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[bookmark: _Toc164803882]Abstract

Environmental monitoring and permits issued by local authorities set out the maximum concentrations of metals in the air. Sandvik Osprey, is an atomisation plant, manufacturing high quality metal powders. As such, the process utilises industrial cartridge filters. These filters, when they degrade, allow particulate to be emitted from the exhaust, reducing their efficiency, and increasing pollution. 
This project covers the installation of a Dwyer PMT2 electrostatic induction probe into the hazardous area exhaust ducting of a filter unit, where its output signal is proportional to the particulate passing over it. This project covers the installation of the sensor including the selection of associated apparatus, verifying intrinsic safety, and integrating the 4-20mA output loop to a plant PLC. The design of a HMI monitoring screen, and integration into a site Historian datalogger has allowed trends in bag deterioration and anomalies, such as spikes in particulate from filter cleaning to be monitored.
Alarms monitoring baseline emissions drift and spike levels have been configured. This can be used to judge the condition of the filters, and whether inspection or maintenance should be carried out. This predictive maintenance method will reduce costs and minimise plant down time, extending remaining useful life of assets. 
From testing, baseline levels remained low due to new filters being installed at the end of 2023. Results after 166 atomisation runs indicates the filters are robust, with no noticeable increase in particulate emissions. The probe with its sensitivity set at 5-1000pA, registered several spikes in particulate during fan startup. This shows powder settles in the duct once one run is complete and is then pushed over the probe during the next startup.
Reducing the sensor range to 5-500pA, increasing its sensitivity has been recommended to provide more accurate readings of filter health due to the charge levels of metal powders. Recommendations to install the system on an older, more failure prone unit, with individual pulse cleaning signals interfaced with the PLC is discussed. This will allow pinpointing where filters are breached in the system from cleaning spikes.


1.0 [bookmark: _Toc164803883]Introduction

Industrial filters are readily used in any applications where a dust, powder or vapour is emitted from various process industries. The filters at Sandvik pneumatically convey metal powders through a proprietary atomisation process. Sandvik are a manufacturer of fine gas atomised metal powders ranging from copper, steel, and stainless-steel alloys as well as cobalt and nickel-based superalloys. Any powder that escapes the collection process is drawn through large, pleated filters within a Camfil Gold Series cross flow filter unit [1]. The dust that accumulates on these filters is displaced using an air pulse from a solenoid actuated diaphragm valve manifold, where it is collected in a waste drum beneath the unit. Figure 1 shows the filter in situ. 
[bookmark: _Toc163220417][bookmark: _Toc164803928]Figure 1 - Camfil Cross Flow Filter Unit Located at Sandvik Osprey, South Wales
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1.1 [bookmark: _Toc164803884]Industrial Emissions


As an industrial site, Sandvik is required to comply with its environmental permit issued by Neath Port-Talbot Council and enforced by Natural Resources Wales (NRW) [2]. The legislation regarding permits is set out in the Environment Permitting Regulations 2016 [3]. This permit details activities regarding industrial emissions released into the air. As metal powders are processed; a prescribed emission limit is set in the permit as per the process guidance notes 6/35(13) from DEFRA [4]. Table 1 displays the elements monitored and their concentration limits.
[image: ]
[bookmark: _Toc164803954]Table 1 - Emission Limits of Monitored Elements

To minimise particulate discharge, best available techniques (BAT) set out by the UK government guidelines in [5], should be adhered too, these include.
· Rigorous maintenance routines of industrial Filters
· Appropriate technology to capture process emissions.
· Annual testing and reporting of particulate from stacks and filters.

Monitoring of these elements is carried out using certified stack testing companies to comply with the best available monitoring techniques set out by the UK government. Reports are issued annually and indicate the amount of particulate passing out of the filters.
The area surrounding the plant is a designated air quality management zone, monitored by the local authority under the Air Quality Standard Regulations 2010 [6]. The emission concentration limit is currently set at 20 ng/m³ for nickel. This monitor is very close to the site, if the local authority were to detect an increase in nickel levels, the first call would be to Sandvik, as its activities routinely involve nickel powder. If emissions are found to be originating from the facility, NRW can force fines, or a HSE enforcement notice to investigate compliance with the issued permits.
1.2 [bookmark: _Toc164803885]Project Motivation 

A system to provide an early warning of filter deterioration is required outside of annual stack testing. A sensor that provides an output proportional to the particulate flowing from the exhaust can indicate a breakdown or leak from one or multiple cartridges. Currently, filters are inspected routinely on a preventative maintenance regime on an annual basis and are replaced during this time. Each Camfil filter contains 12 pleated filters at a cost of £707 each, some of which may have a remaining useful life. This maintenance activity represents a significant cost to the company. 
If an issue arises during production activities, plant down time can be a considerable cost to the company. Replacing the filters requires them to be inspected to identify the problem unit, then the additional time to acquire spares and replace them. Inspection is subject to individual assessment and visibility, therefore ambiguity introduced can lead to failed filters not being spotted, and a problem persisting.
Ruptured filters can reduce the process efficiency overall, leading to product losses. Filter rupture has a risk of creating a potentially hazardous area due to excess combustible dusts inside the filter unit. This topic will be discussed further into the report. Figure 2 displays the extent to which a filter can be damaged during operation. 
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[bookmark: _Toc164803929]Figure 2 - Damaged Filter Cartridge

Dramatic filter failures as shown in figure 2 are easy to spot, however, prolonged use of the filters over multiple production runs may present degradation that may be less obvious. During the summer of 2023, emissions picked up by local authority meters showed an increased trend in nickel concentration levels in the atmosphere, that prompted a full investigation into the health of the filters on site as the reports fell between periods of stack testing. Initial visual inspections were carried out on units, but yielded no conclusive evidence of filter degradation, indicating the issue was not an obvious fault. Without continuous monitoring in place, there was no easy way to judge what filters were degraded. This led to the use of a UV powder being introduced into the airstream. This UV powder would be drawn over the filters, and any that escaped through the unit would be deposited on the exhaust ducting. A UV lamp could be used to see the deposits more clearly. This process led to a time consuming and dirty task to capture information on multiple units. Figure 3 shows the extent of the task along with figure 4 displaying UV powder emissions at an exhaust duct, proving there has been filter degradation.
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[bookmark: _Toc163220419][bookmark: _Toc164803930]Figure 3 - UV Powder Testing of Cartridge Filter
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[bookmark: _Toc163220420][bookmark: _Toc164803931]Figure 4 - UV Powder On Exhaust Ducting



1.3 [bookmark: _Toc164803886]Project Aims and Objectives

The aim for the project is to install a particulate sensor into the ducting of a filter unit to detect a change in particulate levels whilst the plant is running to indicate filter rupture, degradation, and prediction of failure. This live sensor reading will then be interfaced into a plant control system for data acquisition. The signal from the sensor will be available to operators and maintenance personnel via a plant Human Machine Interface (HMI). Alarms to indicate a baseline drift in particulate will be programmed to warn operators of a deteriorating filter. In addition to elevated emissions, an alarm to detect spikes in particulate when the filter is pulse cleaning will be programmed into the control system. This alarm will allow maintenance personnel to detect a specific row or individual failing filter within the plant. This signal can then be passed to a site Supervisory Control and Data Acquisition (SCADA) System and Historian, where it can be logged over time, allowing users to monitor trends in particulate emissions. As well as the new transmitter installation, existing instrumentation such as filter inlet temperature and differential pressure will be utilised. Elevated temperature at the inlet to the filter will degrade the resin binding the filters. Differential pressure readings may indicate a damaged filter and will also give an indication of the level of the dust layer caking the filter cartridges. 
For a successful outcome, the following objectives shall be completed to satisfy the aim of the project.
· Source and install appropriate sensor technology.
· Generate Electrical circuit diagrams for installation and maintenance – including cable schedules, loop diagram and Hazardous area descriptive document. 
· Interface the sensor signal with the plant control system via the Programmable Logic Controller (PLC) and calibrate analogue inputs appropriately.
· Develop a plant HMI screen to display live sensor data, display alarms and adjust threshold limits.
· Integrate existing plant instrumentation signals into HMI for total filter monitoring.
· Export sensor data to site SCADA system for historical datalogging.

The following chapters of this report will discuss the current technology available for this type of application that will determine the selection of the sensor to be used. The consideration of hazardous area regulations will be discussed, and how the design of an instrumentation installation is dictated around these requirements. PLC logic and alarm strategies will be demonstrated, along with a clear HMI design, and how an operator or technician will interact with the data coming from the plant. 




















[bookmark: _Toc164803887]2.0 Literature Review

The purpose of the literature review for this projects application is to assess the current sensor technology available to detect particulate matter within stacks, flues, and extraction systems. The literature reviewed outlines common sensor technology such as DC and AC coupled electrostatic discharge sensors, laser measurement techniques such as back scattering, forward scattering, and opacity measurement systems for particulate detection. 
Whilst these common industrial sensor applications have been researched, some novel methods of bag filter rupture detection have been presented. These include the use of fibre-optic sensing technologies to pinpoint hole size and locations in bags, as well as using conductive fibres to measure a grids resistance change due to bag filter rupture or wear. 
The literature review will introduce the regulations and implications of hazardous areas in industrial processes, and the protection concepts required for instrumentation systems operating in these environments. 

[bookmark: _Toc164803888]2.1 Sensor Technology Overview

[bookmark: _Toc164803889]2.1.1 Electrostatic Sensors

Fundamentally, to detect a breakdown of bags or cartridges in a filter system, a property relating to the amount of particulate must be converted into a proportional signal output to be measured. A method of detecting particulate in pneumatically conveyed systems such as filters, is to utilise the triboelectric effect. This phenomenon arises when particles gather an electrical charge as they come in to contact with other objects in a process. The principle of electrostatic sensors is discussed in papers by Yong Yan, [7] and [8]. These articles cover the use of electrostatic sensors for use in continuous measurement of particulate in pneumatically conveyed systems. 
Electrostatic sensors operate on the principle of electrostatic induction. An electrode, embedded in an insulating material is inserted into the flow of particulate, where the moving charged particles interact with the electric field of the electrode, analogous to capacitive coupling. The electrodes are connected to a signal conditioning circuit to filter and amplify the small charge currents. These signal conditioning circuits may be charge amplifiers, or current conditioning circuits utilising an Op-amp and feedback components, or in a transimpedance amplifier topology to convert small currents to a proportional voltage.
The differing types of signal conditioning circuits and the connection of the electrodes leads to either AC or DC coupled electrostatic sensors. The articles cited, explain the repeatability and elevated performance of AC type electrostatic sensors over the DC arrangement, where overall signal magnitude is measured with disregard for the alternating elements of the measured signal.
Using electrostatic sensors to measure accurate particulate concentrations has drawbacks, because of environmental conditions, stack air velocity and particulate properties. These instruments can be calibrated if stable conditions and particle properties are known. In the application presented in this report, particle metallurgy will vary due to the process nature, so therefore, the use of electrostatic sensors is common for qualitative trending of data, where increased signal levels will only indicate a relative change in the amount of particulate passing the probe. 
Electrostatic sensors have an advantage of being simple and rugged devices allowing them to be utilised in harsh environments at elevated temperatures or outdoors.

[bookmark: _Toc164803890]2.1.2 Optical Sensor Technology

Particle measurement can be carried out using instruments where the transmission, reflection, refraction and scattering of light interacting with particulate is measured. Such instruments are shown in an application note from manufacturer Ametek LAND [9] for use within stacks and ducts, primarily in the power industry where combustion emissions are monitored. 
Sensors using optical technology include opacity sensors, where a light source mounted to one side of a stack is aimed towards a receiver through the duct. The received light level is related to the obstruction caused by particulate. This method relies on an expensive instrument to be mounted to either side of a duct as is most effective with high concentrations of particulate – leading it to be less suited for filter breach applications.
Sensors using laser scattering techniques such as forward and back scattering utilise the effect of particle size fractions refracting light and measure the received light intensity and angle of incidence. The received light levels are then related to particle size and concentration. 
These instruments are sensitive and have the benefit of being mounted to one side of a duct. However, they cannot distinguish between particulate and droplets of water, so are limited to dry applications or indoor locations.
Laser scattering is an established technique and can be found in low-cost indoor air quality monitors. Use of low-cost air quality monitors have been trialled experimentally against more expensive units for monitoring emissions of a bag filters individual filters as they are being pulse cleaned in [10]. Here, a reference instrument has been used to verify the spikes in emissions seen by the low-cost monitors as the filters are cleaned. This presents a useful method of monitoring individual bags for breakdown or leaks. To implement this in a realistic industrial environment where there may be hazardous areas or elevated temperatures will greatly decrease the low-cost sensors service life.

[bookmark: _Toc164803891]2.1.3 Novel Solutions for Filter Monitoring

Established techniques for measuring bag filter breakdown by placing a measurement instrument in the exhaust of a filter unit can give a quantitative insight into a systems condition. Some experimental studies have been conducted to pinpoint the size and location of filter leaks using fibre optic cables draped through individual bags where pulsed laser light is sent through the optical fibres [11] [12]. Vibrations induced by leaks caused the returned light to be scattered at varying frequencies that can be demodulated from the carrier frequency of the pulsed light. The experiments were carried out with bags in various states of repair with differing size holes. Machine learning techniques using neural networks were then trained to recognise individual faults from the vibration packets and pinpoint their locations within the filters to a high degree of accuracy. Whilst this is an interesting method of pinpointing leaks, further development into an off the shelf instrument may make it possible to integrate into an industrial environment.
Another novel solution to monitor filter degradation is presented in [13], where a grid of resistive fibres was included in the structure of a filter bag. The measured resistance change was recorded over bags subjected to thermal, chemical, and mechanical damage indicating a breakdown in the filter condition. This method allowed for degradation of bags to be detected at an early stage. This method proposes an interesting solution for filter monitoring; however, filter manufacturers would need to adapt the technology within their systems. The use of electrical sensing within a bag filter may raise issues if the media being filtered was explosive as is the powder being processed in the main body of this project report.

[bookmark: _Toc164803892]2.1.3 Bag Filter Monitoring Systems

An application note published by Auburn FilterSense alongside a cement manufacturing facility seen in [14] involved the installation of an electrostatic sensor probe into the exhaust duct of an industrial bag filter. This signal was coupled with differential pressure sensors and the pulse signal from the cleaning jets to create an automated baghouse condition monitoring system. The system allowed data to be logged using a monitoring software along with connection to an industrial PLC and datalogging system. The system allowed pulses seen at the exhaust to be related to the rows of bags being pulse cleaned, pinpointing the location of breaches or degradation. The use of non-clogging differential pressure sensors would allow operators to see the layer of build-up on the filter system, this is needed to maximise efficiency of the filtration system. All these additional sensors allowed for optimal cleaning cycles to be carried out, saving energy and maximising system efficiency, whilst monitoring particulate output for environmental and predictive maintenance reasons. 

[bookmark: _Toc164803893]2.2 Hazardous Areas and Regulations

Within industry, many process have the potential to form explosive atmospheres. Explosive atmospheres may be formed from explosive gasses, vapours and dusts that are suspended in the air. The Dangerous Substances and Explosive Atmosphere Regulations (DSEAR) 2002 [15] provide guidance for industry on the assessment of risk associated with hazardous substances, with a view to reduce the risk of fires and explosions to employees, public and assets. The regulations give guidance to the classification of explosive areas into defined zones and methods to eliminate, reduce or mitigate hazards from potentially explosive atmospheres. 
The other legislation relating to explosive atmospheres are the ATEX 137 user directive and ATEX 95 Equipment Directive. These are implemented under DSEAR in the UK, giving guidance on the classification of areas, risk assessment and protection of the workforce. ATEX 95 was introduced to remove trade barriers ensuring equipment manufactured met the required safety standards for use in hazardous areas. 
The standards covering the requirements for equipment installed in hazardous areas is covered by in a multi part document BS EN 60079 – Explosive Atmospheres. These standards cover the area classification guidance, BS EN 60079 – 10 – 2 Classification of Areas: combustible dust atmospheres [16]. From this standard, the following area classifications for combustible dusts are as follows:
· “Hazardous Area: an area in which an explosive atmosphere, in the form of combustible dust in air is present or may be expected to be present, in quantities such as to require special precautions for the construction, installation and use of apparatus”.

· “Non-Hazardous Area: an area in which an explosive atmosphere, in the form of combustible dust in air is not expected to be present, in quantities such as to require special precautions for the construction, installation and use of apparatus”. 

· “Zone 20 (continuous grade) (>1000Hrs/Year): an area where an explosive atmosphere, in the form of combustible dust in air, is present continuously or for long periods or frequently for short periods”. 

· “Zone 21 (primary grade) (between 10 and 1000Hrs/year): an area where an explosive atmosphere, in the form of combustible dust in air, is likely to occur in normal operation”. 

· “Zone 22 (secondary grade) (< 10Hrs/year): an area where an explosive atmosphere, in the form of combustible dust in air, is not likely to occur in normal operations but if it does occur will persist for a short period only”.

Equipment to be used in these zones must have the correct equipment protection level for the nature of the hazardous material. These Zones are then marked on a classification drawing that is made available to operators and technicians, indicating the potentially explosive atmospheres. An example is shown in figure 5 of the plan view of a dust filter. It shows the internals of the machine are Zone 21 and that external ducting is Zone 22.

[image: ]
[bookmark: _Toc164803932]Figure 5 - Example of Area Classification Drawing

The requirements for electrical installations and design are covered in BS EN 60079 – 14: Electrical installations design, selection, and erection [17]. This standard provides details of protection concepts of rated equipment. These are methods of preventing an ignition source when an item is operating in a hazardous area. Items that are certified to operate in explosive atmospheres are subject to stringent testing and design compliance to meet their equipment protection levels for different zones. Protection concepts can range from the enclosure through to intrinsic safety. Temperature classifications are defined for equipment, ensuring that during operation surface temperatures cannot go beyond levels that can cause an ignition. These vary depending on the type of equipment but are important to consider when selecting equipment, as the substance in the defined zones will have a known ignition temperature or ignition energy.  
To ensure equipment is suitable for use in a classified area, the manufacturer will apply a data plate on the equipment displaying a code relating to its protection concept, equipment group (Gas/Dust), temperature classification and equipment protection level. The equipment must also have its ATEX certificate number displayed from the notified body who carried out the approval. This contains valuable information, such as special requirements of use. Figure 6 displays an example plate from a ATEX rated motor. 
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[bookmark: _Toc164803933]Figure 6 - ATEX Motor Data Plate Displaying ATEX Information
From figure 6, this information can be decoded to ensure the motor is rated for the area its installed. The code for the protection level is as follows.
· Ex tb: This shows the motor has a protection concept of ‘Enclosure’ meaning the IP rating is sufficient to stop dust entering the motor and that it has minimal surfaces for dust to collect. The ‘b’ notation is the level of protection of this enclosure, this motor is only certified for use in Zones 21 and 22.

· IIIC: This shows the motor is suitable for use with conductive dusts. This equipment group can also be used for non-conductive dusts, IIIB and combustible fly ins, IIIA.

· T135°C: This is the temperature classification of the motor. This states under use, the temperature on the surface of the motor will not rise above 135°C. This is to avoid layer or cloud ignition of any dust in the area. These motors are usually thermistor protected to stop if temperatures rise.

· Db: This is the Equipment Protection Level (EPL), this is another method of stating, that the motor is suitable for dusts ‘D’ and has a rating of ‘b’ allowing it for use in Zones 21 and 22 only.

· IP65: This is the standard ingress protection rating of the motor. 6 indicates the unit is dust tight, and 5, indicates its resistant to jets of water.

The ATEX certificate number displays the notified body that carried out the approval, a date code and the ‘X’ shows there are special conditions for use noted on the certificate.
The electrical inspection and maintenance of electrical installations is covered in BS EN 60079 – 17 [18]. This provides details of documentation and inspection criteria to ensure the safe operation of equipment and compliance with DSEAR.
The information shown in this section of the literature review will influence the selection and installation of an appropriate instrument to maintain compliance with DSEAR guidance. Discussion of the sensor selection constraints such as protection concepts and temperature classifications due to hazardous areas will be covered in the design chapter of this report.



[bookmark: _Toc164803894]3.0 System Development and Requirements

This chapter introduces the specific project requirements and how the installed device will be used to achieve the project outcomes. A system block diagram shown in figure 7, displays the main features to be designed for the project. Selection criteria for the sensor will be discussed, and have been based upon constraints regarding environmental conditions, physical dimensions, signal output and measurement method. Intrinsically safe protection concepts, including the selection and use of associated apparatus will be shown. 
The signal will be interfaced into an industrial control system, comprising of a plant PLC and HMI, this section shows the design requirements to present the data to operators and technicians, including alarm outputs and setpoints. Other design criteria such as installation requirements, including cable selection and hardware will be defined in this chapter.
[bookmark: _Toc164803895]3.1 System Overview

Figure 7 displays the proposed topology for the installation.  
[image: ]
[bookmark: _Toc164803934]Figure 7 - Sensor Signal and Data Flow


The differential pressure (DP) and inlet temperature transmitters are existing on the plant and interfaced using a standard 4-20mA current loop signal to the PLC located in a control room. These are currently the only indication of filter health for the plant. The filter will lock out if a high temperature alarm is reached, allowing a run to be completed, but the filter cannot be restarted until the cartridges are checked. The differential pressure alarm detects if the pressure across the filter is too low, indicating a cartridge is severely damaged or if the pressure is too high, indicating that the filters are blinded with dust. The DP transmitter is not an ideal solution to monitor filter rupture as low DP is found when new filters are installed as there is no dust layer formed. This leads to alarms being forced off until the pressure rises. High differential pressure is not desirable; however, it only indicates that the filters require more cleaning cycles. The addition of a particulate sensor will give a true representation of filter health, with the DP and temperature sensors acting as further tools to determine the condition of the filter when a particulate alarm occurs.

[bookmark: _Toc164803896]3.2 Sensor Selection

From the literature review, the use of electrostatic induction sensors has been shown to be a common method of monitoring particulate from a duct. This technology is appropriate for the application due to it being robust, low maintenance, easy to install and readily available from industry manufacturers. As the sensor is not required to provide an absolute reading of dust concentration in mg/m³, this type of sensor is appropriate. An electrostatic induction sensor from Dwyer Instruments, the PMT2 series transmitter has been selected [19]. This consists of a straight electrode, coated in PTFE to minimise powder sticking to it, with a rugged enclosure to work well in harsh environments. Figure 8 displays the chosen sensor. Justifications for the choosing this sensor are discussed in the following sections.
[image: ]
[bookmark: _Toc164803935]Figure 8 - Dwyer PMT2 Particulate Transmitter [19]

[bookmark: _Toc164803897]3.2.1 Signal Output

Electrostatic sensors typically generate an electrical current signal in the range of picoamps, via the effect of electrostatic induction from charged particles. This is inappropriate to measure in an industrial setting. The unit will have internal signal conditioning and amplification to provide a standard signal interface, proportional to the amount of charge transferred. Common industrial analogue signal types are in the form of a current loop, either 0/4-20mA or 0-10V. For this application, the Dwyer PMT2 uses a 4-20mA current loop output. Current loop outputs are a relatively old technique but are proven and standardised throughout industry. A current output enables easy incorporation to the plant PLC analogue input cards. 4-20mA current loops see no signal loss due to cable runs. A voltage output will suffer from signal degradation due to voltage drop from the resistance of a cable run from instrument to plant. 4-20mA current loop signals are more resistant to noise from external sources such as 50Hz mains frequency induced noise from adjacent cable runs, PWM high frequency noise from drives, or in the case of Sandvik, induced noise from induction furnace coils and inverters. 
The 4-20mA signal, is a live zero signal, and allows the detection of transmission faults in the signal line. This feature can be used to indicate an open circuit from a line break, as the current would fall to zero. Conversely, currents over 20mA may indicate shorts on a transmission line [20]. The chosen transmitter is loop powered, making it a convenient method to provide power and measurement using one pair of wires.
The sensor output has a choice of 6 range settings to account for the different charge levels seen due to varying materials and their charge polarity. This feature will allow the range to be tuned for the most common alloys being produced on the plant.
The unit also includes a separate remote zero channel. This can be switched using a digital output from the plant PLC after cleaning to null the sensor before operation. 

[bookmark: _Toc164803898]3.2.2 Installation Requirements

The unit is to be installed outside, exposed to the weather. The enclosure must be a minimum of IP65 to withstand rain and dust ingress and made of a corrosion resistant material. The Dwyer unit enclosure is constructed of powder coated aluminium and is sealed giving an IP rating of IP65.
The probe length required is governed by the duct size it is installed to. The datasheet recommends allowing the electrode to sit at least halfway across the diameter of the duct, away from turbulent airflow. The ductwork of the filter exhaust is 400mm in diameter, therefore, a probe length of 250mm has been selected, to allow sufficient protrusion whilst allowing for the mounting hardware.
The probe must be removable for cleaning and inspection. The unit has been specified with a threaded tri-clamp mount to facilitate quick release of the probe with no tools. This will aid in maintenance and troubleshooting. 
The unit has been specified with M20 female threaded entries. This will allow the use of standard M20 cable glands. 
[bookmark: _Toc164803899]3.3 ATEX Compliance

The unit is installed in a filter that has been area classified as hazardous. The exhaust duct of the filter is a Zone 22 area, with conductive dusts. The material that this plant produces is of a volatile nature and is highly explosive, with a low ignition energy. To satisfy the ATEX requirements of this zone, the sensor would have been satisfactory with an EPL of, Ex II 3D IIIC Dc, rated for Zone 22 only. However, a requirement of the process department of the facility, due to the cost of the instrument, may require it to be in an area with a more severe classification. This influenced the sensor selection to be of a higher protection rating, for further development.
The Dwyer PMT2 has an ATEX compliance of II 1D Ex ia IIIC Da T120°C (-40°C ≤ ≤ 63°C) (-40°C ≤ ≤ 120°C). This leaves the probe with the following rating of; suitability for surface activities (Group 2), for use with conductive dusts (IIIC), for use in Zone 20, 21 and 22 (1D) and (Da). It is certified for use in an ambient temperature range between -40°C to 63°C, with a maximum process temperature of 120°C. 
The protection concept is intrinsically safe (I.S), ‘ia’. This protection concept is one of the only ATEX protection methods that is wholly electrical. Intrinsic safety is the principle of preventing enough energy to cause an ignition source into the hazardous area. This is achieved by limiting the power going to a device via additional certified apparatus, such as Zener Diode or galvanically isolated barriers and careful circuit design. The requirements for electrical systems with an intrinsically safe protection concept, and their design are covered in BS EN IEC 60079 – 25: Intrinsically Safe Electrical Systems [21]. 
Intrinsic safety is a system concept, where the whole loop of a circuit must be analysed to ensure it is intrinsically safe. This requires the comparison of the maximum power, voltage and current of a field device, and the maximum output values of any associated apparatus. The lumped circuit capacitance and inductance values of components and cables must be carefully considered to ensure hazardous energy levels cannot be stored, potentially causing an ignition. 
Table 2 displays a list of the entity parameters associated with a piece of equipment in a hazardous area.
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[bookmark: _Toc164803955]Table 2 - List of Entity Parameters associated with Equipment in Hazardous Areas

To select a piece of associated apparatus to protect the circuit in the hazardous area, initial values from the transmitter must be compared from the datasheet to the entity parameters of the associated apparatus. Table 3 displays the parameters for safe area equipment.
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[bookmark: _Toc164803956]Table 3 - Entity Parameter Descriptions for Associated Safety Barriers






Comparison of the voltage, current and power entity parameters of the hazardous area equipment and associated safety barrier / apparatus must comply with the following rules.
[image: ]
These entity parameters shall be recorded and presented in a Descriptive System Document (DSD) as required in IEC60079 – 25.

[bookmark: _Toc164803900]3.4 Associated Apparatus and Enclosure 

[bookmark: _Toc164803901]3.4.1 Associated Apparatus

The associated apparatus in an intrinsically safe circuit, forms a barrier interface between the hazardous area circuitry and the non-hazardous, plant side wiring. These barriers are put in place to limit the energy that can be transferred to the hazardous area. 
A Zener type barrier utilises Zener diodes across the input and output terminals of the device. They feature a fuse that will open in a fault condition and an infallible current limiting resistor. Figure 9 displays a typical Zener Barrier topology.

[image: ]
[bookmark: _Toc164803936]Figure 9 - Zener Barrier Circuit [22]

When hazardous voltage levels are seen at the device input terminals, above the reverse breakdown voltage of the Zener diodes, they begin to conduct. The hazardous fault current is then shorted directly to a high integrity, low impedance ground connection. The fault current then causes the fuse to open, removing power to the device in the hazardous area. The current limiting resistor reduces current drawn by the field device to safe levels.
The level of safety provided by intrinsically safe barriers and equipment is denoted by ‘ia’, ‘ib’ and ic’. These indicate the level of redundancy and fault tolerance in a system. An ‘ia’ rated Zener barrier has 3 Zener diodes, meaning if two fail, the fault current will still be directed to ground by at least one diode. Similarly, ‘ib’ devices are one fault tolerant, and ‘ic’ are not fault tolerant.
Another common barrier technology, galvanic isolation utilises a separation between hazardous area connections and safe area connections. This is normally achieved with an isolating transformer, in the case of analogue signals, or opto-isolation for digital signals, using photodiodes and LED’s. Some galvanic isolators use a Zener diode barrier at the front end as additional protection. Galvanic isolators are selected for specific signal interfaces such as 4-20mA loops, digital communications and discrete inputs and outputs. 
For this application, a Zener barrier, Z728 from Pepperl and Fuchs [22] has been chosen. This is a DC positive polarity barrier, suitable for analogue signal interfaces. This choice is based upon the following:
· The entity parameters satisfy the intrinsic safety requirements for the particulate transmitter.
· Simple to implement.
· Minimal signal degradation
· Small form factor and high packing density.
· Low cost.
· Multipurpose – Can be used for standard digital signals as well as analogue. Lower parts count and spares required.

The main drawbacks of a Zener barrier over a galvanic isolator are the limitations with the grounding. Zener barriers recommend a high integrity, dedicated intrinsic safety earth connection. The ground of the Zener barrier should not be tied into the general plant earth. This may induce unwanted ground loops, causing signal loss, and multiple earth fault paths. IEC 60079-14 recommends an earth impedance of less than 1Ω. The plant where this apparatus will be installed has a dedicated ‘clean’ earth connection for instrumentation and a separate plant earth for general instrument and metalwork bonding. 
Galvanically isolated barriers alleviate this need for a dedicated earth connection, however, they are more complicated, higher cost and required to be specific for the signal type they are interfaced with.

[bookmark: _Toc164803902]3.4.2 Enclosure (JB1)

An enclosure has been selected to house the Zener barriers and act as a junction box between the instrument and the plant PLC control panel. This allows the hazardous area equipment to be kept local to the filter unit, for ease of installation and ongoing inspection, maintenance, and lack of space inside the plant control panel. 
Part of the ATEX directive requires all intrinsically safe circuits to be routed with a minimum separation of 50mm from non-intrinsically safe circuits. Running one cable from the transmitter to the plant control panel would not allow this separation due to the plant design and poor condition of existing cable management. Running the I.S cable from the instrument to a local junction box would minimise the potential for damage from other equipment and hot surfaces. The outgoing cable from the junction box to the plant is not considered intrinsically safe due to it being terminated on the safe area terminals of the Zener barrier.
The enclosure chosen is the Schneider Spacial S3DEX [23]. This is a compact steel enclosure with an IP rating of IP66, making it suitable for outdoor locations and dusty environments. The enclosure is also IK rated to IK10; this is the impact resistance rating of the enclosure for electrical enclosures as per BS EN 62262 [24]. Impact rating is important for the location of the enclosure due to potential contact with plant vehicles. The enclosure is also certified for use in hazardous areas to Zone 21.

[bookmark: _Toc164803903]3.5 Cable and Gland Requirements 

[bookmark: _Toc164803904]3.5.1 Cable Requirements

Cable for this application is required to be UV stable for use outside, armouring is preferred for extra mechanical protection and should be suitable for instrumentation systems. The cable between the sensor and the junction box is carrying intrinsically safe circuits and should be coloured light blue to indicate this as per BS 60079. The cable should be screened to reduce noise via electromagnetic induction from surrounding equipment.
The cable chosen for this application is a 2 Pair Part 1 Type 2 Single wire armoured (SWA) BS5308 instrumentation cable [25]. This cable has individually screened pairs and a collective screen. Screening is achieved with a foil tape, covering the entire pair, and grounded using a drain wire. 
This cable is suitable for instrumentation systems with intrinsically safe circuits. The cable is UV stable and has an installation ambient temperature range suitable for its location. The cable will contain both the analogue circuit from the transmitter 4-20mA loop, and the digital output from the PLC for remote zeroing the device. This cable is compliant for use with multiple I.S circuits as it meets the criteria set out in BS60079-25-9.2.2, where the dielectric strength of the insulation has been tested to 500VAC and does not contain circuits with voltages above 90V.
As with the associated apparatus and the transmitter, the cables parameters shall be used in verifying intrinsic safety. These entities are shown in table 4. Cable capacitance and inductance must be considered due to the energy storage capability over the length of the cable run. These parameters are provided by the cable manufacturers datasheet.
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[bookmark: _Toc164803957]Table 4 - Cable Entity Parameters





[bookmark: _Toc164803905]3.5.2 Gland Requirements

To maintain the IP rating of the device, and to satisfy the minimum standards for the hazardous area classification a suitable ATEX rated, IP rated gland is to be selected.
Gland Selection Criteria:
· Cable OD = 11.8mm
· SWA (Single Wire Armoured) clamping ferrule.
· M20 Thread for cable entry.
· IP65
· ATEX II 2D Ex tb IIIC Db IP65 required for area classification.

The specified for the application is the HAWKE 501/453/Universal/O cable gland [26] shown in figure 10, complete with IP sealing washer and earthing tag.
[image: ]
[bookmark: _Toc164803937]Figure 10 - HAWKE ATEX Gland





[bookmark: _Toc164803906]3.6 PLC Interface

The plant PLC is from the Rx3i range of processors from GE. The 4-20mA signal is to be interfaced with a 12-bit, 16-way, single ended analogue input card, IC694ALG223 [27] to convert the time varying current signal into a 0 – 32000 discrete count level in the PLC CPU. This allows the PLC input to be scaled for the process units required. The input card is mounted in a rack, consisting of power supply, communications module, CPU, and various I/O cards. Figure 11 displays the analogue input card.
[image: ]
[bookmark: _Toc164803938]Figure 11 - IC694ALG223 Analogue Input Card [27]

[bookmark: _Toc164803907]3.7 HMI Requirements

To display the live readout of the particulate level exiting the filter, a screen shall be configured to display process values, active alarms, and allow data entry. The HMI installed on the plant control panel is a 15” touch screen unit from GE. This screen is used to control all aspects of the atomising plant and provide feedback to operators and maintenance staff of plant status. 

The HMI is connected directly to the PLC via an industrial ethernet fieldbus system. This allows the use of common networking protocols to send and receive data from the HMI to the PLC, and from the HMI to the site Historian datalogging system.
For this application the HMI requirements are as follows.
· Live readout from sensor current loop, displaying charge levels in pA.
· A trend graph to show spike levels, and emissions trends from the filter unit.
· Alarm banners to communicate when there has been an impermissible spike or raise in baseline particulate levels.
· Data entry boxes, allowing alarm level setpoints to be changed.

[bookmark: _Toc164803908]3.8 Software Requirements

To program the PLC and create the HMI design, GE PAC Machine Edition software is to be used. The sensor data will be programmed using ladder logic, utilising analogue function blocks to process and scale the data from the instrument. Comparison blocks, timers and Boolean data types will be used for handling alarm levels. Timers will be utilised to dampen spikes and ensure genuine alarm conditions are met.
The HMI will be programmed using the software’s graphical panel editor. Standard function blocks will be used to display data, graph traces, and provide input data entry. The HMI design will be unambiguous, and clear to operators. 
To create circuit diagrams, loop diagrams and I.S DSD documentation, AutoCAD drawing software will be used, including AutoCAD Mechanical, and Electrical. To aid in junction box manufacture, Autodesk Inventor will be used to create a 3D model of components. This will be used to visualise installation locations, providing clear requirements to installation technicians.
The data from the particulate transmitter will be recorded to a site Historian from GE. This software allows process variables to be stored on a secure control server. From here, data can be retrieved and viewed between any period. This will aid in spotting changes in overall particulate level. This software allows graphs to be created and data to be exported to other applications such as Excel.



[bookmark: _Toc164803909]4.0 Design and Implementation

This chapter will demonstrate the design of an intrinsically safe circuit, using the methods prescribed in BS EN600079-25. This will compare the entity parameters of each piece of equipment to verify intrinsic safety. This information, along with the loop diagram for the instrumentation will be displayed in a descriptive system document. This document will be used to install and inspect the equipment.
This chapter will cover the programming of the plant PLC ladder logic for the process data, as well as the HMI design for operators and maintenance staff. From the initial design, installation and commissioning will be shown of the device on the plant, with its output data being displayed in the site datalogging system.
[bookmark: _Toc164803910]4.1 Intrinsically Safe Circuit Calculations.

From chapter 3, the entities described in table 2 relate to the instrument in the hazardous area. For the Dwyer Particulate Transmitter, the analogue output and the remote zero input, are treated as sperate intrinsically safe circuits. These entity parameters are compared to those of the associated apparatus, from table 3 to ensure they comply; their entity parameters are shown in table 5.
[bookmark: _Toc164803911]4.1.1 4-20mA Output Loop Electrical Parameters

	Comparison of Entity Parameters

	

	26.5V
	250V

	

	28V
	28V

	

	93mA
	93mA

	

	650mW
	651mW


[bookmark: _Toc164803958]Table 5 - Comparison of Entity Parameters
From table 5, the maximum permissible input values are all greater than or equal to the maximum output values from the Zener barrier. This would indicate upon first inspection that the equipment is safe for use. However, one check that is often overlooked in the verification of intrinsic safety, is the effects of lumped capacitance and impedance of the connected instrument. The values of Ci and Li, represent the maximum internal unprotected capacitance and inductance values. As more sophisticated instrumentation is being employed, attention should be paid to the energy storing potential of internal circuitry from power supply filter inductors and capacitors. 
The maximum capacitance and inductances that can be connected to an associated apparatus, Co and Lo must not exceed certain levels, depending upon the gas or dust groups they are to be used in. The Z728 barrier ATEX certificate, will highlight these maximum values.
The maximum values are shown below,
Dwyer Probe internal capacitance and inductance.


Z728 Zener barrier maximum permissible external inductance and capacitance for combustible dust group IIIC.


According to 60079-25 part 12.7.4, if the value of  is greater than 1% of , and  is greater than 1% of , these values must be reduced by 50%, with  not exceeding 1µF for group IIIC. This reduction of connected capacitance and inductance effectively reduces the maximum cable length between the barrier and the field device to minimise stored energy. These values are checked below.
If and reduce values of  and  by 50%.
[image: ]Therefore  is greater than 1% of .
[image: ]Therefore  is greater than 1% of .
With the check carried out, the capacitance and inductance values exceed the 1% hurdle, therefore the system parameters of  and  must be halved. Further analysis of the interconnecting cable will use new values of  and .





[bookmark: _Toc164803912]4.1.2 Cable Properties (4-20mA)

To calculate the maximum permissible cable run between barrier and the hazardous area, the entity parameters displayed in table 4 shall be used. The total capacitance of all cabling between the hazardous area equipment and associated safety barrier / apparatus must not exceed the value given by: 






To ensure safe operation, the value of  must be greater than the product of the capacitance per meter of cable and the length of a cable run, where, 






The cable capacitance of the connected cable is well below the limit of 0.303uF. This value represents a maximum cable length of over 2600m at 115pF/m, therefore cable length in this application does not pose significant risk from stored energy.
The total inductance (Lc) of all cabling between the hazardous area equipment and associated safety barrier / apparatus must not exceed the value given by: 



To ensure safe operation, if cable inductance is expressed in L/R form, then calculation becomes:







From the values provided by the cable datasheet, the total cable inductance is calculated as follows.



From the calculations, the cable inductance from the cable run for this application is insignificant to the maximum permissible. To reach an inductance near maximum, other electrical criteria would be more of a significant issue for the circuit to operate correctly. 
From these calculations, the sensor 4-20mA loop output, associated apparatus connection and cable runs are considered intrinsically safe. The electrical parameters ensure that under fault conditions, excess power cannot be transmitted to the hazardous area. The current is limited, to minimise the risk of high surface temperatures causing an ignition. The connected capacitance and inductance levels have been reduced to safe levels, and the capacitance and inductance of the cable run is sufficiently small as to not store electrical energy that may be dissipated in the hazardous area as a spark.
The remote zero loop parameters are verified in the same manner as the 4-20mA loop and can be seen in Appendix 1. 



[bookmark: _Toc164803913]4.2 Descriptive System Document and Circuit Diagram

A requirement of BS EN 60079 is all intrinsically safe circuits should have a DSD. This is a document that describes the circuit, in detail with the following information.
· A block diagram of the circuit
· Connection details
· Earthing and bonding details
· Results of the intrinsic safety calculations seen in section 4.1
· Equipment protection levels and ambient operating temperatures of equipment.

The DSD for this application, contains the apparatus parameters, protection levels, cable details and notes of bonding of equipment. The DSD also states where cable screens should be terminated. This is important for signal accuracy from the transmitter. The screens of each pair and the overall screen are isolated at the instrument end, and only connected to the I.S earth at the control panel, the screens are carried through the junction box on isolated terminal blocks TB1 – 1 and TB1 – 2. This isolation minimises ground loop potentials that could induce unwanted currents, causing signal inaccuracy, and provide a low impedance path to earth for any induced noise.
The circuit diagram indicates the terminals of the Zener barrier and the PLC inputs at the control panel. Figure 12 shows the final circuit DSD, created in AutoCAD, and provided to a Comp Ex installation technician to erect.
It is important to create these documents for ongoing maintenance and inspections of the system. To pass an inspection, all apparatus must match the documentation. If a component is replaced, that is not like for like, the circuit must be re verified for that equipment, and the DSD updated.
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[bookmark: _Toc164803939]Figure 12 - Particulate Transmitter DSD

[bookmark: _Toc164803914]4.3 Junction Box 

From the requirements set out in section 3.4.2, the junction box needed to house the Zener barriers on the unit has been drafted in Autodesk Inventor. This allows components to be modelled, ensuring they fit within the panel, and there is space to carry out terminations. Figure 13 displays the modelled box, complete with the HAWKE glands, cable trunking and standard DIN rail mounts. All components have been modelled using available data from the manufacturer’s website.
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[bookmark: _Toc164803940]Figure 13 - Junction Box JB1 3D model.
The 3D model shows the terminals for the cable screens to be carried through to the plant control panel, along with the earthing terminals for the Zener barrier I.S earth connection. The trunking has been shown as blue, to indicate that it contains I.S circuits, and that it should be separated from non - I.S circuits. From this model, the junction box could be fabricated and mounted on the plant. Figure 14 displays the box in position, and the internals.

Zener Barriers
I.S Trunking
Circuit to Plant
I.S Circuit to Probe

[bookmark: _Toc164803941]Figure 14 - Installed Junction Box with Outgoing Circuits

The fabricated junction box differs from the initial drawing due to cable routing constraints, and to accommodate the cable tray to the instruments. The outgoing cabling is housed in the grey trunking to maintain separation from the I.S circuits. The glands have the correct IP washer installed to maintain the integrity of the panel. 



[bookmark: _Toc164803915]4.4 Probe Installation

From the requirements set in section 3.2, the probe must be mounted within the duct. To mount securely, an existing port has been utilised. A 4” threaded bung, drilled and tapped to accept the 1” NPT threaded portion of the probe tri-clamp mount was manufactured. The tri-clamp assembly can then be permanently mounted, allowing quick removal of the probe for cleaning and maintenance. The bung should still allow the electrode of the probe to protrude far enough into the duct to capture emitted particles. Figure 15 displays the sensor in position on the filter unit. The probe can be mounted in any orientation around the duct. Its position facilitates easy access from a movable platform for inspection, the gland entries are horizontal to minimise ingress of rain, allowing moisture to run off the cable, with an IP rated stopper blanking the other cable entry.
Threaded Bung
Tri-Clamp Assembly

[bookmark: _Toc164803942]Figure 15 - Probe Installed in Plant Ducting

From the current installation, the probe electrode protruded sufficiently into the ductwork, however, reducing the size of the mounting boss would be required to get the tip exactly on centre. This was not practical due to time constraints as the plant was in production. From using the unit, it does register changes in particulate from this mounting position. The probe is situated far enough from the rectangular to circular plenum to reduce turbulent flow from the filter exhaust, and away from the duct exit to minimise the effect of the wind causing air currents when not in use.
[bookmark: _Toc164803916]4.5 PLC Program 

[bookmark: _Toc164803917]4.5.1 Analogue Scaling

The plant PLC seen in section 3.6, requires the 4-20mA signal output from the sensor to be interfaced with the analogue input card. This value is then scaled proportionally to the sensor process units. The sensor has a selector, to set the output range in pA. For the initial installation, a range of 5 – 1000pA has been chosen, as this would cover the range of materials that the plant produces, where charge levels will differ between alloy type, ambient conditions, and exhaust temperatures. Due to the nature of charged metal powders in a pneumatically conveyed system, the ideal instrument range is unknown. The instrument sensitivity is then calculated.




This sensitivity value corresponds to the slope of the characteristic straight-line equation, as the sensor output is linear, with a span of 995pA. Figure 16 displays the straight-line graph and its equation. This graph can be used to aid in calibration and observe the ideal sensor response.




[bookmark: _Toc164803943]Figure 16 - Sensor Linear Response Characteristics and Sensitivity

The 4 – 20mA signal is interfaced to the 12-bit analogue input card on the plant PLC, with a normal range of  counts. The Rx3i card from GE has a factory calibrated resolution of 4µA/bit, giving a total of 4000 counts at the ADC. This is then scaled in software for a 4-20mA range between 0 – 32000 counts in the CPU. The input scaling is seen in table 6.

[image: ]
[bookmark: _Toc164803959]Table 6 - PLC Input Scaling

To scale this block in the ladder logic, an integer scale function is used, where the raw analogue counts level is set using the input high and low rungs, with the output value scaled in the output high and low rungs. This value is passed to an internal register in the PLC. This register is converted using an Integer to REAL value conversion, giving the output as a floating-point decimal number. This value can then be used throughout the program. Figure 17 displays the ladder logic rung to process the sensor output.
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[bookmark: _Toc164803944]Figure 17 - PLC Analogue input Scaling Block

[bookmark: _Toc164803918]4.5.2 Alarm Configuration

The PLC program has two alarms configured for monitoring filter wear. The baseline alarm monitors the steady increase from a known ideal condition and will trigger if the particulate level is consistently above this setpoint. The spike alarm, monitors short, high-level spikes in particulate. These could arise from initial filter startup, or during pulse cleaning cycles. Figure 18 displays the information flow for the alarm triggers.



[image: ]

[bookmark: _Toc164803945]Figure 18 - PLC Data Flow and Alarm Trigger Conditions

To monitor the baseline alarm, the scaled analogue data is fed to a greater than comparison block, where the entered baseline level threshold is entered. If this block becomes true, a one-minute timer begins. If this times down, a set coil is made in the logic. Figure 19 displays the ladder rung for this alarm.

[image: ]
[bookmark: _Toc164803946]Figure 19 - Baseline Alarm Monitoring

The spike alarm monitoring follows the same philosophy. A comparison block compares the scaled value to an entered alarm threshold with a one second timer to dampen, and debounce the set coil trigger. The fan running or the pulse jets running must be true before this alarm will trigger. These will capture spikes from startup and pulse cleaning. These inputs exist in the plant program already and have been used as normally open contacts in the alarm rung. The shorter time delay differentiates the alarm between spike or baseline drift. Figure 20 displays the code for the spike alarm.
[image: ]
[bookmark: _Toc164803947]Figure 20 - Spike Alarm Trigger



Due to the plant damage, explosive nature of powder and environmental considerations, to reset these alarms, a competent person must go into the PLC code and set the bits to zero. This can only be done once the filter has been inspected for damage, and a report raised. Removing the reset from the operators ensures this is carried out. These alarm bits are provisionally placed into the start sequence code for the filter, inhibiting the unit if they are present. As the instrument is still in its trial phase for reliability, and to minimise plant disruption, this feature is still subject to further data collection to determine suitable alarm thresholds over a variety of alloys and running conditions.
The instrument has been wired and configured for a remote zero setting. This is not configured for use in the PLC or from the HMI, as incorrect use could cause the baseline reading to be offset, such as zeroing the transmitter when it is dirty, or when the fan is running. To zero the instrument, it must be removed, the electrode cleaned and inspected, then zeroed at the device with the plant idle.



[bookmark: _Toc164803919]4.6 Operator HMI

The HMI screen has been configured for the plant control panel. This HMI view is available to operators from a logging tab on the main control screen. This screen is separate from the main run screen due to space limitation and information blinding. Figure 21 displays the HMI.
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[bookmark: _Toc164803948]Figure 21 - Particle Monitor HMI Screen. (1) Graph Window. (2) Sensor Reading. (3) Alarm Threshold Data Entry. (4) Plant Status. (5) Alarm Message Grid

Using GE machine edition’s graphical panel editor, these features have been added. The live data passes the value of the particulate scaled register to a data display box. This register is used as a trend trace in the graph window, shown by the blue line. The spike alarm and baseline alarm threshold levels can be set in the data entry boxes, where the values are stored in registers and passed to the comparison blocks for the alarm. These alarm levels are shown by the green and red traces on the graph window and give a visual representation of how close the particulate emissions are approaching these levels throughout the plant run. The plant status box will update the operator if the filter is running, stopped, tripped, in automatic or manual mode. The alarm message grid displays any baseline or spike alarm messages. The alarm messages are configured in machine edition. Figure 22 displays the messages from the trigger coils.
[image: ]
[bookmark: _Toc164803949]Figure 22 - Alarm Messages and Trigger Bit Conditions

[bookmark: _Toc164803920]4.7 Historian/SCADA Datalogging

Logging the sensor data enables engineers and technicians to see how particulate levels have changed over a longer period. This tool enables other plant parameters such as filter differential pressure and inlet temperature to be overlayed with the particulate data. Using other plant parameters may help in diagnose the nature of the failure. Configuration of this feature requires the analogue tag to be input into the collector, data type selection as well as a collection interval. Figure 23 displays the configuration dashboard for the datalogger.
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[bookmark: _Toc164803950]Figure 23 - Historian Datalogging Dashboard
The data recorded from historian can be viewed on a web-based browser, where data ranges can be set to monitor trends. Figure 24 displays an example of the particulate data over a month. This data can be extracted into Excel for further analysis and formatting using standard functions.

[image: ]
[bookmark: _Toc164803951]Figure 24 - Web Based View of Trend Data



[bookmark: _Toc164803921]5.0 Evaluation

The particulate sensor has been installed since the 9th of February 2024, and has monitored 166 plant runs to the 15th of April 2024. From figure 24, the overall baseline level of particulate did not significantly increase, indicating no significant wear has been seen on the filters. The baseline level of particulate has stayed between 5 to 12pA with the transmitter’s current resolution settings. The differential pressure across the filters has been consistent, indicating that the pulse cleaning is working efficiently, by removing excess dust, whilst leaving enough on the filter media for optimal capture. This consistent differential pressure also indicates that no breaches have been seen in the filters, which matches with the minimal particulate discharge. This result was to be expected due to the filter cartridges being replaced at the end of 2023, with limited production runs to the period when the transmitter was installed. 
Some spikes were detected during this period. The largest spike seen in figure 24 was due to testing of the transmitter output. After installation, the electrode was touched. The charge on the skin saturated the instrument to full scale, indicating that the sensor is responding and reading correctly on the HMI. Figures 25 and 26 display the sensor output and filter differential pressure where spikes have been seen during running. These show a peak in particulate emissions, during filter startup, as shown by the rise in differential pressure across the filter. This may have come from excess particulate that has settled in the duct after the filter has shutdown, this has then been pushed past the sensor as the airflow increases when the fan accelerates. The red spikes in differential pressure roughly indicate where the pulse jets blow down the cartridges during running.


[bookmark: _Toc164803952]Figure 25 - Particulate Levels and Filter Differential Pressure 18/03/2024.


[bookmark: _Toc164803953]Figure 26 - Particulate Emissions vs Differential Pressure 08/04/2024.


From monitoring the particulate data, the range selected for the sensor is too wide. The plant has processed multiple different alloys, in varying environmental conditions. The sensor range should be brought down to 5 – 500pA, as this would provide a more sensitive output from the transmitter, and potentially give more accurate trends of filter health. Another advantage of reducing the sensor range, is the graphical window on the operator HMI will have a smaller Y axis, allowing them to see changes in baseline levels more easily. 
The overall functionality of the system has achieved the main objectives of the project. 
· The HMI displays the process information. 
· The sensor data can be extracted and post processed to monitor filter health.
· Alarms have been configured to capture spikes and baseline drift.
· ATEX considerations have been met, and the instrumentation is compliant.

One feature that has not been achieved is the ability to pinpoint which row of filters has been damaged. This would have been achieved by using a signal from the pulse jet controller to the PLC. The pulse jet solenoids are triggered using a serial data stream on this model of filter, rather than individual digital outputs. This would have required a serial communicator in line with the signal to decode which row of filters is being pulsed down. This data would then have been used as a condition in the alarm logic, where individual filter rows would have been monitored and compared to the entered spike alarm threshold. 
The monitoring carried out on this plant has shown the type of cartridges installed, are very robust. If this project were to be repeated, the device would be installed on a filter where there are components that can fail easily, allowing powder to pass out of the exhaust. These alternative filters are found on other plants on site. These filters also have individual digital outputs per pulse jet, allowing easy signal interfacing to the PLC to carry out more precise condition monitoring and alarms.
As this project was initiated as a trial for development, with tight time constraints, any new transmitters installed would have a dedicated mounting system into the duct, to ensure the electrode is placed precisely in the centre of the duct to achieve the most accurate readings. 
From the design of the Intrinsically safe circuit, if this project were to be repeated on another, older plant, Zener barriers would not be used as associated apparatus. Using galvanic barriers significantly reduces installation time and requirements by removing the need for a dedicated earth connection. The drawback of the cost per unit would be offset in the installation savings. 
The sampling time of the datalogger would be reduced if the project was repeated, to match or exceed the refresh rate of the PLC data to minimise aliasing of the signal and to ensure all events are captured for review.



[bookmark: _Toc164803922]6.0 Conclusions and Recommendations

This project was set out by Sandvik Osprey, to utilise the best available technology to monitor particulate emissions from an industrial filter unit. This was required to warn operators and technicians that a filter is beginning to fail, minimising the risk to the environment and to avoid unplanned downtime from unexpected breakdowns. 
The available technology such as electrostatic sensors, light-based sensing techniques and novel solutions such as fibreoptics and resistive filter fibres have been shown, and how they are used to detect breaches or degradation of filter media. Current applications of filter monitoring have been shown, and how it can aid in the condition monitoring of an industrial system.
This project has covered the selection of an instrument, ensuring it is suitable for its intended environment. Erection of hardware, and circuit design for use in potentially hazardous areas. The process of verifying intrinsic safety by calculation and selection of the correct associated apparatus and the creation of a descriptive system has been shown. 
The programming of an industrial PLC and HMI has been shown, indicating the necessary alarms and logic required. Live data visualisation required for operators and maintenance personnel has been shown with an individual readout and a trend graph. 
The sensor output has been shown from the site datalogging system, along with extracted data showing spikes in particulate during filter startup. This has led to the recommended adjustment of the sensor range to provide a more accurate reading.
This work has been beneficial to production at Sandvik, as the health of a filter can now be directly read and compared to run data. This will now enable more experimentation with other process parameters that may have been limited due to the unknown effects on the filter media. These trials can now be carried out confidently, knowing the system will alarm should any issue arise. This will enable Sandvik to maintain its competitive advantage in the development of high-quality materials. The benefit to maintenance and cost reduction will be improved over longer periods of time, as failure can now be predicted through baseline level drift and down time planned accordingly.


[bookmark: _Toc164803923]6.1 Recommendations for Further Work

Further work to carry out on this system would involve installing another probe on an older filter, that is more susceptible to failure, with discrete, individual outputs from the pulse jets, allowing accurate location of filter failure. 
Use of the filter differential pressure and inlet temperature is already utilised to inhibit the filter if their alarm parameters are exceeded. Placing the spike and baseline alarms permanently in the same code after longer trial periods with adjusted sensitivity would provide a total filter protection solution.
The sensor data has been integrated into the plant PLC and Historian Datalogger, however the site’s true SCADA system, iFix from GE is still in its infancy. Creating a maintenance dashboard for the engineering workshops displaying sensor data may be beneficial allowing personnel with no access to the historian web interface to monitor filter health and see active plant alarms.
The use of electrostatic sensors, due to their rugged nature, may allow them to be installed in the process side of the plant before the filter. This may be used to indicate how much powder is being lost from the process and entering the filter unit. This may lead to experiments being carried out to increase overall yield by minimising powder losses.



[bookmark: _Toc164803924]7.0 Reflection

Carrying out this project has allowed me to use my technical knowledge and experience to solve a particular work-based problem, that has significant bearing on the performance of an asset at Sandvik Osprey.  I feel that the work carried out has highlighted the importance of researching and using technology to enable businesses to act sustainably, not only in directly preventing emissions to the environment, but by increasing the remaining useful life of equipment, and ensuring it functions correctly minimising waste. 
Throughout this project, I have learned to quantify the benefits of equipment, in a cost-effective manner. Managing a small budget for this installation has made sure that equipment selected is right fist time and satisfies the objectives. 
As the facility is in continuous production, allocating downtime to install equipment has had to be clearly communicated. This resulted in coordinating with production planners and the process department to allocate sufficient time to install and test equipment. This required clear goals for what is to be achieved and realistic timescales to minimise production disruption. Being able to communicate effectively and work with multiple teams to get the desired outcome is a skill I have developed through this project.
From carrying out this project, I have had to create technical drawings, documentation, and models, learning the skills to present information clearly to people who may be installing and maintaining equipment. During my time as a technician, this is information I wished I had available from other engineers. From completing this project, I now have an appreciation of what is required at this small scale and will continue to develop new standards for my ongoing work, to complete larger, complex projects.
Managing my time effectively has been a key learning from this project. Ensuring I have the information available to those who require it on time. The significant amount of work required from this project has led me to become more organised, breaking down larger problems into manageable goals and milestones, using planning tools such as Gannt charts and task lists.
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	Safe Area Protection
	Entity Parameters

	Description
	Zener Barrier Z728
	Ue
	Max 26.5V

	Manufacturer
	Pepperl & Fuchs
	Um
	250V

	Part No.
	71788
	Uo
	28.0 V

	Circuit
	A02
	Io
	93mA

	Protection Concept
	Intrinsically Safe
	Po
	650mW

	Certification
	BAS 01 ATEX 7005
	Lo
	16.44mH 

	Ex Marking
	II 1D [Ex ia Da] IIIC
	Co
	0.65µF



	Cable
	Cable Parameters

	Type
	PAS BS5308 PE/CAM/PE/SWA/PVC Cable
	Cm
	115pF

	Cores/CSA
	4 x 0.75mm²
	Rm
	0.026Ω

	Ref
	C01
	Lm or L/R
	L/R = 25µH/Ω

	Ex Marking
	NA
	
	



	Non - Hazardous Area Protection

	Description
	Junction Box 1

	Manufacturer
	Schneider Electric

	Part No.
	NSYS3DEX3215

	Circuit
	

	Protection Concept
	Enclosure

	Certification
	LCIE 02 ATEX 0037 U

	Ex Marking
	II 2 GD Ex e IIC Gb Ex tb IIIC Db



	Hazardous Area Equipment
	Entity Parameters

	Description
	Dwyer PMT2 Particulate Transmitter 
	Ui
	28V

	Manufacturer
	Dwyer
	Ii
	93mA

	Part No.
	PMT2-10-B-A2-M20
	Pi
	651mW

	Circuit
	A01
	Ci
	Neg

	Protection Concept
	Intrinsically Safe
	Li
	0mH

	Certification
	DEMKO 16 ATEX 1768X
	
	

	Ex Marking
	II 1 D Ex ia IIIC Da T120°C (-40°C ≤ Tamb ≤ 63°C) 
(-40°C ≤ Tprocess ≤ 120°C)
	
	



	System Classification

	Safe Area Equipment
	II 1D [Ex ia Da] IIIC

	Hazardous Area Equipment
	II 1 D Ex ia IIIC Da T120°C

	Resultant System
	II 1 D Ex ia IIIC Da

	Area Requirement
	



	Comparison of Entity Parameters

	Ue ≤ Um

	26.5V
	250V

	Uo ≤ Ui

	28V
	28V

	Io ≤ Ii

	93mA
	93mA

	Po ≤ Pi

	650mW
	651mW



	Cable Capacitance Comparison

	Co – Ci > (Cm x Nm)

	Co
	Ci
	Cm
	Nm

	0.65µF
	0 µF
	115pF
	10

	Cc = 0.65 µF
	1.15nF



	Cable Inductance Comparison

	Lo – Li > ([L/R] x Nm x Rm)

	Lo
	Li
	L/R
	Nm
	Rm

	16.44mH
	0mH
	25µH/Ω
	10m
	0.026Ω/m

	Lc = 16.44mH
	6.5 µH



Sensitivity 5 - 1000pA

Output (mA)	y = 0.0161x + 3.9196

5	1000	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	Charge Level (pA)


Output Current (mA)



Particulate Emissions vs Differential Pressure 18/03/2024
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Differential Pressure (mmWc)


Particulate (pA)




Particulate Emissions vs Differential Pressure 08/04/2024

DP	45390.253478009254	45390.253483796296	45390.253489583331	45390.253495370373	45390.253501157407	45390.253506944442	45390.253512731477	45390.253518518519	45390.253524305554	45390.253530092596	45390.25353587963	45390.253541666665	45390.2535474537	45390.253553240742	45390.253559027777	45390.253564814811	45390.253570601846	45390.253576388888	45390.253582175923	45390.253587962965	45390.25359375	45390.253599537034	45390.253605324069	45390.253611111111	45390.253616898146	45390.253622685188	45390.253628472223	45390.253634259258	45390.253640046292	45390.253645833334	45390.253651620369	45390.253657407404	45390.253663194439	45390.253668981481	45390.253674768515	45390.253680555557	45390.253686342592	45390.253692129627	45390.253697916662	45390.253703703704	45390.253709490738	45390.25371527778	45390.253721064815	45390.25372685185	45390.253732638885	45390.253738425927	45390.253744212961	45390.253750000003	45390.253755787038	45390.253761574073	45390.253767361108	45390.25377314815	45390.253778935185	45390.253784722219	45390.253790509254	45390.253796296296	45390.253802083331	45390.253807870373	45390.253813657408	45390.253819444442	45390.253825231477	45390.253831018519	45390.253836805554	45390.253842592596	45390.253848379631	45390.253854166665	45390.2538599537	45390.253865740742	45390.253871527777	45390.253877314812	45390.253883101846	45390.253888888888	45390.253894675923	45390.253900462965	45390.25390625	45390.253912037035	45390.25391782407	45390.253923611112	45390.253929398146	45390.253935185188	45390.253940972223	45390.253946759258	45390.253952546293	45390.253958333335	45390.253964120369	45390.253969907404	45390.253975694439	45390.253981481481	45390.253987268516	45390.253993055558	45390.253998842592	45390.254004629627	45390.254010416662	45390.254016203704	45390.254021990739	45390.254027777781	45390.254033564815	45390.25403935185	45390.254045138885	45390.254050925927	45390.254056712962	45390.254062499997	45390.254068287031	45390.254074074073	45390.254079861108	45390.25408564815	45390.254091435185	45390.25409722222	45390.254103009254	45390.254108796296	45390.254114583331	45390.254120370373	45390.254126157408	45390.254131944443	45390.254137731477	45390.254143518519	45390.254149305554	45390.254155092596	45390.254160879631	45390.254166666666	45390.2541724537	45390.254178240742	45390.254184027777	45390.254189814812	45390.254195601847	45390.254201388889	45390.254207175924	45390.254212962966	45390.25421875	45390.254224537035	45390.25423032407	45390.254236111112	45390.254241898147	45390.254247685189	45390.254253472223	45390.254259259258	45390.254265046293	45390.254270833335	45390.25427662037	45390.254282407404	45390.254288194439	45390.254293981481	45390.254299768516	45390.254305555558	45390.254311342593	45390.254317129627	45390.254322916662	45390.254328703704	45390.254334490739	45390.254340277781	45390.254346064816	45390.254351851851	45390.254357638885	45390.254363425927	45390.254369212962	45390.254374999997	45390.254380787032	45390.254386574074	45390.254392361108	45390.25439814815	45390.254403935185	45390.25440972222	45390.254415509255	45390.254421296297	45390.254427083331	45390.254432870373	45390.254438657408	45390.254444444443	45390.254450231478	45390.25445601852	45390.254461805554	45390.254467592589	45390.254473379624	45390.254479166666	45390.254484953701	45390.254490740743	45390.254496527778	45390.254502314812	45390.254508101847	45390.254513888889	45390.254519675924	45390.254525462966	45390.254531250001	45390.254537037035	45390.25454282407	45390.254548611112	45390.254554398147	45390.254560185182	45390.254565972216	45390.254571759258	45390.254577546293	45390.254583333335	45390.25458912037	45390.254594907405	45390.254600694439	45390.254606481481	45390.254612268516	45390.254618055558	45390.254623842593	45390.254629629628	45390.254635416662	45390.254641203705	45390.254646990739	45390.254652777781	45390.254658564816	45390.254664351851	45390.254670138886	45390.254675925928	45390.254681712962	45390.254687499997	45390.254693287032	45390.254699074074	45390.254704861109	45390.254710648151	45390.254716435185	45390.25472222222	45390.254728009255	45390.254733796297	45390.254739583332	45390.254745370374	45390.254751157408	45390.254756944443	45390.254762731478	45390.25476851852	45390.254774305555	45390.254780092589	45390.254785879624	45390.254791666666	45390.254797453701	45390.254803240743	45390.254809027778	45390.254814814813	45390.254820601847	45390.254826388889	45390.254832175924	45390.254837962966	45390.254843750001	45390.254849537036	45390.25485532407	45390.254861111112	45390.254866898147	45390.254872685182	45390.254878472217	45390.254884259259	45390.254890046293	45390.254895833335	45390.25490162037	45390.254907407405	45390.25491319444	45390.254918981482	45390.254924768517	45390.254930555559	45390.254936342593	45390.254942129628	45390.254947916663	45390.254953703705	45390.25495949074	45390.254965277774	45390.254971064809	45390.254976851851	45390.254982638886	45390.254988425928	45390.254994212963	45390.254999999997	45390.255005787032	45390.255011574074	45390.255017361109	45390.255023148151	45390.255028935186	45390.25503472222	45390.255040509255	45390.255046296297	45390.255052083332	45390.255057870374	45390.255063657409	45390.255069444444	45390.255075231478	45390.25508101852	45390.255086805555	45390.25509259259	45390.255098379625	45390.255104166667	45390.255109953701	45390.255115740743	45390.255121527778	45390.255127314813	45390.255133101848	45390.25513888889	45390.255144675924	45390.255150462966	45390.255156250001	45390.255162037036	45390.255167824071	45390.255173611113	45390.255179398147	45390.255185185182	45390.255190972217	45390.255196759259	45390.255202546294	45390.255208333336	45390.255214120371	45390.255219907405	45390.25522569444	45390.255231481482	45390.255237268517	45390.255243055559	45390.255248842594	45390.255254629628	45390.255260416663	45390.255266203705	45390.25527199074	45390.255277777775	45390.255283564809	45390.255289351851	45390.255295138886	45390.255300925928	45390.255306712963	45390.255312499998	45390.255318287032	45390.255324074074	45390.255329861109	45390.255335648151	45390.255341435186	45390.255347222221	45390.255353009255	45390.255358796298	45390.255364583332	45390.255370370367	45390.255376157402	45390.255381944444	45390.255387731479	45390.255393518521	45390.255399305555	45390.25540509259	45390.255410879625	45390.255416666667	45390.255422453702	45390.255428240744	45390.255434027778	45390.255439814813	45390.255445601848	45390.25545138889	45390.255457175925	45390.255462962959	45390.255468749994	45390.255474537036	45390.255480324071	45390.255486111113	45390.255491898148	45390.255497685182	45390.255503472217	45390.255509259259	45390.255515046294	45390.255520833336	45390.255526620371	45390.255532407406	45390.25553819444	45390.255543981482	45390.255549768517	45390.255555555559	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0	0	1	1	1	1	1	1	1	1	1	0	0	1	1	1	1	1	1	1	1	1	1	1	0	1	0	1	0	1	0	1	1	1	1	1	1	1	0	1	1	1	1	1	1	0	0	1	0	0	1	1	3	12	9	9	8	10	13	14	17	18	20	22	22	25	26	28	30	32	34	36	38	40	43	45	47	49	49	53	52	52	53	52	54	54	53	53	53	53	52	52	52	53	53	54	54	54	52	52	52	53	52	52	53	53	53	53	51	52	53	53	53	53	53	53	53	54	53	53	53	53	54	54	54	53	53	53	53	52	53	52	53	53	53	52	52	52	53	53	54	53	53	53	53	53	52	53	53	54	54	52	52	52	53	53	54	54	53	53	53	53	54	52	53	53	52	52	52	52	53	53	53	54	52	53	53	53	53	53	54	54	51	53	53	53	52	54	54	52	53	53	53	54	52	48	45	42	40	38	36	34	34	33	31	29	28	28	26	25	24	23	22	22	21	20	20	20	19	18	18	17	16	16	16	16	15	15	15	15	14	14	13	13	13	13	12	12	12	12	11	11	11	11	10	10	10	10	10	10	10	9	9	9	9	9	9	9	8	8	8	8	8	8	8	8	8	7	7	7	7	7	7	7	7	7	6	6	7	6	6	6	6	6	6	6	6	6	6	6	6	6	5	5	6	5	5	5	5	5	5	5	5	5	5	4	5	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	4	3	4	3	3	3	3	3	3	pA	45390.253478009254	45390.253483796296	45390.253489583331	45390.253495370373	45390.253501157407	45390.253506944442	45390.253512731477	45390.253518518519	45390.253524305554	45390.253530092596	45390.25353587963	45390.253541666665	45390.2535474537	45390.253553240742	45390.253559027777	45390.253564814811	45390.253570601846	45390.253576388888	45390.253582175923	45390.253587962965	45390.25359375	45390.253599537034	45390.253605324069	45390.253611111111	45390.253616898146	45390.253622685188	45390.253628472223	45390.253634259258	45390.253640046292	45390.253645833334	45390.253651620369	45390.253657407404	45390.253663194439	45390.253668981481	45390.253674768515	45390.253680555557	45390.253686342592	45390.253692129627	45390.253697916662	45390.253703703704	45390.253709490738	45390.25371527778	45390.253721064815	45390.25372685185	45390.253732638885	45390.253738425927	45390.253744212961	45390.253750000003	45390.253755787038	45390.253761574073	45390.253767361108	45390.25377314815	45390.253778935185	45390.253784722219	45390.253790509254	45390.253796296296	45390.253802083331	45390.253807870373	45390.253813657408	45390.253819444442	45390.253825231477	45390.253831018519	45390.253836805554	45390.253842592596	45390.253848379631	45390.253854166665	45390.2538599537	45390.253865740742	45390.253871527777	45390.253877314812	45390.253883101846	45390.253888888888	45390.253894675923	45390.253900462965	45390.25390625	45390.253912037035	45390.25391782407	45390.253923611112	45390.253929398146	45390.253935185188	45390.253940972223	45390.253946759258	45390.253952546293	45390.253958333335	45390.253964120369	45390.253969907404	45390.253975694439	45390.253981481481	45390.253987268516	45390.253993055558	45390.253998842592	45390.254004629627	45390.254010416662	45390.254016203704	45390.254021990739	45390.254027777781	45390.254033564815	45390.25403935185	45390.254045138885	45390.254050925927	45390.254056712962	45390.254062499997	45390.254068287031	45390.254074074073	45390.254079861108	45390.25408564815	45390.254091435185	45390.25409722222	45390.254103009254	45390.254108796296	45390.254114583331	45390.254120370373	45390.254126157408	45390.254131944443	45390.254137731477	45390.254143518519	45390.254149305554	45390.254155092596	45390.254160879631	45390.254166666666	45390.2541724537	45390.254178240742	45390.254184027777	45390.254189814812	45390.254195601847	45390.254201388889	45390.254207175924	45390.254212962966	45390.25421875	45390.254224537035	45390.25423032407	45390.254236111112	45390.254241898147	45390.254247685189	45390.254253472223	45390.254259259258	45390.254265046293	45390.254270833335	45390.25427662037	45390.254282407404	45390.254288194439	45390.254293981481	45390.254299768516	45390.254305555558	45390.254311342593	45390.254317129627	45390.254322916662	45390.254328703704	45390.254334490739	45390.254340277781	45390.254346064816	45390.254351851851	45390.254357638885	45390.254363425927	45390.254369212962	45390.254374999997	45390.254380787032	45390.254386574074	45390.254392361108	45390.25439814815	45390.254403935185	45390.25440972222	45390.254415509255	45390.254421296297	45390.254427083331	45390.254432870373	45390.254438657408	45390.254444444443	45390.254450231478	45390.25445601852	45390.254461805554	45390.254467592589	45390.254473379624	45390.254479166666	45390.254484953701	45390.254490740743	45390.254496527778	45390.254502314812	45390.254508101847	45390.254513888889	45390.254519675924	45390.254525462966	45390.254531250001	45390.254537037035	45390.25454282407	45390.254548611112	45390.254554398147	45390.254560185182	45390.254565972216	45390.254571759258	45390.254577546293	45390.254583333335	45390.25458912037	45390.254594907405	45390.254600694439	45390.254606481481	45390.254612268516	45390.254618055558	45390.254623842593	45390.254629629628	45390.254635416662	45390.254641203705	45390.254646990739	45390.254652777781	45390.254658564816	45390.254664351851	45390.254670138886	45390.254675925928	45390.254681712962	45390.254687499997	45390.254693287032	45390.254699074074	45390.254704861109	45390.254710648151	45390.254716435185	45390.25472222222	45390.254728009255	45390.254733796297	45390.254739583332	45390.254745370374	45390.254751157408	45390.254756944443	45390.254762731478	45390.25476851852	45390.254774305555	45390.254780092589	45390.254785879624	45390.254791666666	45390.254797453701	45390.254803240743	45390.254809027778	45390.254814814813	45390.254820601847	45390.254826388889	45390.254832175924	45390.254837962966	45390.254843750001	45390.254849537036	45390.25485532407	45390.254861111112	45390.254866898147	45390.254872685182	45390.254878472217	45390.254884259259	45390.254890046293	45390.254895833335	45390.25490162037	45390.254907407405	45390.25491319444	45390.254918981482	45390.254924768517	45390.254930555559	45390.254936342593	45390.254942129628	45390.254947916663	45390.254953703705	45390.25495949074	45390.254965277774	45390.254971064809	45390.254976851851	45390.254982638886	45390.254988425928	45390.254994212963	45390.254999999997	45390.255005787032	45390.255011574074	45390.255017361109	45390.255023148151	45390.255028935186	45390.25503472222	45390.255040509255	45390.255046296297	45390.255052083332	45390.255057870374	45390.255063657409	45390.255069444444	45390.255075231478	45390.25508101852	45390.255086805555	45390.25509259259	45390.255098379625	45390.255104166667	45390.255109953701	45390.255115740743	45390.255121527778	45390.255127314813	45390.255133101848	45390.25513888889	45390.255144675924	45390.255150462966	45390.255156250001	45390.255162037036	45390.255167824071	45390.255173611113	45390.255179398147	45390.255185185182	45390.255190972217	45390.255196759259	45390.255202546294	45390.255208333336	45390.255214120371	45390.255219907405	45390.25522569444	45390.255231481482	45390.255237268517	45390.255243055559	45390.255248842594	45390.255254629628	45390.255260416663	45390.255266203705	45390.25527199074	45390.255277777775	45390.255283564809	45390.255289351851	45390.255295138886	45390.255300925928	45390.255306712963	45390.255312499998	45390.255318287032	45390.255324074074	45390.255329861109	45390.255335648151	45390.255341435186	45390.255347222221	45390.255353009255	45390.255358796298	45390.255364583332	45390.255370370367	45390.255376157402	45390.255381944444	45390.255387731479	45390.255393518521	45390.255399305555	45390.25540509259	45390.255410879625	45390.255416666667	45390.255422453702	45390.255428240744	45390.255434027778	45390.255439814813	45390.255445601848	45390.25545138889	45390.255457175925	45390.255462962959	45390.255468749994	45390.255474537036	45390.255480324071	45390.255486111113	45390.255491898148	45390.255497685182	45390.255503472217	45390.255509259259	45390.255515046294	45390.255520833336	45390.255526620371	45390.255532407406	45390.25553819444	45390.255543981482	45390.255549768517	45390.255555555559	10.5	11	8.5	6	5.5	5	6.5	8	9.5	11	8	5	5.375	5.75	6.125	6.5	6.875	7.25	7.625	8	6.5	5	5.1666665077209473	5.3333334922790527	5.5	5.6666665077209473	5.8333334922790527	6	6.5	7	7.5	8	7.5	7	6	5	5.1666665077209473	5.3333330154418945	5.5	5.6666665077209473	5.8333330154418945	6	5.5	5	5.0555553436279297	5.1111111640930176	5.1666665077209473	5.2222223281860352	5.2777776718139648	5.3333334922790527	5.3888888359069824	5.4444446563720703	5.5	5.5555553436279297	5.6111111640930176	5.6666665077209473	5.7222223281860352	5.7777776718139648	5.8333334922790527	5.8888888359069824	5.9444446563720703	6	5.5	5	5.5	6	7	8	6.5	5	5.0833334922790527	5.1666665077209473	5.25	5.3333334922790527	5.4166665077209473	5.5	5.5833334922790527	5.6666665077209473	5.75	5.8333334922790527	5.9166665077209473	6	6.5	7	6	5	6.5	8	9.5	11	8.5	6	5.5	5	5.2142858505249023	5.4285717010498047	5.6428570747375488	5.8571429252624512	6.0714282989501953	6.2857141494750977	6.5	6.7142858505249023	6.9285717010498047	7.1428570747375488	7.3571429252624512	7.5714282989501953	7.7857141494750977	8	95	182	93.5	5	6.5	8	7.25	6.5	5.75	5	8	11	9.5	8	6.5	5	5.2142858505249023	5.4285712242126465	5.6428570747375488	5.8571429252624512	6.0714282989501953	6.2857141494750977	6.5	6.7142858505249023	6.9285712242126465	7.1428570747375488	7.3571429252624512	7.5714282989501953	7.7857141494750977	8	6.5	5	5.1999998092651367	5.4000000953674316	5.5999999046325684	5.8000001907348633	6	6.1999998092651367	6.4000000953674316	6.5999999046325684	6.8000001907348633	7	6.5	6	5.5	5	8	11	8	5	6.5	8	7.5	7	6	5	5.5	6	7.5	9	7	5	5.1666669845581055	5.3333334922790527	5.5	5.6666669845581055	5.8333334922790527	6	6.1666669845581055	6.3333334922790527	6.5	6.6666669845581055	6.8333334922790527	7	7.1666669845581055	7.3333334922790527	7.5	7.6666669845581055	7.8333334922790527	8	7.25	6.5	5.75	5	5.0588235855102539	5.1176471710205078	5.1764707565307617	5.2352943420410156	5.2941174507141113	5.3529410362243652	5.4117646217346191	5.470588207244873	5.529411792755127	5.5882353782653809	5.6470589637756348	5.7058825492858887	5.7647056579589844	5.8235292434692383	5.8823528289794922	5.9411764144897461	6	6.0588235855102539	6.1176471710205078	6.1764707565307617	6.2352943420410156	6.2941174507141113	6.3529410362243652	6.4117646217346191	6.470588207244873	6.529411792755127	6.5882353782653809	6.6470589637756348	6.7058825492858887	6.7647056579589844	6.8235292434692383	6.8823528289794922	6.9411764144897461	7	7.5	8	7.75	7.5	7.25	7	7.5	8	7.25	6.5	5.75	5	6.5	8	9.5	11	8	5	6.25	7.5	8.75	10	7.5	5	6.5	8	7	6	7.5	9	10.5	12	9	6	5.5	5	5.375	5.75	6.125	6.5	6.875	7.25	7.625	8	6.5	5	5.25	5.5	5.75	6	6.25	6.5	6.75	7	7.25	7.5	7.75	8	7.5	7	6	5	5.3333330154418945	5.6666665077209473	6	6.3333330154418945	6.6666665077209473	7	9	11	9	7	6	5	5.25	5.5	5.75	6	6.25	6.5	6.75	7	7.25	7.5	7.75	8	7	6	5.5	5	5.0833334922790527	5.1666665077209473	5.25	5.3333334922790527	5.4166665077209473	5.5	5.5833334922790527	5.6666665077209473	5.75	5.8333334922790527	5.9166665077209473	6	8	10	11	12	10.5	9	7	5	5.75	6.5	7.25	8	6.5	5	5.6666665077209473	6.3333330154418945	7	7.6666665077209473	8.3333330154418945	9	7	5	5.25	5.5	5.75	6	6.25	6.5	6.75	7	6	5	Timestamp
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  Substance  Emission Limits  

Total Particulate Matter  20 mg/m ³  

Chromium  15 mg/m ³  

Nickel  15 mg/m ³  

Copper  7.5 mg/m ³  

Cobalt  3 mg/m ³  

Lead  5 mg/m ³  
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Entity Abbreviation  Description  

𝑈 𝑖  Maximum allowable voltage that can be  withstood under fault conditions.  

𝐼 𝑖  Maximum allowable current that will be  drawn from the associated safety barrier /  device under fault conditions.  

𝑃 𝑖  Maximum input power that can be absorbed  under fault conditions.  

𝐶 𝑖  Internal unprotected capacitance.  

𝐿 𝑖  Internal  unprotected inductance.  
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Entity Abbreviation  Description  

𝑈 𝑒  Rated operational supply voltage.  

𝑈 𝑚  Maximum allowable supply voltage.  

𝑈 𝑜  Open circuit voltage  –   maximum voltage that  can be transferred to the hazardous area  under fault  conditions.  

𝐼 𝑜  Short circuit current  –   maximum current that  can be transferred to the hazardous area  under fault conditions.  

𝑃 𝑜  Maximum output power that can be  transferred to the hazardous area under fault  conditions.  

𝐶 𝑜  Maximum  allowable capacitance that can be  connected to the safety apparatus / barrier  including interconnecting wiring.  

𝐿 𝑜  Maximum allowable inductance that can be  connected to the safety apparatus / barrier  including interconnecting wiring.  
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𝑈 𝑒   ≤   𝑈 𝑚     𝑈 0 ≤   𝑈 𝑖     𝐼 𝑜   ≤   𝐼 𝑖     𝑃 𝑜   ≤   𝑃 𝑖    


image15.png




image16.emf
Entity Abbreviation  Description  

𝑁 𝑚  Cable length multipair cable.  

𝐶 𝑚  Cable capacitance per metre of  multipair  cable.  

𝐶 𝑐  The maximum permitted cable capacitance.  

𝐿 𝑚  Cable inductance per metre of multipair  cable.  

𝐿 𝑐  The maximum permitted cable inductance.  

𝑅 𝑚  Cable resistance per metre of multipair  cable.  

𝐿 𝑅  Inductance of  interconnecting cable per unit  length over Resistance of interconnecting  cable per unit length  
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( 𝐶 𝑜   × 0 . 01 )       ሺ 0 . 65 × 10 − 6   × 0 . 01 ሻ = 6 . 5 𝑛𝐹   0 . 022 × 10 − 6 ( 𝐹 ) ≥ 6 . 5 × 10 − 9 ( 𝐹 )      


image20.emf
( 𝐿 𝑜   × 0 . 01 )       ሺ 16 . 44 × 10 − 3   × 0 . 01 ሻ = 164 . 4 µ H   0 . 373 × 10 − 3 ( 𝐻 )   ≥ 164 . 4 × 10 − 6 ( 𝐻 )  
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