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Roles and Responsibilities:

Project Management – Calum Eaton
Systems Engineering – Jon Walton
Simulation Design and Simulation – Scott Copperthwaite 
Environmental issues, T&E, Conducting Display & Disposal – Charlie Jones
Safety & Legislation – Joe Lyons
Weather & Shell Calc – Shaun Malone

Introduction
A team of six HNC students specialising in ordnance, munitions, and explosives were assigned to organise and conduct a fireworks display. The group comprised students from France and the UK, responsible for all show aspects, ranging from project management to disposal after the event. The display was required to represent the HNC course, the university, and the student's time studying there. The display was scheduled from the Quayside at the IQ building in Swansea (see Fig.1), with a minimum duration of 30 seconds and a desirable time of 2 minutes. The budget allotted for the display was £2000 per minute, with a maximum limit of £10,000. 

Fig. 1 IQ building where the display is to take place.
All team members were involved in the design process, with the project manager creating a live document running log on Microsoft Teams (see Fig. 2). This allowed updates to be seen by all stakeholders and provided clear direction for all parties involved. 

Fig. 2 Screengrab of the running log.
The team was to work remotely for two learning blocks, with a design review held each week. The design reviews were organised with two Subject Matter Experts (SMEs) to ascertain progress and allow the team to ask questions. Regular meetings were held over Teams with all parties present.
The culmination of the two weeks of remote working and design reviews was for the team to present the processes and tools used to design and implement a firework display. The presentation was delivered at the IQ campus in Swansea. Feedback was received from the SMEs present at the exhibition to allow improvements to be made to the overall design and implementation of the display.
Systems Engineering:
A system engineering approach allowed the team to identify stakeholders, requirements, functions, and failure modes. QFD 1 and 2 were used to find the key functionality and critical design features. The results allowed the project manager to determine where the money needed to be spent and the areas that needed more attention.
Firstly, the requirements were gathered. Most of the requirements came from the customer, which was the university. Others were added by the team, focusing on safety and legislation.
To gather the functional requirements of the fireworks display, the system engineer used a tool called a use case (see Fig. 3). The use case identified the order in which the requirements of each team member would have to be completed to deliver the display. The requirements were then placed into groups to make it easier to identify if any requirements needed to be included.

Fig. 3 Use case conducted by the system engineer.
An online meeting was set up for the team to conduct the pairwise comparison tool. This allowed the requirements to be weighed against each other (see Fig. 4), allowing the team to identify the relative importance of the list of requirements. The requirements were compared against each other to determine which were the most important. Carrying out the task as a team, although it took a considerable amount of time, allowed the different perspectives of each team member to be heard and gave a more balanced set of results.

Fig. 4 Pairwise tool completed by the students.
Having completed the pairwise comparison tool, a results bar chart was created (see Fig. 5). It is important to emphasise that conforming to legal limitations and regulations takes precedence by a significant margin. The paramount objective is to ensure public safety and the safety of individuals working with pyrotechnics. Therefore, enforcing laws and regulations by the government and the Health and Safety Executive (HSE) is essential to protect everyone involved. Following this, logistics and safety plans represent the next priority, followed closely by considerations for potential environmental impact. 
The customer has placed certain limitations on the team about the location of the firing point and bystanders, making them of utmost importance. Most simulations would have to be conducted with these considerations in mind. On the other hand, the display date, budget, and duration are ranked much lower on the list. While these requirements are not unimportant, the safety and physical restrictions placed on the team are given higher priority.

Fig. 5 Pairwise results.
Once the importance of the requirements had been determined, the team entered the corresponding numbers into the Quality Function Deployment (QFD) tool, also known as the House of Quality (see Fig. 6). This tool enabled them to compare the non-functional requirements with the functional requirements, allowing them to identify the critical functions of the display. By highlighting the relationships and correlations between the requirements, the team could determine the most essential parts of the display. 
As a result, the conducting of the fireworks display emerged as the most critical function, which makes sense because, without a display, there is no event to host. Given the numerous regulations and constraints on the team regarding the show's hosting, the firing point and viewing areas were rated highly. 
The delivery of pyrotechnics emerged as the least critical function. However, it is still essential. It simply means that other aspects of the display have a far-reaching impact.

Fig. 6 Screen grab of QFD 1 table and group meeting.
The team conducted a function means analysis (see Fig .7) and devised potential solutions to help make the display and its subsystems work. Essentially, the goal was to determine how the team could ensure that the display and its subsystems were operational. The most appropriate options are highlighted in yellow boxes.

Fig. 7 Function means analysis table.
To identify the most important features that had the most significant impact on the display, the students used QFD 2. This tool compares the relationship between system functionality and the proposed solution in the function means analysis, which helps identify the display's critical features.
The graph (see Fig. 8) shows that the ability to time and fire the display correctly was rated as highly important. This ensures that a good show can be put on for the crowd. In addition, appropriate signage, along with crowd fencing, keeps people safe and in designated areas. Specifically, the audience should be kept away from the firing point.

Fig. 8 QFD 2 Graph.
The Functional Failure Mode and Effects Analysis (FMEA) is the culmination of the team's work (see Fig. 9). Identifying critical functions and features has provided the necessary information to identify potential failure modes and their severity. The FMEA combines severity, likelihood of occurrence, and likelihood of detection to create a Risk Priority Number (RPN). Any RPN value above 100 is considered high-risk and requires immediate attention and corrective action. RPN values between 50 and 100 are also a high priority, while the remaining failure modes are either solved by solutions that address other areas or are considered low risk. The regions of highest risk require a focus on planning and simulation, with poor planning and changing weather conditions being common causes of failure. Therefore, a deep understanding of safety and legal restrictions is crucial, and an in-depth simulation of the fireworks display in expected weather conditions is where the most time and resources should be allocated.

Fig. 9 Screen grab of Functional FMEA.
In summary, systems thinking has achieved the following:
1. Vital functions: Carrying out the fireworks exhibition, setting up the firing point, preparing the view and carrying out detailed simulations to ensure public safety and the display's quality.
2. Essential features were recognised: Electronic timing, firing, warning signs, and directions. These features will significantly impact the success of the display.
3. Emphasised areas of focus: Through the FMEA, high-risk areas were identified. This highlights the importance of effective planning, a thorough understanding of rules and regulations, and detailed simulations to ensure the public's safety and the display's quality.
Simulations:
During the display simulation, the student used FWsim, a website specialising in designing fireworks simulations. The program can simulate consumer and professional fireworks and offers a range of firework effects, with shells that can go up to 600 mm . FWsim created a detailed plan that displays the ignition timing of each firework individually. It also includes information such as the angle of the shot, the number of shots, the firing position and the module channel address used.
The team wanted to showcase the differences between their university courses' first and second years, focusing on organisation, communication, and student integration. They aimed to create a personal feel by displaying the fireworks in a collective location representing a cross-channel collaboration between Great Britain and France, using the colours blue, white, and red. 
FWsim allowed the student to select three firing points from a limited space due to the location of the display (see Fig. 10). The firing points were distributed in three areas: left, centre, and right. Each place contained two firing points for extra effect and an extra one in the centre. Therefore, there were seven firing points across the three areas.

Fig. 10 Presentation slide showing firing area.
The simulation tool detailed the 332 individual shots and 14 required modules for the fireworks display; based on the simulations, the procurement team were able to select similar fireworks from the supplier list (see Fig. 11).

Fig. 11 Firework totals from procurement.
Environmental Issues:
Noise:
By their very nature, fireworks create noise when they function. Noise can be distressing for persons and animals. Excessive noise can also irreparably damage people's hearing. 
Fireworks can produce a maximum of 120 decibels of sound at the approved distance. The World Health Organisation (WHO) recommends that children not be exposed to more than 120 dB of peak noise pressure. However, adults have a higher limit of 140 dB of peak noise pressure. Observing the operating instructions of fireworks should prevent permanent hearing damage but does not account for mental health issues like stress and anxiety .
Fig. 12 provides information on noise limits and distances up to and including category F3 fireworks. Still, more data may be needed since the team will use category F4 fireworks for the display.

Fig. 12 Table showing noise and firework categories .
Fireworks that fall under the F4 category are strictly for professional use only. These fireworks are not publicly available and are exclusively used by trained display operators. Unlike other categories, F4 fireworks do not come with an explicit safety distance, as it is the responsibility of the display operator to set them up and use them properly. Therefore, some test and evaluation trials will have to be conducted. They are often called "industrial fireworks" by the press and can be extremely dangerous in inexperienced hands .
Pollution:
Large fireworks displays can cause high levels of air pollution and release harmful toxins and heavy metal particles into the environment, negatively affecting human health. The particulate matter produced by fireworks can also contaminate soil and water sources, leading to changes in nutrient levels in the soil and increased acidity in surface water, ultimately harming ecosystems. Additionally, sulphur components like sulphur dioxide can damage leaves and disrupt plant growth .
Litter:
Apart from the remnants of used fireworks and equipment like wooden stakes, you may also come across a considerable amount of litter in your fallout area. This may include paper or cellophane used to cover the tops of cakes, card disks, bungs from within firework tubes, rocket sticks, and plastic heads.
Safety:
Regulations:
When organising and carrying out a fireworks display, it is essential to comply with various regulations. These include the Health and Safety at Work Act 1974, the primary legislation regarding occupational health and safety in Great Britain. This act outlines the duties and responsibilities that employers have towards their employees and the public, as well as the obligations that employees have towards each other and themselves.
The Explosive Regulations 2014 (ER 2014) impose duties on manufacturing and storing explosives, including fireworks. They also require measures to prevent fire and explosions. These regulations are supported by several guidance documents that cover safety and security, both general and sector-specific.
The Carriage of Dangerous Goods and Use of Transportable Pressure Equipment Regulations 2009. They implement European regulations for road and rail transport (ADR and RID).
The Pyrotechnics Articles Regulations 2015. These regulations govern the supply of all pyrotechnic articles, including fireworks. They include provisions prohibiting the sale of certain types of fireworks, such as category F4 fireworks, to the public.
Storage: 
According to the Explosive Regulations of 2014, you can store or possess up to 100kg of Hazard Type 3 Fireworks or 250kg of Hazard Type 4 Fireworks without a license, but only for a maximum of 24 hours. After that, you will require a license to continue storing them .
However, suppose you plan to use fireworks for a commercial display or any work-related activity. In that case, you can store up to 100kg of hazard type 3 fireworks for a maximum of 5 consecutive days without requiring a license if they are kept where you intend to use them. However, if you need to store a larger quantity of fireworks or more powerful ones, you must obtain a license from your local licensing authority.
This would allow the team to store up to 100 kg of fireworks on-site using a 20ft ISO container in a contraband-controlled area to keep any unwanted ignition sources away and avoid incompatibility issues. The container will be positioned away from the firing and viewing areas and have access to emergency services (see Fig. 13).



Fig. 13 ISO container location.
The student covering the safety aspects of the display conducted calculations for separation distances during storage using the Net Explosive Quantity (NEQ) of the fireworks to be utilised and information from tables in ER2014 (see Fig. 14). A class E separation distance of 34m was used as the IQ building opposite the firing and storage locations would be classed as a vulnerable building.

Fig. 14 Table of separation distances .
Performance:
Before the firing, a risk assessment must be carried out to ensure the safety of the operators, spectators, and the public. This assessment will cover the firing process and consider the display's proximity to the sea. Swansea City Council, local emergency services, Airport, Harbour Authority, and the coastguard will be notified before the activity. The coastguard and Harbour Authority are especially important as red fireworks could be mistaken for distress flares from a distance.
Weather and Shell Calc:
The performance was to take place on the 4th of August, 2023. A forecast was available for 18:00 hours that evening, stating the weather would be overcast with low cloud cover of approximately 450 m, a low chance of precipitation, and winds gusting over 32kph northwest. No data was available for 21:00 hours, although by midnight on the 5th of August, there was a significant chance of thunderstorms and lower cloud cover. 
The student utilised 5-inch shells to create graphs (see Fig. 15) using the ShellCalc Excel spreadsheet, which generates debris and fallout trajectories for fireworks.

Fig. 15 Shell Calc graphs completed by a student.
The spreadsheet was used to predict that debris would travel beyond 300m towards the spectators and the university car park based on the 18:00 weather forecast. Seeing these results, a test was suggested to validate the graphs.
Potential Test and Evaluation Tests:
To ensure that the fireworks display meets the requirements and standards, creating a list of relevant tests focusing on the fireworks' performance and suitability for the intended purpose is essential. These tests should also assess the safety of the fireworks. To begin with, it is recommended to use the tests specified in the BSI Standards Publication on Pyrotechnic articles — Fireworks, Categories F1, F2 and F3. 
Determining Tube Angle:
Determine the tube angle; this is done using a goniometer. The goniometer measures the angle between the vertical and centre lines of the tube (see Fig.16). This will ensure that the correct angle is selected. The fireworks will not interfere with others in the display and function in the required position.

Fig. 16 Measurement of tube angle .
Projected Fallout Debris Test:
The test would be conducted utilising the 5-inch shells used by the student completing the ShellCalc simulations. The test area would need to be a precise level area to allow good visibility of any debris fallout. CCTV would monitor the area. Wind speed and direction will be recorded. Upon completion of firing, the area would be walked, and the distance from the debris to the firing point could be measured using a handheld GPS or even a measuring wheel.
Angle of Ascent and Height of Explosion:
This test is crucial to ensure the fireworks are projected at an appropriate angle and detonate at a safe height. By determining the height of the explosion, we can ensure that the spectators at the back of the viewing area have an unobstructed view of the fireworks display without any interference from nearby buildings.
Sound Level Monitoring:
To ensure safety, it is necessary to conduct sound monitoring tests for all fireworks outside. For this purpose, handheld acoustic monitors or microphones will be positioned 1 metre above ground level and 25 metres from the firing point. As the nearest spectators are situated over 50 metres from the firing point, if the sound levels remain below 120 dB, the spectators will not experience any physical harm.
Test of Electronic Firing Unit:
The display will be conducted using an electronic firing unit and synchronised to music. Testing the system using the music and time script created for the display would be a good idea. The test can be conducted without fireworks connected with the firing team observing the lights on the firing modules. This will confirm that the correct fireworks will be set off at the desired time.
Label Test:
As there are to be many fireworks used in the display, it would be pertinent to do some test printing of labelling. This will ensure that the labels are legible and will mitigate against any mistakes when conducting the setup of the fireworks.
Conducting the Display and Equipment:
A professional firework display company will conduct the display. A competent display operator must possess adequate knowledge, training, and experience to setup and fire the fireworks safely and clear them up after firing to ensure the safety of the operator, their employees, and those present during the display.
The British Pyrotechnics Association (BPA) has established a comprehensive training and registration program for professional fireworks operators in the UK. BPA members are responsible for conducting training sessions for BPA member companies and other experienced operators. The training culminates with an independent examination set and marked by an external examiner. Candidates must have completed several displays before taking the examination and maintain a logbook of the displays they have fired. The assessment is conducted at two levels, and successful candidates are awarded a certificate and a firer's ID card. The BPA website maintains a publicly accessible database of all registered fireworks operators. 
Electronic Firing Unit:
An electronic Cobra firing unit was identified as the preferred method for initiation during the systems engineering phase. After speaking with an SME, the student in charge of the display's conduct noted that companies commonly use COBRA firing units.
The COBR18  (see Fig. 17) is a small yet rugged firing system with 18 cues and is perfect for small to medium-sized events or specialised firing needs requiring quick setup and breakdown time. The system is straightforward to expand, and you can control an unlimited number of firing modules across 100 unique channels from a single remote. The system comprises an 18R2 controller, an 18M module, and an Audio Box.
The 18R2 controller is the central processing unit of the COBRA Firing System. This portable remote device communicates with the firing modules in the field by sending and receiving commands. It can send firing commands and receive information about continuity/igniter connectivity, signal strength, and battery levels.
The 18M modules serve as the core of the COBRA Firing System, acting as the central command units on the field. These modules are in constant communication with the 18R2 remote. Whenever a firing command is issued from the 18R2, the corresponding module sends an electric current to the associated "cue" to ignite the fireworks. This ignites the connected igniter and sets off the firework display.
The Audio Box is a wireless device that can play audio through any sound system. You can quickly load your audio file onto a USB thumb drive, insert the drive into the COBRA Audio Box, and connect the audio box to your sound system. The audio will start perfectly synchronising from the Audio Box when you initiate the script on the 18R2 Controller.

Fig. 17 is a slide from the presentation showing the COBRA firing system.
Equipment Required for the Display:
As many shells are to be fired, mortar tube stands will be required; these will be set to fire at the required angles. The frames shall be made of metal and wood (see Fig. 18) to create substantial weight to negate movement on firing, with the mortar tubes made of high-density polyethene plastic . This will ensure that if the shell were to function in the tube unintentionally, it would not fracture, creating fragmentation. The tubes shall be of sufficient diameter to provide adequate pressure to propel the shell out of the tube. If the tube is too tight, it could damage the shell or cause it to function unintentionally. 

Fig. 18 Example of mortar tube stand .
Bell wire will be used to achieve the distance from the igniter to the field modules of the firing system.
Sandbags will hold the lance work board, mortar stands, firing lines and igniters in position. Clear bags shall be available to cover the fireworks in bad weather; the use of clear bags will allow the firers to have visibility of labels and the fireworks in tubes or on boards. Crowd fencing and signage will designate specific areas, including the firing and viewing points.
Setting up the display:
The fireworks will be set up in daylight, allowing sufficient time to complete the task. The firing team will wear flame-resistant overalls, substantial footwear, safety goggles and hearing protection as specified in the risk assessment (see Fig. 19).

Fig. 19 Specific risk assessment.
When setting up the area and fusing, access to the area will be limited to the firing team. Once the setup is complete, the location will be secured. 
Clean Up and Disposal:
Event organisers and display companies share concerns about the cleanup of display sites and waste materials disposal. However, it can be difficult for a display company to thoroughly clean a site in the dark after a display. Proper cooperation between all parties is necessary to avoid misunderstandings. A clear outline of responsibilities at an early planning stage can help prevent issues later . 
Display Company Obligations: 
The display company is responsible for cleaning up the firing area after the display, including removing all equipment. The display company will deal with any misfires or partially spent fireworks. The display company will collect unused fireworks for future use or disposal through approved routes.
Misfires and Partially Functioned Fireworks:
There will be a minimum 30-minute wait before approaching any misfired or partially functioned fireworks as specified in the risk assessment (see Fig. 20). Some fireworks have a secondary fuse fitted; if that is the case, an igniter will be connected to the fuse, and the operator will attempt to initiate the firework as intended. If the fireworks fail to function correctly on the second attempt, another 30-minute wait will be observed. Any misfired or partially functioned fireworks will be fully submerged in a water-filled container for at least 48 hours or manufacturers' recommendations. These shall be stored in the ISO container to avoid incidents. 

Fig. 20 Risk assessment for misfires and partially functioned fireworks.
Organisers Clean Up Responsibilities:
The event organisers will ensure that the firing, safety, and fallout areas are free from public members until the operator has cleared the area of misfires and display equipment. They will also ensure that the entire area, including the firing point, is searched for fireworks residue. The operator will be notified immediately if any unspent or misfired fireworks are found [12]. 
The entire area will be cleared of any litter associated with the display, which will be bagged in general waste bags for disposal by the local authority. Head torches will be used to aid in the collection of litter. 
At least one person will visit the display site in daylight the following day to check if any debris partially functioned or misfired fireworks were missed the previous night.
Conclusion:
After the students delivered the presentation on the display to the SMEs at the university, feedback was provided, highlighting some areas that could be improved or need to be looked at further.
Feedback from the SMEs to the students conducting the systems engineering section of the display mentioned that the results from the QFD 1 tool resulted in some heavy lines, especially for ‘complying with legal limitations and regulations’ and ‘logistics and safety plans to be assessed and implemented’. These two requirements could be decomposed into more manageable requirements; this would have removed the heavy lines and broken down specific requirements.
The student conducting the simulations of the display remarked that the positives of the FWsim software were that fireworks could be timed for critical moments, the fireworks were customisable to create the desired theme, and a wide range of fireworks was available. Negative aspects of the software were that the fireworks in the simulator did not match the fireworks from the supplier the procurement team was using to purchase the fireworks, and no NEQ was provided; this resulted in the procurement student having to try and select fireworks from the supplier that closely resembled those from the simulations and was able to give an NEQ from that list. There was also difficulty matching the scenery of the display, and there was no function to input weather conditions. Although the FWsim that the student used was a free trial, there is a professional package available that would make the process considerably more manageable. 
The information available regarding quantities of fireworks that could be stored at the display site varied depending on which publication the student looked at. However, having received the total NEQ of 116 Kg from the procurement team, a licence would need to legally be obtained to store at the display site.
Using 14 COBRA firing modules to conduct the display appeared slightly excessive, and the number could be reduced with slats. Fireworks required to function simultaneously can be connected to a slat related to a single cue from the firing system, resulting in the fireworks operating simultaneously.
There was some confusion as to which direction the wind was blowing from during the Shell Calc calculations, and there were concerns that the debris would head towards the spectators. During the presentation, it was brought to the team's attention that the wind direction inputted to the spreadsheet differed from the forecast provided. This meant that fallout and debris would be confined to the tidal basin at the rear of the firing point, opposite the spectators and car park.
Overall, it was a good learning experience for the students. It gave them real experience of working as part of a team, especially remotely, as is often the case on projects. It allowed them to put into practice the skills and tools they had acquired throughout their studies.
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Group Project — OME Level 4

Notes can be used as a running log of the Project

Notes for the project—06/06/23 — First commencing notes.

SC- Some thoughts on the project going forward, please amend, update, add, subtract etc from
anything on here but ensure that whatever is added or changed is documented by writing initials
next to it. IF that happens of course.

My thoughts for this are simply to incorporate as much as we can from each individual course from
the greater whole. In essence, using buzz words and wording from which course —e.g.

“utilising Gantt charts and time management skills learned from Study skills, etc or the weather
changes the vector/velocity (probably the wrong words, sorry shor) calculations shown here,
learned from physics/maths”, or such things as chemical formula for firework colours - Chemistry, a
breakdown of the firework from OME learnings etc. By doing this, | believe we can earn greater
recognition by utilising knowledge from all areas to show greater understanding of the whole.
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Procurement Totals

* Display time: 2m 305
* Number of freworks purchased: 16 cases, 681 urits
+ Number of fireworks to be used: 332 units

+ Unused fireworks remairing: 349 units

+ Total materials cost: £2,296 85 (£2,500 budget for £1000
per minute)

+ Material cost for used unis: £953.30
+ Total NEQ: 116 27kg (cose to estimate from design)
+ HCCL3GTotal: 9942k
+ HCCL4GTotal: 1685k
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Table 10: Hazard Type 3 explosive
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shellcalc spreadsheet.
How: Exposure to The firing team is firing remotely at the rear of firing points.
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protection for personnel. and noise
Noise measurements were taken at the required distance to ensure
120dB was not exceeded at the viewing area.
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Task Description (1):
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A minimum 30-minute wait will be observed before approaching

Who: Firing team 3
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personnel
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How: Exposure to

Persons exposed to pyrotechnic | Pyrotechnic effects e.g.
1 effects due to misfired or heat, fragmentation R C M
partially functioned fireworks. and noise

The operator will remove support tubes from the fixings and tip the
tube away from the body releasing the shell into a receptacle of
water.

Firing team personnel will wear flame-resistant overalls, solid

footwear made of leather, safety goggles and hearing protection.
Harm: Single or

multiple fatalities &
multiple severe injuries
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