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[bookmark: _Toc40195568]Abstract

This project investigates the effects coke ovens gas (COG) fouling has on the steelmaking process in Port Talbot, and offers solutions aimed at minimising the severity of these effects. Due to a decreased demand for steel across Europe and a recent company-wide announcement of job cuts; this project was undertaken with the ambition of providing cost savings, avoiding job cuts and helping to sustain the steelmaking industry in Wales. Testing methods were used in order to analyse solid fouling deposits and identify areas of heavy fouling. Further work was undertaken with the intention of cleaning these areas and a series of preventative measures were trialled to combat the effects of COG fouling. Laboratory results exhibited high concentrations of sulphur present within all solid samples analysed; ammonia and hydrogen sulphide were considered the most detrimental gaseous compounds. A direct correlation was identified between decreased ammonia washer flow rates and elevated levels of ammonia in end gas. The main recommendation for change is to restrict high risk assets from using COG, based upon washer flow rates of less than 250m3/hr. Principal recommendation for further work is for Tata to provide sufficient investment for desulphurization abatements to be added to the current by-products plant configuration. This will significantly decrease concentrations of major contaminants in end gas, and subsequently reduce the levels and effects of COG fouling.













[bookmark: _Toc40195569]Contents

Declaration	1
Acknowledgements	2
Abstract	3
Contents	4
List of Figures	9
List of Tables	12
List of Charts	13
1	Introduction	14
1.1	The Company	14
1.2	Coke Oven Gas (COG)	15
1.3	Pipeline Fouling	16
1.4	Aim	16
1.5	Objectives	16
1.6	Project Organisational Chart	17
1.7	Time Plan	17
1.8	Reasons For Undertaking The Project	18
1.8.1	Global Steel Demand	18
1.8.2    Job Cut Announcement November 2019	19
1.8.3     Natural Gas Costs	19
1.9    Impact	20
2	Literature Review	21
2.1    Pipeline Systems	21
2.1.1    Calculating Gas Flow	22
2.1.2    Reduced Flow Factors	23
2.2    Pipeline Testing Methods	24
2.2.1    Gamma-Ray Absorption Flow Testing	24
2.2.2    Hydrostatic Pressure Testing	25
2.2.3   Gas Quality Testing Using TDLAS Technology	26
2.3    Desulphurization Plant	27
2.4    Corrosion Measures	29
2.4.1    Corrosion Overview	29
2.4.2    Non-Destructive Testing	30
2.4.3    Stainless Steel Pipework	31
2.4.4    Industrial Protective Coatings	31
2.5    Maintenance Activities	33
2.5.1    Descaling Solution	33
2.5.2    Pipeline Remediation	34
3	Main Body	35
3.1   Coal Quality	35
3.2    Coke Oven Gas	35
3.2.1    COG Works Fuel	35
3.2.2    Composition	36
3.2.3    Calorific Value	36
3.3    Coke Ovens	37
3.3.1    Plant Overview	37
3.3.2   Batteries	38
3.3.3    By-Products	39
3.3.4    COG System	45
3.3.5    COG Condensate	48
3.4    Isolations	51
4	Analysis	52
4.1	Deposit Analysis	52
4.1.1	Technical Laboratory	52
4.1.2   Nalco Laboratory	53
4.2	Fouling And Corrosion Processes	54
4.2.1    Fouling Process - Chemistry	54
4.2.2	Corrosion Process	55
4.3    Pipeline Material Analysis	57
4.3.1    Regulations & Standards	57
4.3.2    Carbon Steels	58
4.3.3    Stainless Steels	59
4.3.4    Material Selection	61
4.4    Gas Quality Analysis	70
4.4.1    Plant Configurations	70
4.4.2    Factors and Effects	72
4.4.2.2    Ammonia Washer Flows & Burner Availability	73
4.4.2.3    Ammonia Limits	74
4.4.2.6    Hydrogen Sulphide Limits	75
5	Work Complete & Results	76
5.1	Ammonia Spot Testing	76
5.1.1    Method	76
5.1.2    Results	76
5.1.3    Action	77
5.2	Dip Testing	78
5.2.1    Method	78
5.2.2    Results	79
5.3	Pipeline Thickness Testing	80
5.3.1	Method	80
5.3.2	Results	81
5.4	Burner Pipe Replacement	83
5.4.1    Method	83
5.4.2    Action	84
5.5	Belzona Coating	85
5.5.1	Overview	85
5.5.2	Action	86
5.6	High Pressure Water Jetting	87
5.6.1	Overview	87
5.6.2	Method	87
5.6.3	Results	88
5.7	Steam Jetting	89
5.7.1	Overview	89
5.7.2	Action	89
5.7.3    Method	90
5.7.4	Results	91
6	Discussion	92
6.1	Overview	92
6.2	Effects of Contaminants	92
6.3	Effects of Work	94
7	Conclusion	96
8	Recommendations	97
8.1	Recommendations for Change	97
8.2	Recommendations for Further Work	97
References	98
Appendices	105
Appendix A	105
List Of Current Non-Commercial Prototypes To Monitor Multi-Phase Flow [80]	105
List Of Industrial Multi-Phase Flow Meters [80]	105
Appendix B	106
ASME B31.3 - Code For Pressure Piping [81]	106
ASME B31.3 - Code For Pressure Piping [81]	107
Appendix C	108
IED Directive Coke Plant BAT Emissions Table	108
Appendix D	109
Nalco Laboratory Report For Solid Deposits Collected From COG Pipeline	109
Appendix E	110
Welding Inspection Criteria For Materials By Category	110
Appendix F	111
Table of COG Pipeline Wall Thickness Testing Results for ‘Top' [4]	111
Table of COG Pipeline Wall Thickness Testing Results for ‘Bottom’ [4]	112
Table of COG Pipeline Wall Thickness Testing Results for ‘Left' [4]	113
Table of COG Pipeline Wall Thickness Testing Results for ‘Right' [4]	114
Appendix G	116
E.G. Lewis Quotation For 56 x Spacers For Belzona 5821 Coating [1]	116
Appendix H	117
Effects of Covid-19	117















[bookmark: _Toc40195570]List of Figures
Figure 1.1 - Tata Steel Port Talbot Site Layout [1]	14
Figure 1.2 - Steelmaking Process [1]	15
Figure 1.3 - Typical Cold-Rolled Coil Produced at Port-Talbot Steelworks [1]	15
Figure 1.4 – Types Of Fouling Deposits Found In Industrial Pipelines [3]	16
Figure 1.5 - Project Organisational Structure [4]	17
Figure 1.6 - Final Project Gantt Chart [4]	17
Figure 1.7 - Graphical Representation Of COG Fouling Project Timing Plan [4]	18
Figure 1.8 - Global Demand of Finished Steel Forecast (October 2019) [5]	19
Figure 2.1 – Industrial Process Piping System Generated By Computer Software [8]	21
Figure 2.2 - Failure Causes In US Gas Transmission Pipelines, 1994-2013 [3]	22
Figure 2.3 – Gamma-Ray Absorption Method Used To Identify Gas Flow Patterns [11]	24
Figure 2.4 - Hydrostatic Pressure Testing of Pipe [18]	25
Figure 2.5 - Measuring Principle LaserGas Monitor [23]	26
Figure 2.6 - Plant Configurations For Wet Oxidation And Absorption/Stripping Processes [26]	28
Figure 2.7 – Corrosion (Rusting) Process Of Steel [29]	29
Figure 2.8 - Creaform Laser Ultrasonic 3D Scanning Technology [36]	30
Figure 2.9 - Stainless Steel Reacting With Oxygen To Form Protective 'Passive' Layer Of Cr2O3 [38]	31
Figure 2.10 - Epoxy Coating Application Inside Pipeline [47]	32
Figure 2.11 - Descaling Method Used On Coke Ovens Cooling Tower At Unnamed Steelworks [55]	33
Figure 2.12- Paradigm Flexi-Coil Technology [57]	34
Figure 3.1 – Coke Ovens Process And Plant Layout [2]	38
Figure 3.2 - Labelled Illustration Of Coke Oven Battery [2]	39
Figure 3.3 - By-Products Plant Configuration At Morfa Coke Ovens [1]	40
Figure 3.4 – Morfa Coke Ovens Downcomer [4]	41
Figure 3.5 - Morfa Coke Ovens Primary Void Cooler [4]	41
Figure 3.6 - Morfa Coke Ovens Exhauster [4]	42
Figure 3.7 - Morfa Coke Ovens Detarrers (x3) [2]	43
Figure 3.8 - Morfa Coke Ovens Ammonia Washing Towers [4]	43
Figure 3.9 - Morfa Coke Ovens Benzole Washers [4]	44
Figure 3.10 - Morfa Coke Ovens Naphthalene Washer [4]	45
Figure 3.11 - COG Distribution High and Low Pressure Systems [1]	46
Figure 3.12 - COG Condensate Drainage System Components [4]	48
Figure 3.13 - Schematic Diagram Of Coke Oven Gas Piping System Divided Into 'Rounds' [1]	49
Figure 3.14 - COG Condensate Classification, Prevention And Response [62]	49
Figure 3.15 - Section Of  IJmuiden COG Pipeline Half-Full Of Condensate (60 Tonnes) [1]	50
Figure 3.16 - 'HSG 253' Types Of Positive Isolation [63]	51
Figure 4.1 - Black Solid Deposits Collected From COG Mains Inspection Hatch By GCI Plant [4]	53
Figure 4.2 - Fouling Inside COG Pipeline Containing Sulphur And Water [4]	55
Figure 4.3 - Metal Dissolution Process Causing Waterline Corrosion [64]	56
Figure 4.4 - Different Types Of Iron Corrosion By Sulphur Reducing Bacteria [68]	57
Figure 4.5 - Pipeline Installation Requirements [1]	57
Figure 4.6 – Binary Phase Diagram For Low, Medium And High Carbon Steels [71]	59
Figure 4.7 - Common Crystalline Structures [72]	60
Figure 4.8 - Ternary Phase Diagram For Fe-Cr-Ni Stainless Steel at 800oC [71]	61
Figure 4.9 - Carbon Steel, AISI 1022 Search, CES Software Materials Database [71]	62
Figure 4.10 - Stainless Steel, Austenitic, AISI 316L Search, CES Materials Database [71]	63
Figure 4.11 – Microscopic Images of 316L and API 5L X60 When  Exposed To Elemental Sulphur [1]	66
Figure 4.12 - Formation Of Oxide Layer On Austenitic Stainless Steel, AISI 316L With And Without Sulphur [73]	66
Figure 4.13 - Tafel extrapolation Curve For Mild Steel Labelling Icorr [76]	67
Figure 4.14 – Pitting Temperature (CPT) in 1M NaCl As A Function Of PRE-Values [77]	69
Figure 4.15 - CPT And CCT In 6% FeCl3 As A Function Of PRE-Values [77]	69
Figure 4.16 – Tata Steels Dutch And Indian Plants Basic Coke Oven By-Products Configurations [1]	71
Figure 4.17 – Tata Steel Port Talbot Plants Basic Coke Oven By-Products Configuration [1]	71
Figure 4.18 - Ammonia Washer Flow vs Ammonia Concentration In RHF COG 1st May – June 19th 2019 [4]	72
Figure 4.19 - Ammonia Washer Flow vs RHF COG 30-31 May 2019 [4]	72
Figure 4.20 - Ammonia Washer Flow vs  RHF COG 9-11 June 2019 [4]	73
Figure 4.21 - Ammonia Upper And Lower Limits In End COG Gas For Cited Period [1]	74
Figure 4.22 – Hydrogen Sulphide Concentration In COG From November 2016 – June 2019 [1]	74
Figure 4.23 – Hydrogen Sulphide Upper And Lower Limits In End COG Gas For Cited Period [1]	75
Figure 5.1 - Drager Bellow Pump And Ammonia Detector Tube [4]	76
Figure 5.2 - Four Images From Dip Testing Carried Out Onsite [4]	78
Figure 5.3 - Pictures Taken  Of Internal Pipeline Fouling [4]	79
Figure 5.4 - Pipeline Wall Thickness Readings For Top, Bottom, Left And Right [79]	80
Figure 5.5 - The Author Carrying Out Wall Thickness Testing On COG Pipeline In January 2020 [4]	81
Figure 5.6 -COG Pipeline Thickness Testing Results For 'Top' Jan '17- Jan '20 [4]	81
Figure 5.7 - COG Pipeline Thickness Testing Results For 'Bottom' Jan '17- Jan '20 [4]	82
Figure 5.8 - COG Pipeline Thickness Testing Results For 'Left' Jan '17- Jan '20 [4]	82
Figure 5.9 - COG Pipeline Thickness Testing Results For 'Right' Jan '17- Jan '20 [4]	83
Figure 5.10 - Schematic Diagram Of Common Pipe To Burners [1]	84
Figure 5.11 - Installations Of Burner Feeding Pipe For RHF B North 1 (Left) And South 4 (Right) [4]	85
Figure 5.12 - Internal Images Of BOS Plant COG Pipeline With And Without Belzona 5821 Epoxy Coating [1]	85
Figure 5.13 - Picture Of Spacer Before And After Application Of Belzona 5821 Coating [1]	86
Figure 5.14 - Schematic Diagram Of COG Pipeline From CO31-CO35 And No.5 B/F Stoves [1]	87
Figure 5.15 - Photos Of Cape Contractor (Left) And HP Water Jetting Setup For Cleaning Of CO31 – CO35 (Right) [4]	88
Figure 5.16 - Coke Oven Gas Flows To No.5 Blast Furnace Stoves Before HP Water Jetting [1]	88
Figure 5.17- Coke Oven Gas Flows To No.5 Blast Furnace Stoves After HP Water Jetting [1]	89
Figure 5.18 - Schematic Diagram For Furnace B Steaming Cleaning Job [1]	91
Figure 5.19 - Graph Of RHF Burner Availability Trend 2019 [1]	91















[bookmark: _Toc40195571]List of Tables
Table 2.1 - Gas Detection Specifications For LaserGas II SP Monitor [22]	27
Table 2.2 - IED Directive Emission Limits For H2S Pollutant [24]	27
Table 2.3 - Survey Of Each Desulphurization Process [26]	28
Table 3.1 – Example Ultimate Analysis Results For Coal Composition [59]	35
Table 3.2 - COG Composition Of Major Components [4]	36
Table 3.3 - COG Composition Of Minor Components [4]	36
Table 3.4 - Coke Oven Gas Consumers [1]	47
Table 4.1 - Compounds Extracted From Samples Using Solvent [1]	52
Table 4.2 - Bulk Elemental Analysis Identified By SEM/EDS Analysis [1]	53
Table 4.3 - Crystalline Phases Identified By XRD Analysis [1]	53
Table 4.4 - Laboratory Results By Wt % For Black Solid Deposits Collected  From COG Pipeline [1]	54
Table 4.5 - Pipeline Material And Welding Criteria [1]	58
Table 4.6 - Stainless Steel Compositions By Percentage Weight [78]	68
Table 4.7 - Containment Levels In COG Across Tata Steel Groups Coke Plants [1]	70
Table 4.8 - Ammonia Washer Flows And Furnace B Burner Availability [1]	73
Table 5.1 - Ammonia Concentrations And Washer Flow Readings For Washer Start-Up Times [1]	76
Table 5.2 -  Cost And Conditions Of 3 Month Trial Of  LaserGAS II Ammonia Monitor [1]	77
Table 5.3 - Cost And Conditions Of 3 Month Trial Of  LaserGAS II Hydrogen Sulphide Monitor [1]	77
Table 5.4 – Dip Testing Results For CO3 – CO71 [4]	79
Table 5.5 – Dip Testing Results For CO5 – CO11 [4]	79
Table 5.6 – Dip Testing Results For CO12 – CO37 [4]	79
Table 5.7 – Dip Testing Results For CO14 – CO52 [4]	80
Table 5.8 – Dip Testing Results For CO31 – CO35 [4]	80
Table 5.9 – Combined Cost For Replacing Both Burner Common Pipelines [1]	84







[bookmark: _Toc40195572]List of Charts
Chart 4.1 - Steel Comparison For Strong Acids v Maximum Service Temperature (oC) [71]	64
Chart 4.2 - Steel Comparison For Salt Water v Price (GBP/Kg) [71]	64
Chart 4.3 - Steel Comparison For Price (GBP/Kg) v Maximum Service Temperature (oC) [71]	65






















1 [bookmark: _Toc40195573]Introduction

1.1 [bookmark: _Toc40195574]The Company
The author works at Tata Steel Strip Products UK (TSSPUK), which is located along the coast of Port Talbot docks and can be seen clearly while driving through the M4 motorway at Margam. The original steelworks opened in 1905, since then it has been nationalised, privatised and successfully merged (British Steel and Dutch steel producer Koninklijke Hoogovens) to form Corus, which has since been taken over by Tata Steel in 2007. The company is the largest steel producer in the UK and has the capabilities of producing around 5 million tonnes of steel slab per year. Approximately 7,000 workers are employed onsite, this number is made up of both employees and contractors. Figure 1.1 displays the current site layout for Port Talbot steelworks.
[image: ]
[bookmark: _Toc40269209]Figure 1.1 - Tata Steel Port Talbot Site Layout [1]
The primary steel making process uses coal, iron ore and limestone to produce slab or finished products in the form of hot and cold rolled strip. Figure 1.2 shows each stage of the steelmaking process from raw material to finished product.
[image: ]
[bookmark: _Toc40269210]Figure 1.2 - Steelmaking Process [1]
Figure 1.3 displays a typical example of final cold-rolled coil product, produced at TSSPUK and ready for dispatch to the customer.
[image: Image result for tata steel port talbot coil]
[bookmark: _Toc40269211]Figure 1.3 - Typical Cold-Rolled Coil Produced at Port-Talbot Steelworks [1]
1.2 [bookmark: _Toc40195575]Coke Oven Gas (COG)
Coke oven gas is produced as a by-product of a destructive distillation process of bituminous coals, which converts coal into coke for use in the blast furnaces [2]. The coal is delivered to the docks by ships, then transported via lorries to the coal stockyards where each type of coal is stockpiled separately to avoid contamination. Morfa has a maximum storage capacity of approximately 750Kt, however normally no more than 500Kt is stored at one time. The coal will then be sent for crushing and blending until 80% of the matter is >3mm in size; this matter can then be charged at the oven top by rail charge runner cars to begin the process of heating the coal and carbonizing it to coke via conduction [2]. Volatiles are driven off from the coal during coking to form coke oven gas, which can then be cleaned in the by-products plant before being sent out onsite to be used as fuel for combustion applications.
1.3 [bookmark: _Toc40195576]Pipeline Fouling
Fouling is the term used to describe the unwanted collection of material deposits on a surface or structure. These deposits accumulate overtime and can seriously reduce the flow capacity throughout a piping system. When this occurs all connected parts such as valves, pumps, filters, pipelines, tanks, compressors and burners are unable to operate at maximum efficiency. As well as disrupting operations, fouling can cause serious health and safety issues and often large sums of money are required to reverse damage caused by heavy fouling. Figure 1.4 illustrates three examples of heavy fouling found in industrial transportation pipelines.
[image: ]
[bookmark: _Toc40269212]Figure 1.4 – Types Of Fouling Deposits Found In Industrial Pipelines [3]
1.4 [bookmark: _Toc40195577]Aim
The project aim is to identify pipeline sections with reduced flows, examine COG quality, assess suitability of current COG conveying pipework, minimise COG fouling and increase availability of good quality COG throughout site. In order to achieve this current systems and methods must be reviewed, research into alternative methods should be undertaken and thorough analysis of the chemistry behind the COG fouling mechanism must be attained.
1.5 [bookmark: _Toc40195578]Objectives
· Identify the main pollutants in COG and adopt a scientific approach to understand the fouling mechanism.
· Locate areas of heavy fouling and highlight how blockages have impacted operations across site.
· Implement preventative measures through use of trials, to potentially minimise or eradicate the effects of fouling.
· Carry out maintenance activities in areas identified as containing heavy fouling.
· Evaluate data to determine whether maintenance activities and preventative measures have improved the process.
1.6 [bookmark: _Toc40195579]Project Organisational Chart

[bookmark: _Toc40269213]Figure 1.5 - Project Organisational Structure [4]
1.7 [bookmark: _Toc40195580]Time Plan
Figures 1.6 and 1.7 display the completed project Gantt chart and timing plan, including tasks, delegates schedule and milestones.
[image: ]
[bookmark: _Toc40269214]Figure 1.6 - Final Project Gantt Chart [4]
[image: ]
[bookmark: _Toc40269215]Figure 1.7 - Graphical Representation Of COG Fouling Project Timing Plan [4]
1.8 [bookmark: _Toc40195581]Reasons For Undertaking The Project
1.8.1 [bookmark: _Toc40195582]Global Steel Demand
As of October 2019 global steel demand continued to grow and forecasts by the ‘World Steel Association’ suggest this trend will continue into 2020 [5]. Despite this surge in demand for the production of finished steel, mainly due to China, European steel production is forecast to be down 12.1% (32.9 Mt) by the end of 2019, as highlighted in Figure 1.8 [5]. With the automotive industry struggling in Europe this could have a negative effect on Tata Steels European operations, including Port Talbot steelworks. Therefore, any cost savings that can be made by undertaking this project could help protect the future of steelmaking in Wales.
[image: ]
[bookmark: _Toc40269216]Figure 1.8 - Global Demand of Finished Steel Forecast (October 2019) [5]
[bookmark: _Toc40195583]1.8.2    Job Cut Announcement November 2019
Late November 2019 an email was sent out to employees of Tata Steel’s European operations, outlining the company’s transformation proposal that was presented to the European Works Council (EWC) during a meeting in Cardiff. The proposal discusses the need to create solid foundations for the business in order to secure a long-term future, by ensuring a safe, cash-positive, self-sustainable and operationally stable business that is capable of being the number one steel producer in Europe [1]. The following statement from Henrik Adam CEO of Tata Steel Europe describes part of the proposed changes:
“With nearly £1.5bn a year of employment costs we cannot ignore the need for more efficiency in employment and therefore our proposals also include a £150m reduction in employment costs. Today, during the EWC meeting we shared our initial view of the geographic breakdown of the 3,000 potential job reductions we announced last week. Of the total, up to 1,600 are expected in the Netherlands, 1,000 in the UK and 350 elsewhere in the world. About two-thirds of which would be office-based roles.” [1]
Delivering the cost savings from this project may provide an alternative means of reducing company expenditure, saving jobs in the process. 
[bookmark: _Toc40195584]1.8.3     Natural Gas Costs
Fouling in pipework can have an adverse effect on the overall efficiency of the steel making process, resulting in unnecessary additional costs being incurred by the company. In areas of heavy fouling gas flows are greatly reduced. When this occurs many assets across site are unable to operate on COG and must instead be displaced with natural gas. The ever fluctuating price of natural gas make this a great burden to the profit making side of the business, emphasizing the importance of delivering good quality COG throughout site with optimum gas flows is essential. Although the likelihood of completely eradicating COG fouling is extremely low, the author suggests there are a number of potential solutions available to minimise the effects, which in turn can reduce the amount of natural gas being used onsite.
[bookmark: _Toc40195585]1.9    Impact
The figures below reveal how much COG is produced onsite, along with the volume required and cost of continuously running the site on natural gas. By displacing natural gas with COG significant savings can be made, which in turn support the decision to undertake this project: 
Volume of COG produced per year based on 2019 figures = 376,680 Km3
Approximate amount of natural gas required to continuously run site per year = 730 Km3
Estimated cost of continuously running site on natural gas per year = £98,988,000
Therefore, this project has the potential to save up to £98,988,000 per annum, assuming the site is continuously run on natural gas for a 12-month period.
*Figures acquired from Energy Control Section Manager Dean Morgan.
Additional potential benefits from undertaking the project:
· Increased flow of COG gas throughout site
· Increased safety measure from potential pipework failure
· Increased burner availability in the Reheat Furnace (RHF)
· Reduction in maintenance costs
· Reduction in flaring of COG








2 [bookmark: _Toc40195586]Literature Review

[bookmark: _Toc40195587]2.1    Pipeline Systems
Pipelines are used in process industries to transport gases and liquids from one location to another [6]. The largest piping systems travel great distances, above or below ground, across land and water [7]. Before a piping system can undergo construction a number of factors have to be considered, including:
· Length of pipe required
· Pipe material
· Nature of transported fluid (gas or liquid)
· Fluid pressure
· Fluid flow rate
· Fluid temperature
· Climate conditions (extreme high or low temperatures)
· Terrain covered (land or water)
· Environmental impact
· Codes, standards and regulatory requirements regarding design, construction and operation
· Project costs
· Maintenance of pipeline
· Life expectancy [7]
Figure 2.1 displays an example of the basic configuration of an industrial piping system, generated by computer software.
[image: Image result for large piping systems design industry]
[bookmark: _Toc40269217]Figure 2.1 – Industrial Process Piping System Generated By Computer Software [8]
A study presented in the ‘Pipeline Technology Journal’ (2019) investigates the failure causes in gas transmission pipelines across a number of different American industries. Results for which can be viewed in Figure 2.2. The study shows the top two causes of failure were material failure at 25% and corrosion at 24% [3]. This is extremely important because both modes of failure can be controlled. The following sections will discuss potential solutions that could be adopted to deal with these specific types of failures.
[image: ]
[bookmark: _Toc40269218]Figure 2.2 - Failure Causes In US Gas Transmission Pipelines, 1994-2013 [3]
[bookmark: _Toc40195588]2.1.1    Calculating Gas Flow
In order to calculate gas flow rate a number of factors need to be considered, including pipe length, diameter, cross-sectional area, volume, material and system design. Forces within the system must also be considered, such as gravity, friction and up/down stream pressures.
The general equation for calculating gas flow rate:
	
	 [9] [10]
	(Eq.1)


Where
w = rate of flow (lbm/sec)
g = acceleration of gravity (32.2ft/sec2)
A = cross-sectional area of pipe (ft2)
V1’ = specific volume of gas at upstream conditions (ft3/lbm)
f = friction factor (no dimensions)
L = length (ft)
D = diameter of pipe (ft)
P1 = upstream pressure (psia)
P2 = downstream pressure (psia) 
*Assumptions: no work performed, steady state flow and f = constant as function of length [9] [10].
The equation above can be simplified for practical pipeline purposes:
	
	 [9] [10]

	(Eq.2)


Where 
P1 = upstream pressure (psia)
P2 = downstream pressure (psia)
S = specific gravity of gas
Qg = gas flow rate (MMscf/D)
Z = compressibility factor for gas (no dimensions)
T = flowing temperature (oR)
f = moody friction factor (no dimensions)
d = pipe ID (in)
L = length (ft) [9] [10]
[bookmark: _Toc40195589]2.1.2    Reduced Flow Factors
A number of factors can adversely affect the rate of flow in a piping system, and the relevance of each factor can vary depending on the type of system. Common causes of reduced flows in gas transportation lines are as follows:
· Too many consumers taking high volumes of gas at the same time
· Change in gas quality
· Adverse weather conditions (sub-zero freezing temperatures)
· Poorly designed systems
· Damaged pipelines
· Unwanted build-up of solid matter
· Unwanted build-up of condensate
· Loss of carrying capacity (air pockets)
· System components issues (booster malfunction)
· Valves partially open (below 100%)
· Vents left open
[bookmark: _Toc40195590]2.2    Pipeline Testing Methods
[bookmark: _Toc40195591]2.2.1    Gamma-Ray Absorption Flow Testing
Throughout industries, including petrochemical, nuclear and mining, multiphase liquid-gas, liquid-solid and liquid-solid-gas flows are extremely common within piping systems [11] [12]. By using a sealed gamma-ray Am-241 source and employing scintillation detectors connected to computer intelligence, four types of flow patterns (bubble, slug, plug and transitional plug) can be recognised and observed in graphical format, as shown in Figure 2.3 [11]. A constant beam of gamma-ray is emitted from a sealed radioactive source, which is then absorbed by the flowing mass. The scintillation detector records the changes in strength of radiation, transforming them into electrical impulses which are then displayed on computer intelligence software [11].
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[bookmark: _Toc40269219]Figure 2.3 – Gamma-Ray Absorption Method Used To Identify Gas Flow Patterns [11]
Gamma-ray absorption method is based on Beer-Lambert's law, the equation for this can be seen below:
	
	I = I0 exp(−η ⋅μ ⋅d)
	(Eq.3)


Where I shows the intensity detected via the outlet after the beam has travelled distance d through the absorbing materials η & μ, representing density and mass, which are the absorption coefficients of these materials [13]. Inlet for absorbent radiation intensity is shown as I0.
There is a general consensus that non-invasive gamma-ray absorption techniques can be highly effective for multiphase flow analysis in piping systems [11] [12] [13] [14] [15] [16]. It must be noted that these methods of measurement are continuous, allowing storage of historical data, as well as providing live readings. For more information on both non-commercial prototypes and industrial multiphase flow meters, please refer to Appendix A.
[bookmark: _Toc40195592]2.2.2    Hydrostatic Pressure Testing 
After construction of new fluid transportation systems and prior to commissioning, structures must undergo hydrostatic pressure testing in order to demonstrate integrity above service pressure [17]. Periodical testing may be required after commissioning and further testing is necessary when modifications are made to the system. The testing method involves filling a pipeline with water until required pressure is achieved, and pressure must then be held for a given amount of time designated by the relevant regulatory body [18]. Typical configuration of a hydrostatic pressure test being carried out on a pipeline can be seen in Figure 2.4.
[image: ]
[bookmark: _Toc40269220]Figure 2.4 - Hydrostatic Pressure Testing of Pipe [18]
For internal pressure testing, a minimum of 1 – 1.5 times of design pressure is required, and for a design temperature above the test temperature, the following equation may be used to calculate minimum test pressure [18].
	
	
	(Eq.4)



Where
Pt = minimum calculated hydrostatic pressure (kg/cm2)
P = internal design pressure (kg/cm2)
St = allowable stress at test temperature (kg/cm2)
S = allowable stress at design temperature (kg/cm2)
*When St and S are equal, test pressure is 1.5 x P [18]
Refer to Appendix B for further information.
Some believe carrying out hydrostatic pressure testing at 100% or greater than the minimum yield strength can adversely affect the integrity of a pipeline [19]. If testing should be carried out at all, then levels of no greater than 90% of minimum yield strength is recommended by some people [19]. However, many experts believe hydrostatic pressure testing has no adverse effects on pipeline integrity, and furthermore believe testing actually improves mechanical properties of pipeline material, including tensile, endurance and fatigue strengths [20]. Although there is strong evidence advising hydrostatic pressure testing does not damage pipeline integrity, for Port Talbot sites COG pipelines, pressure testing at no greater than 90% of minimum yield strength would suffice, as COG system is pre-set to flare gas before allowing pressure build up to 100% of minimum yield strength.
[bookmark: _Toc40195593]2.2.3   Gas Quality Testing Using TDLAS Technology
Tuneable Diode Laser Absorption (TDLAS) methods have been successfully used across industries to measure gas species concentrations and temperatures for many years [21]. A TDLAS sensor is capable of self-calibration and does not require regular maintenance to function efficiently [22]. An infra-red laser beam is emitted between a transmitter and receiver; wavelength, frequency and amplitude are measured from the absorption line of the subject gas constituent, as seen in Figure 2.5 [23]. Results are then displayed on a visual display unit and automatically stored on computer software.
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[bookmark: _Toc40269221]Figure 2.5 - Measuring Principle LaserGas Monitor [23]
Testable gases include ammonia, hydrogen sulphide, methane, carbon monoxide, carbon dioxide and also water content expressed as a percentage or parts-per-million (PPM). A full list of gases, detection limits, service temperatures and pressure requirements can be seen in Table 2.1. Alternative gases and higher pressures may be available on request. All listed gases are present in COG, this author proposes TDLAS technology could be effectively utilised for gas detection purposes across Port Talbot site.
[bookmark: _Toc40269390]Table 2.1 - Gas Detection Specifications For LaserGas II SP Monitor [22]
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[bookmark: _Toc40195594]2.3    Desulphurization Plant
One of the main issues for coke plant operations is managing waste by-products. Potentially the most destructive by-product is sulphur produced from hydrogen sulphide (H2S) reacting with other pollutants in COG. 
Stringent emissions targets are imposed on coke plants globally. Within the European Union there are two primary directives that all coke plants must adhere to:
· “Air Quality Directive” (EU, 2008)
· “IED Directive” (EU, 2010) [24]
The IED directive sets out a list of ‘Best Available Techniques’ (BAT) for each process and sets out emission limits for each pollutant. Emission limits for desulphurization of COG are illustrated in Table 2.2. For a full list please refer to Appendix C. 
[bookmark: _Toc40269391]Table 2.2 - IED Directive Emission Limits For H2S Pollutant [24]
	Process
	Emission
	BAT
	Unit of measurement
	Remark

	Desulphurization of COG
	H2S
	< 300 - 1000
	mg/Nm3
	Applying absorption process

	Desulphurization of COG
	H2S
	< 10
	mg/Nm3
	Applying wet oxidisation process


There are two main processes outlined by the Environmental Agency (EA) suitable for desulphurization of COG; absorption/stripping process and wet oxidisation process [25]. For absorption/stripping route the ASK method may be used, and for wet oxidisation the Stretford method can be employed [26]. Plant configuration and a description of each process can be viewed in Figure 2.6 and Table 2.3 respectively.
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[bookmark: _Toc40269222]Figure 2.6 - Plant Configurations For Wet Oxidation And Absorption/Stripping Processes [26]

[bookmark: _Toc40269392]Table 2.3 - Survey Of Each Desulphurization Process [26]
	Stretford
	ASK

	“H2S is scrubbed from the coke oven gas by a sodium carbonate solution (Na2CO3) and elemental sulphur (S°) is yielded using vanadate (VO3) as an intermediate. Regeneration of the scrubbing liquid takes place by aeration (O2), using anthraquinone disulphonic acid (ADA) as an intermediate.” [26]
	“H2S is scrubbed from the coke oven gas by a NH3 solution. The NH3 solution is derived from the NH3 scrubber. The H2S and NH3 are stripped from the washing liquor by steam stripping and the vapours are led to a Claus plant or a sulphuric acid plant.” [26]



Plenderleith (1981) suggests the Stretford process could be considered the most effective for H2S removal [27]. More current research from Sowa et al (2009) agrees, however favours the absorption/stripper processes due to their lower operating costs, high quality sulphur revenue returns and their capacities to eliminate contaminated waste water [26]. Further analysis of advantages and disadvantages for each method should be considered, before determining the suitability of each approach in line with Port Talbot sites plant requirements and budget availability.
[bookmark: _Toc40195595]2.4    Corrosion Measures
[bookmark: _Toc40195596]2.4.1    Corrosion Overview
Corrosion refers to the accidental degradation of a material due to chemical reactions between itself and the surrounding atmosphere [28]. Steel corrosion in the form of rust is clearly visible on the surface of a component. This cycle of corrosion or rusting can be identified as a basic “electro-chemical” reaction, which occurs in phases at the surface of the reactive anode and non-reactive cathode [29]. A visual representation and chemical equation for these reactions can be viewed in Figure 2.7.
[image: File:Corrosion mechanism.png]
[bookmark: _Toc40269223]Figure 2.7 – Corrosion (Rusting) Process Of Steel [29]
Although corrosion is often due to uncontrollable environmental factors such as pH, water salinity, fluid temperature, fluid dynamics, CO2 and H2S partial pressures [30], there are a of number control measures that may be implemented to minimise the effects: 
· Regular maintenance and inspection activities
· Material selection
· Protective coatings
· Cathode protection
· Design modification
· Environmental measures
· Chemical corrosion inhibitors [30]
A recent report from White (2019) proposes the total global cost of corrosion to be around $2.5 trillion, which does not take into account associated safety or environmental factors [31]. Industries are investing heavily in measures to combat corrosion and extend the life cycle of metallic components and structures exposed to the environment [32]. Although some degree of corrosion will always be present, best efforts should be made to invest wisely in measures to control and monitor the rate of corrosion.
[bookmark: _Toc40195597]2.4.2    Non-Destructive Testing 
Non-destructive testing (NDT) refers to a group of analysis techniques used in science and engineering to detect flaws in components, materials and systems, without inflicting any physical damage [33]. The most basic techniques are visual inspection and dye penetrant testing which require very simplistic or no equipment. For other testing modalities such as infrared, ultrasonic and electromagnetic, appropriate testing equipment must be used [34]. 
Using contactless technology, laser ultrasonic method emits a beam onto the material which produces an ultrasonic pulse that spreads throughout a component. A self-mixing “vibrometer” then reads and measures the vibrations created by ultrasound [35]. This method can be used to analyse corrosion, erosion and welds.
Creaform are a leading manufacturer of NDT testing equipment, and have recently released a new cutting edge laser ultrasonic device that comes with a 3D scanner and “Pipecheck” software [36]. The results generated are up to 80 times faster than standard techniques, providing an accuracy of +/- 0.025mm, with ultrasound data import and radius measurement capabilities, which can be used at any location along a pipeline [36]. Figure 2.8 shows a pipeline NDT technician testing an industrial pipeline using Creaform 3D scanning technology.
[image: Ispezione NDT delle condutture per il settore del petrolio e del gas]
[bookmark: _Toc40269224]Figure 2.8 - Creaform Laser Ultrasonic 3D Scanning Technology [36]
[bookmark: _Toc40195598]2.4.3    Stainless Steel Pipework
Stainless steels are alloys that contain no more than 30% chromium or less than 50% iron, although generally contain a chromium content of around 12%, which is the amount needed to stop rust forming [37]. Stainless steels acquire their ‘stainless’ properties from a thin passive layer of Cr2O3, which heals itself when exposed to oxygen, as demonstrated in Figure 2.9 [37]. A higher chromium content will produce a stainless steel with superior corrosion resistant properties.
[image: https://cdn.thefabricator.com/a/passivation-basics-will-this-stainless-steel-rust--1541696189.jpg?size=1000x1000]
[bookmark: _Toc40269225]Figure 2.9 - Stainless Steel Reacting With Oxygen To Form Protective 'Passive' Layer Of Cr2O3 [38]
Mart (2018) affirms the superior corrosion resistant properties of stainless steels, even when exposed to environments containing low pH conditions, water, chlorides and H2S [39]. However, Llewellyn (1998) states that “under certain conditions, stainless steels are susceptible to highly localised forms of attack in relatively mild environments, rendering them unsuitable for further service” [40]. Further investigation by Chan and Tjong (2014) reveals that providing optimal concentrations of alloying elements are attained, an equilibrium between chemical composition and corrosion resistance can preserve structural integrity of a component in any environment [41]. Research by Chan and Tjong (2014) provides an extended analysis of work produced by Mart (2018) and Llewellyn (1998). While acknowledging the latter’s concern for localised attack under specific conditions, Chan and Tjong deduce that given the appropriate concentrations of alloying elements are achieved, concerns cited are insignificant, as the stainless steel component could withstand any environment. The author proposes that suitably designing a component for a specific application, in addition to achieving the correct concentrations of alloying elements, would further assist in preserving a component from localised forms of corrosion.
[bookmark: _Toc40195599]2.4.4    Industrial Protective Coatings
Protective coatings are a useful way of protecting metallic components and structures from corrosion [42] [43] [44]. They accomplish this by forming a barrier against water, H2S and other pollutants, or by administering galvanic action, or a combination of both [45]. The main types of coatings used for steels are:
1. Hot-dip galvanizing – this process involves the ‘dipping’ of the steel component in a bath of molten zinc at around 450oC. Zinc reacts with oxygen and carbon dioxide to form zinc carbonate which acts as a protective barrier against corrosion. This technique is best used for structures near sea water or those exposed to ultraviolet rays.
2. Powder coating – involves the application of fine powdered paint particles and resins that stick to the metallic component forming a layer of protection. These coatings are generally cheap, easy to apply and are available in a variety of different colours. Used for automotive body parts, sculptures and high quality doors.
3. Epoxy coating – a thick layer of epoxy is applied to a metallic component, forming a tough, durable and fluid resistance coating. This is often used for steel structures and concrete floors.
4. Metal plating – there are three main processes used for this: electro, electro-less and immersion plating. All engage in the application of nickel, zinc and alloys onto the metallic part, creating a thin protective surface layer. Applications include jewellery, automotive parts and household taps. [46]
Belzona are a British company who specialise in the creation and application of a wide range of industrial protective coatings [47]. They offer a number of solutions to corrosion and erosion of steel pipework, valves and fittings in the form of chemical resistant epoxy coatings that are effective at extremely high and low temperatures [47]. Figure 2.10 shows a Belzona employee applying a spray-on epoxy coating inside a service pipeline. Despite offering many protective coating solutions, a clear understanding of the application requirements must be attained before trialling a specific protective coating.
[image: Image result for belzona pipe coating]
[bookmark: _Toc40269226]Figure 2.10 - Epoxy Coating Application Inside Pipeline [47]
[bookmark: _Toc40195600]2.5    Maintenance Activities
[bookmark: _Toc40195601]2.5.1    Descaling Solution
One of the first tried and cheapest techniques used for industrial fouling removal is the use of a descaling agent [48]. Often mixed with a corrosion inhibitor, this is added to protect steel surfaces from corrosion and prolong material lifespan [49]. Much research has been carried out on the successful use of corrosion inhibitors with descaling solutions in the oil and gas industry [50] [51] [52]. Madhusudan et al (2018) acknowledges the use of a descaling solution with a synthetic corrosion inhibitor is popular due to how highly effective, low costing and simple the process is [53]. Umoren and Solomon (2014) propose effectiveness is conditional, stating “inhibition efficiency has been found to be greatly influenced by the concentration of inhibitor, polymer molecular weight, structure of inhibitor and temperature” [54]. Providing thorough investigation into the suitability of descaling agent and appropriate inhibitor parameters are attained, this low costing and easy approach could provide a highly effective means of combating fouling and corrosion simultaneously in Port Talbot sites COG system. 
An international company called Ecolab provide energy technologies and services including a range of industrial pipeline and asset cleaning solutions. One of these solutions has been successfully used in coke plant cooling towers of an unnamed steelworks. The method uses patented ‘Nalco’ injection quill and a descaling solution, atomising the chemicals into the gas stream along with natural gas or nitrogen [55]. The treatment works by dissolving and dispersing fouling deposits, whilst also treating the pipework from corrosive compounds [55]. Figure 2.11 outlines the procedure used.

[image: ]
[bookmark: _Toc40269227]Figure 2.11 - Descaling Method Used On Coke Ovens Cooling Tower At Unnamed Steelworks [55]
[bookmark: _Toc40195602]2.5.2    Pipeline Remediation
Flow obstacles in pipelines are a common problem across many industries, for this reason there are a large number of companies who specialise in pipeline remediation. Typical methods used for pipeline remediation are pigging, thermal insulation, water or steam jetting and chemical injection mentioned in Section 2.5.1 [56]. Due to the competitive nature of the business, most successful companies maintain a continuously innovative approach, and the creation of new remediation technologies is at the forefront of this. One of the leading companies, Paradigm Flow Services have recently released ‘Flexi-Coil’, described as “a pioneering intervention system for extended reach riser, pipeline and flow remediation”, as viewed in Figure 2.12 [57]. Designed to remove blockages and restrictions, Flexi-Coil can cover 15km, 1000-degree inline bends, is deployable live or on shut down, is lightweight, portable and can deliver up to 10,000 psi at any distance [57]. A coil is pre-spooled onto a reel unit, which is then inserted into the pipeline and operated by a pressure control injector unit; different tool attachments are available depending on the specific job requirements. This author suggests the Flexi-Coil remediation method may be employed to remove stubborn fouling deposits from within COG pipelines. 
[image: Image result for paradigm flexicoil]
[bookmark: _Toc40269228]Figure 2.12- Paradigm Flexi-Coil Technology [57]





3 [bookmark: _Toc40195603]Main Body

[bookmark: _Toc40195604]3.1   Coal Quality
As mentioned in Section 1.2, coking coal is the crucial raw material used for coke making. Currently known global coal reserves surpass 1 trillion tonnes, however only half of this amount is hard coking coal suitable for producing blast furnace coke [58]. Coal used for coking is known as metallurgical coal. Coke quality has a direct effect on the overall steelmaking process. A number of tests may be carried out to assess coke quality; these include coke strength after reaction (CSR), coke reactivity index (CRI), coke stability, and proximate and ultimate analysis testing. Ultimate analysis is of importance for this report, as it can be used to determine the chemical compositions of the elements carbon, sulphur, nitrogen, hydrogen and oxygen [58].  A typical example of ultimate analysis results for elements given in mass % can be seen in Table 3.1. A high carbon content is desirable, however, contaminants of sulphur, hydrogen and oxygen are detrimental not only to blast furnace operations, but also COG consumers, as high quantities of contaminants can contribute to build-ups of fouling deposits. 
[bookmark: _Toc40269393]Table 3.1 – Example Ultimate Analysis Results For Coal Composition [59]
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[bookmark: _Toc40195605]3.2    Coke Oven Gas 
[bookmark: _Toc40195606]3.2.1    COG Works Fuel
As previously mentioned, coke oven gas is a flammable gas produced as a by-product from the coking process. The gas is distributed throughout Port Talbot site and is used as a fuel for combustion applications at different installations including Morfa Batteries, Reheat Furnaces and Blast Furnace Stoves. Utilisation of COG displaces large volumes of imported natural gas, generating huge cost savings, however the gas composition presents numerous challenges. COG contains around 5% moisture content from the by-products plant cleaning processes, if not removed it will collect in pipelines effectively impeding gas transportation. The chemical composition of COG also acts as an enabler in the internal corrosion of pipeline material, forcing temporary shutdowns of pipelines to remove solid deposits.
[bookmark: _Toc40195607]3.2.2    Composition
Composition of COG can be divided into two component groups, of both major and minor components, as illustrated in Tables 3.2 and 3.3. 
[bookmark: _Toc40269394]Table 3.2 - COG Composition Of Major Components [4]
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[bookmark: _Toc40269395]Table 3.3 - COG Composition Of Minor Components [4]
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[bookmark: _Toc40195608]3.2.3    Calorific Value 
In order to operate on COG, each consumer requires a minimum volume and energy content. Factors that affect volume and energy content include coke blend, integrity of oven fabric and rate at which coke ovens achieve complete carbonization. These factors directly affect the calorific value (CV) of gas released during coking. Calorific value describes the amount of energy released when a given amount of gas achieves complete combustion under controlled conditions [60]. Gas with a higher CV is considered a more effective fuel. For example, natural gas has approximately double the CV of COG, therefore only half the amount is required to fuel a combustion application. Calorific value of gas produced at the coke ovens can be viewed below, along with the CV of other gases used on site. 

· Coke Oven Gas          17 MJ/Nm3 (+/- 10%)
· Blast Furnace Gas      2.9 – 4.2 MJ/Nm3
· Natural Gas                37 – 41 MJ/Nm3
In order to calculate CV, simple addition of all combustible gas components must be calculated, then multiplied by the percentage by volume value for each gas. Calculation for COG CV can be seen below:
Take the net CV for each gas,
Hydrogen                 =     10.79 GJ/kNm³
Methane                   =     34.2 GJ/kNm³
Carbon Monoxide    =     12.71 GJ/kNm³
Ethylene                   =     61 GJ/kNm³
Ethane                      =     57 GJ/kNm³
COG CV,
(61.7/100)*10.79     =     6.657
(25/100)*34.2          =     8.55
(5.6/100)*12.71       =     0.712
(0.3/100)*61            =     0.183
(1.8/100)*57            =     1.026
Only combustible gases are included, therefore the CV is a sum of the individual calculations above,
                                 =    17.13GJ/kNm3 or
                                 =    17.13MJ/Nm3 [1]
[bookmark: _Toc40195609]3.3    Coke Ovens 
[bookmark: _Toc40195610]3.3.1    Plant Overview
Morfa coke ovens were commissioned in 1981 and underwent a rebuild in 2004 – 2005 [2]. Several years ago the plant spent £60 million on refurbishments, however despite this further investment is required. Currently, coke ovens workers are being encouraged to optimise existing assets through scheduled outages, for the purpose of undertaking preventative maintenance activities in the hope of securing further investment through CapEx projects. 
In 2007 alone  approximately 1.35 million tonnes of coal was consumed, producing 944 kilotons of coke for blast furnace consumption, 400 million normal cubic meters raw COG, 33 kilotons of tar and 11 million tonnes of benzole [2].  
The plant contains two identical batteries (each containing 42 ovens), by-products recovery, ammonia incinerators, two boosters and coal handling plants. The full plant configuration can be viewed in Figure 3.1.
[image: ]
[bookmark: _Toc40269229]Figure 3.1 – Coke Ovens Process And Plant Layout [2]
[bookmark: _Toc40195611]3.3.2   Batteries 
As mentioned in Section 1.2, after stocking blending and further processing, the coal is transported to the batteries service bunkers via a conveyor belt. Blended coal is then charged into the ovens via rail charge runner cars. A leveller then evens out the coal, during which gas can be removed by ascension pipes to the main collector. Chambers containing flues are located between each oven. The gas is then fired, pre-heating the silica refractory walls, in turn heating the coal and carbonizing it under oxygen deficient conditions at approximately 1250oC to produce coke [2]. Gas can then be sent to the by-products plant for ‘cleaning’ and recovery of useful by-products. Blast furnace gas enriched with coke oven gas is the main fuel for battery operations. An illustration of the coke oven battery set-up can be seen in Figure 3.2.
[image: ]
[bookmark: _Toc40269230]Figure 3.2 - Labelled Illustration Of Coke Oven Battery [2]
[bookmark: _Toc40195612]3.3.3    By-Products
3.3.3.1    Plant Function
To ensure COG produced at Morfa coke ovens can be used as a fuel across site, first COG must be treated at the by-products plant. Functions of the by-products plant are as follows:
· Cool COG in order to condense out contaminants and water vapour
· Remove tar aerosols to help avoid pipeline fouling
· Remove ammonia to maintain the integrity of pipelines by preventing corrosion
· Remove benzole to avoid low liquid – vapour ratio and prevent blockages
· Remove naphthalene for prevention of condensate fouling in pipelines
· Remove hydrogen sulphide to conform to emissions guidelines governing COG emissions [2]



By-products plant abatements can be viewed (red underlining) in Figure 3.3.
[image: ]
[bookmark: _Toc40269231]Figure 3.3 - By-Products Plant Configuration At Morfa Coke Ovens [1]
A brief functional description for each by-products or ‘gas handling’ plant asset can be viewed in the following sections.
3.3.3.2    Downcomer
Heated COG leaves the battery at around 800oC. COG is then sprayed with flushing liquor to lower temperature through conduction and adiabatic cooling [2]. Temperature decreases to around 80oC where condensation of liquor and tar occurs. Half of the liquor exits at the downcomer (Figure 3.4), the rest leaves underneath the battery through return lines. Liquor from under the battery re-joins the stream from the downcomer and the condensation causes a decrease in gas pressure. Liquid formed from condensation increases density, resulting in liquid falling to the bottom of the collection main. Gravitational force separates gas from liquid, gas travels onto the primary void cooler and liquor and tar are transported to a decanter. Maintaining a constant flow of flushing liquor at 1.75m3/min (4bar) is essential to ensure the required temperature drop, which in turn decreases the volume of gas [2].
[image: ]
[bookmark: _Toc40269232]Figure 3.4 – Morfa Coke Ovens Downcomer [4]
3.3.3.3    Primary Void Cooler
Gas enters the primary void cooler (Figure 3.5) from the bottom at 80oC. There are twelve cone-sprays located at the top of each cooling tank. Flushing liquor is ejected through each cone-spray, providing good contact between the gas and circulating liquor [2]. Cooled liquor then moves on to the central stage where gas is cooled, causing condensation of tar and water. Liquor drops down to a lower plate where it passes through a pipe into the base ready for tar and liquor separation. Tar and liquor leave the base once three quarters full and are transported to separators. Gas exits the cooler top at 27oC. Maintaining the desired flow of liquor is paramount to ensuring the temperature drops to 27oC [2]. 
[image: ]
[bookmark: _Toc40269233]Figure 3.5 - Morfa Coke Ovens Primary Void Cooler [4]
3.3.3.4    Exhauster House
Figure 3.6 displays the exhauster house, the primary function of which is to ensure a steady flow of gas is drawn through the coke ovens while holding pressure at 1.3mbar, as required for further processing. Gas is fed through a smaller diameter pipeline which results in an increase of temperature to 35oC. Decrease in exhauster speed and high gas temperatures are indications of possible blockages. The exhauster is set to trip out at 4,700 rpm if overburdened [2]. Effective operation of the exhauster is required to maintain gas supply from the batteries and deliver a steady supply to downstream operations.
[image: ]
[bookmark: _Toc40269234]Figure 3.6 - Morfa Coke Ovens Exhauster House [4]
3.3.3.5    Secondary Void Cooler
Operates similarly to primary void cooler (3.3.3.2), however the key difference is that no separation takes place at the cooler base. The secondary void coolers sole function is to reduce gas temperature from 35oC to 27oC. Any deviation from this seriously effects ammonia and benzole washing.
3.3.3.6    Detarrers 
Gas from the secondary void cooler enters the detarrers at 27oC. Tar is present in either aerosol droplets or above its vapour phase. Ionisation of gas occurs at 27kV, forming positive and negative charged ions [2]. Positive ions are caught by the negatively charged electrode and negative ions are repelled and collide or join tar particles making them negatively charged. Tar particles move away from the electrode and collide with the earthed collector, losing their charge and consolidating on collector walls while being drawn down by gravity [2]. For optimal performance all three detarrers (Figure 3.7) must be operational. Any less than this has a detrimental effect on COG quality. If only one detarrer is active, then assets switch to natural gas. Tar collected will be sold offsite; payment received for tar fluctuates depending on quality and volume.
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[bookmark: _Toc40269235]Figure 3.7 - Morfa Coke Ovens Detarrers (x3) [2]
3.3.3.7    Ammonia Washers
Figure 3.8 displays both ammonia towers, each containing five levels of re-circulatory washers. Operations at the towers aim to decrease the ammonia content of gas from detarrers to under 0.123g/m3 so that COG can be utilised by consumers and to help avoid fouling in gas transportation pipelines [2]. Five liquor trays are present in each tower, gas enters through the bottom of the tower, and rises through each tray before exiting at the top. Gas is washed while maintaining a temperature of 27oC. Desired flow of liquid ranges from around 550-650 litres per minute for optimum ammonia cleaning [2]. Both towers need to be operational to ensure optimal results.
[image: ]
[bookmark: _Toc40269236]Figure 3.8 - Morfa Coke Ovens Ammonia Washing Towers [4]
3.3.3.8    Benzole Washers
Gas enters benzole washer vessels (Figure 3.9) from the bottom and escapes through the top. Benzole washers are designed for benzole stripping from the gas stream. For washing purposes mineral oil is sprayed from the top. Fourteen redistribution grids are located inside the benzole washers to regulate the spray pattern [2]. The sprayed oil absorbs benzole from gas phase by differential pressures between the two phases [2]. Oil-benzole mixture leaves through the bottom. Benzene, toluene and xylene are removed and can be sold offsite.
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[bookmark: _Toc40269237]Figure 3.9 - Morfa Coke Ovens Benzole Washers [4]
3.3.3.9    Naphthalene Washer
Figure 3.10 displays the naphthalene washer. This is constructed identically to the ammonia washers, with the only difference being the lower oil flow rate of 25-30 litres per minute [2]. Special grade wash oil is used to effectively absorb naphthalene from the gas. The temperature of gas and oil is not as important at this stage and does not require cooling before entering the washer. Gas leaves the naphthalene washer at 32 mbar.
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[bookmark: _Toc40269238]Figure 3.10 - Morfa Coke Ovens Naphthalene Washer [4]
[bookmark: _Toc40195613]3.3.4    COG System
Morfa coke ovens are capable of producing 20,000 tonnes of coke per week. Around 42,000 m3/hour of COG is produced. The exact figure is dependent on coal grade, moisture content and pushing rate. The COG distribution system’s spinal main consists of a low pressure (LP) and high pressure (HP) system, as displayed in Figure 3.11 on the work’s iFix software ‘coke oven gas distribution’ screen. The LP system operates at close to 34 mbar, and contains the coke oven batteries, the COG gasholder, a flare and two boosters. Owned by the coke ovens, the system can be controlled by the gas holder and flare. The HP distribution system supplies the majority of consumers across site and comes under ownership of the Energy Department. There are two interlocked boosters which are set up so that only one can be operational at a given time. The system also contains two synthetic BFG machines and numerous enrichment stations. Pressure leaves the booster at near 150 mbar for the HP system, with maximum operational pressure capabilities of 300 mbar, however operational pressure varies significantly depending on consumer demand.
The following COG subsystems fulfil the following functions:
Flare Stack
· Safeguards against over-pressuring the LP main when operational
· Safeguards against gas holder piston reaching maximum position

COG Gasholder
· Controls pressure within the LP system
· Temporarily stores COG
Enrichment Stations
· BFG and COG are mixed to produce fuel with a specific calorific value for consumers
· Also used for multi-fuel enrichment along with natural gas or BOS gas to meet specific consumer needs
Isolation Valves with Spade Points
· Provide the main method for isolating sections of the COG distribution system
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[bookmark: _Toc40269239]Figure 3.11 - COG Distribution High and Low Pressure Systems [1]
All consumers are capable of running on alternative fuels except for the ammonia incinerators, BFG enrichment station, synthetic BFG machines and converter driers at the BOS plant. Under normal conditions it can be assumed that most consumers operate continuously, however delays at the Reheat Furnaces and the pulse firing mechanism used can result in large volumes of COG becoming available at short notice. A full list of COG consumers, alternative fuels and ranges of operational flow rates are given in Table 3.4.
[bookmark: _Toc40269396]Table 3.4 - Coke Oven Gas Consumers [1]
[image: ]
COG consumer prioritisation lists can be seen below:
Prioritisation of COG under two furnace operation – 
1. Consumers that have no alternative fuel
2. Reheat furnaces
3. Blast furnace stoves
4. Power plant HP boilers
Prioritisation of COG under one furnace operation –
1. Consumers that have no alternative fuel
2. Power plant HP boilers
3. Reheat furnaces
4. Blast furnace stoves
Prioritisation of COG under nil furnace operation –
1. Morfa coke ovens batteries
2. Consumers that have no alternative fuel
3. Power plant HP boilers
In the event of detarrers being lost, causing a drop in COG quality, procedure instructs that the Reheat Furnaces should be switched to natural gas and all other consumers are to be informed. Should benzole levels dramatically increase, then all consumers must be notified and it will be up to each area to  assess their options individually. When poor quality COG is produced the option of flaring must be considered, however this can only be carried out with the authorisation of  Energy Control Manager, Dean Morgan.
[bookmark: _Toc40195614]3.3.5    COG Condensate
3.3.5.1    Drainage And Safety
Large volumes of COG condensate made up of around 98% water, along with traces of sulphur, ammonia, coal tar, benzene, toluene and other contaminants, gather in COG transportation pipelines. If allowed to build-up, normal operations will be disrupted and reduced flows can occur. This poses a huge risk to the structural integrity of pipelines, as well as a major safety concern. To avoid these undesirable instances, condensate must be drained daily. Environmental standards instruct COG condensate is considered a hazardous waste under the “Control of substances hazardous to health regulations 2002”, therefore cannot be run to ground [61]. Fibreglass collection pots are used for condensate collection. Pots are emptied and delivered to the coke ovens plant via tanker. Basic configuration of COG drainage system components can be viewed in Figure 3.12.
[image: ]
[bookmark: _Toc40269240]Figure 3.12 - COG Condensate Drainage System Components [4]
Approximately 142 collection pots are located across site. Generally, top valves feeding pots are left open while bottom valves are set in the closed position. Each bottom valve will be opened daily either by a member of the ‘Day Gas Team’ on weekdays, or by the ‘Shift Fuel Operator’ on weekends. Due to the vast distances that COG pipelines cover, the system is divided into three sections or ‘rounds’ A, B and C, as displayed in Figure 3.13. Three operators are required (one per round), to drain condensate from pipelines. Each operator is also responsible for visually inspecting pipework for any leaks, cracks or obstacles blocking access to valves. Any issues found are reported back to the section leader and input onto the works SAP database, listing the issue found, severity rating and action taken.
[image: ]
[bookmark: _Toc40269241]Figure 3.13 - Schematic Diagram Of Coke Oven Gas Piping System Divided Into 'Rounds' [1]
Contact with hazardous COG condensate has the potential to cause irritation, genetic defects and cancer, therefore protective guidelines are enforced to protect workers. Should exposure occur then response measures outlined in Figure 3.14 must be followed immediately. All gas systems operators are issued personal protective equipment (PPE) to help avoid accidental contact with COG condensate.
[image: ]
[bookmark: _Toc40269242]Figure 3.14 - COG Condensate Classification, Prevention And Response [62]
3.3.5.2  Case Study 
Subject: Condensate accumulation in 300 mbar coke oven gas pipe
Location: Tata Steel Ijmuiden
Date: 11th May 2015
What happened
A process safety incident occurred at the Energy Department (ENB), which was classified as a ‘near miss’. Investigation was undertaken and the description of events leading to the incident are presented below:
· Coke plant (KGF2) condensate leak in condensate gas system on January 17th 2015; a condensate occurred in the underground eastern clean gas condensate pipe of KGF2.
· A group of three outlets were sealed off, duration unknown. KGF2 workers blocked the leak by sealing off three closure valves. ENB commissioned a contractor company to pump out condensate tanks 0-130 and 0-129 an additional 2 x per week.
· Repairs delayed, total duration 5 weeks. The repairs were delayed due to some setbacks while work was being carried out. Communication between KGF2 and ENB brought forward concerns that no extra condensate had been pumped out of the tanks. It was concluded that KGF2 captured the condensate in the western clean gas condensate pipe.
· On 15th February, the Pellet Mill Distillery (PEFA) complained that it had no more coke oven gas due to pressure problems. An investigation revealed that more than half of the main pipe was filled with condensate.
· A total of 60 tonnes of condensate was immediately drained from the section of pipeline.
[image: ]
[bookmark: _Toc40269243]Figure 3.15 - Section Of  IJmuiden COG Pipeline Half-Full Of Condensate (60 Tonnes) [1]
Findings
· Three condensate drainage outlets were closed without performing a prior risk assessment.
· PEFA’s pressure problems led ENB to start an investigation, which revealed closure of the outlets had resulted in the creation of a low point in the piping system. This left no escape route for condensate to drain, resulting in an accumulation in the pipeline.
· Calculations by projects and a local technical consultancy revealed the pipeline and structure were able to hold the extra 60 tonne load, although the design limit was nearly exceeded.
Recommendations
· If a failure occurs in an area at cross-work unit level, the work units involved must always come together to determine the consequences and coordinate measures.
· A temporary Management of Change (MOC) must be created due to deviation from the standard.
· Always inspect the area itself to assess the situation.
· Scenario should be included in the next site safety study. 
[bookmark: _Toc40195615]3.4    Isolations
Often before work can be carried out on piping systems, sections of pipeline must be safely isolated. The Health and Safety Executive (HSE) composed a piece of legislation ‘HSG 253 – The safe isolation of plant and equipment’, which describes in detail “how to isolate plant and equipment safely, and how to reduce the risk of releasing hazardous substances during intrusive activities such as maintenance and sampling operations” [63]. The document describes three categories of isolation, positive isolation, proved isolation and non-proved isolation. Positive isolations are the safest form of isolation and for this reason are the favoured methods used across Port Talbot site [63]. Three types of positive isolations used are described in Figure 3.16.
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[bookmark: _Toc40269244]Figure 3.16 - 'HSG 253' Types Of Positive Isolation [63]
4 [bookmark: _Toc40195616]Analysis

4.1 [bookmark: _Toc40195617]  Deposit Analysis
4.1.1 [bookmark: _Toc40195618]Technical Laboratory
On Tuesday 27th July 2019, during a scheduled Reheat Furnace stop, three debris samples (12, 16 and ‘fresh’) were extracted from the Furnace’s COG piping system and submitted to the onsite technical laboratories for chemical analysis. 
The following testing procedure was used:
· All samples were washed with dichloromethane solvent before testing, in order to remove any organic compounds and/or oil present.
· Organic extraction was analysed by Gas Chromatography (GC) linked to Mass Spectrometry (MS) to identify any organic components derived from the samples. Results can be seen in Table 4.1.
· Remaining residue from dichloromethane washing was analysed for bulk elemental analysis by Scanning Electron Microscopy (SED)/Energy Dispersive X-Ray Spectroscopy and phase analysis by X-Ray Diffraction (XRD). These results displayed in Tables 4.2 and 4.3 respectively.
[bookmark: _Toc40269397]Table 4.1 - Compounds Extracted From Samples Using Solvent [1]
	Compound/Element
	Sample 12
	Sample 26
	Sample Fresh

	Sulphur S8
	
	
	

	Oil
	
	
	

	Trimethylbenzene
	
	
	

	Pyrene
	
	
	

	Fluoranthene
	
	
	

	Chrysene
	
	
	

	Triphenylene
	
	
	



· Elemental Sulphur and oil present in all samples
· Fresh sample shows polycyclic aromatic hydrocarbons (PAHs) and benzene derivatives are also present
[bookmark: _Toc40269398]Table 4.2 - Bulk Elemental Analysis Identified By SEM/EDS Analysis [1]
	Sample Identity
	%C
	%S
	%Fe

	Sample 12
	40-50
	28-34
	21-23

	Sample 26
	88-93
	5-8
	1-4

	Fresh Sample
	81-84
	10-12
	4-7



· Concentrations of carbon, sulphur and iron were present in all samples tested
[bookmark: _Toc40269399]Table 4.3 - Crystalline Phases Identified By XRD Analysis [1]
	Phase
	Formula
	Sample 12
	Sample 26
	Fresh Sample

	Sulphur
	S8
	
	86
	77

	Iron (III) Hexacanate
	Fe4(Fe(CN)6)3
	55
	
	23

	Carbon
	C
	45
	14
	



· Only two phases were present for each sample
[bookmark: _Toc40195619]4.1.2   Nalco Laboratory
A section of coke ovens gas pipeline running from Granulated Coal Injection (GCI) to the Blast Furnace area was isolated by the Day Gas Team on 25th November 2019, ready for water jetting maintenance by Cape contractors. Before work commenced, samples of black solid deposits (Figure 4.1) were collected from a local inspection hatch and sent to Nalco’s analytical laboratory for chemical analysis.
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[bookmark: _Toc40269245]Figure 4.1 - Black Solid Deposits Collected From COG Mains Inspection Hatch By GCI Plant [4]
The following analytical testing methods were used:
· Elemental Analysis by X-Ray Fluorescence
· Elemental Analysis by CHNS Analyser
· Chemical Composition Analysis by X-Ray Diffraction 
· Gravimetric Testing
Results of elements identified by weight percentages can be view in Table 4.4.
[bookmark: _Toc40269400]Table 4.4 - Laboratory Results By Wt % For Black Solid Deposits Collected  From COG Pipeline [1]
	Sulphur
	Nitrogen
	Iron
	Carbon
	Hydrogen

	65%
	12%
	11%
	7%
	1%



· Elements of sulphur, nitrogen, iron, carbon and hydrogen were all present
· Compounds of iron cyanide hydrate ‘Fe(CN)3(H2O)2’ were also identified
*Any elements below 0.5% were not detected.
For the full laboratory report refer to Appendix D.
4.2 [bookmark: _Toc40195620]   Fouling And Corrosion Processes
[bookmark: _Toc40195621]4.2.1    Fouling Process - Chemistry
From the laboratory reports in Section 4.1 and similar reports previously received, confirmation of fouling products present in Port Talbot coke oven gas system are predominantly sulphur but also contain iron cyanide, carbon and other organic and inorganic compounds. 
The chemical equation for the fouling mechanism is as follows:
[bookmark: _Hlk36463959] (Eq.5)                                             
H2S  +  O2                                 S  +  H2O                 

· An understanding of factors affecting the chemical reaction must be gained, before identifying appropriate solutions based on these findings.
Role of ammonia in fouling
In solution, ammonia reacts with water like so: 
(Eq.6)
NH3(g)    +   H2O(l)         ⇌         NH4OH(aq)

Hydrogen sulphide and oxygen dissolve too, generating O2 (aq.) and H2S (aq.)
(Eq.7)
H2S(g)      ⇌      H2S(aq)

The two dissolved species react with one another:
(Eq.8)
NH4OH(aq)    +    H2S (aq)     ⇌      NH4SH(aq)   +   H2O(l)

Hydrogen sulphide reacts with oxygen to form sulphur (insoluble), the fouling adduct described in Eq.5 and depicted in Figure 4.2.
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[bookmark: _Toc40269246]Figure 4.2 - Fouling Inside COG Pipeline Containing Sulphur And Water [4]
4.2.2 [bookmark: _Toc40195622]Corrosion Process
4.2.2.1    Overview
For corrosion to occur in carbon steels, oxygen and/or water must be present. As previously mentioned, COG pipelines transport H2, CH4, CO, H2S, NH3 and other contaminants; therefore, piping material can be susceptible to various types of corrosion. In time this leads to pipeline failures, creating a safety hazard and huge economic loss.
4.2.2.2  Waterline Corrosion
For waterline corrosion to transpire, one part of the component must be in contact with water and the other in contact with air. Metal dissolution occurs below the waterline where oxygen is present. The difference in oxygen present above and below the waterline can lead to highly localised corrosion rates, as seen in Figure 4.3 [34]. Coke oven gas conveying pipelines contain both water and oxygen, suggesting waterline corrosion may be responsible for damaging the integrity of pipeline material.
[image: CORROSION TECHNOLOGY]
[bookmark: _Toc40269247]Figure 4.3 - Metal Dissolution Process Causing Waterline Corrosion [64]
4.2.2.3  Microbial Corrosion
Microbial induced corrosion (MIC), also known as bio-corrosion, is frequently detected in fluid transportation pipelines and is accountable for the majority of internal corrosion issues  [65] [66] [67]. MIC systematically deteriorates the metallic material surface via the “metabolic activity” of microorganisms, such as bacteria [66]. In oil and gas pipelines, sulphate reducing bacteria (SRB) are generally considered the principle transgressor of MIC [68]. SRB create a microbial biofilm layer on the surface of carbon steels, enabling the rapid acceleration of corrosion processes, including pitting and crevice corrosion [69]. Figure 4.4 exhibits different examples of iron corrosion by SRB for both abiotic and biotic reactions. SRB are able to attack iron either by electrical microbially influenced corrosion (EMIC) or by chemical microbially influenced corrosion (CMIC) [68]. All reactions displayed below in stoichiometry are capable of existing simultaneously, however the rate and amount of corrosion inflicted will vary. 
[image: FIG 4]
[bookmark: _Toc40269248]Figure 4.4 - Different Types Of Iron Corrosion By Sulphur Reducing Bacteria [68]
[bookmark: _Toc40195623]4.3    Pipeline Material Analysis
[bookmark: _Toc40195624]4.3.1    Regulations & Standards
Before construction of a new pipeline can commence, relevant regulatory guidelines must be reviewed. Instructions from the HSE set out in ‘A guide to the Pipelines Safety Regulations 1996’ state that “The material of construction should be able to withstand the physical and chemical conditions of the fluid to be conveyed under the operating conditions for which the pipeline has been designed” [70]. Further pipeline installation requirements from the American Society of Mechanical Engineers (ASME) and Tata Steel UK given in Figure 4.5 must also be complied with.
[image: ]
[bookmark: _Toc40269249]Figure 4.5 - Pipeline Installation Requirements [1]
Welding requirements for new pipework must be carried out in accordance with the British Standards for Metallic and Industrial Piping dictated in BS EN 13480:4. Tata Steel’s internal standards should be followed for welding and the acceptance of welds as outlined in EIS 03. A welding contractor company is required to produce welding specification documentation, along with an appropriate procedure for pipeline installation. The specification document must contain both pre and post weld heat treatment conditions (if required), and type of NDT weld inspection technique to be carried out. The welder carrying out the work must be BS EN 287-1 coded and follow stated procedure determined by parent metal thickness. Acceptable welding procedures and application restrictions for each category are given in Table 4.6, as well as suitable pipeline materials listed by category. For the full list of welding inspection criteria please refer to Appendix E.
[bookmark: _Toc40269401]Table 4.5 - Pipeline Material And Welding Criteria [1]
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[bookmark: _Toc40195625]4.3.2    Carbon Steels
The standard classification system for steels come under the AISI standards; each grade contains a unique four-digit code. The first two digits signal the major alloying element and second two digits provide carbon content, expressed in hundredths of a percent. Plain carbon steels begin with 10xx, 11xx, 12xx or 14xx, determined by sulphur, phosphorus and manganese concentrations. Common low carbon steels are either 1015, 1020, 1022, 1117 or 1118; medium carbon steels are 1030, 1040, 1050, 1060, 1137, 1141, 1144 and 1340; ordinary high carbon steels are 1080 and 1095 [71]. 
Figure 4.6 presents a binary phase diagram for low, medium and high carbon steels. Temperature is plotted on the ‘Y-axis’ against carbon content ‘X-axis’, displaying different phases and crystalline structures present at various parameters. Ferritic steels containing <0.025% carbon are only able to absorb small amounts of carbon, due to their body centred cubic (BCC) crystalline structure [34]. These steels possess less desirable mechanical properties and are therefore rarely used in industrial applications.
The author proposes the study of phase diagrams could aid with alloy selection, component design and control of specific heat treatments that may be used to produce desired mechanical properties for COG piping systems.
[image: ]
[bookmark: _Toc40269250]Figure 4.6 – Binary Phase Diagram For Low, Medium And High Carbon Steels [71]
[bookmark: _Toc40195626]4.3.3    Stainless Steels
Classifications for stainless steels differ slightly from carbon steels. Four separate categories or series exist, based on alloy composition, phase and/or structure. The 200 and 300 series austenitic alloys of Fe-Cr-Ni-Mn elements contain face centred cubic (FFC) crystalline structures [71]. Adequate quantities of these alloying elements allow the formation of an austenitic crystalline structure. Austenitic steels are not hardenable by heat treatments, however generally display decent strength under high temperatures [34]. Ferritic 400 series alloys, containing Fe-Cr elements, are highly formable and ductile alloys, nonetheless properties at high temperatures are inferior than austenitic stainless steels [34]. Precipitation hardening (PH) alloys containing Fe-Cr-Ni-Cu-Nb elements can be identified by designations beginning with ‘S’ [71]. When annealed, these alloys form as either austenitic or martensitic stainless steels. Martensitic stainless steels are receptive to heat treatments where they are ‘fast-cooled’, trapping carbon atoms in the lattice of a body centred tetragonal (BCT) structure [34]. Precipitation hardening alloys are popular due to their high strength and excellent corrosion resistant properties. Figure 4.7 displays six common crystalline structures.
[image: ]
[bookmark: _Toc40269251]Figure 4.7 - Common Crystalline Structures [72]
Ternary phase diagrams may be referred to for alloys containing three elements. Figure 4.8 illustrates the ternary phase diagram for the Fe-Cr-Ni system at 800oC. The diagram displays elemental compositions by weight percentage and each individual phase present. Stainless steel AISI 302 (Fe-18% Cr-8% Ni) can be found near the bottom left-hand corner. When heat treating three system stainless steels, ternary phase diagrams may be used for analysing how crystalline structures respond under controlled pressures and temperatures. For testing purposes, stainless steel alloy samples may be exposed to predetermined conditions simulating those found in COG pipelines. Material response may then be monitored to assess suitability of numerous stainless steel specimens. 

[image: ]
[bookmark: _Toc40269252]Figure 4.8 - Ternary Phase Diagram For Fe-Cr-Ni Stainless Steel at 800oC [71]
[bookmark: _Toc40195627]4.3.4    Material Selection
4.3.4.1     Steel Grade Specification
Knowledge obtained from previous research regarding corrosion processes, the fouling mechanism and the analysis of steels, has been used to assist in the search for a more suitable pipeline material. The author administered ‘CES Edupack’ computer software in order to utilise the materials selection database, programme tools and supporting resources. 
As a starting point current COG pipeline material was established as low carbon steel, grade AISI 1022. In order to assess the suitability of AISI 1022 for COG pipeline application, a material search was undertaken using the CES software ‘materials database’. Results generated can be viewed in Figure 4.9. Key parameters highlighted (red rectangle) are durability and corrosion resistant properties. AISI 1022 has a relatively poor response when exposed to environments containing salt water, weak acids, strong acids, strong alkalis and has limited galling resistance. Corrosion resistance is compromised in nitrate, hydroxide, carbonate and ammonia occupied areas.
[image: ]
[bookmark: _Toc40269253]Figure 4.9 - Carbon Steel, AISI 1022 Search, CES Software Materials Database [71]
Consulting literature from Section 2.4.3, with reference to stainless steels and their high quality corrosion resistant properties, a materials database search discovered an austenitic stainless steel, grade AISI 316L. The letter ‘L’ signifies a lower carbon version of the regular AISI 316 grade. Although very similar in price, 316L displays superior weldability characteristics due to reduced carbide precipitation, which weakens grain boundaries and triple points [34]. When investigating durability, stainless steel AISI 316L displays ‘excellent’ properties in all measured environments, as asserted in Figure 4.10. The materials database indicates AISI 316L may be slightly susceptible to stress corrosion, cracking and is exposed in environments containing hydrogen sulphide. Demonstrating respectable resistance to pitting and crevice corrosion, the author suggests austenitic stainless steel, AISI 316L may be a better suited material for COG pipeline applications than low carbon steel AISI 1022.
[image: ]
[bookmark: _Toc40269254]Figure 4.10 - Stainless Steel, Austenitic, AISI 316L Search, CES Materials Database [71]
The following charts were generated using ‘chart/select’ feature to compare specified criterion of carbon steel AISI 1022 with austenitic stainless steel AISI 316L. 
[bookmark: _Toc40194935]








Chart 4.1 - Steel Comparison For Strong Acids v Maximum Service Temperature (oC) [71]
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[bookmark: _Toc40194936]
Chart 4.2 - Steel Comparison For Salt Water v Price (GBP/Kg) [71]
[image: ]


[bookmark: _Toc40194937]Chart 4.3 - Steel Comparison For Price (GBP/Kg) v Maximum Service Temperature (oC) [71]
[image: ]
Information displayed in charts 4.1, 4.2 and 4.3 along with material search results indicate austenitic stainless steel AISI 316L would be the better equipped grade of steel for COG pipeline application when considering durability and service temperature capabilities. Lower costing carbon steel AISI 1022 is more economical in terms of initial outlay for material, however life expectancy for the given application would also be considerably less.
4.3.4.2    Steel Corrosion
A metallographic microscope was used to observe stainless steel AISI 316L and a carbon steel ‘API 5L X60’ of similar properties to AISI 1022. Both material reactions were monitored when exposed to elemental sulphur, as displayed in Figure 4.11. Nagu et al (2018) described the formation of a “passive region” which decreased slightly at higher temperatures and when exposed to elemental sulphur, as observed in Figure 4.12 [73]. An oxide layer preserved SS 316L against sulphur, however the effectiveness of this protective layer depends on the concentrations of alloying elements [73]. No passive layer was observed when the carbon steel API 5L X60 sample was exposed to elemental sulphur. Corrosion process for the carbon steel sample was prominent and the “damage mechanism shifted to severe localised corrosion covering all the exposed area” [73]. When in contact with sulphur at elevated temperatures pitting corrosion was extensive, however SS 316L demonstrated significantly higher pitting resistance [73]. Findings from the observations validate the formation of an oxide layer due to appropriate levels of alloying elements, confirming that stainless steels demonstrate superior corrosion resistant properties when exposed to elemental sulphur at elevated temperatures.
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[bookmark: _Toc40269255]Figure 4.11 – Microscopic Images of 316L and API 5L X60 When  Exposed To Elemental Sulphur [1]

[image: ]
[bookmark: _Toc40269256]Figure 4.12 - Formation Of Oxide Layer On Austenitic Stainless Steel, AISI 316L With And Without Sulphur [73]
4.3.4.3    Calculating Corrosion
Corrosion rates for most alloys may be calculated using corrosion current density values to mass loss or average penetration rates [74]. 
Corrosion rate expressed as,
	
	
	(Eq.9)

	
	
	


CR = Corrosion rate, mils per year (mpy)
Icorr = Corrosion current density, (µA/cm2)
E.W. = Equivalent weight of corroding species, (g)
d = Density of corroding species, (g/cm2)    [75]
*Icorr value may be obtained from the relevant tafel extrapolation curve for mild steel (Figure 4.13).
*E.W may be calculated using, atomic weight/valency
For Fe E.W = 55.845/2 = 27.9225g
[image: ]
[bookmark: _Toc40269257]Figure 4.13 - Tafel extrapolation Curve For Mild Steel Labelling Icorr [76]
In order to estimate the life expectancy of equipment, for example, an industrial mild steel pipeline, the corrosion rate from Equation 9 can be input into the following equation: 
	
	
	(Eq.10)
[42]


For a pipeline of thickness 1/8 inch (125 mils) demonstrating a corrosion rate of 5 mpy, estimated service lifetime can be seen below:
	
	[image: ]
	
[42]


To avoid pipeline failure, consideration of pressure and/or load exerted on a component must be taken. Therefore, Equation 10 may be altered to:
	
	
	(Eq.11)
[42]


Corrosion rates calculated in Equations 10 and 11 may be used for general or localised corrosion rates. Due to an extended lifetime for general corrosion over localised corrosion, best practice suggests both rates should be applied [42].
Resistance of stainless steels to pitting and crevice corrosion, is dependent on the concentrations of the alloying elements of chromium, molybdenum and nitrogen [77].  The pitting resistance equivalent (PRE) may be used to determine effectiveness of these alloying elements to both pitting and crevice corrosion. PRE coefficients vary slightly depending on the type of stainless steel. For duplex and austenitic stainless steels, the following equation may be used:
	
	

	(Eq.12)
[77]


Selecting austenitic stainless steel 316L, with maximum concentrations of chromium (18%), molybdenum (3%) and nitrogen (0.10%), extracted from Table 4.6. Equation 12 was used to calculate PRE value for austenitic stainless steel 316L, as demonstrated below:
	
	
	


[bookmark: _Toc40269402]Table 4.6 - Stainless Steel Compositions By Percentage Weight [78]
[image: ]
Impact of Cr, Mo and N compositions can be quantified by using PRE values for different steel grades and plotting these against critical pitting temperature (CPT) and critical crevice corrosion temperature (CCT) [77]. When sketching PRE values against CPT and CCT, the testing environment must also be taken into consideration. Figure 4.14 displays the lowest CPT values for each steel where pitting corrosion occurred against PRE values in surroundings of 1M sodium chloride. The estimated CPT value for 18%Cr, 3%Mo and 0.10%N is approximately 38oC in cited environment. PRE values against CCT suggest crevice corrosion is more destructive, as CCT values are significantly lower than CPT values, as seen in Figure 4.15. 
[image: ]
[bookmark: _Toc40269258]	Figure 4.14 – Pitting Temperature (CPT) in 1M NaCl As A Function Of PRE-Values [77]
Using the PRE value for a specific concentration of austenitic stainless steel 316L and plotting this against CPT and CCT, in an environment simulating COG pipelines, could prove a useful method for estimating the lowest temperature at which each type of corrosion materialises. This technique could be implemented to assess the suitability of numerous steels simultaneously for COG pipeline application under consistent conditions. 
[image: ]
[bookmark: _Toc40269259]Figure 4.15 - CPT And CCT In 6% FeCl3 As A Function Of PRE-Values [77]
Incorporating high concentrations of Cr, Mo and N alloying elements is not the only way of achieving good resistance to pitting and crevice corrosion. These types of corrosion mechanisms may also be diminished by appropriate component design, aiming to avoid stagnant conditions and narrow crevices [77]. For pipeline design, ensure there are no low points where water and other contaminants can collect, and also check system components have a large enough diameter to avoid build-ups of solid deposits.
[bookmark: _Toc40195628]4.4    Gas Quality Analysis
[bookmark: _Toc40195629]4.4.1    Plant Configurations 
Comparisons of COG contaminant levels between Tata Steel UK and other group operations in Ijmuiden (Holland) and Jamshedpur (India) are displayed in Table 4.7.
[bookmark: _Toc40269403]Table 4.7 - Containment Levels In COG Across Tata Steel Groups Coke Plants [1]
[image: ]
· Morfa coke ovens display significantly elevated results for hydrogen sulphide
· Gas flows are decreased compared to other coke plants
· Lowest naphthalene levels found in Morfa
Figure 4.16 shows the general configuration of Dutch and Indian plants coke oven by-products operations. The Figure 4.17 displays the basic configuration of Port Talbot site’s by-products plant. 
[image: ]
[bookmark: _Toc40269260]Figure 4.16 – Tata Steels Dutch And Indian Plants Basic Coke Oven By-Products Configurations [1]
· Configuration shows by-product plants with full gas cleaning capabilities
[image: ]
[bookmark: _Toc40269261]Figure 4.17 – Tata Steel Port Talbot Plants Basic Coke Oven By-Products Configuration [1]
· Configuration contains reduced gas cleaning capacity with no desulphurization abatements
[bookmark: _Toc40195630]4.4.2    Factors and Effects
4.4.2.1    Ammonia Washer Flows 
[image: ]
[bookmark: _Toc40269262]Figure 4.18 - Ammonia Washer Flow vs Ammonia Concentration In RHF COG 1st May – June 19th 2019 [4]
· [bookmark: _GoBack]Washer flows peaked at 410m3/hr on 15th June and troughed at 130m3/hr on 30th May
· Two major spikes of ammonia concentrations occur 30th May just under 0.5ppm and 2nd June almost 0.8ppm
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[bookmark: _Toc40269263][bookmark: _Hlk38442579]Figure 4.19 - Ammonia Washer Flow vs RHF COG 30-31 May 2019 [4]
· Washer flows dropped from 240m3/hr to 100m3/hr from 03.00am to 08.00am on 30th May
· At 08.00am COG rates rapidly increase from just over 5km3/hr to just over 20km3/hr by 14:00pm
[image: ]
[bookmark: _Toc40269264]Figure 4.20 - Ammonia Washer Flow vs  RHF COG 9-11 June 2019 [4]
· Washer flows peaked 16:00 at 450m3/hr and troughed 18:00 at sub 100m3/hr on 10th May
· COG rates spiked 18:00 at just under 18km3/hr
[bookmark: _Toc40195631]4.4.2.2    Ammonia Washer Flows & Burner Availability
[bookmark: _Toc40269404]Table 4.8 - Ammonia Washer Flows And Furnace B Burner Availability [1]
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· Furnace B had 34/56 burners offline due to blockages
· Ammonia washer flows dropped to 45m3/hr
[bookmark: _Toc40195632]4.4.2.3    Ammonia Limits 

[bookmark: _Toc40269265]Figure 4.21 - Ammonia Upper And Lower Limits In End COG Gas For Cited Period [1]
· Four weeks identified where ammonia levels in end gas exceeded upper limit of 200mg/Nm3
4.4.2.4    Hydrogen Sulphide in COG
[image: image001]
[bookmark: _Toc40269266]Figure 4.22 – Hydrogen Sulphide Concentration In COG From November 2016 – June 2019 [1]
· Majority of readings fall between 4-6g/Nm3
· Hydrogen sulphide concentrations appear to decrease from March onwards
[bookmark: _Toc40195633]4.4.2.6    Hydrogen Sulphide Limits

[bookmark: _Toc40269267]Figure 4.23 – Hydrogen Sulphide Upper And Lower Limits In End COG Gas For Cited Period [1]
· Hydrogen sulphide levels surpassed the 1000mg/Nm3 upper limit for all but 3 weeks
· The general trend shows concentrations in end gas has decreased over the given period











5 [bookmark: _Toc40195634]Work Complete & Results

5.1 [bookmark: _Toc40195635]   Ammonia Spot Testing
[bookmark: _Toc40195636]5.1.1    Method
On the week beginning 9th December 2019, ammonia washers were taken out of service for planned maintenance activities. On the Saturday morning, around 12:45am, washers were started back up and ammonia levels were taken by coke ovens Technologist Nathan Cadogen-Clarke, using a Drager bellows pump and ammonia 0.25/a detector tubes, as seen in Figure 5.1. The purpose of testing was to determine the timescale required to achieve a reading of below 0.123ppm, which is the level required to utilise COG at the Reheat Furnaces. 
[image: ]
[bookmark: _Toc40269268]Figure 5.1 - Drager Bellow Pump And Ammonia Detector Tube [4]
[bookmark: _Toc40195637]5.1.2    Results
[bookmark: _Toc40269405]Table 5.1 - Ammonia Concentrations And Washer Flow Readings For Washer Start-Up Times [1]
	Time
	Draeger Result (ppm)
	Washer Flow (m3/hr)

	01:00
	
	60

	01:20
	1.000
	400

	02:00
	0.849
	600

	03:00
	0.648
	600

	04:45
	0.414
	600

	07:00
	0.250
	550

	09:00
	0.220
	550

	12:00
	0.117
	550

	19:00
	0.117
	575

	22:00
	0.078
	575



· Sample taken at 01:00 was undetectable, ammonia 0.25/a tube upper limits of only 30ppm
· First reading of below 0.123ppm was taken at after 11 hours, at 12:00
[bookmark: _Toc40195638]5.1.3    Action
After consultation with fellow project personnel and developments from research carried out in Section 2.2.3, senior management authorized funds to trial two LaserGas II monitors for live testing of both ammonia and hydrogen sulphide concentrations. The initial duration of the trial period will be three months, after which the company will have the option to proceed with permanent monitor installations.
Costs and conditions of the trials are set out in Tables 5.2 and 5.3. Delivery times fall between 10-14 weeks from the date the order is received.
[bookmark: _Toc40269406]Table 5.2 -  Cost And Conditions Of 3 Month Trial Of  LaserGAS II Ammonia Monitor [1]
[image: ]
[bookmark: _Toc40269407]Table 5.3 - Cost And Conditions Of 3 Month Trial Of  LaserGAS II Hydrogen Sulphide Monitor [1]
[image: ]
5.2 [bookmark: _Toc40195639]   Dip Testing
[bookmark: _Toc40195640]5.2.1    Method
For areas with suspected flow restrictions, dip (depth) testing may be performed for more thorough assessment of these locations. Testing requires the section of pipeline in question to be isolated. The inspection hatches throughout designated section of pipeline may then be removed. The method involves using a steel bar which is dipped through the inspection hatch, until the bottom of the pipeline is reached, the bar is then pulled out and the fouling level is measured with a tape measure. This is a similar method to dip testing oil levels in a motorised vehicle. Figure 5.2 displays images taken from dip testing carried out by this author, Nigel Isaac and JES contractor fitters.

[bookmark: _Toc40269269]Figure 5.2 - Four Images From Dip Testing Carried Out Onsite [4]
Areas of pipeline with suspected reduced flows would be reported to the Energy Department by consumers receiving decreased flows to their plant. Most COG pipelines onsite have a 24inch diameter, therefore any consecutive readings of over a third of pipe diameter (approximately 200mm) could seriously disrupt gas flow. Sections displaying successive readings above this limit will require maintenance to clear the section of fouling deposits. Figure 5.3 displays images taken of internal pipeline fouling from dip testing.













[bookmark: _Toc40269270]Figure 5.3 - Pictures Taken  Of Internal Pipeline Fouling [4]
[bookmark: _Toc40195641]5.2.2    Results
[bookmark: _Toc40269408]Table 5.4 – Dip Testing Results For CO3 – CO71 [4]
	Hatch 
	1
	2
	3
	4
	5
	6
	7
	8

	Depth
	15mm
	12mm
	38mm
	62mm
	74mm
	53mm
	23mm
	38mm



[bookmark: _Toc40269409]Table 5.5 – Dip Testing Results For CO5 – CO11 [4]
	Hatch
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Depth
	38mm
	49mm
	22mm
	57mm
	86mm
	66mm
	48mm
	83mm
	90mm
	23mm



[bookmark: _Toc40269410]Table 5.6 – Dip Testing Results For CO12 – CO37 [4]
	Hatch
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Depth
	43mm
	22mm
	37mm
	80mm
	135mm
	155mm
	104mm
	131mm
	75mm
	77mm


[bookmark: _Toc40269411]

Table 5.7 – Dip Testing Results For CO14 – CO52 [4] 
	Hatch
	1
	2
	3
	4
	5
	6
	7
	8

	Depth
	55mm
	65mm
	31mm
	82mm
	52mm
	43mm
	69mm
	34mm



[bookmark: _Toc40269412]Table 5.8 – Dip Testing Results For CO31 – CO35 [4] 
	Hatch
	1
	2
	3
	4
	5
	6
	7
	8
	9

	Depth
	115mm
	240mm
	206mm
	312mm
	358mm
	327mm
	250mm
	111mm
	132mm



· Results displayed in Table 5.8 show pipeline section CO31 – CO35 has displayed six consecutive readings above 200mm from hatches 2-7. 
5.3 [bookmark: _Toc40195642]    Pipeline Thickness Testing
5.3.1 [bookmark: _Toc40195643]Method
In order to maintain the integrity of COG mains, periodical wall thickness testing of the piping system is carried out by qualified members of the Day Gas Team. All Energy Department thickness testing operations are carried out using an Elcometer MTG2 material thickness gauge. The gauge uses an ultrasonic pulse technology to determine steel thickness based on the following equation:
	
	 = Material Thickness
	(Eq.13)

	
	
	


Tests are performed at condensate drain locations and four readings are obtained from each location, one for top, bottom, left and right of the pipe, as demonstrated in Figure 5.4. Over a 12-month period all COG condensate drain locations under Energy Department ownership will be tested, however some readings may be unobtainable due to access restrictions or operator limitations.
[image: ]
[bookmark: _Toc40269271]Figure 5.4 - Pipeline Wall Thickness Readings For Top, Bottom, Left And Right [79]
Coke oven gas pipeline wall thickness testing for January 2020 was carried out by the author and other members of the Day Gas Team. During this period a total of thirty-two locations were scheduled for testing. Figure 5.5 displays an image of this author carrying out wall thickness testing on COG pipeline.
[image: ]
[bookmark: _Toc40269272][image: ]Figure 5.5 - The Author Carrying Out Wall Thickness Testing On COG Pipeline In January 2020 [4]
5.3.2 [bookmark: _Toc40195644]Results
[bookmark: _Toc40269273]Figure 5.6 -COG Pipeline Thickness Testing Results For 'Top' Jan '17- Jan '20 [4]
[bookmark: _Toc40269274]Figure 5.7 -[image: ] COG Pipeline Thickness Testing Results For 'Bottom' Jan '17- Jan '20 [4]
[image: ]
[bookmark: _Toc40269275]Figure 5.8 - COG Pipeline Thickness Testing Results For 'Left' Jan '17- Jan '20 [4]
[bookmark: _Toc40269276]Figure 5.9 -[image: ] COG Pipeline Thickness Testing Results For 'Right' Jan '17- Jan '20 [4]

· Four readings taken from January 2020 thickness testing fell within alert/alarm level limits - condensate drain 108 for top, bottom & left and condensate drain 1 for bottom
· Three areas tested had nil results obtained: condensate drain 11 (BOS plant owned), condensate drain 10 (redundant) and condensate drain 95 (no access/unable to locate)
*Completed tables of results, including those falling within warning limits were emailed to Nigel Isaac. For the full list of tables please refer to Appendix F.
5.4 [bookmark: _Toc40195645]   Burner Pipe Replacement
[bookmark: _Toc40195646]5.4.1    Method
From literature reviewed in previous sections, members of the project team decided on trialling stainless steel 316L on COG pipeline components. Due to the high material cost, it was decided that only small diameter pipework should be used for the trial. Common pipe feeding Reheat Furnace B burners ‘North 1’ and ‘South 4’ were selected. Currently these sections of pipe are made from low carbon steel 1022, and are the most susceptible sections of pipeline to fouling, due to their narrow diameter and the bend in the component design. During discussions, the excellent durability of this steel grade, as well as the ease in which it can be welded were both major factors in the material selection process. The team also requested for a polished finish on each component, to minimise particulate surface friction. Figure 5.10 shows a schematic diagram of the burner feeding pipework due to be replaced with stainless steel 316L. The procedure would involve the isolation of both burners, removal of current section of pipe and replacement with new pipe material.

[image: ]
[bookmark: _Toc40269277]Figure 5.10 - Schematic Diagram Of Common Pipe To Burners [1]
[bookmark: _Toc40195647]5.4.2    Action
Contracting company Skelton Thomas were employed for the pipe installation. Skelton Thomas supplied the necessary supervision, labour, materials, plant equipment, testing and commissioning for the job. Table 5.9 displays combined costs for both pipe replacement jobs. Figure 5.11 depicts the completed installation of stainless 316L burner feeding pipeline for Reheat Furnace B ‘North 1’ and ‘South 4’.
[bookmark: _Toc40269413]Table 5.9 – Combined Cost For Replacing Both Burner Common Pipelines [1]
	RHF B Pipe Replacement Job
	Cost

	Labour
	£2154.22

	Plant & Equipment
	£587.50

	Materials
	£1375.00

	Consumables & Miscellaneous
	£223.18

	Total
	£4339.90



[image: ]
[bookmark: _Toc40269278]Figure 5.11 - Installations Of Burner Feeding Pipe For RHF B North 1 (Left) And South 4 (Right) [4]
5.5 [bookmark: _Toc40195648]   Belzona Coating
5.5.1 [bookmark: _Toc40195649]Overview
The project team discussed at great lengths the possibilities of coating current pipeline components with industrial grade epoxy coatings. After communications with employees from BOS plant, it was discovered that they had previously trialled industrial epoxy-based coating ‘Belzona 5821’on a section of COG pipeline under their ownership. Section of coated pipeline is 12” diameter, and has been in service for approximately two years. Figure 5.12 shows two images taken inside the BOS plant COG pipeline, from before and after Belzona 5821 had been applied. Internal coating of Belzona 5821 can currently only be applied to straight sections of pipeline 6” and above. Unfortunately, this coating is not available for Reheat Furnace local burner pipework, however may be applied to some components or utilised in other locations; for example, straight sections of pipework where blockages are common.
[image: ]
[bookmark: _Toc40269279]Figure 5.12 - Internal Images Of BOS Plant COG Pipeline With And Without Belzona 5821 Epoxy Coating [1]
5.5.2 [bookmark: _Toc40195650]Action
Specialist Engineer from the Reheat Furnaces Darren Isaac placed an order with E.G. Lewis contractors to have 56 75mm*70mm bore of spacers used in COG piping system coated with Belzona 5821. Job specification and quotation can be viewed below:
Job Specification
• Collect from site and delivery to Hirwaun. 
• Degrease to remove any trace of grease by HP jet washing all surfaces. 
• Abrasive blast to all internal bore surfaces to achieve Sa 2.5 standard to all internal bore areas. 
• Application of 1st coat Belzona 5821 yellow to all surfaces to achieve overall dft of 200um. 
• Application of 2nd coat Belzona 5821 yellow to all surfaces to achieve overall dft of 200um. 
• Delivery of completed parts back to site post coating application. 
Quotation 
To provide labour, plant and materials to carry out the above works on their facility for a price of £1,396.00 net excluding VAT. 
*For full communication regarding Belzona 5821 coating of spacers please refer to Appendix G.
Figure 5.13 shows an example of a spacer before and after the application of Belzona 5821.


[bookmark: _Toc40269280]Figure 5.13 - Picture Of Spacer Before And After Application Of Belzona 5821 Coating [1]
5.6 [bookmark: _Toc40195651]    High Pressure Water Jetting
5.6.1 [bookmark: _Toc40195652]Overview
Following on from dip testing results displayed in Table 5.8, for the section of COG pipeline from CO31 – CO35 which contained heavy fouling deposits, an order was raised for Cape contractors to carry out high pressure (HP) water jetting to remove fouling deposits. The section of pipeline in question is critical to the operation of the COG distribution system and for providing fuel to No.5 Blast Furnace stoves. Jetting operations were scheduled for seven days starting from 25th November 2019, in order to align with alternative enrichment fuel requirements for the stoves. Figure 5.14 displays a schematic diagram of CO31 – CO35 and No.5 Blast Furnace stoves.
[image: ]
[bookmark: _Toc40269281]Figure 5.14 - Schematic Diagram Of COG Pipeline From CO31-CO35 And No.5 B/F Stoves [1]
5.6.2 [bookmark: _Toc40195653]Method
The section of pipeline stretches approximately 260 meters in length and purpose-built scaffolding with fixed platforms have been built for safe access to all nine inspection hatches. Before work commenced, the pipeline was isolated and nitrogen purged by the Day Gas Team. Inspection hatches are located approximately 30 meters apart in this section to facilitate water jetting operations and only two hatches may be removed at one time to prevent excess air ingress into the main. High-pressure water jetting unit, consisting of an engine and pump with water hose and suction bagging attachments, was operated by Cape operators for the removal of heavy fouling deposits from the 24 inch COG transportation pipeline. All solid and liquid wastes extracted from the pipeline were transferred to the storage sump at Morfa gas holder. No unforeseen problems were encountered and Cape contractors completed the job on day seven as scheduled. The pipeline was reinstated on the Sunday evening, ready for No.5 Blast Furnace stoves to switch back from BOS gas to COG. Figure 5.15 displays two pictures taken from the cleaning activities completed by Cape contractors HP water jetting team.
Cost
Total price to complete cleaning operations within designated time period was £13, 089.63 + VAT.









[bookmark: _Toc40269282]Figure 5.15 - Photos Of Cape Contractor (Left) And HP Water Jetting Setup For Cleaning Of CO31 – CO35 (Right) [4]
5.6.3 [bookmark: _Toc40195654]Results
Figure 5.16 illustrates COG flows in km3/hr to No.5 Blast Furnace stoves taken from iFix on 23rd – 24th November, before pipeline cleaning from CO31 – CO35.
[image: ]
[bookmark: _Toc40269283]Figure 5.16 - Coke Oven Gas Flows To No.5 Blast Furnace Stoves Before HP Water Jetting [1]
· Graph displays an average flow of approximately 0.5km3/hr with a peak flow of just over 1.0km3/hr
Figure 5.17 shows COG flows in km3/hr to No.5 Blast Furnace stoves from iFix on 3rd-4th December, after pipeline cleaning from CO31 – CO35 had been completed.
[image: ]
[bookmark: _Toc40269284]Figure 5.17- Coke Oven Gas Flows To No.5 Blast Furnace Stoves After HP Water Jetting [1]
· Graph shows flows range from around 0.25km3/hr to 4.9km3/hr, with an average flow rate of approximately 2.0km3/hr
5.7 [bookmark: _Toc40195655]    Steam Jetting
5.7.1 [bookmark: _Toc40195656]Overview
Due to the unavailability of many Reheat Furnace burners, the project team decided to trial a new cleaning method for the removal of fouling deposits from COG feeding pipelines. Local contracting company ‘Natural Solutions’ were employed to perform HP steam jetting on four sets of burner feeding pipelines for Furnace B ‘North 23 & 27’ and ‘South 25 & 28’. Cleaning activities take one day per burner and four days in total. Therefore, total number of burners available at the start of the trial would be compared to the number available after completion. 
5.7.2 [bookmark: _Toc40195657]Action
Darren Isaac and the Natural Solutions manager agreed on the following job specifications before work commenced.


Preparation by Tata
· Hot tap a ¾ inch connection into a steam main to give an 11 bar steam supply within 75 meters of the job
· Provide an inlet to the gas pipe that needs to be trial cleaned
· Ensure the furnace is online and the atomising air is constantly flowing
· Isolate the gas to the burner to allow safe working
· Erect scaffold where needed, to provide safe access to the working areas
· Install a pressure monitoring system to monitor the pressure inside the burner pipework during the trial
Extent of Natural Solutions Supply
· Supervision and labour to carry out the cleaning
· All chemicals in correct grade and quantity. This includes 50 litres of emulsifying chemical to break down COG tar
· Injection pump for the chemical
· All hoses and equipment including gas monitors and compressors
· Fittings to connect to the ¾ inch valve on the gas inlet pipe
· Fittings to connect to the ¾ inch valve on the steam outlet
· 4 x 15 meter steam hoses rated for 210˚C
Scope of Work
· To clean pipework by means of a ‘vapour phase’ method to remove blockages and tar build-up inside the pipework
· To clean with steam afterwards in order to remove residual traces of all chemicals
[bookmark: _Toc40195658]5.7.3    Method
A schematic diagram from the HP steam cleaning may be seen in Figure 5.18. Access platforms were erected at three different locations along the pipeline to be cleaned. Natural Solutions operators tapped into the 11 bar steam main and connected hoses into the pipeline and allowed a flow of vapour to travel down the pipe. Condensate from cleaning operations was drained off through valves at the bottom of the pipeline. Reheat Furnace personnel were constantly monitoring burner pipeline pressure throughout the trial.
[image: ]
[bookmark: _Toc40269285]Figure 5.18 - Schematic Diagram For Furnace B Steaming Cleaning Job [1]
Cost
The price total for the cleaning of four burners to the above method and supply was £8,760 + V.A.T.
5.7.4 [bookmark: _Toc40195659]Results
[image: ]
[bookmark: _Toc40269286]Figure 5.19 - Graph Of RHF Burner Availability Trend 2019 [1]
· HP steam cleaning trial began on week 42, when 83/112 burners were operational
· After completion of trial, week 43 shows 87/112 burners were operational
6 [bookmark: _Toc40195660]Discussion 

6.1 [bookmark: _Toc40195661]   Overview
Focusing on objectives set out in Section 1.5, this section reviews key findings and discusses the limitations of the project. Where applicable, operational capacity before and after completion of maintenance activities is evaluated, in order to determine the effectiveness of work completed. Further interpretation of any pertinent material is also put forward.
6.2 [bookmark: _Toc40195662]   Effects of Contaminants 
From Table 4.1 it can be seen that each sample contains elemental sulphur and a medium to high boiling point oil, which may be a washing oil used in by-products processing. Polycyclic aromatic hydrocarbons and a benzene derivative were also detected in the fresh sample.
Table 4.2 illustrates that the only elements present were carbon (most likely from organics not being completely extracted), sulphur and iron.
Table 4.3 displays only two phases are present in each sample. This may indicate that the concentrations left in the washing residue were too minuscule, making them undetectable for XRD machine, or more likely indicate that the samples had not been ground enough, therefore only part of crystalline structure, comparable to the emitted beam size was being detected.
Considering the large quantities of sulphuric compounds, along with water and various other corrosion inhibiting species detected in Port Talbot sites COG pipelines, sulphate reducing bacteria could be the main factor responsible for internal pipeline corrosion, as seen in Figure 4.4.
Table 4.7 shows COG contaminant levels for financial years 2017, 2018 and 2019. Highlighted are each plant’s hydrogen sulphide levels, which bring attention to the UK operation’s exceptionally higher levels of hydrogen sulphide, which continue to increase each year. Encouragingly ammonia levels seem to be improving, and are more respectable when compared to other coke plant operations. 
When assessing configurations of other coke plants, it becomes evident why Morfa coke ovens struggle so much with hydrogen sulphide. Figure 4.16 shows the general configuration of Dutch and Indian coke plants by-products operations, and Figure 4.17 displays the basic configuration of Port Talbot site’s by-products plant. The figures call attention to the fact that Morfa coke ovens plant does not possess a H2S/NH3 deactifier, H2S scrubbers or H2SO4 cleaning facilities. Without these specific cleaning abatements, limitations of gas cleaning capabilities are apparent, essentially making it impossible for Morfa to replicate hydrogen sulphide levels found on other sites. The ambition for the Port Talbot site must be to continually push the boundaries of capability with the existing configuration, and sustain new lower levels wherever possible.
During May and June 2019 there was a rapid deterioration in the numbers of burners firing COG at the Reheat Furnaces due to blockages. Evidence suggests that ammonia washer flows dropping below a certain level are resulting in inflated ammonia levels in end gas, high enough to promote blockages within the Reheat Furnaces and BOS plant. 
Figure 4.18 trends daily ammonia washer flow levels versus spot sampling ammonia readings for the cited period. Two periods where washer flows are greatly reduced and ammonia levels are high have been trended in Figures 4.19 and 4.20.
Figure 4.19 shows washer flows were reduced from 240m3/hr to around 100m3/hr from 3:00am on the 30th of May. There was initially no COG on the Reheat Furnaces due to a plant stop, however the Hotmill was rolling and COG rates increased in excess of 20km3/hr. Lower washer flows of <150m3/hr were reported from 4:00am May 30th for a 24-hour period. The Reheat Furnaces were taking COG for 15 hours during this period, followed by nil COG for 18 hours. The ammonia result reported on 31st of May shift was 0.49g/m3, which is under the 0.50g/m3 limit. On restarting, COG flows had significantly deteriorated, due to a large number of blocked burners. Before May 30th the maximum COG flow was 28km3/hr and after 31st of May the maximum flow was 20km3/hr. 
Ammonia washer flows were reduced from 450m3/hr to 100m3/hr from 15:00pm on June 10th, as seen in Figure 4.20. COG rates were maintained on the Reheat Furnaces at 10-18km3/hr. The washer flows picked up from 22:00 hours. Again, relatively high COG rates were reported on the Reheat Furnaces throughout this period of reduced washer flows. COG results slowly declined after this period, with no more recorded elevated results. Prior to the June 10th peak, COG flows were 20km3/hr. After this, flows peaked at 14km3/hr and then declined to single figures. COG use from 15:00 to 22:00 hours on June 10th also resulted in further blocked burners. 
Figure 4.21 shows the upper and lower (<10-200mg/Nm3) gas limits in line with BAT for ammonia loss in end gas for each week from 25th February – 15th July 2019. For four weeks during this period ammonia levels rose above the upper limit and ammonia losses of approximately 4.23kg/hr were reported. Referring back to Figure 4.19, it can be seen that the period when washer flows dropped and held at around 100m3/hr on 30th May, falls within the week beginning 27th May where ammonia levels greatly exceeded the upper limit. Furthermore, this reaffirms the link between ammonia washer flows and ammonia levels in end gas. 
During a period in Spring 2019, washer flows decreased to 45m3/hr, resulting in 34/56 burners for Furnace B being un-operational. This is highlighted in Table 4.8. Burner unavailability of this magnitude can seriously affect operations, potentially forcing a plant shut down to service burners.
Figure 4.22 displays hydrogen sulphide concentrations in g/Nm3 from November 2016 to June 2019. The majority of points fall between 4-6g/Nm3, however general trend suggests concentrations are gradually decreasing. This is despite displaying a highest marker of above 7.5g/Nm3 in January 2019. The hydrogen sulphide concentrations did however begin to drop for the months of April-June 2019.
Figure 4.23 illustrates the upper and lower limits (300-1000mg/Nm3) and weekly levels of hydrogen sulphide in end COG gas from the period 25th February – 15th July 2019. For only three weeks during this period did hydrogen sulphide levels not greatly exceed the upper limit. For two of these weeks, no readings were taken and only limited readings were recorded during the third week. This suggests that if adequate sampling was undertaken, hydrogen sulphide levels would have surpassed the upper limit for every week analysed. The general trend shows hydrogen sulphide concentrations in end gas gradually decrease, as expected from results displayed in Figure 4.22. This may be due to a change in coals used for coking.
6.3 [bookmark: _Toc40195663]  Effects of Work
Referring to Table 5.1, the first sample taken was above the maximum testing limit, with ammonia 0.25/a tubes capable of measuring from 0.05 – 30ppm. At 1:00am the first reading was recorded of 1.000ppm where washer flows were at 400m3/hr, and within a few hours’ ammonia concentrations dropped to below 0.250ppm, with flow readings of 550m3/hr. Altogether, it took around 11 hours to record the first reading of sub 0.123ppm. As expected for start-up operations, increased washer running duration shows a positive correlation with decreased ammonia levels. Results reaffirm the relationship between washer flow rates and ammonia levels.
For ammonia and hydrogen sulphide live testing trials, confirmation of exact location of monitor installation is yet to be decided. Suitable location may be on the stretch of COG pipeline before the Reheat Booster, which would allow Reheat Furnace personnel time to switch from COG to natural gas when quality falls outside of specified limits.
Dip testing operations were successful in confirming areas of heavy fouling in the section of pipeline from CO31 – CO35, as highlighted in Table 5.8. Other tested locations did not contain any consecutive levels of heavy fouling above 200mm. This indicates different factors were responsible for reduced flows in these areas, for example, too many consumers burning COG at the same time, resulting in diminished flow rates throughout the system.
Figures 5.6 – 5.9 display results for COG pipeline thickness testing from January 2017 – 2020, with ‘alert’ and ‘alarm’ limits set at 5mm and 4mm. Results from January 2020 testing contained four readings within warning limits. This includes three for condensate drain 108, top/bottom/left and condensate drain 1 displayed an alert for bottom. Unexpected results were encountered during testing, specifically condensate drain 108 (left) recorded a thickness of 5.8mm in 2017, which increased to 12.7mm by 2019, and then decreased to 5.6mm during 2020 testing. Numerous locations displayed higher thickness values for more recent testing, implying that pipeline thickness may have increased overtime. Repeated anomalies of this nature are attributed to limitations in the testing method, imperfect testing conditions, equipment malfunction, and/or operator error. 
Studying the images of BOS plant owned COG pipeline in Figure 5.12, it is clear the Belzona coating discourages COG fouling deposits sticking to the internal walls of pipework and also appears to protect against corrosion. Evidence of internal corrosion and pitting may be seen on the non-coated pipework, compared with a smooth wall with Belzona still intact on the coated pipework.
Prior to HP water jetting, gas flows to No.5 Blast Furnace Stoves were constant at around 0.5km3/hr with peak flow rate of 1.0km3/hr, illustrated in Figure 5.16. After pipeline cleaning of section CO31 – CO35, flows to No.5 Blast Furnace stoves averaged at approximately 2.0km3/hr, with peak flows recorded at 4.9km3/hr as seen in Figure 5.17.  Comparing flows before and after cleaning, it is apparent that HP water jetting of pipeline section CO31 – CO35 enhanced pipeline conveying capacity, demonstrated by a significant increase in flow rate to No.5 Blast Furnace stoves. 
The Reheat Furnace HP steam cleaning trial began during week 42, when 83/112 burners were operational, as seen in Figure 5.19. After completion of maintenance, 87/112 burners were in service. HP steam cleaning removed solid fouling deposits within the burner feeding pipeline, in turn unblocking piping sections and allowing burners to start firing COG again. 
Preventative measures taken to replace burner feeding pipeline material with austenitic stainless steel 316L and the spacers coated with Belzona 8521 are continuously being monitored to evaluate the effectiveness of each trial. 











7 [bookmark: _Toc40195664]Conclusion

Major factors contributing to the manifestation of fouling in coke oven gas conveying pipelines stem from the ageing Morfa coke ovens plant. This author considers the absence of desulphurization abatements as the single largest explanation for pipeline fouling, responsible for elevated levels of hydrogen sulphide in end gas and high concentrations of sulphur in solid fouling deposits. Coke blend and the integrity of ovens fabric also drastically affect the process, increasing time for the coke ovens to achieve complete carbonization. These factors affect the quality of coke oven gas, providing fuel with a lower calorific value which is unable to be utilised by consumers. In order to maintain gas quality, ammonia washer flows rates must be maintained above specified levels. The analysis of flow rates showed that when levels are too low, high levels of ammonia are present in end gas.
Although all three states of fouling were found to impact operations, short-term, solid deposits of predominantly sulphur, iron and carbon were most damaging, responsible for taking both No.5 Blast Furnace stoves and Reheat Furnace burners off COG. Other factors that restrict gas flow rates are too many applications burning COG simultaneously, a sudden decline in gas quality and the boosters not operating at maximum capacity. 
According to the materials database on ‘CES Edupack’ software, current pipeline material is vulnerable when exposed to contaminants found in COG. This research gives evidence to support that the fouling mechanism within gas conveying pipelines facilitates internal corrosion and is likely responsible for iron concentrations present in solid fouling samples. Furthermore, although inconsistencies were found during pipeline thickness testing, overall the majority of readings decreased overtime, supporting the claim of internal corrosion, and asserting the theory that current pipeline material is unsuitable for this application.
Both water and steam cleaning activities successfully removed heavy fouling deposits and fulfilled the aim of increasing the availability of COG throughout site. On the basis of research undertaken, it is fair to presume that stainless steel and Belzona coating trials will be effective in minimising internal pipeline corrosion. Impending installation of LaserGas II monitors, which enable live testing of ammonia and hydrogen sulphide, could prove to be the most worthwhile task undertaken. This will allow high risk assets to instantly switch from COG when quality drops outside of the prescribed limits.



8 [bookmark: _Toc40195665]Recommendations

8.1 [bookmark: _Toc40195666]   Recommendations for Change
· The project has shown that decreased ammonia washer flow rates cause elevated levels of ammonia in end gas. To prevent this, Reheat Furnaces and other high risk assets should be restricted from using COG, based upon washer flow rates of less than 250m3/hr.

· Next time ammonia washers go down for maintenance, flows should be taken and a similar test to that displayed in Section 5.1 should be carried out, however, in reverse, in order to determine how long ammonia concentrations take to go out of specification. This will help determine how long ammonia levels stay within specification after a shutdown or trip.

· Hydrogen sulphide was found to be the most destructive gaseous contaminant in end gas. In order to reduce the amount of waste sulphur that is left to react with hydrocarbons during coking. Where possible, bituminous coals with a lower sulphur content should be selected for coking.
8.2 [bookmark: _Toc40195667]   Recommendations for Further Work
· Laboratory results identified sulphur as the most prominent contaminant in COG fouling deposits. On this basis, Tata should provide Morfa coke ovens with sufficient investment to add either absorption/stripping or wet oxidisation desulphurization abatements to the current by-products plant (Discussed in Section 2.3).

· Results from pipeline thickness testing displayed a number of anomalies. The author recommends trialling the laser ultrasonic NDT method with ‘Pipecheck’ software to monitor pipeline corrosion (Reviewed in Section 2.4.2). If successful, gas team members should be trained to carry out the testing. Ultrasonic method should then be abandoned.

· The author suggests the trial of Nalco injection quill and descaling solution on a section of pipeline containing a build-up of solid fouling deposits (Covered in Section 2.5.1).

· When levels of COG contaminants are out of specification, it can take consumers hours to realise and switch to alternative fuel. To avoid damaging high risk assets with dirty gas, upgrade to automated changeover valves, which are pre-set to switch between alternative fuels when gas quality drops in/out of specified limits.
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	TOP
	January 2017
	January 2018
	January 2019
	January 2020

	Condensate Drain 1
	
	
	
	

	Condensate Drain 5
	
	
	
	

	Condensate Drain 7
	9.2
	9.8
	9.1
	9.1

	Condensate Drain 13
	12.3
	12.3
	12.5
	11.9

	Condensate Drain 18
	
	9.6
	
	9.4

	Condensate Drain 21
	9.1
	9.1
	8.9
	9.2

	Condensate Drain 25
	
	9.4
	
	

	Condensate Drain 29
	
	8.3
	8.4
	7.7

	Condensate Drain 11
	BOSP owned
	BOSP owned
	BOSP owned
	BOSP owned

	Condensate Drain 10
	Redundant
	Redundant
	Redundant
	Redundant

	Condensate Drain 34
	
	
	
	

	Condensate Drain 37
	
	
	
	

	Condensate Drain 41
	
	12.6
	
	

	Condensate Drain 43
	12.7
	
	
	

	Condensate Drain 48
	13.9
	14.1
	13.7
	13.8

	Condensate Drain 51
	13
	13.9
	13.2
	13.7

	Condensate Drain 54
	11.6
	12.3
	11.1
	12.5

	Condensate Drain 58
	12
	11.9
	11.7
	12.2

	Condensate Drain 63
	12.5
	Unsafe Access
	Unsafe Access
	12.7

	Condensate Drain 68
	8.9
	9.3
	8.3
	9.3

	Condensate Drain 72
	8.8
	8.9
	8.6
	8.7

	Condensate Drain 76
	11.7
	11.9
	11.5
	12.4

	Condensate Drain 83
	7.9
	8
	7.9
	8

	Condensate Drain 85
	5.1
	5
	4.6
	No Access

	Condensate Drain 89
	6.6
	6.6
	6.5
	8.5

	Condensate Drain 91
	No Access
	
	
	No Access

	Condensate Drain 95
	No Access
	No Access
	
	No Access

	Condensate Drain 100
	8.7
	8
	7.1
	7.8

	Condensate Drain 107
	6.9
	8.6
	7.8
	6.8

	Condensate Drain 108
	4.7
	No Access
	
	4.4

	Condensate Drain 109
	
	6.2
	
	

	Condensate Drain 113
	No Access
	7.6
	8
	No Access
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	BOTTOM
	January 2017
	January 2018
	January 2019
	January 2020

	Condensate Drain 1
	6.3
	8.2
	5.6
	5

	Condensate Drain 5
	7.1
	7.4
	7.4
	6.4

	Condensate Drain 7
	9
	9.3
	9.8
	8.9

	Condensate Drain 13
	12.2
	12
	12.2
	12.3

	Condensate Drain 18
	9
	9.3
	10.4
	9.8

	Condensate Drain 21
	9.4
	9
	8.2
	8.4

	Condensate Drain 25
	9.1
	8.8
	7.1
	8.6

	Condensate Drain 29
	9.1
	8.5
	8.3
	7.3

	Condensate Drain 11
	BOSP Owned
	BOSP Owned
	BOSP Owned
	BOSP Owned

	Condensate Drain 10
	Redundant
	Redundant
	Redundant
	Redundant

	Condensate Drain 34
	12.6
	11.8
	13.3
	12.2

	Condensate Drain 37
	12.2
	12.9
	12.1
	12.1

	Condensate Drain 41
	12.5
	12.3
	11.8
	11.8

	Condensate Drain 43
	12.9
	13.3
	12.4
	12.2

	Condensate Drain 48
	13.7
	13.5
	13.3
	13.3

	Condensate Drain 51
	12.3
	15.6
	14.4
	14.2

	Condensate Drain 54
	13.4
	11.6
	12.8
	11.8

	Condensate Drain 58
	12.4
	12.6
	13.3
	12.1

	Condensate Drain 63
	12.6
	Unsafe Access
	Unsafe Access
	11.9

	Condensate Drain 68
	8.8
	8.5
	8.7
	8.6

	Condensate Drain 72
	8.4
	8.4
	7.8
	10.8

	Condensate Drain 76
	12.4
	11.8
	10.4
	9.8

	Condensate Drain 83
	8.2
	8.2
	8
	7.3

	Condensate Drain 85
	5.4
	4.6
	3.2
	

	Condensate Drain 89
	7.7
	10.2
	7
	7.2

	Condensate Drain 91
	
	6.8
	7.2
	

	Condensate Drain 95
	
	
	
	

	Condensate Drain 100
	7.2
	6.8
	6.4
	6.3

	Condensate Drain 107
	6.1
	7.9
	7
	5.5

	Condensate Drain 108
	5.9
	
	11.4
	4.2

	Condensate Drain 109
	5.5
	5.6
	5.3
	5.5

	Condensate Drain 113
	
	5.7
	7.2
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	LEFT
	January 2017
	January 2018
	January 2019
	January 2020

	Condensate Drain 1
	7.1
	6.1
	5.9
	5.9

	Condensate Drain 5
	8.1
	7.6
	7.3
	7.1

	Condensate Drain 7
	
	10.3
	
	

	Condensate Drain 13
	12.2
	12.2
	
	12.6

	Condensate Drain 18
	9.6
	9.5
	9.5
	9.3

	Condensate Drain 21
	9
	8.9
	9
	8.9

	Condensate Drain 25
	8.9
	9.5
	8.9
	8.1

	Condensate Drain 29
	8.9
	7.9
	7.8
	7

	Condensate Drain 11
	BOSP Owned
	BOSP Owned
	BOSP Owned
	BOSP Owned

	Condensate Drain 10
	Redundant
	Redundant
	Redundant
	Redundant

	Condensate Drain 34
	12.4
	12.6
	12.1
	12.3

	Condensate Drain 37
	12.1
	12.8
	12.5
	12.5

	Condensate Drain 41
	12.6
	12.7
	12.4
	12.5

	Condensate Drain 43
	
	12.5
	13
	12.6

	Condensate Drain 48
	14.4
	15
	14.1
	14.2

	Condensate Drain 51
	12.7
	14.1
	13.5
	13.6

	Condensate Drain 54
	11.8
	12.3
	9.8
	12.9

	Condensate Drain 58
	11.6
	12.2
	11.9
	11.8

	Condensate Drain 63
	12.4
	Unsafe Access
	Unsafe Access
	12.3

	Condensate Drain 68
	
	
	
	

	Condensate Drain 72
	8.5
	8.7
	8.2
	8.1

	Condensate Drain 76
	11.6
	11.4
	10.5
	9.8

	Condensate Drain 83
	7.4
	8.5
	7.7
	8

	Condensate Drain 85
	4.8
	
	3.6
	

	Condensate Drain 89
	7.5
	8.3
	7.5
	7.5

	Condensate Drain 91
	
	8.5
	8.8
	

	Condensate Drain 95
	
	
	
	

	Condensate Drain 100
	8.4
	7.7
	6.8
	7.4

	Condensate Drain 107
	6.2
	8
	8.2
	5.1

	Condensate Drain 108
	5.8
	
	12.7
	5.6

	Condensate Drain 109
	6.3
	6.2
	6.2
	6.9

	Condensate Drain 113
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	RIGHT
	January 2017
	January 2018
	January 2019
	January 2020

	Condensate Drain 1
	7.5
	7.6
	7.6
	7.5

	Condensate Drain 5
	6.8
	7.8
	7.8
	6.8

	Condensate Drain 7
	9.3
	10.1
	9.2
	9.2

	Condensate Drain 13
	
	12.6
	12.2
	

	Condensate Drain 18
	10
	10.4
	9.6
	10.2

	Condensate Drain 21
	9.2
	9.3
	
	9.5

	Condensate Drain 25
	8.7
	8.4
	8.7
	8.2

	Condensate Drain 29
	8.7
	
	
	

	Condensate Drain 11
	BOSP Owned
	BOSP Owned
	BOSP Owned
	BOSP Owned

	Condensate Drain 10
	Redundant
	Redundant
	Redundant
	Redundant

	Condensate Drain 34
	12.5
	13.2
	12.5
	12.4

	Condensate Drain 37
	12.5
	12.7
	12.5
	12.4

	Condensate Drain 41
	12.8
	12.6
	12.3
	12.4

	Condensate Drain 43
	12.6
	12.7
	12.6
	12.5

	Condensate Drain 48
	13.8
	13.8
	13.6
	13.5

	Condensate Drain 51
	11.3
	13.9
	13.5
	12.7

	Condensate Drain 54
	11.2
	10.7
	10.8
	11.4

	Condensate Drain 58
	11.2
	13.4
	12.2
	12.1

	Condensate Drain 63
	12.3
	Unsafe Access
	Unsafe Access
	12.3

	Condensate Drain 68
	8.4
	9.5
	8.9
	8.9

	Condensate Drain 72
	
	
	
	

	Condensate Drain 76
	11.4
	11.1
	10.9
	10.4

	Condensate Drain 83
	
	8
	7.7
	7.8

	Condensate Drain 85
	
	4.1
	
	

	Condensate Drain 89
	
	8.1
	7.4
	

	Condensate Drain 91
	
	5.4
	5.5
	

	Condensate Drain 95
	
	
	
	

	Condensate Drain 100
	
	7.5
	7.5
	6.5

	Condensate Drain 107
	
	
	
	

	Condensate Drain 108
	5
	
	11.6
	4.2

	Condensate Drain 109
	6.2
	6.3
	6.2
	6.1

	Condensate Drain 113
	
	8
	7.6
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[bookmark: _Toc40195689]Appendix H
[bookmark: _Toc40195690]Effects of Covid-19
The global Covid-19 pandemic placed several unanticipated limitations upon this research. Unfortunately, government restrictions prevented the author from fulfilling all pre-planned tasks. The following elements outline constraints and incomplete/missing research due to Covid-19:
University 
· No facilities were available to access Solidworks (CAD) software in order to design a new burner feeding pipeline component and illustrate build-up of fouling deposits before and after HP steam cleaning.
· Unable to access academic books and journals in Universities libraries which are inaccessible online.
· Unable to schedule face-to-face meetings with my supervisor to discuss the project at different stages. 
Work
· Unable to demonstrate financial savings made from the project. Many project members were furloughed and prohibited from undertaking any work duties throughout this time.
· Forced cancellation of planned differential pressure testing on coke oven gas piping system. The author planned to identify areas with decreased pressures and generate data in order to carryout route cause analysis.
· Mothball of monthly coke oven gas meetings. Meetings were essential to keep up-to-date with project developments and gather research data.

Project Lead
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Process Technologist
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Plant Engineer
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Area Production Manager
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Specialist Engineer
Darren Isaac
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Geoffrey Whie
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Senior Engineer
Jordan Bowyer
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Nigel Isaac
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End Gas Analysis : H2S  

H2S (mg/Nm3)	43521	43528	43535	43542	43549	43556	43563	43570	43577	43584	43591	43598	43605	43612	43619	43626	43633	43640	43647	43654	43661	5230	5290	5210	4430	0	2500	3290	4940	4140	0	4330	3160	3820	3840	2540	0	780	3420	3200	2960	3190	H2S Upper Limit (mg/Nm3)	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	1000	H2S Lower Limit (mg/Nm3)	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	300	Date


H2S (mg/Nm3)




End Gas Analysis: NH3

NH3 (mg/Nm3)	43521	43528	43535	43542	43549	43556	43563	43570	43577	43584	43591	43598	43605	43612	43619	43626	43633	43640	43647	43654	43661	283.28571628571433	203.9999982857143	62.428571428571423	259.66666500000002	192.49999750000001	160.16666599999999	183.28571714285718	122.57142671428571	114.28571700000001	145.50000299999999	112.85714314285714	105.8571432857143	102.85714171428572	262.28571700000003	125.14285542857145	115.99999985714285	97.166666833333352	137.16666633333332	105.9999992	89.142858571428576	69.428570714285726	NH3 Upper Limit (mg/Nm3)	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	200	NH3 Lower Limit (mg/Nm3)	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	10	Date


NH3 (mg/Nm3)
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Total Cost

1x LaserGas Il NH; SP Std.
3month rental.

Trial period of 3 months.
‘The instrument must be retumed in original packaging
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and in complete working order f the trial
unsuccessful.

“The balance of the price of the new analyser would be
due after a successful tr

Please refer to the accompanying product lterature for
‘additional details and technical information.
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Deposit Analysis

Appearance

Color of Sample: Black Solids: Particles
Condition of Solids: Moist

‘Elemental Analysis by X-ray Fluorescence

The sample preparation was: Dried at 105 °C
The results were calculated and reported as elements.

Sulfur (S)
Tron (Fe)

65wt %
11 wt%

Total From XRF: 76 Wt %
Total From XRF + Total (CHN) + Estimated O (for oxides) = 100%

‘The following elements were not detected or were below the reporting limit (< 0.5%)
CrCuMnPSi

Gravimetric Tests

Dichloromethane extract 57 wt%
Loss at 500 °C 87 wt%
Lossat925°C e 88 wt%
Additional Tests

'CHNS Analysis

Carbon 70 wt%
Hydrogen 10 wt%
Nitrogen 12 wt%
Sulfur 65 wt%

Analysis by X-Ray Diffraction

The XRD was performed on: Dried at 105 °C
Tron Cyanide Hydrate - Fe(CN)3(H20)2
Sulfur - §

Amorphous Material

Possible Compounds _Ammonium Sulfate (Mascagnite) - (NH4)2(SO4)
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TASK  ASSIGNED TO START DATE DUE DATE DURATION % DONE COMMENTS MILESTONE

Meet with Jordan Bowyer to discuss 

project 

LP

22/09/2019 23/09/2019

1

100%

Phase 1

Submit proposal to Andrew Thorn

LP

25/09/2019 27/09/2019

2

100%

Phase 1

Proposal approved AT 25/09/2019 01/10/2019

6

100%

Phase 1

Meet with Darren Isaac to discuss RHF 

& preventative measures

LP 02/10/2019 03/10/2019

1

100%

Phase 1

Meet with Rachel Alexander to discuss 

project

LP

18/10/2019 19/10/2019

1

100%

Phase 1

Dip test areas suspected of heavy 

fouling with Nigel Isaac & JES fitters

LP, NI & JES 28/10/2019 15/11/2019

18

100%

Phase 2

Steam cleaning trial Natural Solutions 

contractors

Natural Solutions

29/10/2019 02/11/2019

4

100%

Phase 2

Meet with Nathan Cadogan-Clarke for 

visit of Coke Ovens Plant

LP 18/11/2019 19/11/2019

1

100%

Phase 2

Attend monthly COG meeting between 

energy/RHF/coke ovens

All involved 20/11/2019 21/11/2019

1

100%

Phase 3

Isolate pipeline CO31 - CO35 Day Gas Team 25/11/2019 25/11/2019

0

100%

Phase 3

Collect solid deposits from COG 

pipeline by GCI & send to Nalco Labs

LP & DI

25/11/2019 26/11/2019

1

100%

Phase 3

Water jetting with Cape contractors LP & Cape 25/11/2019 02/12/2019

7

100%

Phase 3

Reinstate pipeline C031 - CO35 Day Gas Team 02/12/2019 02/12/2019

0

100%

Phase 3

Receive Nalco Lab report for solid 

deposits

LP & DA

25/11/2019 09/12/2019

14

100%

Phase 3

Drager testing ammonia levels at 

ammonia washers

Coke ovens

14/12/2019 15/12/2019

1

100%

Phase 3

First VIVA

LP

17/12/2019 18/12/2019

1

100%

Phase 3

Attend monthly COG meeting between 

energy/RHF/coke ovens

All involved

18/12/2019 19/12/2019

1

100%

Phase 4

Thickness testing with gas team

LP & Day Gas Team

20/01/2020 04/02/2020

15

100%

Phase 4

Stainless steel pipework

LP, DI, GW & 

Skelton Thomas

11/02/2020 13/02/2020

2

100%

Phase 4

Belzona coatings LP, DI & E.G. Lewis 17/02/2020 02/03/2020

14

100%

Phase 4

Government enforced lockdown for 

COVID19 pandemic

Everyone 25/03/2020 11/05/2020

47

Ongoing

Phase 4
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Passivation Process

Cr,0, Protective Oxide Layer

Fe + C + Cr (min. 10.5%)

Chromium

Stainless Steel Part The chromium content in the stainless steel The chromium oxide layer is re-formed
Free of Contaminant reacts with oxygen in ambient air. and protects against corrosion.
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Ultimate analysis m, %"
Carbon C 71,12
Hydrogen H 5,09
Nitrogen N 1,94
Sulfur S 734
Oxygen (by difference) 14,51
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