flows horizontally or vertically across the axis of rotation. Boiler 3 uses a rotating plate regenerative air preheater, described below.
[bookmark: _Toc40635785]Rotating-Plate Regenerative Air Preheater
The rotating-plate design consists of a central rotating-plate element installed within a casing that is divided into two, three or four sectors containing seals around the element represented in Figure 3.7. The seals allow the element to rotate through all the sectors but keep gas leakage between sectors to a minimum while providing separate gas air and flue gas paths through each sector (Howden, 2020).
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[bookmark: _Toc40635854]Figure 3.7 – Rotating plate regenerative air preheater (Ljungstrom. 2020)

[bookmark: _Toc40635786]Furnace pressure
Furnace pressure is maintained slightly negative relative to atmospheric pressure to prevent combustion by-products from escaping into the surrounding area through furnace openings e.g. inspection ports and doors. However, this pressure needs to be maintained as close as possible to atmospheric pressure to minimize the intake of excess air through furnace openings, referred to as tramp air. Tramp air cools the combustion gases and reduces boiler efficiency (Walker and Blaen, 2002)

[bookmark: _Toc40635787]Fuel Burners
It is the purpose of the burner to present the fuel in suitable condition to achieve optimal combustion while ensuring safe and reliable operation. Burners are the devices responsible for proper mixing of fuel and air in the correct proportions, for efficient and complete combustion. The design of the burner will help determine the shape and direction of the flame. 
[bookmark: _Toc40635788]Gas burners
At present, gas is probably the most common fuel used in the UK. Being a gas, atomisation is not an issue, and proper mixing of gas with the appropriate amount of air is all that is required for combustion. 
Two types of gas burner are in use 'Low pressure' and 'High pressure'.
Low pressure burner
These operate at low pressure, usually between 2.5 and 10 mbar. The burner is a simple venturi device with gas introduced in the throat area, and combustion air being drawn in from around the outside. A typical low pressure burner design is shown in Figure 3.8.

Output is limited to approximately 1 MW (Baukal, 2003).
[image: Fig. 3.6.3 - Low pressure gas burner]
[bookmark: _Toc40635855]Figure 3.8 - Low pressure gas burner (My Odesie, 2020) 

High pressure burner
These operate at higher pressures, usually between 12 and 175 mbar, and may include several nozzles to produce a flame shape.
Oil burners
The ability to burn fuel oil efficiently requires a high fuel surface area-to-volume ratio. Experience has shown that oil particles in the range 20 and 40 µm are the most successful.
Particles which are bigger than 40 µm tend to be carried through the flame without completing the combustion process and particles that are smaller than 20 µm may travel so fast that they are carried through the flame without burning at all (Nasr et al, 2002). 
A very important aspect of oil firing is viscosity. The viscosity of oil varies with temperature: the hotter the oil, the more easily it flows. A variation in temperature, and hence viscosity, will influence the size of the oil particle produced at the burner nozzle. For this reason, the temperature needs to be accurately controlled to give consistent conditions at the nozzle. Using steam to atomise the oil as it disperses into the combustion chamber is a further method of providing the correct condition for combustion.
[bookmark: _Toc40635789]Ancillary equipment
[bookmark: _Toc40635790]Steam turbine
A steam turbine is a device that extracts thermal energy from pressurised steam and uses it to do mechanical work on a rotating output shaft.
[bookmark: _Hlk33711308]The steam turbine is a form of heat engine that derives much of its improvement in thermodynamic efficiency from the use of multiple stages in the expansion of the steam, which results in a closer approach to the ideal reversible expansion process (Tong, 2018). Although steam turbines are more commonly associated as a means of driving generators for electricity generation in Power Plants, smaller versions are used to drive such things as draught fans and feed pumps. This means using process steam and saving on electricity or just simply using backing up electrical motors in the event of failure (Horlock, 2003). 


Literature Review

[bookmark: _Toc40635791]Literature Review
When undertaking this project it was important to understand the potential burner designs that could be proposed. The following literature review covers a variety of potential burner suggestions and rationale how the final decision was made. 
[bookmark: _Toc40635792]Types of Burners.
When looking at possible burner designs and installation, the function of the burner must be outlined. From that the engineer can then decide the most appropriate design for the application. 
For this installation the burner needed to be a gas fuel burner and safely able to control and monitor gas flow through the system without affecting current operations.
There are 4 main ways to mix air and fuel together to enable combustion,
· Natural draught
· Pre-mix
· Nozzle mix
· Staged or delayed combustion
[bookmark: _Toc40635793]Natural Draught
Natural draught is generally used for simple heating applications, such as vessel preheating and warm up torches as they are simple to set up and use. There is no need for a separate combustion air supply which makes it useful in mobile applications. However, there is very little control over the combustion process and efficiency. Natural draught flames are often unreliable and as such can lead to flame failure therefore creating a safety hazard especially in industrial and gas fuel applications (Baukal, 2003). Figure 4.1 shows a simple natural draught burner set up.
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[bookmark: _Toc40635856]Figure 4.1: Natural Draught burner (Hamworthy, 2017) 
Figure 4.1 demonstrates how little control there is when using a natural draught burner. It is reliant on the venturi effect pulling through a constant supply of air for combustion. As previously stated, this can be effective in certain applications however; when considering a burner for this application it would not be suitable for a variety of reasons. The main one is safety. As Coke Oven Gas can have unreliable gas composition and calorific value, it is essential that the operators can control combustion and therefore steam output, which is not possible with a natural draught burner. 

[bookmark: _Toc40635794]Pre-Mix
Pre-mix burners, as the name suggests is where air and fuel are mixed in the burner chamber before entering the combustion chamber. Again, this is a relatively simple set up and operation, and is used in applications like infra-red heating and in furnaces. There is better combustion control which will improve efficiency and a higher flame temperature can be achieved. However, many of the problems that exist with natural draught burners are also present with premix burners, namely that they are often problematic when used in conjunction with automatic ignition and flame failure. Similarly, to natural draught they also have little turndown capability, although slightly better than natural draught burners. 
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[bookmark: _Toc40635857]Figure 4.2: Example of a pre-mix burner (Gas Technology Advisor, 2020)
As shown in Figure 4.2, the premise of a premix burner is simple. The air and gas will mix in a mixing chamber before exiting and igniting. Unfortunately, a main concern when using pre-mix burners is the likelihood of flashback occurring. Flashback is when the turndown of the firing rate is too low and the air fuel mixture travels back into the burner nozzle. Flashback can result in uncontrolled explosions in the pipe work or create hotspots which can cause damage to refractory, combustion chamber and the burner itself. The opposite effect of flashback is lift off, which is also likely to occur when using premix burners. This is when the flow is set too high and can cause the flame to extinguish when it’s forced too far away from the burner nozzle. 

[bookmark: _Toc40635795]Nozzle Mix 
Nozzle mix burners cover a wide variety:
· Flat Flame burners
· High velocity burners
· Immersion/radiant tube burners
· Recuperative burners
· Regenerative burners
The advantages of nozzle mix burners are the ability to control the air and gas being supplied, therefore it is easier to control automatic ignition and flame failure identification. Turndown capability is greatly improved comparative to natural draught and premix burners. However, nozzle mix requires a separate combustion source, which is generally a fan. There is also the possibility of incomplete mixing, so it is important to ensure measurement of fuel and air is adequate. 
[bookmark: _Toc40635796]Flat Flame Burner
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[bookmark: _Toc40635858]Figure 4.3: Example of Flat Flame Burner (Danieli Centro Combustion, 2020)
A flat flame burner is ideal for when trying to reduce direct heat experienced on a product. The design of the burner is such that the flame sticks to the refractory wall or roof. It can also create a more homogenised heating zone as it eliminates the likelihood of hotspots occurring due to irregular flame shapes (Hotwork, 2018) Figure 4.3 shows a typical example of a flat flame burner.

[bookmark: _Toc40635797]High Velocity Burner
A high velocity burner is where the high-pressure air stream and shape of the refractory allow for high heat penetration, this in turn enables a more even temperature profile within the combustion chamber. Further benefits include low CO and NOx content due to the reduced likelihood of excess air and unburned fuel. This in turn creates higher flame stability which enables for a high turn down ratio on the burner. Figure 4.4 shows an example of a high velocity burner
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[bookmark: _Toc40635859]Figure 4.4: High velocity burner (Industrial Heating, 2020)

[bookmark: _Toc40635798]Immersion/ Radiant tube Burner
Third to consider is an immersion or radiant tube burner. This is where the heat is transferred from the hot gasses through the tube and into the heating chamber. Heat is transferred indirectly from the burner without any direct flame or exhaust gas. Therefore it is suitable for applications where the product is sensitive to heat and cannot come into direct contact with the flame of the combustion process. It is also common for radiant tube applications to reduce NOx emissions as the flue gas will recirculate to be used as combustion air. Typical applications include continuous strip and batch annealing. An example is shown below in Figure 4.5.
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[bookmark: _Toc40635860]Figure 4.5: Radiant/Immersion tube Burner (Quinn, 2018)
[bookmark: _Toc40635799]Regenerative Burners
Within a burner system is the ability to save money and reduce emissions by using regenerative and recuperative burners. 
Regenerative burners work in pairs. While one burner is heating the combustion chamber, the other is recovering and storing the heat from the exhaust fumes through refractory material. Once the refractory is heated to the required temperature the burners will switch and role reverse, this is shown in Figure 4.6 below. Regenerative burners can increase preheated combustion air up to temperatures of approximately 260°C as well as lowering NOx emissions and lowering carbon emissions. 
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[bookmark: _Toc40635861]Figure 4.6: Image of Regenerative burners (Massimiliano and Kaufman, 2013)

[bookmark: _Toc40635800]Recuperative Burners
Comparatively a recuperative burner is used when direct heat is not suitable for the application. A flame is fired inside a tubular shape, which has ridges to direct the hot combustion gases to ensure efficient heating and thermal heat transfer in the heating chamber. The exhaust gases are collected and used to preheat the incoming combustion air and fuel gases, which boosts efficiency. Recuperative burners are a very efficient heat energy transfer option especially in furnace applications. Figure 4.7 shows an example of a recuperative burner,
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[bookmark: _Toc40635862]Figure 4.7: Image of Recuperative Burner (Schunk, 2020)

[bookmark: _Toc40635801]Delayed/Staged Combustion
Finally, the last potential option is delayed or staged combustion, an example of which is shown in Figure 4.8. This tends to produce long, luminous flames and can help reduce NOx emissions. It introduces air and fuel to a combustion chamber in stages which reduces a rapid air/ fuel mix. Radiant tube applications can benefit from this type of burner as it allows a slower release of heat energy along the length of the tube however it can be costly to install due to the complex burner design required. 
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[bookmark: _Toc40635863]Figure 4.8: Air Staged Burner (Checkeye and Valancius, 2016)

[bookmark: _Toc40635802]Conclusion
After careful consideration and consultation with all stakeholders involved it was decided to use the existing Blast Furnace gas combustion air and pilot flame and introduce Coke Oven gas into the combustion chamber via a directed lance. This decision was made to reduce costs and utilise existing supports and infrastructure as well as reducing the need to implement dramatic changes to existing PLC systems. Current installation on the boiler utilises premixed nozzle burners, therefore by ensuring the combustion air is able to allow for the increase in fuel, it is the most cost-efficient and safe option. 

[bookmark: _Toc33710888]Suitability Study and Pre-design Analysis

[bookmark: _Toc40635803]Suitability study and pre-design analysis

[bookmark: _Toc40635804]Overview
Before starting a project, it is necessary to carry out a feasibility study to outline the potential savings and what the associated costs will be. This includes calculating whether the current gas availability can support an extra end user, identifying current operating parameters and the current energy requirements of the system. If the feasibility study contains values and costs that the business deems acceptable then the project can then progress to the installation and design stage. 

[bookmark: _Toc40635805]Technical Burner Requirements
Coke Oven Gas (COG) is to be reintroduced to Boiler 3 via four lances that will be installed alongside the existing Blast Furnace Gas burners. Existing air supply and control, pilots and igniters will be utilised. The Coke Oven Gas is to be supplied via the main supply network. Flow and pressure will be measured and controlled via flow control valves and pressure transmitters. Each corner will include double block isolation valves and to ensure no excess gas is leaked into the boiler, the pilot burner will need to be firing for the COG to be used. 

[bookmark: _Toc40635806]Coke Oven Gas Properties and Variation.
As previously explained Coke Oven Gas is a by-product of the coking process which is utilised on Port Talbot site. It is mainly used to displace Natural Gas usage as the highest value CV site gas and is used in the Reheat Furnaces, Power Plant, the Steel Plant, the Blast Furnaces and the Coke Ovens. Although the CV value of Coke Oven Gas is dependent on the coking process, the CV is quite reliable and stable. Figure 5.1 represents the COG CV measured at the Reheat Furnaces over a 3-month period.  
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[bookmark: _Toc40635864]Figure 5.1 – Hourly COG CV average April – June 2019
Apart from a few anomalies, which are possibly due to by-product plant performance or the need for calibration of the analyser, the average CV of the gas is consistent at around 16-18GJ/Nm3. From this, the extra combustion air needed can be calculated to ensure Coke Oven Gas is fully combusted. 

[bookmark: _Toc40635807] Coke Oven Gas Availability
At present Coke Oven Gas is the most utilised site gas; however there are still many occasions when the gas is flared to atmosphere, wasting opportunities for it to be utilised on site as well as costing money for the business. The Coke Ovens are in operation 24 hours a day, 7 days a week. Even during maintenance outages there will always be a Coke Oven Battery in operation, therefore there is gas to be utilised on site throughout the year. The Reheat Furnaces are the largest consumer of Coke Oven Gas but there are two scheduled maintenances throughout the year as well as many unplanned extended outages, this therefore means there are many opportunities where gas is available for usage on Boiler 3. It is calculated a potential of over 1000 hours of available cog usage with this installation as shown in Figure 5.2 below,
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[bookmark: _Toc40635865]Figure 5.2 – Calculations for COG availability figures

[bookmark: _Toc40635808]Burner Gas and Air Flow Requirements
The minimum and maximum flows have been given to burner designers. From the given information and specifications the company has asked for a proposed solution to the problem, ensuring that current operating parameters and targets are not affected by the proposed solution. Potential gas available for utilisation is currently a maximum flow of 3knm3 and a minimum of 0.75knm3 this is to be spread over all burners or a minimum of 2. As the current burner set up includes tangential fired burners to ensure even combustion and temperature profile across the combustion chamber, it also ensures no damage is done to internal integrity. Therefore, it is critical for COG to be fired across both corners, although this doesn’t have to be the same corners firing Blast Furnace Gas.

[bookmark: _Toc40635809]Suitability of existing supplies and infrastructure
As previously mentioned there would be an increase in necessary combustion air for the installation to go ahead, this would need to be considered when looking at the existing infrastructure and whether the increase in heat, air and steam output would affect the boiler and steam infrastructure. Consideration also needs to be given to the current infrastructure can enable the extra increase in flow of combustion air required.  
From appendix 5.1 the stoichiometric requirements for Coke Oven Gas is 4.2572 Nm3/Nm3. So, for every 1 molecule of oxygen, 4.2572 molecules of COG are needed to complete combustion. However, it is necessary for 10% excess air to be included so the following calculation is necessary for the combustion air,
Maximum COG Air Flow = 3000Nm3 * 4.2572 * 1.10%
= 14048 Nm3
When maximum COG is in use the Natural Gas and Blast Furnace Gas usage can decrease. Therefore, if the maximum air demand does not go over the maximum guaranteed supply there should be no issues. Using the maximum flow of Coke Oven Gas to displace Natural Gas and a reduction in Blast Furnace Gas will result in a higher flame temperature, as Coke Oven Gas contains more heat energy. This enables a reduction in Blast Furnace Gas to achieve the same temperature for steam production. Therefore there is no increase in the current maximum air demand and hence the maximum air supply should not be exceeded. 
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[bookmark: _Toc40635866]Figure 5.3 – Original Burner set up (enlarged version available in Appendix 5.2)
From Figure 5.3 the original burner set up is identified and it was recommended to the potential designers to follow the same design to eliminate the likelihood of unknown scenario’s occurring and limiting the change in infrastructure required. 

[bookmark: _Toc40635810]Main Job Scope 
It is imperative that the supplier and Tata project engineers fully understand the safety implications of working with new installations and combustion systems. Fire and explosions are obvious hazards associated with combustion systems which can have huge consequences not just for the people involved but financially for a company. 
Through research, experience and expert consultation the necessary combustion equipment and functionality was identified. Throughout the process communication was of paramount importance to ensure that all working parties understood the remit of the scope and how it was to be achieved. It was important for the design to include the ability for regular maintenance to be undertaken both while the plant was live and operational as well as offline and undergoing maintenance. The installation was to be easy to maintain and operate and suitable for Coke Oven Gas with little or no problems. This was a challenge for the chosen combustion specialist Zeeco Ltd but with cooperation and knowledge sharing between Tata and Zeeco, the design and installation was completed with very few issues.
It is also important for the combustion system to have a robust burner management system (BMS) relayed back to the operating room to enable the boiler operators to fully understand what is happening with the boiler and how it is reacting at all times. There is already a system in place, but it would need updating to include the new COG installation and control system. The BMS is to include graphics of all new valves and pipe work; it will also include all pressure, flow and temperature readings on the new pipe work. The system is to be tested before site installation and all documentation is to be provided. The Burner Management System installation is to occur simultaneously as mechanical installation.  

[bookmark: _Toc40635811]Legislation to Consider
There are many legislations that need to be considered and adhered too when installing a new combustion system including Tata, British and European health and safety regulations. 
There are many safety legislative documents that are associated with burner and combustion installations and equipment. Including BSEN 746-2 (2010) ‘Guidance on thermo processing equipment and requirements of a fuel handling system’ and the Health and Safety Executive document HSE 647/11 ‘Safe isolation and flame supervision of special atmosphere furnaces’ which includes the need for ‘flame- failure device that monitors the main and ignition burner flames’ and the gas train of isolation valves are to comply with BSEN 676:1997. 
It is important to understand and correctly interpret what the legislation requires to ensure that the combustion system installed not only complies but provides a safe working environment. Zeeco being the subject matter expert (SME) provided consultation and information to ensure this occurred alongside Tata consultation and cooperation. 
This installation is also covered by the dangerous substances and explosive atmospheres regulations, DSEAR. DSEAR regulations assess the potential risk of an explosion in a given area and how to mitigate this; this includes installing equipment and cabling that is robust enough to withstand potential explosions or gas hazards. According to DSEAR the definition of an explosive atmosphere is, 
“A mixture of dangerous substances with air, under atmospheric conditions, in the form of gases, vapours, mist of dust in which, after ignition has occurred, combustion spreads to the entire unburned mixture” (HSE, 2020)
This installation was identified as zone 2 due to explosivity of Coke Oven Gas (see appendix 5.3 for reference). Zone 2 is defined as “an explosive mixture is not likely to occur in normal operation and if it occurs it will exist only for a short time” (HSE, 2020). It was therefore a necessary requirement for all valves and fittings to be installed were ATEX rated and sufficient to zone 2 specifications which are laid out in Directive 2014/34/EU, “Zone 2 rated equipment will not spark and is fully protected via a flame and explosive proof enclosure.” 
As well as ensuring that the new installation is physically and intrinsically safe, it is important to conduct robust training for the operators of the Boiler. By providing information and training for the teams operating the installation, it will help reduce the likelihood of a major accident or incident occurring. However, it is important to note that human errors can occur, and this will not eliminate the risk completely. Throughout the design process, all team members and personnel involved in the boiler operation have been involved through a consultation process and there is a robust training plan to be undertaken once installation has been completed. 

[bookmark: _Toc40635812]Burner Management System
A robust burner management system will ensure that a combustion system will only operate when it is considered safe to do so. To enable this there must be certain parameters and interlocks in place that will be met before the combustion process begins. These will also ensure that the combustion system shuts down if unsafe or unknown conditions are identified. 
In the event of an unsafe process condition being identified the safety shut off valves will operate remotely to cut off the supply of fuel to the boiler. Some of the safety parameters that will trigger this include low pressure and flow, no flame identified at burner and extreme pressures and flows. It is important for the boiler to remain operationally stable, as Boiler 3 supplies 44 barg steam to a site ring main which feeds many users. Any fluctuations in this can have knock on effects for electricity generation but also safety as the operating pressures are significant and if not controlled can cause catastrophic events. It is therefore critical for the valves to align with the legislations BSEN 746-2 2010 ‘Industrial Thermo processing Equipment’ and EN 161 2007 ‘Automatic Shut-Off Valves’ and are able to operate to the following parameters,
· Fully isolate
· No leakage
· Suitable material used in the valve and seat construction
· Automatic fail close in the event of power loss or failure
· Instant response time
The valves provided are carbon steel butterfly valves, kinetrol spring return fail close with PTFE (polytetrafluorethylene) seats and seals of various sizes. These valves have previously been used on Port Talbot site on Coke Oven Gas installations and so have proven reliability on similar applications. 
It is important to prove that the valves do not leak or pass. Therefore, a leak test system should be utilised. The leak test system should be proven to work on this application as the proposed solution will involve maintenance on the pipe work while the boiler is live, it is therefore of paramount importance that the valves can prove that they do not leak toxic gas. The proposed leak test system includes a pressure transmitter to monitor any pressure change between two shut off valves. The burner control system will operate the upstream valve to enable gas to flow after a set time period; it will then shut trapping the pressure between the two valves. The pressure should then hold between the two valves. Any release of this pressure indicates leaking valves and consequently the leak test will have failed prohibiting the Coke Oven Gas burner to fire.
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[bookmark: _Toc40635867]Figure 5.4: Double isolation valves installed.
High- and low-pressure monitoring devices are necessary for using Coke Oven Gas as a fuel supply to ensure that when the burner is in use it will always have the right fuel supply to operate safely. Pressure switches and pressure transmitters are used in this installation as they were identified as the best solution by comparing similar applications. 
Pressure switches give an on or off signal via digital input at a specific set pressure. These can be hardwired to enable a system to shut down instantly when the set pressures are met and so are critical when an instant response is necessary for example, when there is a large pressure spike that could have hazardous consequences. 
Pressure transmitters are used to give a live value that can be input directly into a PLC. The data can be used to perform trips at certain set points. As well as providing a live data feed the PLC can collect and store historical data. 
[bookmark: _Toc40635813]Process Safety
It is important for the lead engineer as well as the suppliers to be knowledgeable in the current legislative and safety documentation regarding installation of new combustion systems. The suppliers will also need to guarantee that the chosen design performs in a safe manner and will have no repercussions on how the boiler performs, including any alteration in temperatures, not just in the furnace e.g. metal and water temperatures. Process safety has been considered throughout and a Hazard and Operability Study (HAZOP) was undertaken with a team from all disciplines to consider all eventualities and to ensure that the installation is as safe as reasonably practicable. 
Process safety is the main priority in new combustion installations. The HAZOP was completed during the design phase and identified a number of potential issues that could arise if layers of protection were not included. One example of this is if the burner lances block up preventing gas flow from one corner. This will cause asymmetric combustion in the furnace and could cause high pressure trips on the boiler consequently high burner head pressure alarms and trip switches were added to each burner.  
There are inherent dangers when dealing with combustion systems which include explosions and fires. These can have great financial and safety consequences on assets and personnel. These events can occur through human error and inadequate maintenance, it is therefore vital for the new combustion installation to be robust and to include all the necessary safety devices and precautionary instrumentation to limit the potential for an event to occur. 

[bookmark: _Toc40635814]Cleaning and Drainage Considerations
Coke Oven Gas is an extremely dirty gas and on other site installations regularly clogs and blocks pipe work. Therefore, consideration should be taken to design areas where the gas can be ‘rodded out’ and drained. Currently around site on all Coke Oven Gas installations ‘COG siphon pots’ are used to drain away excess moisture and are emptied regularly shown in Figure 5.4. They consist of a drainage line with a barometric leg that is generally filled with water. To save on costs the drainage legs utilised the current siphon pots.
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[bookmark: _Toc40635868]Figure 5.4: COG siphon pot


Work Complete

[bookmark: _Toc40635815]Work Complete
[bookmark: _Toc40635816]Final Design
The final design was decided upon after discussions with Boiler operators, engineers, maintenance inspectors, the project team and the subject matter expert (SME), Zeeco. The chosen design included the ability to burn the required flow rate, pressure and volume of fuel, without compromising stability of the boiler and current production capability. The design was to be retrofitted to the existing infrastructure and current boiler design without having to alter or adjust too many existing structures. However, it was unavoidable that new platforms and access routes would need to be installed for accessing the new pipe work. This included platforms to gain access to new shut off valves (ROSOV), instrumentation and vents. Alterations to existing platforms to allow access to the pipe work for maintenance and inspection was also required. 
Figure 6.1 shows the final burner design. 
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[bookmark: _Toc40635869]Figure 6.1 – Final burner lance design (Complete drawing attached in appendix 6.1 with further explanation of figures included in drawing)
A lance type shape burner with a detachable nozzle was chosen, discussion of this decision is outlined in Section 4. Figure 6.2 shows the detachable nozzle and Figure 6.3 shows the drawing of the new installation and where it would be located on the existing burner.
[image: ]
[bookmark: _Toc40635870]Figure 6.2 – Burner nozzle design
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[bookmark: _Toc40635871]Figure 6.3 – Location of lance on existing burner
As previously mentioned, the desired outcome was to enable the burner to function without compromising the current design of the Blast Furnace Gas burner. Therefore, the ability to add a thin burner lance which could use the existing supply of combustion air was a good solution. The lance was inserted at an angle to guarantee that the nozzle would direct the fuel into the combustion air supply, therefore ensuring that complete combustion occurs as the fuel is fully mixed with the available combustion air. 

[bookmark: _Toc40635817]Flame Detection 
All new combustion installations within Tata Steel Port Talbot site are required to have flame detection instrumentation installed, due to the low calorific value of the utilised site gases. 
“Flame scanners are a crucial part of a burner’s safety system. Their primary responsibility is to identify potential dangerous ‘flame out’ conditions where ignition has ceased and continued addition of fuel could cause an explosion.” (ABB, 2018)
Flame detection instrumentation informs engineers and operators whether a fuel has ignited without the need for a physical inspection, which usually would involve opening a hatch on the combustion chamber to enable a visual check. There are obviously dangers associated with this, by opening hatches or windows, it not only puts the operator in a dangerous position as they are exposed to naked flames and dangerous atmospheres but it can also add extra air to the combustion chamber therefore potentially enabling uncontrolled combustion. According to BSEN 746-2 2010 ‘industrial Thermo processing Equipment’ during combustion processes “where the main flame is extinguished, a single flame detector device may suffice” (British Standards Institute, 2010) Therefore, it is essential to ensure that the location of combustion from the Coke Oven burner would take place in the line of sight of the existing flame detection. Utilising current installation not only saves money but saves time and resources. The current flame detection is infra-red scanners therefore complying with the necessary regulations and legislative guidance. Checks were made on the existing structures to ensure that the proposed solution would not compromise the current functionality or introduce any potential issues or weaknesses. After this was outlined to the SME several simulations were undertaken to ensure the burner position and design would be compatible with the current flame detection position. Once installation had been completed one of the most important checks undertaken was to ensure that the Coke Oven Gas flame was detected by the scanner. This was confirmed by the installation engineer on site.

[bookmark: _Toc40635818]Auxiliary Installation
The current Coke Oven Gas (COG) main is referred to a ring main around the site. It starts at the Coke Ovens and supplies the Hot mill, Blast Furnace Stoves, Steel and Slab and Margam Power Plant as illustrated in appendix 6.2. The Coke Oven Gas main runs adjacent to Boiler 3 and as such no major adjustments to the ring main were needed. In order to add a further user to the system it was necessary to tap in to the existing main, Figure 6.4 below shows a preliminary drawing that was used as a design basis.
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[bookmark: _Toc40635872]Figure 6.4 – Initial hand drawing for COG pipeline installation with existing COG main highlighted in red.
Figure 6.4 illustrates the close proximity of the existing main to the Boiler and therefore the extension needed was very little, at 2 meters. The pipe work fabrication and auxiliary installation was undertaken without the need for an outage and was completed without any major issues or complications. 
The installation of the new main from the existing pipe work and the new lance burner required some necessary work platforms, walkways and staircases. Again, where possible the existing structures were utilised and developed however, it was necessary for some new structures to be erected. 
During the design phase, it was identified that due to the location of new work platforms the existing Blast Furnace Gas purging vents no longer complied with regulations and therefore needed to be extended. This was arranged and completed during the Boiler shutdown and tested with the commissioning of the Boiler. It was also identified that the existing lighting on the burner corners was no longer adequate. As the new Coke Oven Gas firing lances would need more regular maintenance it was therefore important to ensure that the lighting available was improved to enable the maintenance was completed without any hindrance or issues. As a result, new lights were purchased and installed to ensure any maintenance work that would be required after installation could be conducted in a safe manner.

[bookmark: _Toc40635819]Installation
Although auxiliary work could be completed during operational hours, the final tie into the Boiler could only be completed during the Boiler maintenance shutdown. This was a scheduled three week stop that was fixed in the production calendar. It was therefore critical to ensure that this deadline was met.
To achieve this, the following tasks were completed before the arranged outage:
· All supports, walkways and related signage erected prior to outage.
· All pipe work including vents and drainage installed 
· Gas valve trains installed. 
· Extra lighting identified and installed prior to outage
In order to enable final tie in with the main Coke Oven Gas ring main supply, isolation and purging of the pipeline was required, this had to take place during a suitable time that would not affect production levels around plant. This was decided to be CO13 which is shown in appendix 6.2. This isolation valve was chosen as it enabled the ring main to have cleaning and reparations simultaneously undertaken during the outage. 
Tata Steel Port Talbot has a written safe working procedure to isolate, purge and make systems safe to enable work to be undertaken. To isolate the Coke Oven Gas main the most suitable valve needed to be identified. This had to be chosen with certain parameters in mind as there had to be no or little effect on site production and ensure that any areas that would be affected had prior notice to prepare and enable allowances for no gas availability. Once this valve had been closed by the designated gas team, the pipe work was purged with nitrogen and vents opened to ensure Coke Oven Gas was released to atmosphere as per written procedure. At regular intervals the main was sample gas tested for any remaining carbon monoxide gas using the appropriate testing method and instrumentation. Once the designated gas tester was satisfied that the pipe was clear of any remaining COG and presented no risk to the working party the relevant paperwork was completed, this included an atmospheric test certificate to enable work to take place on the pipe.  
Due to the long lead time available before installation it was decided that work would be undertaken over 8hour working days Monday – Friday. Regular progress meetings were held with all relevant stakeholders enabling the engineering team to assess progress with an option to increase working hours to 12 or even 24hours if the work was not progressing to plan.  
Total installation time including all ancillary work took 9 weeks and was completed to a high standard with very few issues to rectify during 1 week of cold and 1 week of hot commissioning as shown in Figure 6.5 below,
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[bookmark: _Toc40635873]Figure 6.5 – Commissioning Gantt chart (enlarged version available in appendix 6.3)
[bookmark: _Toc40635820]Coke Oven Gas Installation
Figure 6.6 below shows the valve layout of the final gas train installation as shown on Delta V screen in the operating pulpit. All the required and necessary combustion and instrumentation equipment has been included and identified.
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[bookmark: _Toc40635874]Figure 6.6 – Upstream and downstream isolation valves on corner 3.
All four corners are set up similarly although the physical installation differs slightly due to location and space available. 

[bookmark: _Toc40635821]Commissioning
Before any new plant is brought into service it is important to carry out the necessary checks to ensure the correct controls are in place. ‘Cold’ commissioning is normally undertaken by the commissioning team. 
Cold commissioning is generally where mechanical and electrical integrity is checked as well as ensuring the installation is as per design while the plant is in a ‘cold’ state, this means before any gases or fuels are introduced into the installation. Once cold commissioning has been completed and all stakeholders are happy, it is then possible for full or ‘hot’ commission to take place. This is a lengthy process as a variety of scenarios and situations need to be tested to ensure the installation meets the high process safety requirements and all potential situations are considered. 
Many eventualities need to be considered to ensure that the installation acts in the safest possible way should any abnormal operation occur. 
These include simulations:
· where there is loss of electrical power to valves and instrumentation 
·  where there is loss of gas flow or pressure
· A surge in gas pressure or flow
· An emergency situation where all valves need to be shut quickly and ensure this completed quickly 
· Various abnormal boiler operations – including uncontrolled production, high/low temperature detection, high/low steam production or high/low water levels. 
The installation and safety features need to ensure that if any hazardous issues occur, the boiler and pipe work are made safe and will enable operators to shut down operations without endangering assets or personnel. 
It was decided that seven days would be necessary for hot commissioning after comparing similar installations and commissioning schedules and, it was to coincide with hot commissioning of the Boiler after the outage. However, it is critical that hot commissioning is to take place using compressed air initially before Coke Oven Gas is brought down. Once the system tests have been successfully completed on compressed air, the tests are repeated on Coke Oven Gas to ensure the instrumentation and operation of the system is the same. Compressed air was the chosen test medium. It was chosen as it is readily available in the area to ensuring that commissioning is completed on time. It was also chosen to prevent any toxic gas escaping to atmosphere should there be any noticeable and large leaks especially during the initial checks.

[bookmark: _Toc40635822]Cold commissioning 
The process of cold commissioning involves checking all valves and pipe work to ensure that the installation has been completed to the drawings, designs and specification but also to ensure that the pipe work and valves function to the specified operating pressures and flows. The tests should take place before any toxic gases are introduced into the pipe work, this can be completed on either air or nitrogen. As previously explained, before the pipe work was connected to the main gas supply, cold commissioning was carried out using compressed air, following the regulations set out in Institute of Gas Engineers UP/1 communication 1683, 2005 “Strength testing, tightness testing and direct purging of industrial and commercial gas installations” (IGEM, 2005). 
The necessary purging and tightness tests for the installation were written and distributed to all relevant parties including the Boiler operators. Everyone involved was informed of what was required before the tests were undertaken and any issues raised were dealt with before the tests were undertaken. As previously stated, compressed air was the test medium, with the use of calibrated pressure and flow gauges and soapy water.
Once the integrity of each part was proven, the relevant sign off installation and making live certification was signed by the working party and installation team to confirm the system was fitted and working as per design. These checks included testing for internal leaks when valves are closed and any external leaks detected by bubbling soapy water and pressure loss.  

[bookmark: _Toc40635823]Process Control and Instrumentation Calibration
Before hot commissioning takes place, it is critical to ensure that all electrical and instrumentation equipment is functional and working to intended design and purpose. It is necessary to ensure all cabling is complete and undamaged, all input and outputs (IO) of the control system are tested, emergency stops, and all related control systems interact and are functioning with the relevant PLC system. Once these tests have been conducted commissioning of electrical systems can then begin. This includes:
· Powering up all PLC equipment
· Calibration of all instruments (pressure and flow transmitters, etc)
· IO checks to ensure pressure switches and transmitters are working 
· Testing of valve actuation and open/closed limit feedback

[bookmark: _Toc40635824]Safeguard checks
Once process control and instrumentation checks have been completed it is necessary to ensure that the safety system operates and functions in sequence. The control logic is set up to ensure that if any undefined parameters are detected, the system has the capability to quickly and safely shut down the flow of gas e.g. if high/low pressure detected by the system, valves will operate to close and stop the flow of gas into the combustion chamber therefore preventing uncontrolled combustion occurring. 
These functions need to be tested in such a way as to simulate actual operation of the system but without the use of Coke Oven Gas in the system. Nitrogen was used for this purpose as the tests were carried out in conjunction with bringing the boiler back online after the outage. On Port Talbot site, nitrogen is used to purge pipe work of any gas or material that, when mixed with fuel, can cause uncontrolled combustion. As Coke Oven Gas is extremely pyrophoric the use of an inert gas such as nitrogen is ideal to rid the pipe work of any air before the fuel can be brought through the system. 
All identified safety functions were successfully tested.
   
[bookmark: _Toc40635825]Hot commissioning
The term hot commissioning in this example means the introduction of Coke Oven Gas into the system and the checks undertaken to ensure the pipe work, valves and instrumentation continue to work as specified. 
Coke Oven Gas was brought down through the system and several scenarios listed previously were simulated to ensure that the safety and operating systems worked as per design. The necessary PID control loops were tuned for optimum performance and any issues were rectified during the process. Each burner train and all valves were operated six times under certain parameters and varying gas flows to ensure functionality throughout operation. 

[bookmark: _Toc40635826]Commissioning Issues
While undertaking hot commissioning the new installation a few issues became apparent, this slowed progress down. Although all instrumentation was tested during cold commissioning and no issues were identified, once Coke Oven Gas was brought through the pipe work it became apparent there was an issue with 4 of the new instruments. Four of the newly installed pressure gauges failed to show correct readings. It was first identified when looking at the new Delta V screens that the pressure through the pipe work was not registering even though instrumentation further down the pipe work was detecting it. Further investigation found that the instrumentation had become blocked and therefore needed cleaning out to register the pressures. This could be done on site by Tata Process Control and Automation team and therefore had no effect on the commissioning completion time.

[bookmark: _Toc40635827]Further work
In order to fully complete and sign off commissioning, signage and painting was to be completed. In order to comply with the Tata standard all pipe work, new structures and supports were to be painted the correct colours. This was green for the new Coke Oven Gas pipe work and all new hazards were to be painted yellow. All hazards and pipe work needed to be labelled for identification purposes. 
The next process was to ensure that the new drawings were updated to show the new structures and pipe work. Once this had been completed the installation could be signed off by all the stakeholders, including the area manager, boiler operators and the engineers. 


Evaluation and Conclusion

[bookmark: _Toc40635828]Evaluation and Conclusion
[bookmark: _Toc40635829]Overview
At the start of the project, several measurable targets were identified to allow for analysis and evaluation on installation completion. Boiler operating performance post installation has been analysed and discussed further in this section including comparison against the set targets to define the success of the project. 
The objectives discussed in section 1.6 include researching and evaluating the most suitable approach to reinstate Coke Oven Gas firing capability to Boiler 3. This was thoroughly completed and Coke Oven Gas capability has been successfully reinstalled on to Boiler 3. This has led to less Natural Gas being used on the Boiler and a reduction on the cost of fuel of approximately £500k per annum. Robust justification was provided to the business which enabled funding for the project. 
The proposed solution was installed and once completed evaluation and analysis was undertaken to measure the success and summation of savings achieved. 

[bookmark: _Toc40635830]Monitoring
Monitoring and observations were undertaken by the commissioning, installation team and SME, Zeeco to ensure that all calculations were accurate. This included ensuring the volume of combustion air was adequate and there were no unexpected issues or problems once the Boiler was in operation. Figure 7.1 is an example of the screen visible in the operating pulpit that is used to control and monitor Boiler performance. The display includes fuel, air, steam and water flows, pressures and temperatures as well as many other key parameters needed to successfully operate a boiler. During commissioning it was critical to ensure that the screen displays mirrored what was seen on site, and reflected correct Boiler operation. 
[image: ]
[bookmark: _Toc40635875]Figure 7.1 – Delta V screen from operating pulpit.
[bookmark: _Toc40635831]Plant isolation
A requirement for the new installation was to enable maintenance of the burner while the Boiler was operational. Fast, reliable and safe isolation was necessary to enable the removal, cleaning and reinstating of the lance. The design enabled not only individual isolation of each burner corner for maintenance but also ensured that the mains gas could be isolated without affecting boiler operations. Figure 7.2 shows the manual isolation valve and spade which enabled this. This was successfully trialled with all personnel trained and deemed competent in the procedure. 
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[bookmark: _Toc40635876]Figure 7.2 – Manual Isolation valve (1) and spade (2) for main COG isolation to Boiler 3.

[bookmark: _Toc40635832]Training. 
With any new installation it is important to ensure that all operators and personnel that will interact with the equipment are fully trained, competent and comfortable interacting with it. Therefore it is important to work closely with the operating teams during design and installation and to ensure that once commissioning has been successfully completed, the teams are taken through the system and understand how it operates. It is imperative that this is completed as soon as possible to prevent any operational issues occurring with the equipment. 
All teams were taken through the training by the installation team. Feedback from the Boiler operators has been positive and all personal feel happy and competent to undertake any of the maintenance and operation of the installation. 

[bookmark: _Toc40635833]Operational issues.
While undergoing various boiler operating parameter scenarios it was identified that while the Coke Oven Gas lance was firing independently of the Blast Furnace Gas burner, the pilot flame was extinguished. And due to safety interlocks this therefore shut down the burner. Through further investigation work it was suggested that the design of the removable burner nozzle was extinguishing the flame. It was therefore critical to change the nozzle without compromising combustion or affecting boiler performance. Tata engineers contacted Zeeco for a solution which was reached and agreed upon quickly at no extra cost. A Zeeco engineer attended site to witness the issue first hand before any changes were implemented. Once the issue was witnessed, engineering support suggested changing the nozzle. Comparison of the new and old nozzle is shown in Figure 7.3. 
[image: ]
[bookmark: _Toc40635877]Figure 7.3 – Comparison of new nozzle and old.
The initial nozzle used holes of varying sizes around the perimeter of the nozzle, comparatively; the new proposed solution was one large hole in the centre of the nozzle. This would also help prevent any deposit build up on the inside of the nozzle. Both the size of one large hole and smaller holes around the perimeter of the nozzle both equated to the same area therefore enabling the same volume of gas to flow but directing the trajectory of the fuel into a different space in the combustion chamber. As the design of the pipe work enabled isolation of the burner lance without the gas removed from the boiler, the nozzle change was able to be undertaken without the boiler having to go offline. The pipe work was purged and made safe. The burner lances removed and allowed to cool for 12 hours, then the nozzles were removed and changed for the new design. Trials were run to ensure the new nozzles would work efficiently while the Zeeco engineer was on site. It was them seen that the pilot flames no longer extinguished while COG was in use therefore proving the new nozzles worked. 

[bookmark: _Toc40635834]Evaluation
The potential savings associated with this project equated to approximately £290,000, this included savings from associated Natural Gas reduction, additional electricity generation and auxiliary consumption savings. 
Boiler efficiency has increased dramatically from 3.82GJ/t to 3.5GJ/t, which is an increase in efficiency of approximately 8%. This was not directly linked to the introduction of Coke Oven Gas to the boiler as other modifications were made to the boiler during the outage including repair work to ducting, tubes and pipe work and cleaning undertaken to ensure that the boiler was in the best condition possible for when brought back online. 
After calculations were undertaken it was apparent that the predicted savings were 5% higher than predicted as shown in Figure 7.4 below,

[image: ]
[bookmark: _Toc40635878]Figure 7.4 – Actual savings from installation
Therefore the total predicted savings are now closer to £300k per annum. However it must be remembered that the calculation has been based on performance of the boiler over a very limited time period. 
From the Figures below, comparisons can be made before and after the maintenance period and it can be seen that improvements have been made with Boiler performance and output.
Figure 7.5 shows the improvement in efficiency.
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[bookmark: _Toc40635879]Figure 7.5 – Efficiency graph of Boiler 3
From Figure 7.5 the step change in efficiency after the maintenance period is obvious. It helps to conclude that the work undertaken during the outage has not only helped extend the life of the Boiler but has made a noticeable improvement to the operating capability.
Figure 7.6 also supports this conclusion by showing the increased ability of the Boiler to achieve higher steam flow therefore increasing generation capacity. The increase in steam production also helps support the theory that the Boiler will be able to achieve the original MCR of 35Kg/s
[image: ]
[bookmark: _Toc40635880]Figure 7.6 – Steam flow and generation graph
The final Figure 7.7 represents Coke Oven Gas usage. It is obviously noticeable as there was no usage prior to the outage, however it is showing that even when the Boiler is consuming Natural Gas by referencing and comparing the Figures 7.5 and 7.6 a dramatic decrease in Natural Gas usage is still providing an increased volume of steam further supporting the good work that was undertaken during the outage.
[image: ]
[bookmark: _Toc40635881]Figure 7.7 – COG and NG usage
There has also been a reduction in COG Flare during periods when the Reheat Furnaces are unable to take Coke Oven Gas, this has reduced from approximately 7% to 4.5%. There is still room for improvement regarding this but a positive move to help maximise indigenous site gas usage.

[bookmark: _Toc40635835]Conclusion.
The aim of the project was to reinstate Coke Oven Gas firing capability onto Boiler 3. A wide and sufficient variety of literature was reviewed to ensure that the final solution adheres to British, European and Tata safety standards. The installation is as safe as possible due to the HAZOP process and the desire to comply with applicable legislatory documents and requirements. The project was completed on time and well within budget, however due to operational issues currently experienced by the company Coke Oven Gas is no longer as readily available and therefore will have a long term impact on potential savings. Nevertheless, with the successful completion of the project, Coke Oven Gas firing capability has been reinstated and available for when excess Coke Oven gas is available ensuring that no indigenous gas is wasted on site.
All operational and engineering teams are extremely pleased with the installation and the obvious benefits. A robust solution has been provided to enable the business to remain as competitive as possible.


Recommendations

[bookmark: _Toc40635836]Recommendations

In order to further evaluate savings and to ensure optimum future performance of the boiler, the following recommendations have been made:
1. Regular monthly performance reviews undertaken by the Energy team. 
a. This will help to determine if any deposition is affecting performance, not only in the pipe work but also in the boiler combustion chamber. 
b. Help monitor current performance against target 
c. Identify any problems before boiler operation performance is affected.
2. Carry out bi-weekly visual inspections of the system to ensure operating capacity is maintained
a. Not only to determine any leaks or damage to pipe work and instrumentation but will help to monitor pipe work condition preventing any catastrophic events. 
3. Investigate the upgrade and improvement of current air heater baskets and flue ducting. 
a. Online waste gas monitoring to be upgraded as current application is dated, difficult to access and not regularly maintained. Because of this, it is difficult to assess reliability of current installation. Access is only available when Boiler 3 is off line every 3 years for maintenance. Obviously the risk of unreliable data and information could be causing issues or hiding potential problems.
4. Ensure that the new pipe work is added to a maintenance schedule 
a. Coke Oven Gas can cause severe pipe damage and loss of containment if pipe thickness is not regularly checked. Weaknesses need to be rectified and repaired before catastrophic events occur.
5. During next opportunity internal tubes need to be inspected to ensure that there is no damage caused by the use of Coke Oven Gas, hotspots or incomplete combustion. 
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Reintroduction of COG to Boiler 3
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Commissioning of COG to Boiler 3
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Sheet1

				Commissioning of COG to Boiler 3

				Select a period to highlight at right.  A legend describing the charting follows.										 Period Highlight:		1						Plan Duration												Actual Start										% Complete										Actual (beyond plan)																% Complete (beyond plan)

				ACTIVITY		PLAN START		PLAN DURATION		ACTUAL START		ACTUAL DURATION		PERCENT COMPLETE		PERIODS

																1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18		19		20		21		22		23		24		25		26		27		28		29		30		31		32		33		34		35		36		37		38		39		40		41		42		43		44		45		46		47		48		49		50		51		52		53		54		55		56		57		58		59		60

				Cold Commissioning		1		14		1		10		100%

				Visual inspection of pipe work and instrumentation		1		4		1		4		100%

				Introduction of compressed air into pipe work		5		2		5		2		100%

				Visual inspection of instrumentation 		7		2		7		1		100%

				Visual inspection of cables		7		2		7		2		100%

				I/O checks		8		1		8		2		100%

				Emergency stop check		9		1		9		1		100%

				Actuation of valves and limit feedback		9		1		9		1		100%

				Tightness test on valves and pipework		10		1		10		1		100%

				Hot Commissioning		15		14		15		14		100%

				Nitrogen purge of pipework		15		2		15		2		100%

				COG introduced into pipework		17		1		17		1		100%

				Emergency stop check		18		1		18		1		100%

				Actuation of valves and limit feedback		18		2		18		2		100%

				Tightness test on valves and pipework		18		2		18		4		100%

				Tuning of PID control loops		19		6		19		5		100%
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TATA Steel
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TATA STEEL UK LIMITED


100A006G33892 1
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PROPRIETARY DATA IS INCLUDED IN THE 
INFORMATION DISCLOSED HEREIN AND IS THE 
PROPERTY OF ZEECO EUROPE.  
THIS INFORMATION IS SUBMITTED IN CONFIDENCE 
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THIS INFORMATION HAS BEEN REVIEWED 


AND CONFIRMED BY THE CLIENT TO ENSURE 


PROPER INTERFACING OF THE ZEECO EQUIPMENT


TO THE EXISTING EQUIPMENT.


MANUFACTURING TOLERANCE & 
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NOTES:
 
1. ALL EXTERNAL CARBON STEEL SURFACES TO BE SURFACE PREPPED. PER SSPC-SP-6 AND 


PAINTED WITH BASE COAT SIGMAFAST 278 ZINC PHOSPHATE EPOXY PRIMER (4.0-6.0 Mils 
DFT or 100-150 MICRONS) OR EQUAL. TOP COAT with SIGMADUR 520 ALIPHATIC ACRYLIC 
POLYURETHANE (1.5-2.5 Mils DFT OR 37-62 MICRONS) OR EQUAL. WINDBOX COLOUR: ANSI 
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2. ALL INTERNAL CARBON STEEL SURFACES TO BE SURFACE PREPPED PER: SSPC SP-1 
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EQUAL.


3. POSITION FOR CFG IS SHOWN IN INITIAL "FACTORY" SETTINGS AND MAY REQUIRE 
ADJUSTMENT DURING COMMISSIONING TO ACHIEVE OPTIMUM PERFORMANCE. FINAL 
POSITIONS SHOULD BE MARKED AND NOTED FOR FUTURE REFERENCE.


4. DO NOT SCALE THIS DRAWING. 
5. FOR COMPONENT DETAILS AND MATERIAL SPECIFICATIONS, REFER TO THE ZEECO INC. 
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INSTRUMENTATION AND VALVES.
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9. FOR DESIGN SPECIFICATIONS SEE ZEECO INC. BOILER/BURNER DESIGN DATA SHEET.
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11. ALL FLANGE BOLT HOLES TO STRADDLE NORMAL CENTERLINES.
12. ESTIMATE WEIGHT: 32KG.
13. FIELD MODIFICATIONS TO THE EXISTING EQUIPMENT MAY BE REQUIRED FOR PROPER FIT 


& FUNCTION OF ZEECO SUPPLIED COMPONENTS.
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Component Formula Vol-% Mass-% Mol-%


Methane CH4 24.30% 43.98% 24.35%


Ethane C2H6 - - -


Propane C3H8 - - -


Normal butane n-C4H10 - - -


Normal pentane n-C5H12 - - -


Normal hexane n-C6H14 - - -


Normal heptane n-C7H16 - - -


Normal octane n-C8H18 - - -


Ethene C2H4 1.90% 6.04% 1.91%


Propene C3H6 - - -


1-Butene C4H8 - - -


1-Pentene C5H10 - - -


Cyclohexane C6H12 - - -


Methylcyclohexane C7H14 - - -


Acetylene C2H2 - - -


Benzene C6H6 - - -


Toluene C7H8 - - -


Xylene C8H10 - - -


Carbon dioxide CO2 1.70% 8.48% 1.71%


Carbon monoxide CO 6.20% 19.55% 6.20%


Hydrogen H2 63.50% 14.38% 63.42%


Nitrogen N2 2.40% 7.57% 2.40%


Oxygen O2 - - -


Nitric oxide NO - - -


Nitrogen dioxide NO2 - - -


Water vapour H2O - - -


Argon Ar - - -


Component Formula Vol-% Mass-% Mol-%


Carbon dioxide CO2 0.03% 0.05% 0.03%


Carbon monoxide CO - - -


Hydrogen H2 - - -


Nitrogen N2 78.10% 75.52% 78.09%


Oxygen O2 20.94% 23.15% 20.95%


Nitric oxide NO - - -


Nitrogen dioxide NO2 - - -


Water vapour H2O - - -


Argon Ar 0.93% 1.28% 0.93%


 Composition Percentage


Fuel composition 1 CO gas Port Talbot 100.00%


Fuel composition 2 (none) -


Fuel composition 3 (none) -


Fuel composition 4 (none) -
 


Air composition 1 Air wet 100.00%


Air composition 2 (none) -


Air factor [-] : 1.10


Air temperature [°C] : 400.0


Fuel temperature [°C] : 20.0
 


Use chemical equilibrium :


Use transient gas cooling :


Conp reaction time [s] : 0.0


Reaction temperature [°C] : 1200.0
 


Calculate flammability limits¹ :


Flammability limit temperature [°... 0.0


Flammability limit correction : No correction


Calculate triangle on inert : Nitrogen
 


Temperature for properties [°C] : 20.0
 


Calculate Humidity for fuel :


Humidity at temperature [°C] : 0.0


Relative Humidity [%] : -
 


Calculate Humidity for air :


Humidity at temperature [°C] : 0.0


Relative Humidity [%] : -


Mass density [kg/Nm³] : 0.3963


Molar Mass [kg/kmol] : 8.8848


Mol volume [Nm³/kmol] : 22.4171


Density relative to Air¹ [-] : 0.3065
 


Lower calorific value [MJ/Nm³] : 17.4698


[MJ/kg] : 44.0777


Higher calorific value [MJ/Nm³] : 19.7458


[MJ/kg] : 49.8202
 


Lower Wobbe¹ value [MJ/Nm³] : 31.5539


[MJ/kg] : 79.6128


Higher Wobbe¹ value [MJ/Nm³] : 35.6648


[MJ/kg] : 89.9849


Density Air [kg/Nm³] : 1.2930
 


Oxygen needs [Nm³/Nm³] : 0.8916


[mol/mol] : 0.8926


[kg/kg] : 3.2146
 


Stoichoimetric need [Nm³/Nm³] : 4.2572


[mol/mol] : 4.2604


[kg/kg] : 13.8887
 


Air to fuel ratio  [Nm³/Nm³] : 4.6829


[mol/mol] : 4.6864


[kg/kg] : 15.2776


Properties at 20.0°C and 1 Atm Fuel Air Waste gas


Molar mass [kg/mol] 8.88 28.96 27.09


Molar volume [m³/mol] 24.05 24.03 24.03


Density [kg/m³] 0.37 1.21 1.13


Specific Heat [J/kgK] 3457.50 1002.19 1124.93


Kinematic viscosity [m²/s·1E6] 31.68 15.19 14.35


Dynamic viscosity [Pa·s·1E6] 11.71 18.31 16.18


Conduction coefficient [W/m·K] 0.1054 0.0268 0.0254


Compressibility (Z) [-] 1.0001 0.9994 0.9994


Fuel properties of CO gas Port Talbot at an air factor of 1.10


Composition Fuel


Composition Air


Composition input


Model Input


Fuel Data


Air needs


Thermal Properties


¹ = based on 'standard' air







Component Formula Vol-% Mass-% Mol-%


Hydrocarbons CxHy - - -


Carbon dioxide CO2 6.80% 11.03% 6.79%


Carbon monoxide CO - - -


Hydrogen H2 - - -


Nitrogen N2 69.56% 71.35% 69.00%


Oxygen O2 1.68% 1.97% 1.67%


Nitric oxide NO - - -


Nitrogen dioxide NO2 - - -


Water vapour H2O 21.14% 14.44% 21.72%


Argon Ar 0.82% 1.21% 0.82%


Oxygen radical O - - -


Hydrogen radical H - - -


Hydroxyl radical OH - - -


Component Formula Vol-% Mass-% Mol-%


Hydrocarbons CxHy - - -


Carbon dioxide CO2 8.62% 12.89% 8.67%


Carbon monoxide CO - - -


Hydrogen H2 - - -


Nitrogen N2 88.20% 83.39% 88.15%


Oxygen O2 2.14% 2.31% 2.14%


Nitric oxide NO - - -


Nitrogen dioxide NO2 - - -


Water vapour H2O - - -


Argon Ar 1.04% 1.41% 1.04%


Oxygen radical O - - -


Hydrogen radical H - - -


Hydroxyl radical OH - - -


Ratio H2O/CO2 [-] : 3.1096


Density Waste gas [kg/Nm³] : 1.2094


Adiabatic flame temperature [K] : 2510.1182


[°C] : 2237.1


Mixture fraction [mol/mol] : 0.0672


Dewpoint [°C] : 62.23


Volume wet [Nm³/Nm³] : 5.3343


Volume dry [Nm³/Nm³] : 4.2067


Waste gas content/MJ [Nm³/MJ] : 0.30534


[kg/MJ] : 0.36929


Air content/MJ:[Nm³/MJ] : 0.24369


[kg/MJ] : 0.31510


 At 20.0°C At 0.0°C


Upper explosion limit [vol%] : 37.2 36.8


Lower explosion limit [vol%] : 4.7 4.8


Upper oxygen limit [vol%] : 13.1 13.2


Lower oxygen limit [vol%] : 20.0 19.9


Safe Oxygen Level (S) [vol%] : 6.7 6.9


Safe Gas Level (S) [vol%] : 5.0 5.2


Waste gas properties


Composition Waste gas


Composition Dry Waste gas


Waste gas properties


Volume


Explosion Limits


Source Fuel composition:ref.src.nr 103163


Source Air composition:Basisgegevens aardgassen, 1988, N.V. Nederlandse Gasunie


Profuel version 3.1.1.0, Fuel module version 3.0


The gas explosive in air (20°C)
The gas explosive in air (0.0°C)


(limits are based on 'standard' air)


Explosion Triangle of CO gas Port Talbot diluted with Nitrogen at 0.0°C
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Sheet1

				Reintroduction of COG to Boiler 3

				Select a period to highlight at right.  A legend describing the charting follows.										 Period Highlight:		1						Plan Duration												Actual Start										% Complete										Actual (beyond plan)																% Complete (beyond plan)

				ACTIVITY		PLAN START		PLAN DURATION		ACTUAL START		ACTUAL DURATION		PERCENT COMPLETE		PERIODS

																1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18		19		20		21		22		23		24		25		26		27		28		29		30		31		32		33		34		35		36		37		38		39		40		41		42		43		44		45		46		47		48		49		50		51		52		53		54		55		56		57		58		59		60

				Identify Possible Projects		1		4		1		4		100%

				Background Research		4		4		4		4		100%

				Define Project		8		2		8		2		100%

				Secure Business Funding		10		1		10		1		100%

				Create Project Tender and Send Out Enquiries		10		1		10		1		100%

				Enquiries Returned		15		1		15		1		100%

				Evaluate Returned Enquires		16		1		17		2		100%

				Choose and Confirm Design		18		1		18		1		100%

				Ancillary Installation		23		9		23		9		100%

				Installation of New Design		34		3		34		5		100%

				Commissioning		37		1		39		1		100%

				Data Collection and Analysis		38		4		40		1		100%

				Evaluation and Write Up		41		5		40		1		100%

				Final Submission		46		1		46		1		100%

				Project Duration		1		46		1		46		100%
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