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The results that were being achieved for a standard that was used for CSR and CRI testing were not tying up with the results the standard was stating. Whilst this was an ongoing issue, it was not considered a major issue within the department and across site as the on-site produced coke results were better than required. However, a considerable drop in quality for the on-site produced coke lead to complaints from the coke ovens and blast furnace teams against the technical department. Other laboratories were contacted in order to try to establish why the expected result of the standard could not be achieved. Once the issue was identified, it was decided that the best cause of action was to attempt developing an internal standard that the department could then use and present the results to the coke ovens. This would show that the equipment and job method were being carried out correctly and prove that the dip in quality for onsite produced coke was a coke ovens issue that they had to address.
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Until January 2017, the technical laboratories had been using a standard coke for CSR and CRI testing in order to confirm whether the equipment used, such as the heating rigs, tumblers etc. were in adequate working condition. However, for the previous year beforehand, the results that were achieved from the standard under testing were considerably lower than what should have been achieved. Various technologists and team leaders from the coke ovens and blast furnaces were aware of the results and able to track them on the database in which the results were stored, but it was not an issue that was brought up due to the consistency of the results that were being achieved and due to the high quality coke that was being produced on site.

While it was not an issue as such for the coke ovens and the blast furnaces, it was an issue that had been discussed internally at various times throughout the year prior. Six months prior to the drop in quality for on-site produced coke, a contracting company was contacted and asked to potentially service the equipment. The contractor did not manufacture the equipment that are being used in the laboratories but are known for being able to carry out work on this equipment. After a brief inspection, the company informed the laboratories that no servicing was required as the equipment was in a good working order.
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The drop in on-site produced coke quality lead to the technical laboratories to make a decision about the standard that was being used and what the options were for if the standard was dropped. Analysis was carried out on the standard in order to prove to other departments on site that the equipment and methods used by the laboratories were adequate. The results were presented to the coke ovens and blast furnaces and the decision was made to drop the current standard. The next step forward was to find a replacement. Discussions that were held between a small localised team to carry out this project came to the conclusion that the two options moving forward were to either purchase a new standard or develop a standard that would be for internal use only. After further discussions and research into the topic, it was decided that an internal standard would be developed from the next few cargos of a Japanese coke that were received. 
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Once the department had proved that the standard itself was faulty and not the equipment or testing methods, the development of the internal standard became the main objective of the project. One of the main benefits of developing a standard is the lower cost it would have for the department. A 1kg sample of a pre-sized standard would cost roughly £300 - £400 each time. On the current layout for standard testing, it would have two 200g samples tested every week, meaning that a sample would only last us five weeks at most. By taking samples from various cargos of the same coke to create a standard, the only cost would be to man hours. While there would be considerably more preparation required with developing an internal standard, it is one that could save the department and the company almost £4,000 a year. The department issues annualised hours to team members. Annualised hours are hours that the company pays employees in advance in order to help cover low manning, for extra training or to help with urgent work the laboratories might receive. The decision was made to call in team members who had annualised hours to cover work so that members of the team put together to tackle this project could focus on it for short periods of time.
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A Gantt chart [1] was used in order to track the progress of the project at regular intervals. The objectives of the project had to fall within the SMART system in order to be measured correctly. SMART stands for specific, measurable, achievable, relevant and time bound. The use of a Gantt chart and regular reviews enabled the managers of the laboratories make sure that the project was running on time and annualised hours were not being wasted. The managers’ attendance in the reviews was important as they could use their experience to make sure that the project was on the right path and to also protect company interests (see Appendix 1). 

The timing plan was an important aspect through the first part of the project. Being able to identify what the issues were with the standard and being able to relay this information to the coke ovens and blast furnaces was the main aim of the project initially. This was something that had to be completed as soon as possible, before the two departments start rejecting other results we put out and before other departments started questioning results also. Once this part of the project was achieved, the timing plan became less important. This was because developing a standard that could be relied on by the department was considered more important and relevant than making sure it was completed by a certain time. As different cargos had to be sampled to complete the standard, the development was dependant on when shipments were ordered and received. 

The project remained on track for its entirety, much to the pleasure of the managers of the laboratories and the other departments involved. Determining the issues with the standard were considered a very important task for the laboratories to get right and the work was carried out correctly and quickly.
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Coke production is one of the most important aspects of the production of hot metal as it can account for up to 50% of the total costs of the process [2]. One of the main aims of any coke making facility is the cost-effective production of high quality coke. The most commonly used coke is what is known as metallurgical coke, with roughly 90% of the worlds coke production being produced for the iron and steel making processes for use within blast furnaces [3]. Foundry coke is another type of coke that is made, but this requires lower coking temperatures and longer coking time than metallurgical coke.

The process of coke making by heating coal in the absence of air was first developed in 1709 in England by Abraham Darby. It was used for the smelting of iron ore at the start of the industrial revolution and allowed for iron-based products to be produced in much quicker rates than other processed previously available. The initial process for coke making was what lead to the beehive method of coke making. Coal was piled up into rounded piles, ignited and then covered in clay. This method was also quite similar to the production of charcoal. Advances through the years have led to not only the beehive method, but also the reverberatory and the byproduct oven methods [4].

The process of converting coal into coke in large coke oven batteries through the destructive distillation of coal. The process itself consists of the heating of the coal in the absence of air in order to drive off any volatiles that might exist in the coal. The material that is left in the oven is what is known as coke. Coke is a hard, grey material consisting of mainly carbon. The volatiles that are driven off are recovered and processed to produce coke oven gas, as well as various oils and tars. There are three different processes that are used for the production of coke. They are:

· Beehive coke ovens, which are non-recovery ovens.
· Heat/ energy recovery ovens, which are sometimes referred to as non-recovery ovens.
· Byproduct coke ovens [5].

The byproduct coke making process is the carbonisation of coal at high temperatures in an oxygen free atmosphere. This process drives out the volatile matter within the coal. The byproduct process also allows for the capture of the gases given off. The gas is then sent off to a recovery plant where they are converted to useful products and transported to different parts of the site [6]. 

Typically, a byproduct coke oven plant has three sections. The first section includes the coal handling and coal preparation plants. These plants are responsible for the crushing, storage and transportation of coal to the next section. The next section is the byproduct coke oven plant and any coke quenching facilities. The final section includes the coke crushing and sorting plants.
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Ultimately, the coke properties that are achieved are a direct result of the coals that are used to create the coke [7]. Coals that are known for helping create a high-quality coke are known as coking coals and cost more than non-coking coals. The coke properties that are required are volatile and ash compositions, size and size distribution, coke strength after reaction (CSR) and coke reactivity index (CRI) results and various micum values. 

Coking coals can be divided into various categories depending on their individual properties. These categories are prime, medium and low or semi coking coal. The properties that are considered include fluidity, dilatation, swelling number, vitrinite and vitrinite distribution as well as others [8]. Other important properties of the coal itself include ash, sulphur, moisture and phosphorous and alkali percentages. Properties that are considered but are not necessarily the most important include bulk density and particle size. Surprisingly, the volatile value is almost irrelevant as high-quality coking coals can have low, average or even high volatile matter. Factors that affect the coke quality after charging include coking rates and temperatures, coke handling and the quenching process.

The coal that ends up being charged is normally a mixture or a blend of two or more coking coals. Low coking coals or even non-coking coals are used in order to reduced cost, but the total percentage of these types of coals in the blend do not exceed 4-5% [7]. The blending of different coals is required in order to control the properties of the coke that is produced, to optimize the volume of byproducts produced during the process and to manage the pressure that can build up within the oven.
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The coal handling and coal preparation plants are responsible for preparing a coal blend suitable for the coke properties desired. Each individual coal is taken from the stockyard via a reclaimer and a conveyor belt system to be crushed before being transported to the silos in which they are stored. The coal is crushed so that at least 80% of the material is less than one eighth of an inch in diameter. The silos allow the coal to fall onto individual conveyors at a set rate. These individual conveyors are then set to particular speeds in order to create the correct percentage distribution of coals within the blend. The individual conveyors allow the coals to fall onto a single conveyor that transports the coal to the storage tower on top of the coke oven battery. There are several drops along the conveyor system to aid with the mixing of the blend. Water is also sprayed onto the coal if the overall moisture is below a certain level in order to control the bulk density of the blend. 
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A coke oven battery is a series of refractory chambers used in the coke making process to heat up the coal in an oxygen free atmosphere. A byproduct coke oven battery typically consists of multiple individual ovens that can be charged one after another. The number of ovens can vary greatly, for example there are 84 individual ovens in the coke oven battery on site. The coal is charged through charging holes at the top of the battery and is discharged from front to back.
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The coal is charged into the ovens through a charge cart that moves across the top of the battery. A specific weight of coal is discharged from the localised storage tower into the charging cart before the charging cart moves toward the particular oven that needs charging. Once the cart is in position, mechanical arms on the cart remove the lids on the charging holes and hoppers are positioned into the holes to charge the oven with coal. 

The discharge of coal from the hoppers is controlled in order to avoid peaks of coal that might block the space above the coal and let any gases produced specifically during the charging process escape and be retained. The peaks of coal in the ovens are roughly levelled by a steel bar that is pushed through a small door in the oven by the pusher cart. This door is known as the leveller door. This process aids the coke making process in helping create a uniform coking height which aids with the size and size distribution of the coke. It also makes it much easier for volatile matter to escape the coal and be collected during the coking process. Once the oven is charged, the leveller door is closed, the hoppers are removed from the charging holes and the lids are reapplied. A wet clay is then used to seal up the lids once the charge cart has moved out of the way [10].
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The heat that is required to turn coal into coke is transferred from the heated walls of the oven into the charge. From roughly 375°C to 475°C, the coal closest to the oven walls begins to decompose and forms plastic layers. From 475°C to 600°C there is an increase in the amount of tar and aromatic hydrocarbons within the oven. This is closely followed with the formation of a semi coke mass. Finally, between 600°C and 1100°C the stabilisation phase begins. During the stabilisation phase the coke develops is structure and contracts in size. The plastic phase that starts at the oven walls travels from both sides of the coal to the centre. Once this centre part of coal has gone through the plastic phase and stabilised, the entire mass has been carbonised. The mass has a whole can now be discharged from the oven and quenched.

The walls that separate each individual oven and each end wall is made with a high-quality silica refractory bricks and other refractory bricks of similar quality. Each of these walls also contains heating flues. At any given time, half of the flues would be in combustion mode while the other half are in reclaimer mode. When in combustion mode, burning gas is being pumped through in order to heat up the walls. During the reclaimer mode the flues are helping to redistribute heat to a heat exchanger and then a combustion stack. Every 20 minutes the battery reverses itself and the flues switch tasks. This process allows for a much more uniform heating of the coals [5]. 

Each battery consists of a large number of ovens in order to create a continuous flow of coke oven gas which is used elsewhere on plant as fuel. It also allows for a continuous flow of coke for the blast furnaces and even allows for storage. The coking process takes between 16 – 18 hours from charging to discharging so there are enough ovens to allow the coke ovens to discharge towards the end of this time frame, thus helping make sure as much properly formed coke as possible. The ovens themselves are protected from air leaking into them by maintaining a positive back pressure within the oven. A positive back pressure is maintained with a high hydraulic main pressure in the battery. 

Once the central temperature of the oven is roughly 950°C and 1000°C, the coking process is complete. The individual oven is then isolated from the hydraulic mains once the remaining gases are recovered. Controlling this final pressure is important. If the pressure is too high then a lot of coke oven gases are going to be forced out into the local environment, if the pressure is too low then there will be a large air intake once the doors are removed. The oven doors on both sides are removed and the push cart then pushes the coke from one side into a cart on the other side with the use of a ram. The pushing process is made considerably easier due to the coke shrinkage allowing the outermost coke to move away from the oven walls. The cart now containing the coke is taken to the quenching tower in order for the coke to be cooled.
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The coke, once quenched, is deposited onto what is known as the dump wharf. The coke is transferred from the dump wharf to its own silo via a separate series of conveyors. From here it gets transported to a sorting plant. Here its gets sorted into three separate size fractions. The first size fraction is everything up to 10mm. this is known as coke breeze and is sent to the sinter plant. The other two size fractions are 10mm – 25mm, otherwise known as nut coke and 25mm – 80mm, known as blast furnace coke. The two size fractions are taken to their respective storage areas.
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A blast furnace is a metallurgical smelting furnace that is typically used for pig iron but can also be used for other metals such as copper and lead. Blast furnaces have a continuous supply of fuel in the form of coke, ores and flux fed in to the top of the furnace to make it a continuous process. hot air, sometimes oxygen rich, is blasted into the bottom of the furnace through a series of pipes called tuyeres. It is this blasted air that gives blast furnaces their name. the hot air rises through the furnace allowing for the material to break down and melt. The material that was at the top of the furnace slowly sinks to the bottom as more and more material is used and removed. The molten iron sits at the bottom with a molten pool of slag on top of it. The blast is then tapped from the bottom to remove the iron and slag separately [11].

The first mention of what can be considered a blast furnace was in China in the 1st century A.D. and they began to appear in Europe, specifically around Namur in Wallonia which is now a part of modern day Belgium [2]. Blast furnaces were first being used in the UK in 1491. Two inventors who are credited with advancing the abilities of blast furnaces were Abraham Darby who, in 1709, successfully substituted coke for charcoal as its main source of fuel and James Beaumont Neilson who patented the practice of preheating the air that was to be blasted into the furnace in 1828.

[bookmark: _Toc512166356][bookmark: _Toc512166889][bookmark: _Toc512168590][bookmark: _Toc512169556][bookmark: _Toc512333567]Figure 3 – A basic cross section of a blast furnace. [12]
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The blast furnaces are charged with raw materials through a double bell system. The purpose of the two bells is to control the way the raw materials are charged into the furnace and to minimise the amount of heat lost from the furnace during the charging process. The raw materials are transported onto the top of the furnace via a hopper which drops the materials directly onto the upper bell. This then opens up to dump the material onto the lower bell before closing to contain as much heat as possible. The lower bell rotates as it opens in order to mix the material and spread it out across the top of the material already in the furnace. This helps to ensure that the entire blast is being used efficiently and to remove the chance that the material will simply pile up in the middle [11]. 

The furnace itself is a long, tall structure that is lined with high grade refractory bricks. the furnace is also built to allow for the expansion and contraction of the raw materials as they heat up and subsequently melt or react. Iron ore, coke and flux in the form of limestone are charged directly into the top of the furnace continuously, allowing for the furnace to be operated as a continuous process [14]. the rates at which the raw materials are charged is monitored as the gas flow through the furnace needs to be constant for the chemical reactions to take place. At the top of the furnace also exists gas reclaimers and scrubbers. The scrubbers help with the removal of dust and other particles out of the gas before it can be reused in the furnace [13].

At the bottom half of the furnace you will find the casthouse. The casthouse contains the tuyeres, bustle pipe and the equipment required for casting. There is also a taphole which is made from refractory clay. The taphole is drilled in order to begin the process. once complete, the taphole is plugged back up with the same refractory clay. The molten material is then separated by passing through a skimmer opening [13].

The tuyeres themselves are made from copper and have a water cooling system to make sure the ends of the tuyeres do not warp due to the heat. Hot air is blasted through the tuyeres to start the process. the temperature of the air is typically around 1200°C. however, due to the reactions in heat with coke, the temperature at the base of the blast furnace can be around 2000°C. Other materials, such as oxygen and powdered coal can also be injected through the tuyeres into the furnace in order to increase productivity [11].
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Coke has three main functions within the blast furnace. Its first function is to be consumed and produce the heat that is required in order to melt the iron ore. Oxygen in the hot air that is blasted in to the furnace reacts with the coke in order to create carbon monoxide gas. This carbon monoxide then reacts with unreacted oxygen in the air to form carbon dioxide. Both of these reactions are exothermic and therefore produce even more heat, helping heat the base of the furnace to the required 2000°C mark.

The coke also provides the internal structure that the furnace needs to operate correctly and as safely as possible. Despite reacting with the oxygen in the air, not all of the coke will react and it is still stable at temperatures exceeding 2000°C. Its rigid and non-uniform structure allows for the hot gases to rise through the gaps that occur without obstruction. The same structure allows the molten iron and slag to run through the gaps and drip into the pool of molten metal at the bottom of the blast furnace without it being able to settle in one spot and potentially cooling and solidifying [13].

Lastly, the coke also provides the carbon that is required for the carburisation of the hot metal. If the metal is cooled via a fast quenching process, the carbon will settle on the outer most parts of the iron creating a harder martensite while the inner part is still soft and easy to work [7].
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Due to what is required from the coke, there are various properties which are closely monitored. These properties can be categorised into two separate categories, composition and mechanical hot and cold strength. Its composition is checked regularly for sulphur content, volatile matter content, phosphorus and alkali metal content, ash and moisture. In general, lower values for all are valued most of all, but the majority of this is conditional to the coals that are used in the blend [13]. Moisture values can vary greatly and are dependent on the quenching process that is used and the storage conditions of the coke before it is charged. 

Hot and cold strength properties are characterised by various categories. The first is its size and size distribution. The average size piece of metallurgical coke is typically around the 45mm to 55mm range. The tighter that the distribution is to the average size, the greater the permeability of the coke is within the furnace. A large fraction of coke over 80mm in size is a good indicator of poor coke production [14].

Its next characteristic is its resistance to degradation and abrasion. This demonstrates how the coke will hold up during transport, charging and other forms of mechanical stress. This is determined by a micum test on previously stabilised coke. Its resistance to degradation is known as the I40 and M40 while its resistance to abrasion is known as the I10 and M10 [14].

Its third characteristic is its reactivity. The coke can react with carbon dioxide with directly attacks the matrix of the coke and lead to a higher coke usage rate than desired within the furnace. Coke with a lower reactivity index (CRI) and higher strength after reaction (CSR) is desired as it is much more stable in structure in the bottom part of the blast furnace [14]. 

The last characteristic that is considered is the day to day consistency of the coke quality itself. This is particularly important when considering size and size distribution. Inconsistency with coke quality can have a large influence on the furnace internal gas flow and create a whole array of problems for daily blast furnace operations [7].
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Coke strength after reaction (CSR) and coke reactivity index (CRI) tests are tests that replicate the conditions of the blast furnace in order to see how the coke will respond. In principle, a dried portion of the coke sample is sized between 19.0mm and 22.4mm. it is then heated in a reaction vessel to 1100°C in an atmosphere of nitrogen. The nitrogen is then replaced for carbon dioxide two hours before switching back to nitrogen. At this point, the reaction vessel can be cooled. The values in weight before and after the test period are used to determine the coke reactivity index. The reacted coke is then placed in a tumbler for 600 revolutions. After sieving the tumbled test portion over a 10.0mm sieve, the sample that remains is weighed. This weight and the after-reaction weight are used in order to calculate the coke strength after reaction [15].

[bookmark: _Toc511503110][bookmark: _Toc512166870][bookmark: _Toc512168647][bookmark: _Toc512169528][bookmark: _Toc512334084]Preparation of the Sample

Approximately 60kg of coke is sampled from the coke ovens twice per shift. The coke is then screened over particular size sieves in order to prepare a micum test. Certain weights are removed from particular size fractions and crushed using a jaw crusher. The jaws of the crusher are set so that roughly 30% of the crushed material will fall within the desired fraction. The material is sized between 19.0mm and 22.4mm. Two 1kg samples are accurately weighed and placed in an oven at 105°C until constant mass is achieved. The samples are weighed again and the moisture is calculated. The samples are then collected and stored with other moisture samples over a two-day period. This composite sample is then dried and resized over the same sieves in order to remove any pieces that may have split in two. From the remaining sample, two 200g ± 2g test portions are weighed. The weights are recorded to the nearest 0.1g. 

[bookmark: _Toc511503111][bookmark: _Toc512166871][bookmark: _Toc512168648][bookmark: _Toc512169529][bookmark: _Toc512334085]Procedure

The vessel comes preloaded with a perforated lower sample support plate, aluminium oxide balls and a thermocouple positioning bar. The lower sample support and aluminium oxide balls allow the gases to flow through the vessel without obstruction and also to replicate the internal layout of the blast furnace. The test portion then sits on top of the thermocouple positioning bar. The gasket and vessel lid are then put into place and secured to the vessel itself with the use of three clamps. The thermocouple is inserted through the positioning bar and the gas flow pipe is connected to the vessel. With the use of a mechanical hoist the vessel is lifted from the cooling vessel it is normally housed in and placed into the heating rig. A connecting cable is used to connect the thermocouple to the control rig, the control rig is turned on along with the extraction system and the extraction hood is moved into place. 

      
[bookmark: _Toc512333568]Figure 4 - Pictures showing the difference between an unloaded vessel, a loaded vessel and the vessel in the heating rig with the extraction hood in place. [1]

With everything fully connected and ready to go, the heating period of the test can begin. Once started, the furnace will heat up to 1100°C ± 3°C and will hold this temperature until stable whilst nitrogen is pumped in to the reaction vessel at a rate of 10 l/min. Nitrogen is used as it creates an inert atmosphere, meaning that no reaction can take place with the coke. Once the furnace is at 1100°C and steady, the gas will change from nitrogen to carbon dioxide. The carbon dioxide is pumped in at a rate of 5 l/min This last for exactly two hours. During this portion of the test, the coke will react with the carbon dioxide to produce carbon monoxide. This is an endothermic reaction so the furnace will regulate the temperature in order to keep the temperature at a constant 1100°C ± 3°C.
      
[bookmark: _Toc512333569]Figure 5 – pictures showing the 22.4mm and 19.0mm sieve, the 9.5mm sieve and the tumblers used for CSR/CRI testing. [1]

Once the two-hour time period has passed the gas flow will switch back to carbon dioxide at a rate of 5 l/min and the oven will stop retaining the constant temperature. At this point, the thermocouple connecting leads are disconnected and the reaction vessel can be lifted out of the oven and placed into the cooling rig. The leads are reconnected so the temperature can be monitored and the cooling rig is turned on. A fan at the bottom of the cooling rig will then assist with the cooling. Once the temperature shown has reached 50°C or lower, the test potion can be removed from the vessel. The three clamps holding the lid in place are removed first, followed by the lid and gasket. The vessel is then lifted onto a workbench and tipped upside down in order for the test portion to fall out. Occasionally the portion will get stuck within the vessel. This can be resolved by tapping the side of the vessel with a rubber mallet. A rubber mallet is used in order to not cause any structural damage to the vessel itself. Once all the sample is removed, the vessel is laid onto the workbench and the thermocouple positioning bar is removed. This makes sure all pieces of coke are removed from the vessel. The internal components of the vessel are checked to make sure they do not need to be replaced before being placed back into the cooling rig for storage. The test portion is weighed accurately to the nearest 0.1g and the weight is recorded.

The test portion is then loaded into a specifically designed tumbler that rotates for 600 revolutions over a 30-minute period. The lid of the tumbler is replaced with a receiving dish in order to help with the removal of the sample. The sample is then sieved over a 9.5mm sieve with the weight of the sample remaining on the sieve being recorded accurately to the nearest 0.1g [16].




[bookmark: _Toc511503112][bookmark: _Toc512166872][bookmark: _Toc512168649][bookmark: _Toc512169530][bookmark: _Toc512334086]Calculating the CSR & CRI
CRI

The CRI is expressed as a percentage by mass and is calculated with the following formula:

Where	m0 = the mass, in grams, of the sample before reaction.
	m1 = the mass, in grams, of the sample after reaction.
Result is rounded to the first decimal place.

CSR

The CSR is expressed as a percentage by mass and is calculated with the following formula:

Where	m2 = the mass, in grams, of the sample remaining on top of the 9.5mm sieve after tumbling.
	m1 = the mass, in grams, of the sample after reaction.
Result is rounded to the first decimal place.

[bookmark: _Toc511503113][bookmark: _Toc512166873][bookmark: _Toc512168650][bookmark: _Toc512169531][bookmark: _Toc512334087]Repeatability Limits

If duplicate tests of the same sample are carried out within a short space of time by the same technician, the results must not differ than what is shown in the two tables below. If they do, then retests may be required.









CRI

	CRI
	Range |X1 – X2|

	
	A
	B
	C

	≤ 10
	-
	-
	-

	> 10 ≤ 20
	2.0
	2.5
	2.7

	> 20 ≤ 30
	2.5
	3.2
	3.5

	> 30 ≤ 40
	3.0
	4.0
	4.5

	> 40 ≤ 60
	3.5
	5.0
	5.5

	> 60
	-
	-
	-


[bookmark: _Toc512166650][bookmark: _Toc512166882][bookmark: _Toc512168599][bookmark: _Toc512169546][bookmark: _Toc512333604]Table 2 – Criteria for multiple determinations of CRI. [16]

Given Two Results
If range |X1 – X2| ≤ A, average of two results.
If range |X1 – X2| > A and range |X1 – X2| ≤ B, perform a third test.
If range |X1 – X2| > B, perform two more tests.

Given Three Results
If X(max) – X(min) ≤ B, average the three results.
If X(max) – X(min) > B, perform a forth test.

Given Four Results
If X(max) – X(min) ≤ C, average the for results.
If X(max) – X(min) > C, discard X(max) and X(min) and average the two remaining results. 
The mean results are to be rounded up to the nearest decimal place.






CSR

	CSR
	Range |X1 – X2|

	
	A
	B
	C

	≤ 80
	-
	-
	-

	> 70 ≤ 80
	2.0
	2.5
	2.7

	> 60 ≤ 70
	2.5
	3.2
	3.5

	> 50 ≤ 60
	3.0
	4.0
	4.5

	> 30 ≤ 50
	3.5
	5.0
	5.5

	> 30
	-
	-
	-


[bookmark: _Toc512166651][bookmark: _Toc512166883][bookmark: _Toc512168600][bookmark: _Toc512169547][bookmark: _Toc512333605]Table 3 – criteria for multiple determinations of CSR. [16]

Given Two Results
If range |X1 – X2| ≤ A, average of two results.
If range |X1 – X2| > A and range |X1 – X2| ≤ B, perform a third test.
If range |X1 – X2| > B, perform two more tests.

Given Three Results
If X(max) – X(min) ≤ B, average the three results.
If X(max) – X(min) > B, perform a forth test.

Given Four Results
If X(max) – X(min) ≤ C, average the for results.
If X(max) – X(min) > C, discard X(max) and X(min) and average the two remaining results. 
The mean results are to be rounded up to the nearest decimal place.




[bookmark: _Toc511503114][bookmark: _Toc512166874][bookmark: _Toc512168651][bookmark: _Toc512169532][bookmark: _Toc512334088]Main Body
[bookmark: _Toc511503115][bookmark: _Toc512166875][bookmark: _Toc512168652][bookmark: _Toc512169533][bookmark: _Toc512334089]Background

Coke that is produced on site gets tested regularly in order to make sure that its chemical and physical properties are what the blast furnaces require for adequate operations and production. Imported cokes also get tested once they have arrived on site. Two of the tests that are carried out regularly are coke strength after reaction (CSR) testing and coke reactivity index (CRI) testing. Both these tests are used in order to achieve an understanding of how the coke will respond within the belly of the blast furnace specifically. While there is not an upper limit for the results, there is a lower limit on the results that the blast furnaces will accept. If the results fall below this specific level the blast furnaces have the right to reject the coke. This can put the coke ovens under a lot of pressure if there are consecutive days with low CSR values. A low CSR value indicates that the coke is not strong enough to handle the pressures it would be expected to handle within the blast furnaces. The coke has to be able to support the weight of the iron ore and coke that is constantly being charged into the top of the furnace. If the coke cannot handle the weight, the blast furnace could end up blocked on the inside, leading to gasses being unable to rise through the furnace and stopping molten metal and slag from being able to trickle to the bottom of the furnace. Blockages inside the furnaces can potentially lead to devastating accidents.

[bookmark: _Toc511503116][bookmark: _Toc512166876][bookmark: _Toc512168653][bookmark: _Toc512169534][bookmark: _Toc512334090]The Problem

In order to maintain the equipment used to carry out CSR and CRI testing, a standard was being tested twice a week. The company that developed and sold the standard claimed that the value for the CSR of the coke was 62.9 (± 0.6) but the average result that was achieved from the standard from January 2016 until January 2017 was 60.9 (see Table 7, Appendix 2). Initially, this was not considered too much of an issue as the results that were being achieved on imported cokes were very similar to the load port results received from the supplying companies. The results for the on-site produced coke were also considerably higher than the lower limit set in place. The lower limit set in place is 62.0 and the average results that were being achieved for on-site produced coke was 63.1 over the same one-year period.

Between the months of December 2016 and March 2017, the CSR results that were being achieved from on-site produced coke dropped quite significantly. Whilst the results were still above the lower level, the average of the results dropped to 62.2. For the months of January and February, the average CSR result dropped as low as 62.0 (see Table 8, Appendix 3). This was a significant enough drop for the people in charge of operations for the coke ovens to start questioning the technical department about how they operate and whether the testing procedure had changed. The low results also put pressure on the technical department as now more retests were being carried out, meaning that other samples were being pushed back. More money was also being spent on consumables, such as gasses, thermocouples and test vessels. Over this four-month period, the results that were achieved from imported cokes remained very similar to the results issued in the load port results. 

[bookmark: _Toc511503117][bookmark: _Toc512166877][bookmark: _Toc512168654][bookmark: _Toc512169535][bookmark: _Toc512334091]Identifying the Issue

In order to tackle this problem, a meeting was arranged between team leaders and technologists of the technical department and the coke ovens. Over the course of this meeting, all ideas that had been brought forward to potentially identify the change in quality were addressed. The coke ovens informed the technical department that the coal blend being used had not changed dramatically enough to warrant the drop off in results that had been seen, and none of the procedures had been altered also. The technologists and team leaders also raised a concern over the standard results. Due to the fact that the result issued by the standard had almost never been achieved, the coke ovens determined that it was a technical issue that had to be addressed by the department. The team leaders of the blast furnaces agreed with the coke ovens, pushing the blame onto the technical department also. An internal meeting was called in order to determine the best way to tackle the issue. A small, localised team of technicians was established with the sole purpose of finding a solution to the problem.

One thing that was noted by the entire team was that despite the drop off in results for on-site produced coke, there was no drop with the standard results. Achieving the result that the standard stated was something that was never consistently achieved, as shown in the results (see table 7). One of the first items of action carried out by members of this team was contacting other laboratories that carried out CSR testing to find out what standard they were using. The idea was to see if other laboratories were using the same standard as us or if there was a different standard that was being commonly used. Whilst the majority of other laboratories used different standards to us, it was discovered that the standard was also being used by one of the companies’ sister plants in the north east of England. Through the exchanging of information, it was discovered that not only were they using the same standard as us, but they were also able to achieve the results that the standard states should be achieved. After brief discussions with the team, a visit to our sister plant was planned, agreed and arranged. The sole purpose of this visit was to view and compare their equipment, sample preparation and procedure to what is carried out on site in order to see if there were any major differences.

During the visit, it was discovered that they had purchased their equipment, including their heating and control rigs, tumblers and vessels from the same Italian supplier as us. The gasses that were used were also the same grade and composition compared to what is used on site. While they were also following the same testing standard as us, they carried out a different method of sample preparation for the standard in comparison to what is done on site. Before testing the standard, the technicians were carrying out what is known as a sink-float test. In order to carry out this test, small portions of the sample are crushed in a jaw crusher and screened over 19.0 mm and 22.4 mm screens in order to achieve the correct size fraction for the test portion. This size fraction is then poured into a bucket of water. The coke that floats on top of the water is coke that is poorly or improperly formed. Poorly formed coke generally contains larger air pockets inside it than normal, meaning that at this size fraction the coke will sit on the surface of the water. Coke with this amount of air pockets gives a lower CSR result when tested and performs poorly within a blast furnace due to its higher than normal porosity. The porosity of poorly formed coke allows it to react with carbon dioxide more readily during the “cooking” phase of the test. This leads the coke into breaking down quicker when in the tumbler. All of which means it is unsuitable for use within the blast furnaces.

The findings from this visit to our sister plant were relayed to the rest of the team. The next was calculating how much poorly formed coke was present within the standard. In order to calculate this, a sink-float test on 5 kg of pre-dried standard was carried out. A sink-float test is not part of the sample preparation as it does not give a true representation of the sample being tested. If the coke ovens are producing poorly formed coke then it is in the departments’ best interests to inform the coke ovens and blast furnaces by giving them results that accurately demonstrate this. Out of the 5 kg used, 924 g of coke floated, giving us almost 18.5% of poorly formed coke. This weight is taken from the sample after it has been dried out after the test. In order to see how big a difference the poorly formed coke makes to the result, tests were run on the standard as received and on a 100% sink sample of the standard. This sink sample is 100% correctly formed coke and therefore should give a higher CSR result than the standard as received. As there are two separate CSR rigs for testing within the department, it was decided that each sample would be tested once a day over a seven-day period. The rigs and vessels used would also be alternated to ensure that both rigs were operating correctly and to achieve a fair set of results for both sets of samples (tables 4 and 5).

	Test
	Sample
	Date
	Sample I.D.
	CRI
	CSR
	Average CRI
	Average CSR
	Density
	Vessel I.D.

	Trial
	100% Sink Sample
	17/02/2017
	8338
	26.4
	62.4
	25.9
	62.7
	41
	2110314

	
	
	18/02/2017
	8340
	26.7
	61.9
	
	
	40
	2110114

	
	
	19/02/2017
	8342
	25.1
	63.2
	
	
	42
	2110314

	
	
	20/02/2017
	8344
	25.8
	62.7
	
	
	38
	2110114

	
	
	21/02/2017
	8346
	26.0
	62.6
	
	
	41
	2110314

	
	
	22/02/2017
	8348
	25.5
	62.4
	
	
	41
	2110114

	
	
	23/02/2017
	8350
	25.6
	63.8
	
	
	40
	2110314


[bookmark: _Toc512166652][bookmark: _Toc512166884][bookmark: _Toc512168601][bookmark: _Toc512169548][bookmark: _Toc512333606]Table 4 – The results from testing material that sank during the sink-float test.

	Test
	Sample
	Date
	Sample I.D.
	CRI
	CSR
	Average CRI
	Average CSR
	Density
	Vessel I.D.

	Trial
	Normal Standard
	17/02/2017
	8339
	27.0
	60.1
	27.0
	59.7
	24
	2110114

	
	
	18/02/2017
	8341
	27.2
	59.7
	
	
	43
	2110314

	
	
	19/02/2017
	8343
	26.8
	58.9
	
	
	40
	2110114

	
	
	20/02/2017
	8345
	26.7
	59.4
	
	
	41
	2110314

	
	
	21/02/2017
	8347
	27.1
	59.6
	
	
	42
	2110114

	
	
	22/02/2017
	8349
	26.9
	60.2
	
	
	41
	2110314

	
	
	23/02/2017
	8351
	27.4
	60.1
	
	
	44
	2110114


[bookmark: _Toc512166653][bookmark: _Toc512166885][bookmark: _Toc512168602][bookmark: _Toc512169549][bookmark: _Toc512333607]Table 5 – The results from testing the standard as it was received.

The results show that there is a considerable difference between the standard as received and the standard after the sink-float test. The average result of seven tests on the 100% sink standard sample gave an average of 62.7. This result is 0.2 off of the stated result and falls comfortably within the tolerance given. The average result of the standard as received over this period was 59.7, which is in line with the averages that were achieved throughout the previous year. A meeting was arranged between the analytical team and technologists and team leaders from the coke ovens and the blast furnace teams. During this meeting the results were explained in detail, as well as the consequences of the results. It was agreed by all those involved that the standard was incorrect and misleading. Nowhere in the information given by the company that develops the standard did it say that a sink-float test should be carried out to achieve the stated result. Conversations about what to do next were held and it was agreed that the standard should be dropped. However, neither the coke ovens nor the blast furnaces wanted us to operate with no standard so the technical department had to make a decision on what to do next.

A meeting for the localized team was arranged shortly after with the main topic of discussion being what happens next. During the course of the meeting, two ideas were brought forward and talked about in detail. The first idea was to buy in a new standard. The issue with this was that out of all the laboratories in the UK that were approached originally, very few used the same standard. Certain laboratories also had issues with standards that other laboratories were using, meaning there was not a particular standard that the team could agree on if a new standard was to be purchased. Many of the standards also came with a high cost for a relatively small sample. This would have increased the expenditure of the laboratories by a considerable amount. The second idea that was brought forward was the possibility of developing a standard. This was considered a difficult task to complete as the coke that would be used for the standard would have to be very consistent with the results achieved form it. Both these points were originally taken forward, with different people assigned to carry out research on standards and on what coke gave consistent figures when tested.

[bookmark: _Toc511503118][bookmark: _Toc512166878][bookmark: _Toc512168655][bookmark: _Toc512169536][bookmark: _Toc512334092]Creating a Solution

A meeting for the localized team was arranged shortly after with the main topic of discussion being what happens next. During the course of the meeting, two ideas were brought forward and talked about in detail. The first idea was to buy in a new standard. The issue with this was that out of all the laboratories in the UK that were approached originally, very few used the same standard. Certain laboratories also had issues with standards that other laboratories were using, meaning there was not a particular standard that the team could agree on if a new standard was to be purchased. Many of the standards also came with a high cost for a relatively small sample. This would have increased the expenditure of the laboratories by a considerable amount. The second idea that was brought forward was the possibility of developing a standard. This was considered a difficult task to complete as the coke that would be used for the standard would have to be very consistent with the results achieved form it. Both these points were originally taken forward, with different people assigned to carry out research on standards and on what coke gave consistent figures when tested.

After time was spent looking back at the results archive, it was noted that an imported Japanese coke gave consistent figures whenever tested. These results were accurate in comparison with the load port figures received and with samples from the same supplier received weeks and months earlier. The company consistently sent a flight sample to the laboratories before the shipment arrived so it could be tested before the shipment arrives on site. The results that were achieved from this coke for CSR testing were similar enough and consistent enough that it was decided to attempt to make a standard from this coke. The Japanese company were contacted and informed of the plans moving forward. Being intrigued, the company agreed to let the laboratories experiment with their coke as a standard. Over the next few months, three separate cargos from the Japanese company were brought on site. These three cargos were sampled as they arrived and the coke was stored until it could be prepared.

In total, over 100kg of coke was taken from the three cargos. The coke was crushed using a jaw crusher and then sized over 19.0mm and 22.4mm screens in order to achieve the correct size fraction that is required for testing. Any pieces of coke that were larger than the 22.4mm screen were collected and recrushed in order to make sure that there was as much sample as possible. The correct size fraction was then placed in metal bins and dried in a large oven for a week to ensure that all of the moisture had evaporated. It was agreed that the sample would be tested twice a day, once on each rig, for a week in order to gather a sufficient dataset that could be shown to the technologists and team leaders of the coke ovens and blast furnaces (table 6).

	Test
	Sample
	Date
	CRI
	CSR
	Average CRI
	Average CSR

	Trial
	Japanese Standard
	15/09/2017
	23.9
	63.4
	23.8
	63.3

	
	
	15/09/2017
	23.8
	63.2
	
	

	
	
	16/09/2017
	24.3
	62.9
	
	

	
	
	16/09/2017
	24.0
	63.1
	
	

	
	
	17/09/2017
	24.0
	63.2
	
	

	
	
	17/09/2017
	23.5
	63.3
	
	

	
	
	18/09/2017
	23.6
	63.9
	
	

	
	
	18/09/2017
	23.6
	63.6
	
	

	
	
	19/09/2017
	23.8
	63.3
	
	

	
	
	19/09/2017
	23.7
	63.2
	
	

	
	
	20/09/2017
	23.8
	63.0
	
	

	
	
	20/09/2017
	23.8
	63.1
	
	

	
	
	21/09/2017
	23.7
	63.4
	
	

	
	
	21/09/2017
	23.5
	63.2
	
	


[bookmark: _Toc512166654][bookmark: _Toc512166886][bookmark: _Toc512168603][bookmark: _Toc512169550][bookmark: _Toc512333608]Table 6 – The results from the Japanese coke tested for consistency.

The average results from each individual rig were both very similar to the average figures received in the load port; the average of the load port figures was 62.9. This data was relayed with the coke ovens and blast furnaces, and it was agreed in principle with these departments that it could be used as a standard but the limits would be critical. As this material was not originally developed to be a standard and could potentially fluctuate, the coke ovens and blast furnace technologists and team leaders wanted to know how the limits would be set up. Through discussion with the team, it became clear that the best way to tackle this would be to issue a rolling limit for the standard. The standard would eventually be topped up with future shipments of coke purchased from the same Japanese company, but there would be no guarantee that the coke would be the exact same quality. For example, if we recreated the standard with the next shipment to arrive, the CSR result could rise to 64, and drop back to 62 with the following shipment. Rather than fix the limit to a particular result with a tolerance, a rolling limit would allow for a slight drop off or rise in quality. Putting in fixed limits would either cause every standard we test to flag up red in this instance, or the upper and lower tolerances would have to be so wide that it would be almost pointless to run a standard.

After much consultation, it was decided that the range of the rolling limits would be set to 2.5. In other words, if the result that was achieved is 2.5 greater than or less than that of the previous test, it is out of specification. When testing on-site produced coke, the coke is tested in duplicate. If the results have a difference of 2.5 or greater, a third test is required in order to determine whether the higher or lower result is the correct result. This falls in line with the ISO standard for CSR and CRI testing. It is because of this factor that the value of 2.5 was chosen. After this was explained to the technologists and team leaders of the coke ovens and blast furnaces’, they agreed to the rolling limits of the standard.

The standard has been in use since September 2017 and is scheduled to be tested in duplicate once a week. The results are reported onto an internal system that the coke ovens and blast furnaces are able to check. This aids the technical department as if the CSR of on-site produced coke drops significantly again, the department can look at the results from the standard to see if it is an equipment issue. Since the standard has been in service, only two “red” results have been achieved. The results are called red results due to the colour system on the spreadsheet (see table 9). A red result is an indication that there may be an issue with the equipment. An examination of the equipment after the first red result helped discover a heating element that had cracked, therefore not heating up the rig correctly. The heating element was replaced successfully. After the second red result, the equipment was examined thoroughly over a three-day period but no issues could be found.
















[bookmark: _Toc512166879][bookmark: _Toc512168656][bookmark: _Toc512169537][bookmark: _Toc512334093]Conclusion

In general, the project was a success. The first aim of the project was to prove to the coke ovens and blast furnaces that the results that we were getting were accurate and that the equipment used for CSR and CRI testing is more than adequate. This was achieved in a relatively short time and every potential issue was investigated to remove any doubt. Because of the internal investigation that occurs, the coke ovens were able to identify the source of the issue themselves and have since rectified it. CSR results for the coke that is produced on site has now risen back up to the values expected. This also helped the laboratories status within the works in general. Many of the other departments not involved with this work had heard that our results were being questioned. By being able to prove that the results were accurate quickly, any chance that other departments would start questioning results they did not like was swiftly nullified.

The development of the internal standard was also a success, and the rolling limits set on the standard are, in part, why it was a success (see Table 9, Appendix 4). The first “red” result achieved also helped identify a potential issue before it escaladed proving its success. although no issue was found for the second red result, only achieving two red results since its introduction into the testing schedule also highlights its success. The success of this project has also been well received with the other departments on site. 

[bookmark: _Toc512166880][bookmark: _Toc512168657][bookmark: _Toc512169538][bookmark: _Toc512334094]Further Work

Despite the success of the project, there are items that need to be addressed. The technical department is looking to achieve UKAS accreditation for much of the testing that gets performed on a daily basis and on exclusive work that comes from other departments with regards to research and development. While the procedure for CSR and CRI testing is in line with UKAS accredited standards, the standard is not UKAS accredited. In order to achieve accreditation, the department would still have to consider purchasing in a standard in order to meet the regulations. As one particular standard does not seem to own the majority of the market, research and testing will have to be carried out in order to decide which standard to permanently purchase.

It would also benefit the department and the company if there were technicians trained in how to carry out basic maintenance of the equipment used for CSR and CRI testing. The equipment is serviced once a year by technicians from the supplier. By allowing technicians to train, maintenance could be carried out at more frequent intervals without an extra cost to the department. 
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