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ABSRACT
	This report documents the research and experimental work carried out to find an engineering solution to the proposal; To design and engineer detection instrumentation suitable for environmental seal testing of live ammunition during water immersion. Observational and experimental research collectively combined with the engineering tools Quality Function Deployment and Root Cause Analysis to help identify and reduce Muda (waste) and risk to data capture during the basic seal testing of small arms ammunition at the Environmental Test Centre (ETC) Shoeburyness. 
	The overall aim of this project was to design and produce a suitable piece of leak detection equipment that could be introduced to the current immersion test facility at ETC. The main function of the equipment is to aid technicians with the task of detecting bubbles and logging seal failures during immersion trials. A digitally automated, instrumented system in the form of an electronic data capture package, could be used alongside the traditional method of visual observations. This could help eliminate human error when overseeing tests and improve the procedure to a level where technicians do not discount any seal failures. Resultantly, this fail-safe system would help guarantee that all eventualities are accounted for and data would be lost or omitted due to fatigue or the monotony of the present procedure.
	The objectives included discovering a method of detection and systematic alarm, through researching existing technologies and theories, and combining these findings during simulative experiments to define a product design consisting of hardware and software. A physical set up of the test was recreated on a smaller scale using a water tank, a hydrophone and an aquarium air pump, to detect acoustic signals and simulate a leaking specimen. An oscilloscope connected to the systems circuit was used to analyse bubble formations and develop conditions for the software of the product.
	The project findings concluded it possible to use a hydrophone to precisely detect bubble formations of a certain size, location and frequency and to use this technique of analogue to digital conversion to create an output based on analysis of digital signals, using conditional software programmed onto a PIC microcontroller. This information can then be used for display and alarm purposes, supporting the test technician performing the trial. 
	Testing of the product has proven it to be an effective and accurate piece of prototype equipment by fulfilling its purpose. If authorised and designed to the required standards, the device could be put into production and approved to be used in the climatic testing environment.   
	The outcome of the project has been successful. A wealth of research resulted in finding a suitable solution. Future recommendations would be to extend the research, investigating the sensitivity of hydrophones and possibly develop the product to include an internal data storage feature that could be used offsite to automatically report (tabulate and graph) trial results, ready for the customer report.   
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CHAPTER 1.
Introduction
	The title of the proposed engineering problem under investigation is ‘To Design and Engineer detection instrumentation suitable for environmental seal testing of live ammunition during water immersion.’
	The main aim of the project is to support and improve the current procedure used for Basic Seal Testing of immersed ammunition at the Environmental Test Centre (ETC), Shoeburyness. The immersion test currently involves a monotonous and tiring task of staring at the water tank throughout each trial for long periods of time, introducing a risk of data loss and inaccuracies being recorded. Through research and experimentation, a data capture product will be devised to utilise attached instrumentation for detecting, logging and displaying a count of bubbles leaking from test items. The system’s main purpose will be to constantly monitor for streams of bubbles that conform to a major leak, to display test data in real-time and act as a means of backup throughout testing. Discovery of a seal failure will be emphasized by an alarm system. The combination of hardware and software will perform a duty to notify the user of any leaks and environmental test conditions that don’t comply with the specifics of the trial regulations.
	This is an experimental and developmental study, aiming to create a system that meets the requirements of the identified user and technical specifications, to accomplish elimination of human error during trials. The product created will be an unapproved but working prototype of a portable appliance that can be self-powered and free standing next to the immersion tank in the test lab. Waterproof instrumentation will be placed inside the test tank and attached via lengths of waterproof cable directly to the data capture device.
Research rationale
Purpose of the research project:
	Previous personal workplace experience and physical observation of an immersion trial, led to the improvement requirement for the current procedure used at ETC for the Basic Seal Testing. Eventualities within the test lab can cause distractions to the operators conducting observations. The purpose of the project is to build upon existing technology and develop data capture support to the climatic trials. By identifying and analysing existing products and methods for leak detection, a combinative technical selection can be made for ideas and design. 
Summary
1. Project Aims

· Design and produce a working prototype of a display and alarm system for the Basic Seal Testing of Small Arms Ammunition (SAA) to deadline (8th June 2018) within target budget (£100)
· Attempt to error proof Basic Seal Test process
· Increase efficiency of test procedure but continue to adhere to Test Specifications accordingly 
· Increase accuracy and reliability of test results
· Make the test more bearable and satisfying for the operator

2. Project Objectives

· Identify the test, environment and problem. 
· Perform physical observations of current trial procedures to identify the user and technical needs.
· Gather solution requirement feedback from onsite Climatic Technicians and Engineers.
· Analyse the issues (QFD & RCA). Use engineering evaluative tools to assess current system and identify aspects that can be tweaked to reduce data loss (risk) and Muda (waste) by introducing new methods and instrumentation.
· Locate root causes of issues.
· Assess the situation.
· Research appropriate existing literature relating to underwater leak detection and existing detection equipment. 
· Identify the possibilities and limitations of detection. 
· Develop and design ideas for a solution.
· Test and prove the solution in a simulative working environment.
Each step will be performed sequentially using primary and secondary resources to provide conclusive recommendations.
3. Scope
	This report progressively documents the research, development and presentation of the final solution. The bulk of the project will consist of technical research and study, design decisions and prototype production. 
Structure of report
	Firstly, the report will define the research methodology to be used and then present the research, starting by identifying the need for improving the test procedure and the environment to which the research project relates. Investigative observational work will gather existing knowledge of the test process and feedback from a questionnaire provided to experienced members of the Climatic department will aid the identification of instrumentation performance requirements. System identification and assessment will also be performed. A brief evaluation of the current test will then identify topics for research. A literature review of secondary market place research and existing techniques will explore possible ways to combine and apply existing products and technology to form ideas for the solution. Experimental work (primary research) will provide knowledge relating to the boundaries of possibilities of detection techniques and data capture limitations. 
A brainstorm of ideas and environment design will provide a basis for development work. Technical and operator requirement specifications will define the features to be included in the solution. Electronic and software design work will then precede the computerised simulation of the proposed solution. The report will document the production, testing and demonstration of the prototype. Finally, the report will close with an evaluation and conclusion of the project, assessing the outcome and delivery of the project with personal reflections and suggestions for further development.	

4. Time Management & Plan of Action

	The most identifiable threat to the project is time. The limited period (30 weeks) in which to complete the aim, governs what scale of solution can be achieved. The original Gantt Chart (Appendix A) developed during initial stages of forethought, will provide a starting point for the direction and sequence of actions that need to be completed.
	The first managerial task of this project will be to assess the proposal and aim that I appointed for the project and to clearly identify the outcome required from the study. A plan of action is the key to successfully completing any task on time. Through mind mapping and brainstorming my forethoughts and ideas, a pre-project Gantt Chart will be created to plan the entire study time from start to finish, logically catering for all the project objectives. It is important to note that it is common for the scheduling to be amended as a project progresses and that it is vitally important to update the Gantt chart at each stage. 
Research Methodology
The Research Onion:

	The research onion developed by Saunders et al (2009) [1], is a good framework to refer to for identifying and underpinning the methodology of research that needs to be carried out. To solve the research problem, in the middle of the onion, several layers (Research philosophy, approach, strategy, choice, time horizon and techniques) need to be considered and peeled away to determine the chosen methods and logic for research. 

	For this technical project, the research onion will be briefly utilised as a motivational starting point by considering the series of decisions it presents. This will help to define the approach to research studies so that focus is maintained, and the project can remain on a steady path.  

	Research strategy was defined by Saunders et al as ‘the general plan of how the researcher will go about answering the research questions’ [1]. The research onion below (Fig.1) was used to identify the type of research and study necessary to analyse the situation and fulfil the project objectives.
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1. Philosophy of study: Positivism 
	The research will mainly consist of attaining objective targets to achieve a final aim by concentrating on test requirements (factual) and technological developments and possibilities. Consideration will have to be made to ensure that research remains independent when collecting primary data. The project will be a development for the operators benefit. Experimental work will involve the application of scientific procedures. The philosophy of study that will be carried out will therefore be of positivism. 

2. Research approach: Inductive
	Observations will be made, and data will be collected and analysed, to make decisions on that information. This approach will provide an insight and ability to obtain actual field data in a specified area of testing. A step by step observation is the best method for this but it is important to note that each observation can differ depending on the strengths and skills of the operators conducting the test, therefore findings could vary from trial to trial. Conducting at least two separate observations will provide a better collection of procedural information and issues.

3. Research strategy: Observational, Investigative, Survey / Questionnaire, Experimental & Market Research
	To find out the answers research questions and solve queries about the test and its problems, a questionnaire will be conducted, aimed at the laboratory operatives during investigative observations of live tests. The questions will relate to the current problems at present and desires for improvement. Useful additional information about the test will be gathered, such as what preparation needs to be performed in advance before the test can begin. 
Descriptive and explanatory research during operator behavioural studies will also identify cause and effect relationships (RCA). One-to-one communication with the operatives will provide direct feedback as to where and how the test needs improving (QFD).

	Experiments will identify possibilities of existing instrumentation and technology. The experimental strategy will determine the complexity and feasibility of the new product design. It will provide the platform on which to build my ideas and test the boundaries of technology. The representative experiments will be valid simulations of an attempting to detect leaking specimens. For legal and safety reasons, real damaged live ammunition rounds will not be used for the experiments, instead accurate methods for simulating the leaks will be devised. Further detailed market research will help identify technical solutions to the problem and electronic (digital) components that can be used for the prototype. 

Experimental hypothesis 
The experimental hypothesis will be whether small bubbles can be detected under water and converted into a digital signal for display and alert purposes.

4. Choice of Method: Mixed Method
	Both qualitative (for observational study) and quantitative (experimental) methods will be used for data collection and analysis. 

5. Time Horizons: Time constrained
	The project is time constrained with a set period of approximately 30 weeks to a deadline of June 2018. 

6. Techniques and Procedures: Primary Data (Workplace Observations, Feedback Questionnaires & Experiments) & Secondary Data (Existing methods of leak detection)
	Primary data (field research) will be gathered during laboratory observations and from questionnaire answers and experiments. Reliable secondary data from existing research literature will be used to help design a solution to the problem and enable comparisons to be made to results found by researchers that have previously designed similar products. 

Research Methods
To conclude, the following techniques will be used to perform the research and gather information to find suitable answers to the study;
· Observational / Investigative
· Questionnaire
· Market research
· Technical research
· Experimental / Exploratory research
CHAPTER 2.
Research
1. What is the Basic Sealing Test? (DEF STAN 00-035: Test CL29, Procedure C)

	There are 3 immersion test procedures defined by DEF STAN 00-035 Part 3 Issue 4 [2]. Test Procedure A, B and C are each slightly different in set up but are all used to identify leaks in defence materiel. The selection of the procedure mainly depends on the nature of the investigation, (whether the item is packaged or unpackaged) and the severity of test (partial or total immersion). The outcome of this project will be applicable to all the test procedures.

Test Procedure A & B [3]: 

	Applicable to unpackaged materiel (A) and packaging and containers (B) that are required to survive, operate or protect their contents when subjected to partial or total immersion in water. As well as being examined prior to testing, for test A, the specimen is weighed and conditioned at a stabilised temperature between 5°C to 15°C above the temperature of the water (not above 35°C) prior to immersion. This ensures a negative air pressure inside the test item. The item is immersed for 20 minutes, under a depth of water, usually 1m or as required and specified by the customer. Other depths range from deep puddles to submarine operating depths. A seal failure is signified by a stream of bubbles emerging from the test item. 

Test Procedure C [4]:
	The main test under investigation for data capture development and improvement is that defined in DEF STAN 0035: Test CL29 - Immersion, Procedure C (Fig.2). This 15-minute test is intended for use on unpackaged materiel, particularly armament stores, to reveal any faults in manufactured sealing by observing the items for leaking bubbles. The hot water creates a positive pressure inside the test item and the air sealed inside the round from manufacture is forced out due to a pressure difference between it and the surrounding water. Air can escape through holes in the form of a gas (air) bubble. A significant stream of bubbles indicates a seal failure.
[image: ]
Fig.2 Test CL29 - Immersion, Procedure C
For all tests, the test items must be arranged and secured in the orientations in which they are most likely to become immersed in service.
	For restrictions of practicality (size of water tank required) and experimental capabilities, this project will focus on creating a solution and demonstration for Test Procedure C but with water at ambient temperature (21°C) instead of the required 60°C. The final solution will however, be easy to adapt to all 3 procedures and will demonstrate full functionality.
2. What defence materiel is likely to be tested?

	The most common immersed test specimens include complete rounds / cartridges of small arms ammunition (SAA) and cannon ammunition, including 5.56mm (Fig.3 and Fig.4), 7.62mm and 12.7mm and 40mm CTA rounds (Fig.5).

[image: ]
The defence materiel that could be immersed and tested under water includes any military supplies and technical equipment. 
[image: ]
In CTA rounds, ammunition is contained inside a straight tube, instead of the traditional cartridge case and bullet shape and delivers an explosive charge in the form of various techniques.
3. What to detect?
What data needs to be collected and how often?
	After the initial settling period (first few seconds immediately after the point of immersion), for the full duration of the test, any bubbles that signify leaks from a test specimen are to be noted by the number of bubbles seen, from which item and where and at what time during the test. 
	A stream of bubbles (e.g. more than 10 bubbles per second) signifies a breach in the seal and should result in the item being removed from the tank. This can be noted as a severe leak. Water ingress can cause significant damage if a lot of water enters the round.
	The aim of the new device will be to continuously detect for a leaking seal for the entire test, over the total test period of 15 minutes (prototype 1 minute). 
The common seals found leaking on SAA include the crimping between the bullet and cartridge case or around the percussion cap of a live round (Fig.6).

[image: ]
	A product leak can be defined as the ‘material flow from or into a product (a controlled volume) during a given time, in excess of allowable limits…caused by open flow paths, such as pin holes, broken seals or material porosity’ [9].
	Leaking seals have a profound functionality effect on ammunition, often causing functional delay or misfire. When wet, propellent powder can have unpredictable effects, and can become useless. It is therefore important for manufactures of ammunition to check the seals of their products to ensure reliability when subjected to wet conditions or submersed under water.
4. Bubbles
What is a bubble?
According to Collins English Dictionary, a bubble can be defined as ‘a small pocket of air in a liquid, glass, metal etc’ [10].

	An air bubble under water is a spherical shaped collection of gas (air) and when it forms by being released from a cavity, the release pressure of the liquid void vibrates the water sending out sound waves (motion) through the water. Whether the sound waves created from such small air bubbles produced by leaking SAA are audibly detectable underwater, is going to be the subject of experimental work. 

5. Observational study of current methods (at ETC Shoeburyness)
	Observational and investigative workplace research provided hands on experience of the current test procedures and hard evidence of the entire process and its issues. The type of setting (environment) and the participants that would potentially use the final product were also realised. Making notes during this exposure, provided constructive feedback and input for the solution.
OBSERVATIONS A & B
To fully understand the seal test, the opportunity was taken to physically observe two individual live trial basic seal tests at ETC.
OBSERVATION A
	The test carried out on the first occasion involved testing the seals on six 40mm ammunition rounds under complete immersion (Test Procedure A) to certify them waterproof. This was part of an in-service safety qualification extension plan. Specific batches and individual rounds were randomly selected for testing, using their unique serial numbers, as specified by the customer. 
	Before any testing began, the issued Hazard Analysis Risk Assessment (HARA) and working instruction for this task had to be read, understood and signed. A safety brief was given by the onsite Safety officer and Project Engineer for this trial, to provide the persons conducting the test with adequate information and awareness of the test items. 
	For this test, the rounds were first left to condition in the laboratory to ambient temperature. The selected specimens were inspected for damaged seals before being weighed on a set of digital scales. Once the six test specimens had been weighed and had their details noted in the data capture note book, they were carefully manually lifted into a stainless-steel wire mesh basket. On the start of the stopwatch, the basket was then lowered into a tank of ambient water at a depth of 1 meter, as requested by the Environmental Test Specification. Here they lay totally immersed in the temperature-controlled water for 20 minutes (Fig.7). 
[image: ]
	The rounds were at a depth of water (distance measured from the top of the round to the surface of the water) as specified by the customer. The entire test was recorded underwater using a GoPro camera (Fig.8) and the duration of test was timed using a digital stop watch. 
[image: ]
	After the test, the digital scales were used to weigh the test items to identify any change in their weight. This value is also recorded in the note book. An increase in weight after a test, signifies water ingress through a seal and displacing an air pocket inside the item (water weighs more than air). A significant increase in weight can be registered as a leaking seal. Weighing the items is an important part of the double-checking process, given that leaks are not always visible.   
What data needs to be captured?
During the trial, test specifics are noted by hand in a paper notebook (Fig.9), similar to the following layout; 
[image: ]
Fig.9 Notebook details
	Results are populated into word processed tables and saved into the Climatic Trials Database. This acts as the qualification data record presenting the findings and can be passed onto the customer. It provides evidence of whether the ammunition will remain safe and function as intended through its operational life, in the eventuality of it becoming immersed in water. Occasionally, if there is a stream of bubbles noted as coming from the stores, signifying a leak in the seal, then the customer can request a copy of the GoPro digital video file to be sent with the result documentation.

OBSERVATION B
The second test observed was Test Procedure C.
	This test is on a smaller scale, using a smaller heated water tank with a removeable rack that is used to lower the test items into the water (Fig.10 & 11). 
The duration of immersion is 15 minutes (this is considered adequate for leaks to become apparent), in hot water. Water is heated by an immersion pump that circulates the water over the test items. 
The Technician observes and takes notes on where bubbles appear from and how many (stream or just a few settling bubbles) and at what intervals.
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6. Current recording procedure

	The Climatic report documents used during testing to record the results, include the example result sheets (Appendices B & C) and a Log Book (Appendix D) for seal testing of CTA rounds (Fig.12). Due to the original sensitive data contained within these documents, these examples contain fictional data but represent what and how information is recorded. Notably Test 1 identified a leak in the test specimen and when a stream of bubbles occurred at 6mins 27secs, the individual item was removed from the tank. 
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	It is important to note that attention is paid to the calibration tolerances of all immersion tank equipment used, including the PRT and chart recorder used to monitor the water temperature and steel rule used to measure the depth of water. An example of the calibration calculations (Appendix E) shows how the overall uncertainty of the test is calculated, of which must be documented and stored to prove that the equipment is within the 95% confidence level. As per Def Stan 00-035 [4], water temperature must not fluctuate more than 10% of the acceptable starting temperature throughout testing, otherwise the test must be paused until back within tolerance.
7. Current Working Instructions
	The current working instruction for the operation of the hot immersion tank (Appendix F) is to be followed by a competent person to ensure the trial is accurately and safely performed. The current test facility is designed to meet the test parameters and is fit for purpose for all hot immersion testing. The ETC Facilities Manager is responsible for ensuring that all employees fully comply with this framework of instruction. The design for this project will have to consider the procedures of the current working instructions and comply with the methods of preparation, testing and post preparation to avoid interference or test error (invalidity). 
8. Facility Risk Assessment (RA)
	The following points outline the risk assessment (Appendix G) that is read and understood prior to carrying out any work for either ambient immersion or hot immersion tests at +60֯C, to a water depth of 1m, performed at ETC; 
· Risk of injury from manual handling test items during loading and unloading from the immersion tank. 
· Slippery surfaces caused by excess water dripping when unloading stores from immersion tank.
· Waterborne diseases in old water can cause harm to operators if accidently consumed or inhaled. Softened / de-mineralised water to be used, and tank to be drained after use.
· Electrical hazard caused by faulty equipment (shock / electrocution).
· Potential thermal injury to skin during hot water immersion. 
· Rupture of immersion tank, potential injury from low velocity fragments.
	From reading the RA is it evident that any instrumentation that is to be present in the immersion tank will need to be in position prior to loading test items into the tank and will need to be positioned accordingly to not cause obstruction. All instrumentation needs to have good earthing continuity, be waterproof if immersed and of a low safe-working current to prevent injury from shock. 
The buildings used for immersion testing are Category C buildings, in which the explosives and activity do not produce flammable vapour or explosive dust atmospheres or present an explosive hazard due to accumulated dust. 
As well as the Risk Assessment for the immersion test facility, a Hazard Analysis Risk Assessment (HARA) and safety brief specific to the trial and ammunition must be read. 

9. Safety – CAT C 
	Precautions need to be taken when installing new equipment into hazardous areas. The Health and Safety Executive (HSE) specifies that for the use of new portable electrical equipment in areas where an explosive atmosphere is likely to occur, the item needs to have a ‘low probability of creating a source of ignition’ [11]. Where the likelihood of an explosion is reduced, equipment can be constructed to a less rigorous standard. Equipment is categorised depending on the hazardous level of the zone that it is to be used. JSP 482 MOD Explosive Regulations [12] provides the general requirements for the selection and use of electrical equipment within Category C explosive buildings on Potential Explosion Sites (PES). 

Before any electrical equipment can be used within a PES site, an Electrical Equipment Approval Form (MOD form 2256, Appendix Q) [12] needs to be completed by the Head of Establishment (or nominated Explosives Safety Representative) and forwarded to a competent authority. 
To conclude the main standards for battery operated portable equipment in CAT C buildings, equipment should [12]:

· Be compliant with the category and zone
· Use dry batteries only
· Batteries not charged or changed inside explosive buildings
· Battery enclosures to be tamperproof, sealed to the standards required and have their cover retained.
· Surface temperature of the enclosure does not exceed 90°C under normal conditions and 115°C when faulty
· Have a documented risk assessment 
	
	Tests need to be performed on the equipment including protection provided by the enclosure against the ingress of foreign bodies, as detailed in BS EN60529, IP 4X (e.g.1mm thick wire cannot enter enclosure), withstand impact energies as defined in BS EN 62262 and four 1m drop tests of the equipment onto a concrete surface to ensure no impairment to the enclosure [12]. Once approved, a certificate is issued for the equipment, identifying any restrictions for use. A label can then be added to classify the equipment being suitable for use in the specific category of location.

	A decision would have to be made on whether the explosive contents within the test specimens present a prolonged explosive atmosphere in the form of a mixture of air, dust, gas, vapour or mist. This would categorise the device into having granted permission for use only within certain hazardous zones as specified by HSE. For this project, official certification and approval for the use of the prototype will not be sort but the device would likely fall into CAT C. The equipment will only be tested in non-explosive areas. It would be necessary to seek further advice and information regarding the protective enclosure to protect SAA from potential fire hazards due to malfunctioning of the equipment (9V battery). A site Risk Assessment would also need to be produced for the use of this new piece of operational electronic equipment.
 
	The use of the (small current) equipment underwater in the presence of explosive items would need strong consideration and approval. It would possibly deny all testing of electrically initiated rounds. The Electromagnetic Compatibility (EMC) and Ordnance, Munitions and Explosives Radiation Hazard (OME RADHAZ) of the new device would have to be tested and approved to confirm that its electromagnetic emission does not interfere with Electro-Explosive Devices (EED) within electrically initiated rounds. Confirmation would be needed to ensure that unpackaged test items are not susceptible to the test equipment’s RF emissions. The Dangerous Substances and Explosive Atmospheres Regulations 2002 (DSEAR) [13] would be the starting point for seeking such guidance. 

10. Environment

	From observational research, it was noted that the test lab itself is not a silent environment. Regularly, there is unpredictable low-level conversation, usually between technicians and engineers, paper scuffling of log sheets and the occasion footsteps. This could influence the detectability of the bubble formation itself if sound waves are to be detected. It is important to acknowledge that the device may need to filter out any unwanted ambience and disturbances (e.g. immersion pump vibration). For experimentation and the ability to test the device, a simulative water tank will be made early on during the design stage of the project. The noise produced by the immersion pump inside the water tank facility at ETC can be disregarded as the Working Instruction for the Operation of the Hot Immersion Tank states that the circulation pump can be turned off during testing to minimise water disturbance.


11. Changes to Defence Standards Test (New issue of Defence Standard 00-035)
Since the project got underway, the Defence Standard 00-035 Issue 4 has been revised and updated to Issue 5. The only changes to the immersion test in Chapter 3-29 (now 4.1) are as follows [10];
· The temperature of the specimen to be raised above the temperature of the water in accordance with the temperature difference requirement set out in the Environmental Test Specification, at a rate no greater than +3°C per minute. The temperature of the specimen must be stabilised before testing begins.
· If the test is interrupted, then unless there is an alternative procedure in the Environmental Test Specification, preconditioning is required before repeating the test. If a single interruption occurs, with a deviation in temperature of less than 10%, testing can continue from where the deviation or interruption ends.
· The immersion test can also a be performed inside a pressurised water chamber.
· Both immersion test procedures are to follow recommended severities as stated in the Test Severities Table 1 [10] (Appendix H).

12. Questionnaire (Feedback)
	The observations provided the opportunity to query the engineers and technicians that are regularly involved with carrying out the test procedure on live rounds. A questionnaire was conducted to find out the opinions and answers to details that would influence the solution’s requirements and design. It proved vital for constructing specifications and design work later in the project. Exposing the research question to the technicians, also enabled ideas to be proposed to them.
	From the feedback questionnaire (Appendix I) that was handed out to members of the climatic team, the following main points were evident and will form part of the user and technical specifications:
· The solution needs to be user friendly and easy / quick to set up and operate
· Capture and save logged data 
· Alarm / alert the operator to leaks
· Display test information (time / water temperature / bubble count)
· Low powered and portable
· Not interfere with the test results but improve procedure
· Not initiate explosive trial specimens under test

13. Evaluating the current procedure

	The current procedure is an old method of testing that has been used and relied upon for many years. It does however lend itself to being susceptible to data loss through human error or operator distraction. 
	In the opinion of the operatives, automated support is needed. Operatives suggested that the procedure lacked data capture hardware and relied solely on the concentration of those making the observations. Worryingly this is true and the monotony of such a task opens it up to risk of data loss through lack of concentration. 

Identifying the problems
	System Engineering tools were used to investigate and evaluate the current system to identify potential solutions that could improve the methods used for collecting test data and aid the operator at maintaining high standards during observational work. Focus was on (Risk Management) eliminating the risk of failure to recognise and record findings due to operator fatigue. The root cause of risks (data loss) were identified by breaking the test process issue down into primary and then secondary causes (RCA).  A QFD diagram identified the aspects which the operator highly values and generated ideas of how to upgrade the way in which data is captured, making the procedure a more efficient and accountable method.
14. Quality Function Deployment (QFD)
	A QFD diagram (aka House of Quality) can aid design of products, systems or services using awareness of customer or user values. QFD can listen to the voice of the user, identifying the best approach at providing the most satisfying and expected service. QFD evaluates where priorities lay during product or process development. Features can be tweaked to optimise performance, providing a more satisfactory output by amending the scale (amount) of something by increasing or decreasing the levels of certain aspects. 
Yoji Akao, in the History and Definition of Quality Function Deployment, suggested that QFD; 
‘is a method for developing a design quality aimed at satisfying the consumer and then translating the consumer's demand into design targets and major quality assurance points to be used throughout the production phase’ [14].
	The QFD diagram, (Appendix J) was used to realise the requirements of the operator and customer and what needs to be introduced to improve the test procedure. The following approaches and features (most heavily weighted) would be beneficial to the current system:
· Increasing monitoring support in the test cell would help improve the delivery of customer and operator values.
· Increasing the level of awareness / improving the notification of a leak
· Increasing the reaction to a leak (i.e. immediately notifying the operator to remove an item)
· Increasing the accuracy of counting bubbles
· Improving the ability to monitor the test even during distractions

	It is evident that the introduction of an automated, digital device could aid an operator and help solve issues of accuracy with monitoring and gathering test data. 
It is clear that some extra observational support would have a strong positive effect on achieving operator and customer requirements. Ultimately the customer requires a full set of accurate data with a record of evidence that the test was carried out. Introducing a piece of test kit would benefit the operator’s ability to repeatedly perform the test to the required standard. Such an addition would form a strong positive correlation with all other quality characteristic and functional requirements of the test. The targets realised in the QFD diagram would be an ideal starting point for designing a digital bubble counter, but it is important to remember the relevance of the introduction and that it must conform to the demanded qualities of both customer and operator. It should not be relied upon solely for identifying leaks nor encourage laziness in the operator but to act as a support tool. It could however reduce the number of observing operators required during a trial.

The following features formed part of the solution’s targets and will be considered for design;

· Display data on a visible LCD screen
· Automatically time the test
· Automatically measure / monitor and conditionally alert trial activity outside of accepted standards
· Include a visible and audible alarm system 
· Display basic test instructions
· Use external instrumentation and software for monitoring and processing bubble leaks for improving accuracy / sustainability of counting / measuring

15.  Root Cause Analysis (RCA)

According to M. Doggett in his paper Root Cause Analysis: A Framework for Tool Selection; 

‘Beneath every problem is a cause for that problem. In order to solve a problem, one must identify the cause of the problem and take steps to eliminate the cause. If the root cause of a problem is not identified, then one is merely addressing the symptoms and the problem will continue to exist.’ [15].
This statement suggests that we must dissect a process within a system to be able to trace where and why the true causes occur, only then can the issues and its affects be solved and reduced. 
	To understand why leak detection and recognition could be inadvertently omitted throughout a trial, a Root Cause Analysis (RCA) was carried out to investigate details and define the underlying issues regarding the problems. This involved identifying;
· What happens?
· How it occurs and why it took place?
· What can be done to prevent reoccurrence?
	
A fishbone diagram, aka Cause and Effect diagram, as developed by Kaoru Ishikawa [16] is a very powerful RCA technique and a good way to identify and organise true causes of failure by tracing underlying issues to reach the root of the cause. Subsequently, the 5 Whys [17] questioning technique can be used to identify the sub causes that lead to the Primary causes. The diagram below (Fig.13) was used to investigate underlying issues with the data capture method currently being used.
[image: ]
Fig.13 – Fishbone Diagram
When a technician is tasked to perform the observation of a seal test, there are many human, equipment and facility factors that can influence and impede the trial.  
The main aspects, along with their secondary root causes of effect are:
· Distraction: Naturally human beings can become distracted by others that they are working with, perhaps by conversation. When technicians have more than one task at hand they can only focus attention on one thing at a time. When resetting the stopwatch, they can’t physically be observing the tank for bubbles. Staff behaviour could fall below standard with unwillingness to observe the tank for the full duration. If the telephone in the test lab rings, it must be answered in case it is an emergency call for action to evacuate the explosives area.

· Fatigue: The monotony of having to perform multiple observations for long periods of time can take its toll on the operator. It is a good idea to interchange working roles during the test to introduce variety and break up repetitive mundane tasks. 

· Environment: Existing issues within the surroundings are; poor lighting, discomfort from long periods of standing or sitting staring into the tank, noisy immersion pump causing a nuisance (irritation) to observer and poor visibility due to poor water and tank transparency. 

· Leak event: When a seal breaches and a leak occurs, it may happen so quickly or unexpectedly that it is impossible to react fast enough to count the number of bubbles. It may also be that the leak is so small, it is difficult to see the bubbles appearing. 

· Human error: The human factor can often play a part in irregular or inaccurate test results. For example, when staring into a small space our mind and vision can play tricks on us, producing optical illusions in conjunction with the lighting and reflections. The observer may also miss-count bubbles or even forget how many bubbles leaked from a store. Hand-written figures can even be hard to read when hand writing is illegible. 

· Man power: A lack of available staff may put pressure or stress onto a single member of staff for the preparation and observation of multiple tests. Inexperienced, confused or inadequately trained staff may not be confident in what constitutes to a seal failure and resultantly not be very decisive in making the decision to terminate a test or when to remove an item. 


The RCA suggests many possible factors can add risk to the process. An electronically automated and independent scientific instrument could improve the task and support the power of human observation, aiming to eliminate any risk to data capture or leak detection in relation to the common potential known occurrences and causes.

16. Existing underwater data capture methods

	Defstan 00-035 Part 3 Issue 5 [18], describes existing pressure differential methods of testing for the evaluation of leaks (Fig.14). The methods are split into two categories; external and internal detection approaches. The external category is further broken into gross leak and fine leak detection. Some methods can locate the position of leaks and the rate of leakage. Other non-quantitative and indirect methods can be used to indicate deterioration of sealing of individual test materiel. 

[image: ]
Fig.14 – Categorisation of Leak Evaluation Methods (Defstan)
External methods
	The Gas Leakage Bubble method quantifies leaks by collecting bubbles and measuring the volume of entrapped gas. A pressure differential (typically around 100kPa) is formed between the inside of the test specimen and the fluid, either by increasing the pressure inside the test item, reducing the pressure of the fluid (water tank located within a vacuum chamber) or by immersing the item (at ambient temperature) into hot water. This method can detect and locate leaks down to a rate of approximately 1 kPa∙l/s, quantifying the leak rate. It is also noted in Defstan 00-035 [16] that a squeeze method exists (STANAG 4340 AEPP-3 Edition 1 Procedure R). This involves filling the specimen with as much air as possible and then squeezing it under 25mm-500mm of water to identify leaks. Similarly, if compatible, foam can be applied to pressurised test items to reveal any leaks (bubbles). The preparation of these pressurised methods can however result in the test item structures becoming impaired and not ideal for post-trial analysis, deeming items unfit for use within other trials. 
	The Seepage method can only be used on items pre-filled with liquid contents. By heating the item to a temperature between +1°C to +5°C above its maximum in-service operational temperature, seepage inspections can be made to see whether the liquid contents seep from any seals.
	The Pressure Differential method involves evacuating or pressurising the test item to the normal in-service usage pressure. A pressure measuring device is fitted to the test item to measure the change in pressure over a period of time and leak rate can also be measured provided that the internal volume of the item is known. 
Test conditions need to be monitored carefully as variations in ambient temperature and pressure can produce errors. This is not a very practical method for small leaks and test items must be adapted (penetrated) for pressurisation and the measuring device. 
	Fine leaks can be detected using the Tracer Gas method. Test items are filled with a tracer gas and various techniques are used to detect and quantify the flow of the gas out from the item. Usually, items have a partial pressure difference between inside and out, to force the gas out. Gas is sprayed in one side of the item and collected at the other by a vacuum box. 
Internal methods
	As well as the immersion techniques, the Tracer Gas method can be adapted to try and force the gas into the pressurised specimen (inside a pressurised chamber) by applying the gas to the external surface of the item using a jet probe or placing it into a chamber filled with the gas. An internal sensor inside the specimen is then used to detect whether the gas has leaked into the item. 
	The Bomb Pressure method is used on items whose electrical characteristics are affected when penetrated with fluid. Fluid (alcohol) is forced into the specimen through available leaking seals and the electrical characteristics of the item are monitored for change. A change in the electrical response via connected electrical terminals, indicates that fluid has seeped into the item. A coloured pigment can be added to the fluid to help signify where the leak is coming from.
	A moisture sensor can be placed inside test items to monitor changes in the internal moisture content over time. This method is called Moisture Sensing and provides an indication of whether seals are deteriorating. Alternatively, measuring changes in the insulation resistance of internally mounted electrical circuits inside a specimen, over time, can suggest indirect indications to the performance of manufactured sealing. 
All these methods require the purchase and running of expensive pressurisation kits or chemicals. A cheaper and more simplified method would suffice.  
	Other methods of detection include the use of ultrasound to detect air bubbles. The Lifeguard Ultrasonic Air Bubble Detector [19] by MOOG (Fig.15) is applicable to various fields including Medical equipment, Laboratory, Pharmaceutical, Food and beverage processing (beer fermentation), Industrial (automation), Automotive industry and Oil and gas production [20]. 
It uses ultrasound to detect air bubbles in liquids and gasses passing through a tube inside the sensor apparatus and sends a notification signal via its test and output connections. Ultrasonic detection could be used for this project by aiming a similar sensor onto the seals of ammunition.
[image: ]
Fig.15 – Lifeguard Ultrasonic Air Bubble Detector [19]

	LeakTronics [21] are the producers of expensive professional swimming pool leak detection equipment. They use a variety of pool scopes to detect leaks in swimming pools, structural cracks, plumbing and water pipes. The kit (Fig.16) consists of an underwater microphone (hydrophone), a volume control meter and headphones that the operator uses to detects leaks by listening for bubbles or water flowing in or out of holes. The vibrations are picked up on the microphone (amplified) and played the through headphones as a variable whooshing sound, indicating the source or location of the leak. 

Fig.16 – LeakTronics Kit [21]
What is a Hydrophone?
According to the Hydrophone Handbook, ‘a hydrophone, from the Greek hydro (water) and phone (sound), is a microphone that detects acoustic signals, such as sound pressure, underwater’ [22].  
	A hydrophone is a waterproof piezoelectric microphone that contains a sensitive crystal that responds to an applied physical vibration, such as an incoming sound wave, by converting mechanical energy into electrical energy. In response to the applied mechanical stress (compression), the crystal generates an electric charge (Piezoelectric effect). The output of charge changes the voltage between the electrode plates that lay across the crystal. This voltage output can be interpreted as a voltage signal and can be analysed using an oscilloscope (Fig.17).
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Fig.17 – Workings of a Hydrophone [23]
According to the Good Practice Guide for Underwater Noise Measurement by the National Physical Laboratory;
‘Acoustic measurements are required for applications as diverse as acoustical oceanography, sonar, geophysical exploration, underwater communications, and offshore engineering. More recently, there has been an increased need to make in-situ measurements of underwater noise for the assessment of risk to marine life’ [24]. 
	The use of a hydrophone seems to be the quickest, cheapest and least destructive, invasive and hazardous method of detection. The alternative methods suggested in Defstan are set standards for evaluating leaks but rely on tampering with defence materiel. The set up for most of these methods requires either pressurising specimens, inserting sensors or pumping gases into the items, all of which is costly and damaging to the test items, often rendering the materiel unfit for further testing within proceeding trials. A non-contact detection method would be a more practical, safer and cleaner option, especially for SAA, allowing specimens to remain unaffected.











Alternative methods

Table 2: 
Comparing Advantages and Disadvantages of bubble detection
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Table 2 - A table to compare the Advantages and Disadvantages of common bubble detection methods

	Table 2 compares various common methods of bubble detection, highlighting their advantages and disadvantages. Considering the table, the best way to decide on the method for this project was to investigate the costs of either making the kit by hand or purchasing off the shelf products. The result of this market place research was that a hydrophone was purchased from an online company, called Monkey Sound [25], that custom builds small hydrophones (Fig.18).

[image: ]
Fig.18 - Custom made Hydrophone [25]
17. Existing Products / Technology

	By researching online existing products and services provided by leak detection companies I was able to gain exposure to alternative techniques used in the test industry. Online research into electrical components also provided me with an insight into the capabilities of digital data capture. I then proceeded to research potential purchases of components and weigh up the feasibility of the project.

Technical Research:

Detecting bubbles

The hydrophone below (Fig.19) will be used as the instrument for detecting bubbles. 
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Fig.19 – Chosen Hydrophone (Monkey Sounds) [25]
	
Raising the signal

	To transform the low-level potential difference (voltage output) from the hydrophone into stronger signal, the signal needs amplifying. The easiest way to amplify the signal going into the input of the PIC microcontroller is to use a general purpose (non-inverting) 741 Operational Amplifier (OP-amp, Fig.20 & 21). Experimenting with the 741 OP-amp, resistor values can be chosen (R1 and R2) to produce a sufficient voltage gain at the output.

[image: Non-inverting operational amplifier circuit showing how a virtual ground can be used to enable a single voltage rail to be used]
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        Fig. 20 – Non-inverting Op-amp [26]    		Fig. 21 – 741 OP-amp [27]
Negative diode clipping

	The sound signal can be processed using a signal diode. Arranged in forward biased, it can clip (limit or remove) the negative half cycle of the input voltage but allow the positive half cycle to pass through. This will be useful since the next stage is to convert the analogue signal to digital. A signal diode will be used and arranged similar to Fig.22.

[image: ]
Fig.22 - Negative Diode Clipping Circuit [28]    

Temperature sensor

	A waterproof LM35DZ temperature sensor (Fig.23) will be used to measure the temperature of the water. With a +/- 0.6°C accuracy, 4V to 30V supply voltage, 0 to +100°C, the LM35 series are precision integrated-circuit temperature sensors. Their output voltage is linearly proportional to temperature (10mV per 1°C) and will provide temperature data (analogue signal) to the microcontroller.

[image: ]
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Fitted into a handmade waterproof housing







Fig.23 - LM35DZ temperature sensor [29]

Input / output processing

	A PIC microcontroller (Fig.24) will be used to collect analogue inputs from the hydrophone and temperature sensor and inputs (button press) from the operator to make decisions based on the conditional software written for the onboard program. It will actuate outputs based on the commands of the software (eventualities of test).
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Fig.24 – PIC18F25K20 [30]

Literature Review
	The research carried out on detection techniques and technical components has provided a definitive path to follow in terms of the instrumentation and circuitry to be used. The research process discovered a wealth of existing reliable literature in which the theories of leak detection have been explored in depth many times before. 
	The scientific use of acoustic detection is present in many disciplines and its reliability and multi-purpose has been well documented by various reputable sources including the National Physical Laboratory (NPL). Oceanography is a very current topic, with many studies investigating the effect of pollution (plastic) on marine life. Hobbyist are also forward coming with sharing their ideas online and problems they’ve encountered when designing leak detection equipment. 
	With respect to existing products, there are very few companies that manufacture leak detection equipment, a reason why it remains so expensive today. Focus was kept on useful existing instrumentation technologies and methods for collecting and presenting data. The Environmental Handbook for Defence Materiel by UK Defence Standardization, used by the Ministry of Defence, was a very reliable source for researching existing, alternative and official environment test methods. The technical advice found in the Hydrophone handbook provided a useful inside to the workings and possibilities of hydrophones. This publication by ONDA Corporation contained information from many reputable resources, providing reading material to aid the understanding of hydrophones. The most significant factor realised is the importance to experiment and test ideas in-situ. By doing so, other aspects are discovered which transform initial thoughts into final ideas. Keeping the circuit of equipment simple, is key to minimising outside interferences such as noise and EMF.

Environment design - Bubble Station Laboratory Design

	Initially, experimentation was performed in the laboratory with a hydrophone, a digital video camera and a cup of water (Fig.25). Blowing into the cup through a straw, the sound and footage of bubbles forming out the bottom of the straw was recorded by connecting the hydrophone to the microphone input jack on the video camera. The bubbles could be heard on playing back the footage and proved that the hydrophone was a worthy contender for the project.














Fig.25 – Preliminary experiment

Before thorough experimental work began, a miniature test lab environment (Fig.26) was designed and built for investigating the detection methods and for displaying the final solution. 


Fig.26 – Bubble Station design and build

	
Construction of this design included a basket (Fig.27) for immersing simulative test items and a temperature-controlled water tank, set and stabilised at +21°C, using an electronic silent aquarium heater (Fig.28). 
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	Fig.27 – Immersion basket                                         Fig.28 – Aquarium heater
	A video camera was used to capture the sound of different sized bubbles (Fig.29) using the hydrophone placed at various heights in the water tank. It was found that the best position for the hydrophone was directly in-line with the bubble formation (level with leaking item) as this is where the cleanest and strongest sound was heard (direct line of shockwave). 
Fig.29 – Video camera set up
Experimental Research
	To find out whether a hydrophone could be used to detect small bubble formations from seal leaks under water, it was vital that experimental work was carried out to confirm its valid use within the project. By reproducing leaking SAA using a spent round with a loose projectile (bullet) small bubbles were formed by manually pulling a projectile from its brass casing (Fig.30). Pin-hole sized bubbles and larger (up to 5mm) had to be reproduced for detectability experiments (Fig.31). 

[image: ]Fig.30 - Recreating the eventuality of a leak

			Fig.30 - Recreating the eventuality of a leak

Fig.31 – 1mm, 3mm and 5mm holes in capsules to simulate leaks (bubble formations)			
	A speaker was connected to the hydrophone to firstly discover whether the tiny sound waves could be detected by the hydrophone. The findings of the experiment proved that sound waves were strong enough to vibrate the diaphragm and crystal within the hydrophone and produce a signal for the amplifier, resulting in the bubble sounds being heard on the outside of the tank (Fig.32).

         		
Fig.32 – Listening to bubbles

         
	Using the footage from the video camera, a sound file was created from the recording using the computer software package Winamp (Fig.33). A clean sample of a bubble formation was cut from the sound recording and pasted to form a quick successive repeated pulse (new sound file) to simulate a stream of bubbles, ready for the computerised circuit simulation in the software Proteus 8 Professional.

[image: ]
Fig.33 Creating a leak from recorded sound
Requirement Conclusion
	Since it has proven successful to capture the formation of bubbles leaking from small (representative) holes under water, it can be concluded that a device with an attached hydrophone could be used to capture under water leaks. 

	During early experiments, it was noted that there was undesired acoustic noise and mains (50hz) electrical interreference within the test environment. These are factors to consider when designing the signal voltage threshold level at which to detect and register a bubble. This will influence the amount of output signal gain required through amplification to raise the signal above the noise level.

	Experimentation concluded that resultant surface popping of a bubbles when they reach the surface of the water level, is a lot quieter than bubble formations. The sound wave of the surface pop spreads out into the open and is more difficult to hear with the hydrophone underwater. Surface pops could however, be heard on some occasions so will have to be disregarded by the signal receiver otherwise the bubble count will be twice the value. By setting the accepted bubble count threshold higher than the voltage seen by such low-level surface pops their voltage spike will be ignored.

	Experimentation found that different sized bubbles create different strengths in signal. Smaller bubbles can still be detected but produce a weaker signal (lower voltage spike on the oscilloscope). For this project the device will be calibrated to detect one size of bubble (5mm), typical of a seal leak.   

The next stage of the project is to outline the entire process of the trial and define the test, procedural, technical and operator specifications required for the device so that it fulfils its purpose.
















CHAPTER 3.
Design
1. Current System Flow Chart 
The system design process began by outlining the current process (Fig.34).
A Flow Chart to define the current process
Fig.34 – Current System Flow Chart






Fig.34 – Current System Flow Chart (continued)
2. New System Flow Chart 
The next step was to look at introducing new steps to the current procedure (Fig.35).
A Flow Chart to define the new process


























Fig.35 - New System Flow Chart



[image: ]Fig.35 - New System Flow Chart (continued)


	It is important to note that the new process with the addition of the bubble counter is to hopefully aid the current process but not make it fully automated. A technician will still be required to be present during the test.

3. Defining the process of the bubble count detection system
The circuit design process began by deciding to use a PIC microcontroller to process a system of input signals and output the alarms and test data for display.
Defining the signal processing, control, internal process and outputs (Fig.36):

[image: ]A Flow Chart to define the process of the bubble count detection system

Fig.36 – Defining the inputs and outputs

[image: ]
Fig.36 – Defining the inputs and outputs (continued)

The best option for electronically controlled devices at this level (prototypes) is the PIC microcontroller with its ability to deal with the signal inputs and control the outputs to an LCD.

	Firstly, the small analogue sound signal from the hydrophone will need amplifying into a larger signal for the input pins into the PIC to recognise a change in status. If the input is large enough (decided by the programming code programmed onto the PIC) and above the set cut off voltage threshold, then the PIC will process the signal as a bubble. The PIC’s coding will send an output to the LCD displaying an increment in the bubble count by the value of one. If the amplified sound signal received by the PIC is below the cut of voltage threshold, then the PIC will disregard the signal and will not process it (ignore it as insufficient).
The Inputs 

· Start / Reset button
· Amplified input voltage from Hydrophone (around 1V) 
· Temperature data
· Timer (internal clock timer)

PIC requirement: 3 input pins

The Outputs 

· Large buzzer & Large red LED
· Small Buzzer
· Blue LED
· Data to LCD screen 
	PIC requirement: 3 output pins & LCD communication pins

	An alternative method for determining a seal leak (stream of bubbles) and alarming the user of a high frequency of signal could be that of a high pass filter that only passes signals higher than that of a cut off frequency (determined and set by the filter design). This could be used for an alarm only system but the problem with this is that lower frequency logs (non-stream-like leaks) of bubbles would not be counted and omitted from the displayed results.

	If the duration of the bubble signal is not long enough, then a 555 timer could be used to delay the pulse width duration using Pulse Width Modulation (PWM). Conditions could be set to log a bubble if the pulse duration is greater than a certain (very short) amount of time. The only issue with this PWM technique would be that streams of bubbles in very quick succession would be missed due to overlapping time frames. This would have a negative impact on the operation of counting and detecting a leak if more than 10 bubbles a second occur. A leak might occur but not all bubbles would be detected and therefore not log as a severe leak.

	A final decision was made to listen for the bubbles using a hydrophone and then digitally log leaks that are above the conditional voltage threshold. It proves to be the best method, with regards to feasibility, safety, being independent and non-interfering with the testing of ammunition under water. Other methods were deemed too expensive, time consuming, not practically fit for purpose and risked not capturing all leak eventualities. At this stage it was decided to include an LCD display so that the test data could be displayed and recorded in real-time via a digital camera but to omit the memory (recording) feature of the device. If there is spare time within the project towards the end, the memory and transferring of data to a computer for graphical plots will be investigated. 
The most important aspect at this stage was to ensure that the leaks could be detected and displayed. The decision was made to ignore the fact that during a trial, several items are tested at once and that the bubbles produced during a leak vary in size. 

	It could be an extension of the project to calibrate the system to detect various types of leaks (small and large bubbles) and to recognise and display which item is leaking and from where. However, this can be seen from the video footage, when recording the trial. 

4. Brainstorm

Below (Fig.37) is a brainstorm of ideas and an initial product design idea (Fig.38):
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Fig.37 – Brainstorm of ideas[image: ]
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Fig.38 – Initial Product design idea
5. Requirement Specifications

	 Test and solution specifications were defined using the responses and findings from the questionnaire, RCA and QFD and will form the basis for design requirements. 

	Referring to the Test Specification (Appendix K), Procedural Specification (Appendix L), Product Technical Specification (Appendix M), and Operator Requirements (Appendix N), it was possible to define the features of the device and what it needed to include visually and internally (hardware and software). The previously defined inputs and outputs were the starting points for design. 

	The projections of the RCA and QFD prompted a design solution to meet the project’s objectives. The following idea could be designed to counteract the current issues of fatigue, distraction and human error and comply with test standards. It is import that the device behaves in a supportive way and doesn’t delay or cause confusion during the test, with a simple switch to turn the unit on and a quick one button operation.
























6. Final Prototype concept design

The following are the Front (Fig.39) and Side Perspectives (Fig.40) for the design.
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Fig.39 – Front Design Perspective



[image: ]Fig.40 – Side Design Perspectives
7. LCD Display design

The following (Fig.41) are the layout designs for the 20 x 4 LCD character display screen:
[image: ]
	Fig.41 - LCD Designs
Locations for LCD Character Display: lcd_gotoxy(?,?)
First row: (1, 1) to (20, 1)
Second row: (1,2) to (20,2)
Third row: (21, 1) to (40,1)
Forth row: (21, 2) to (40, 2)
8. Continued component research & Cost control

Electronic Piezo buzzer (Fig.42)

[image: ]

Fig.42 - Electronic Piezo buzzer [31]


Electronic Active buzzer (smaller) (Fig.43)
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Fig.43 - Electronic Active buzzer (smaller) [32]


[image: ]Liquid Crystal Display (LCD) (Fig.44)


 
Fig.44 – 20x4 LCD [33] 




9. Purchase Planning list
Market place research enabled the sourcing of components at reasonable cost. Table 3 (Appendix R) lists the purchases made ready for the build stage of the project. The total cost of parts came under budget as planned.
10. Proteus circuitry design / Schematic

[image: ]	Below is the final circuit constructed in the computer software Proteus 8 Professional (Fig.45). The circuit could have been made using a series of relays and transistors, but the small size, accuracy and availability of PIC microcontrollers means that a programmed PIC is a more modern, self-contained, practical and feasible choice for the construction of the electronic unit. Conditions and design specifics can be more easily controlled and amended at testing stages simply by making amendments to the instructions within the software.

Fig.45 – Proteus computerised schematic
The schematic includes:
· 1 x PIC18F25K20 microcontroller (manufactured by microchip, powered by 3.3V)
· Analogue input signal sound source (.wav sound - Waveform audio file) representing hydrophone voltage input signal
· Amplification circuitry (powered by 5V); 741 OP-AMP, 2 x 100K Ω resistors (acting as a voltage divider to produce 2.5V from 5V), 1MΩ and 500Ω resistors, 2 x 1µF capacitors and a 10µF capacitor (to maintain 2.5V within this part of the circuit)
· 1 x signal diode (to cut off signal’s negative voltage), 1 x 10KΩ & 1 x 10MΩ resistor (for reducing unwanted low-level noise)
· LM35 temperature sensor (powered by 5V)
· Tactile switch button (powered by 3.3V) & 10KΩ resistor
· Red LED & Piezo transducer buzzer 
· Small buzzer 
· Blue LED 
· 3 x VN2222LL MOSFET transistors
· 20 x 4 LCD (powered by 5V supply)

	The DC circuit will be constructed on a breadboard using a breadboard power module (with a split voltage regulator) that will provide the circuit with two separate power rails, one rated at 3.3V (to power the PIC) and the other at 5V to power the rest of the circuit. The power module itself will be powered either using a 9V mains (transformer) or a 9V battery supply fitted inside the unit.
	The schematic capture shows the system working using a PIC18F25K20 microchip controller. This Programmable Interface Controller (PIC) was chosen due to some of its properties as noted below;
· 32KB Program Memory Size
· 256 EPRROM in Flash
· 1536 Bytes SRAM
· 28 Pin
· 64MHz Max CPU Speed
· 16MHz, 32MHz internal oscillator
· 2 Comparators (may be used for input voltage bubble detection)
· 10 ADC inputs (one for bubble signal input, one for temperature data input)
· 10 Bit Max ADC resolution
· Internal voltage reference
· 1 x 8-Bit Digital Timer
· 3 x 16-Bit Digital Timer
· 10-Bit PWM Max resolution (not using)
· 1 x UART
· 1 x SPI
· 1 x I2C (may use if project develops)
· Temperature range -40°C to 125°C
· Operation voltage between 1.8V to 3.6V

	All the properties for the PIC were selected using the parametric search facility on microchip.com [34] and are confirmed on the datasheet for this model. 
	This PIC includes clock wire (SCL) and data wire (SDA) pins so that if there was enough research and production time, further investigation could be carried out into the idea of the data logger incorporating an I2C bus to act as a storage (memory) and communication link (via an RS232 port) to an external computer software package such as Excel. 
	Once the circuit had been built ready for computer simulation, the procedural software (C) basic programming language (source code) for the operation of the PIC microcontroller was written in the source code window of Proteus. It took many attempts to get the basic code working as per system design, using and amending typical control structures. Once complete, the source code was compiled using the Custom Computer Services Inc (CCS) Compiler linked to the Proteus software. This transformed the source code into Hex code, ready for release and upload to the PIC. 
Workings of the circuit 

	Firstly, the analogue signal produced by the hydrophone (sound file) is amplified by the 741 OP-AMP. The sinusoidal signal passes through the forward biased diode and negative clipping of the input signal eliminates all voltages below zero. This effectively flattens the signal to only allow positive voltages within the signal to pass through to the PIC microcontroller. Once at the ADC (Analogue to digital Converter) AN0 pin of the PIC, the signal is read as a digital input. The input is then dealt with by the software uploaded onto the PIC (see PIC Programming). 
	The temperature sensor outputs 10mV per 1°C and its voltage input is connected to the ADC channel 1 pin AN1 of the PIC. The PIC also reads this analogue signal and converts this input into digital data. This digital (bytes) value is then also processed by the PIC Programming. The Start / Reset button connected to pin RA3, provides the PIC with an input to begin the software program at the operation level. 
The pin is constantly pulled to a logic state low but pressing the button turns the pin’s logic state high. The momentarily spike in voltage acts as the input signal to start the operation (or reset the program). The buzzers and LEDs connected in the circuit also remain at logic low (false) until an output from the pic (grounds them via the transistors) turns them high (on). The PIC communicates to the LCD screen via the pins; RS-Register Select, RW- Read / Write, E – Enable, D4 to D7 - 4 Data Pins. 









11. PIC programming
	The workings of the device will be incorporated into the microchip and governed by the programmed coding for the device. The code will consist of various conditions that will determine the following;
· If the water is in temperature before and during testing and to alert the user if outside the testing range limits of +21°C to +35°C.
· If the voltage input signal from the hydrophone to the PIC Microcontroller is above +1V, then a single count can be added to the bubble total.
· If there is a stream of bubbles, signify a severe leak, (more than 10 bubble formations per second detected) then alarm and when to remove the leaking store.
· When the test time is up, and the immersion test is completed, time to remove the test items. 
	The LCD will need to display minimal instructions to the user, notifying the user when the device is in testing mode, the time, the bubble count, the temperature of the water, when the test is complete and when to remove test items due to seal failure or end of testing. A varied audible alarm system will aid the alert of the water being out of temperature range, leaks detected, end of testing and for the removal of test items. 
Software for The Final Solution 
	The programming coding (main.c file) for the system logically states the conditions for how the final product works, calls the driver for the LCD module (lcd.c file), sets up the timer, sets up the analogue ports, defines the pins to be used on the PIC and utilises the configuration (main.h file) of the PIC18F25K20. 
The timer for the software is based on the 12.5ms of the enabled interrupt; 
80 pulses x 12.5ms = 1 second count
After 1 second, the second timer is reset, and a count is added to the minute timer. When the minute timer reaches 60 seconds a count is added to the total minute counter. The counter period for this prototype has been set at 1 minute and is implemented into the system by ending the counter operation (becomes false) if the total minute timer is equal to 1 minute. Testing continues until operate becomes false. The total testing period of the system is also set to 1 minute and is defined at the top of the program. If the test time of 1 minute equals the total minute count, then the device emits the test complete alarm with alternating buzzers and LEDs switching on and off via the associated pins (A4: red LED & large buzzer, A5: blue LED, A6: small buzzer). 
	Upon switching on the device (toggle switch), the LCD screen notifies the user that the equipment is ready for use (that the program is loaded) by printing “**Ready**” on line two. Without any user input (before the start button is pressed and an input is received on pin A3 of the PIC) the device is monitoring the water temperature via the connected waterproof LM35DZ temperature sensor. The program calculates (before and during testing) whether the water is within the acceptable range of +21°C to +35°C using the following conditions;
Output voltage of LM35 = 10mV per 1°C
 3.3V (ADC 10 bit) microcontroller (1024 bytes data EEPROM) 
21°C = 10mV x 21°C = 210mV = 0.210V
3300mV Pic Voltage / 1024 bytes = 3.22mV per byte
For temperature sensor: 21°C = 21 x 10mV = 210mV output
210mV / 3.22mV per byte = 65 bytes
To display the temperature characters on the LCD:
E.g. 21°C is represented by displaying the characters 65 on the LCD
For conversion it was found that 65 / 21 = 3.1 
The digital byte output therefore needs dividing by 3 for the correct character display.
(0.210V 3.3V) x 1024 = 65.2 but due to 65  3 = 21.7 of which small voltage fluctuations would round to display 22, 63 will be used as the lower limit. (63  3 = 21°C) is more accurate for display purposes and within 10% tolerance.
35°C = 10mV x 35°C = 350mV = 0.350V
(0.350V 3.3V) x 1024 = 108.6
Therefore, the condition for the unacceptable temperature input is if temp<63 or >108. 
A jug of hot water and a bowl of ice water was used to check the calibration of the temperature sensor, compared to an off the shelf waterproof temperature sensor.
	Before and during testing, the program reads the input from the ADC channel (1) and logs this input as the current temp. If the temp readings are below 65 (21°C) or 108 (35°C) the third line on LCD displays “ADJUST WATER TEMP!” and flashes the blue LED. Before starting testing, the program constantly monitors the temperature of the water (every 30ms). The message and blinking blue LED is visible until the water temperature is within range. Once the water temperature is within range, “PRESS START!” is displayed on the bottom line of the LCD and the user can start the test by pressing the white button once on top of the device. If the test is started whilst the water temperature is out of range, the “ADJUST WATER TEMP!” message will instantly appear at the start of the test.  Before displaying the new digital temperature figure (new_temp) on the LCD, the data value is divided by 3 (e.g. 66  3 = 22°C). To make this calculation more accurate, this value also becomes the old temperature value (old_temp) which is itself; divided by twenty-five and subtracted from the (temp  3) figure. This process aims to subtract any displays error due to readings close the minimum and extreme temperature limits. 
temp/=3
new_temp=temp-(old_temp/25)
To clear the text display on the LCD of the alternative message, blank spaces are used to overwrite the unnecessary message if the condition is no longer true.
	Upon pressing the start button (operating) the blue LED is illuminated to signify testing has started and the LCD screen is cleared before displaying “TESTING” on the top row with a “.” (dot character) appearing to repeatedly move (animate), three spaces along after every 250ms to signify the program is running. The timer (total_min and min_timer) is displayed in the middle of the LCD on the second line in the format “Time: 00:00,” displaying the total minutes and seconds. The bubble total (bub_total) count is displayed in the format “0000 BUBBLES” on the third line. Throughout testing, the character displays for “Time:” and “BUBBLES” remain written only once to the LCD. The numeric figures for minutes and seconds are updated once a second (if sec_timer<10) and bubble count is updated constantly during testing, once every 50ms. 
Throughout, testing water temperature is monitored and the calculated figure rewritten to the LCD (along with the characters “°C”) every time the minute timer is on 0, 2 (for reset purposes), 15, 30 and 45 seconds, so long as the done2 flag remains false (not yet measured and written). The measure and display done2 flag becomes true if the measure conditions are complete and is then is reset to false after one second. If the water temperature goes outside the range, the blue LED flashes once and the small buzzer (pin A6) bleeps once.  
Is it a Bubble?
	For the total bubble count to increment by one count, the input voltage of the signal into the PIC from the amplifier needs to be larger than that of the known bubble formation voltage output signal value, as set in the program. Using an oscilloscope connected to the amplified signal (and ground) it was noted that a gain of 2001 could produce a bubble voltage spike of just over +1V. 
	To ensure capture of a bubble occurrence, a minimum +0.9V was set as the threshold, as the required voltage detection level. A signal above +0.9V is classed as a bubble and added to the counter. 
3.3V (ADC 10 bit) microcontroller (1024 bytes data EEPROM) 
(0.9V / 3.3V) x 1024 = 280 bytes set as the threshold

If the value read from the ADC channel 0 is greater than 280, then under a controlled testing environment, this voltage spike signifies a bubble and a count is added to the total number of bubbles (bub_total). 
Is it a Leak?
	For this test software, a leak is classified as a stream of bubbles. The software only listens for a leak when in testing mode (if the start button is pressed and the microprocessor is running through this part of the code). The PIC only processes the input signal from the hydrophone when the immersion test has begun. For the purpose of the prototype, any frequency of more than 10 bubbles in just under (938ms) one second (If bub_count>10 and sec_timer<75) the LCD displays “LEAK DETECTED!” on its bottom line, The red LED and large buzzer (pin A4 goes high) are activated on every odd second and the blue LED (pin A5) blinks off and on, on the opposite even seconds. This set of commands stays true (stick = 1) with the alarm remaining to trigger every other second until the stream of bubbles slows (stick = 0) to a bubble count increment of less than 10 bubbles a second. If a leak is not detected, the red LED and large buzzer remain off and the blue testing LED remains on. 
 	On completion on the one-minute test, “TEST COMPLETED” is displayed at the top of the LCD, along with the total time elapsed, water temp and total bubble count in their usual positions on the LCD. A message of “*REMOVE TEST ITEM*” also appears at the bottom of the LCD. The done flag for this operation remains false until completed. As soon as the minute timer equals test time, the done flag becomes true and the messages are therefore only written to the LCD once, upon end of testing. 
Pin A4 (red LED and large buzzer) becomes true (turns on) whilst pin A5 becomes false (blue LED) turns off. The pins then alternate every 250ms (fast) between being high and low (on and then off) twice over, including the addition of pin A6 (small buzzer) becoming true in time with pin A5 (blue LED). This creates a fast alternating LED and alarm effect to alert the operator that the test has ended (end of operation). Following a five second delay, the message “PRESS BUTTON” replaces the “REMOVE TEST ITEM MESSAGE” on the bottom line of the LCD and the alternating LED and buzzer effect (pin A4 and pins A5 & A6) blinks and alarms every 500ms (at a slower rate). This blinking and alarming continues until the start / reset button is pressed and released. Upon pressing the button, the message “RELEASE BUTTON” appears on the bottom line of the LCD to inform the user to release the button to fully reset the device and turn off the red LED and both buzzers. After reset, the LCD screen returns to displaying the initial setup of “**Ready**” and “PRESS START” along with the water temperature. The reset function of this program also resets the bubble counter, bubble total, second timer, minute timer and total minutes, and the operate and testing status to false. This forms the end of the main function and resets all values ready for the next test to begin, directing the program to return to the start, at the point at which the operate and testing conditions are waiting to be set to true. 
Computer Simulation results:
	Below (Fig.46), the digital oscilloscope on Proteus shows the analogue input sound signal (yellow) with a peak voltage of around 100mV before amplification, then digitally around 1V post amplification (blue) before the diode, and post diode (red). This represents the negative part of the signal being removed by the diode so that only a positive voltage is read by the analogue input pin on the PIC. 
[image: ]
Fig.46 – Digital Oscilloscope
The Op-amp boosts the signal voltage level to a higher level that can be used for processing. The amplification factor of the Op-amp can be calculated by;



Av = 1 + R2/R1 [26] 

Av = 1 + 1000,000  500Ω = 2001 ratio

This resistor ratio is adequate for the signal and produced a voltage spike between 1v and 1.25V, depending on bubble size. 

The voltage gain Av can be calculated by;

Av = Output voltage / Input voltage
Where V1 = 0.1V and V2 = 1V
V2 / V1 = 1V / 0.1V = 10
The voltage amplification (gain) can be proved by;
Voltage Gain in dB:    av = 20 log Av [35] 
L = 20 × log (Av) 
L = 20 x log(10) = 20dB 
20dB is equivalent to 10 times the voltage
0.1V input x 10 = 1V output

LCD test displays:

	To test the simulation, the temperature on the LM35 temperature sensor was adjusted to represent the water being; within an acceptable range of +24°C, too cold at +19°C and too hot at +36°C. The signal input (audio file) used to simulate bubbles was deigned to trigger a leak within the first second of playback. It represented 18 bubbles being produced within the first second of test time.

Switching on the device, water temperature is within range and ready to start testing! (Fig.47)
[image: ]            [image: ]
Fig.47 – LCD display 1
Switching on the device, water temperature too low! (Fig.48)
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Fig.48 – LCD display 2










Switching on the device, water temperature too high! (Fig.49)
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Fig.49 – LCD display 3

Leak (very fast stream) detected at the start of testing before 1 second elapsed! (Fig.50)
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Fig.50 – LCD display 4
Simulating the circuit and software on Proteus enabled the circuit electronics and program to be tweaked easily. This was particularly useful for arranging the character display on the LCD in the correct positions. After confirming that the system was performing as instructed, the product build could begin. 









CHAPTER 4.
1. Production of device
	The prototype was produced onto a breadboard so that it could easily be modified as the project developed. The unit itself was made from a hobby box (Fig.51, 52 & 53) and houses the breadboard circuit and all the components (LCD, LEDs, buzzers, socket, switches and button).
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Fig.51 – Final Product
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Fig.52 – Inside the unit
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Fig.53 – Side view of unit
2. Implementation & Testing

To test the device the Bubble Station environment was used to simulate the conditions for a fictional immersion trial (Fig.54). 

[image: ]
Fig.54 – Final Test Setup 

The hardware used for experiments included:
· Tektronix TDS 2002 Two Channel Digital Storage Oscilloscope
· A hydrophone
· Small water tank
· Aquatic air pump and tap (for consistent / variable bubble rate / size production)
· Digital video camera
· Handmade Bubble Station

Starting a test:

LCD displaying the correct temperature, sensor at ambient room temperature (Fig.55):

[image: ]
Fig.55 – Ready to start

Water temperature too high at the start of testing, sensor placed in hot water (Fig. 56):
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Fig.56 – Temperature too high

Water temperature too low at the start of testing, sensor placed in ice water (Fig.57):

[image: ]
Fig.57 – Temperature too low
During a test:

Water temperature too high during testing, sensor placed in hot water (Fig. 58):

[image: ]
Fig.58 – Temperature too high during testing






Detecting a leak:
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            Constant stream of bubbles	  Greater than +0.9V input pulses seen on the          						  oscilloscope at a rate greater than more than 10 a second
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Fig.59 - Fast Bubble stream signifying a seal Leak

Bubble seen during testing but not classified as a leak (Fig.60): 

[image: ]      [image: ]
         Odd bubble or two		       A singular peak voltage spike greater than +0.9V (over 1V) 					       representing a bubble. The many echoes of the bubble 					       (represented by lower voltage spikes) in the water tank taper off 				       to 0V.   
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Fig.60 - Slow bubble formations (No major stream)
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Fig.61 - End of test

Testing proved that the device was working properly by counting to test time, logging bubbles and alarming at the correct scenarios.

Issues:

	When testing the device using a mains adaptor to power the breadboard power supply module, it was noticed that the bubble counter was logging 5 voltage spikes unrelated to bubble formations. There was a lot of noise on the circuit. Using a voltmeter, it was realised that there was a 5-spike voltage pulse on the analogue input pins of the PIC microcontroller which was occurring every second that the LCD incremented the timer display. This meant that the entire circuit was not grounded properly. To solve this issue, the decision was made to power the circuit from a 9V battery. This immediately solved the issue of noise and grounded the circuit properly. 

	The other notable issue was the interference cause by very loud noises and vibrations to the surface upon which the Bubble Station rested. As well as amplifying the analogue input from the hydrophone, the circuit would amplify any large vibrations (substantial table knocks) or clapping of the hands, as a signal above the +0.9V threshold, therefore registering these as bubble counts. Naturally, the water in the tank was a good shield of acoustic noise, as water is a poor conductor of sound when travelling from air into water. Once the program for the bubble counter had been calibrated to only log voltages above the threshold, any low-level sounds that the hydrophone detected were ignored along with mains electrical noise. Ideally the laboratory needs to remain fairly quiet and the test tank to remain undisturbed. The counter however seems very tolerant of background noise and low-level disturbances to the water tank.


3. Conclusion / Results

	Using the Bubble Station, it was possible to test the device in a representable environment. The device proved that it would be a valuable addition to an immersion trial and the fully working alarm system would aid the operator at registering all eventualities of leaks and testing conditions. Matching the computer simulated model (Proteus) it performs as intended. It has proven that underwater bubbles can be detected and processed using this method of analogue to digital conversion as found in research literature. 

4. User Manual

Below (Fig.62) is the usual manual defined for the new working instructions for the immersion test. It provides an overview of how the device functions and informs the operator with instructions on how to correctly operate the equipment. 
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Fig.62 – User Manual
CHAPTER 5.
Solution & Project Evaluation
	 Testing the device in a simulative environment has proven it fit for purpose and delivers results as expected. The hydrophone listens for leaks and sends the bubble signals to the microchip for processing, overall proving to be a useful piece of instrumented equipment for the specific trial format in question. Most importantly, the software built into the system processes the inputs from the hydrophone and temperature sensor very accurately and logs every bubble occurrence and fluctuation in water temperature. The alarm system triggers as expected, with sufficiently loud buzzers and bright LEDs to draw attention to the operator. The LCD screen clearly displays visual results and instructions during use. The hydrophone and microchip combination provide satisfactory detection and logical processing to trigger and control outputs for awareness of leaks and test specifics. The software accurately monitors the test conditions and the (amplified signal) threshold used remains immune to low-level audible and electromagnetic interference (mains). The final product supports the findings of the literature review in that it is possible to listen for leaks underwater. Overall the final project outcome successfully resulted in a working prototype of a useful piece of kit (Fig.63). 
	.
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Fig.63 – Digital Bubble counter kit
	Experimentation was the strongest form of research for this project and proved vital for analysing the capabilities and limitations of detection. Researching the test subject by making observations and collecting feedback from current operators, gave a good insight as to the requirements for the project and helped shaped the solution. When others view this study, they will hopefully realise the importance of simulative experiments for such unique products.
	The project has provided me with an in-depth understanding of the available engineering research tools that can be used to perform relevant research and analysis when under pressure. The research onion was very helpful at identifying the research methodology. 
It enabled me to rationally approach the study in a structured order, by encouraging me to decide on relevant professional investigative techniques to collate enough topical research and existing information relating to the subject. The QFD and RCA delved further into the problem and helped identify the details for the product. These quick methods were the best options for completing the project to deadline and producing a prototype that works as intended. The study has been a success in terms of providing a solution to the problem identified in the beginning and has been an opportunity to individually demonstrate my ability to plan and manage a chosen engineering project in relation to the course of study. The main themes throughout the project have drawn on my strengths and skills gained during previous modules of study, including electrical engineering, writing software, signal processing and system analysis and design, instrumentation and data capture.
	In addition to demonstrating the academic and practical skills that have been learnt over the period of this course, the project was an opportunity is to prove my understanding of the necessary skills, traits and behaviours required to become a good engineer. By applying the knowledge that I have gained on the Test Range Engineering course, I confidently found a suitable engineering solution to a problem in the workplace. The practical and theoretical processes of the project have put me on a personal journey of learning and given me more confidence and understanding of how to tackle an engineering problem. The successful outcome realised, and the research performed has given an understanding of the steps required to solve such an issue in a short period of time. The project has developed my electronic engineering skills and programming knowledge with the basic input and output systems of a PIC microcontroller.
	This study has been a positive experience that has given me the opportunity to appreciate the methods that can be used to manage time and find solutions in situations where a lot pressure can be on an individual during a project. The Gantt charts created at the interim and final week of the project (Appendices O & P), evidentially prove that my time management skills remained strong, with the project having been completed to deadline. The major disruptions to the schedule included requiring considerably longer to research existing products and technical components for the product design. The design work therefore, also took longer than expected. The circuit build also took longer than planned and pushed the project back by 1 week, delaying the start of product assembly, testing and debugging but multitasking regained the project timeline. On reflection, if I was to attempt the project again I would approach it by spending more time developing the functional software and electronic capabilities and less time on the aesthetics of the unit. I would have liked to have spent more time refining the signal generated by the hydrophone using methods for modulating the signal. I think there is more technical research and development that could be done to enhance the way that device processes the input signal from the hydrophone. A cleaner and stronger input signal would enable more definition of bubble activity and disregard for noise. Further research into signal processing and modulation could develop the project’s boundaries.  



Conclusion & Recommendations
	The Digital Bubble Counter achieves the project aim by successfully providing an affordable suitable solution to the problem set out at the beginning. All the features and functions that the device includes, cater for all the project objectives. All trial and operator specifications have been met. A limiting detection level has left the opportunity to further develop the product but overall it supports trial delivery, alerts the operator and acquires and displays the data as requested. The product is a reliable piece of portable kit that could be feasibly manufactured to acceptable standards upon approval and used onsite at ETC for the immersion tests. 
	Further research could investigate better signal processing techniques and look at a data storage (e.g. onto an SD card). Temporary storage of bubble data logs could enable test data to be transferred onto a computer (as a CSV file) via an RS232 port and populated into tables to be used for plotting graphical results. A graph of bubble logs against time could perhaps be presented to the customer for a visual record of events. This method of data acquisition could be part of a post-test procedure carried out away from the test laboratory at a computer workstation, outside the PES area. Further investigation could be conducted into different (smaller and larger) bubble sizes and the voltage amplification and thresholds required to detect smaller leaks and discount larger noises. Different sized bubbles could possibly be logged by increasing or decreasing the voltage threshold since larger bubbles produce louder formation sounds and therefore larger signals at the hydrophone. Band pass filtering could be investigated to differentiate between noise and bubbles, given that bubbles produce roughly the same frequency (signal response) every time but of a different output voltage. Bubble size detection could be calculated by analysing the voltage input, using programming code within the software. The device could be made further interactive with buttons that allow entry of data to the LCD display, such as date, operator staff number, item serial numbers and trial number. This could be the next stage of experimentation and could develop the abilities of the bubble counter.
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Appendix A – Original Gantt Chart
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Appendix B – Test 1 Results Sheet
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Appendix C – Test 2 Results Sheet
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Appendix D - Log Book Example 
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Appendix E - Calibration & Uncertainty Calculations Example
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Appendix F – Working Instruction for Hot Immersion Tank
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Appendix F – Working Instruction for Hot Immersion Tank (continued)
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Appendix F – Working Instruction for Hot Immersion Tank (continued)
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Appendix G – Risk Assessment for Immersion Testing
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Appendix H – Recommended Test Severities for Immersion Test
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Appendix I – Feedback Questionnaire
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Appendix J – QFD diagram
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Appendix K – Test Specification
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Appendix L – Procedural Specification
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Appendix M – Product Technical Specification
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Appendix N – Operator Requirement Specification
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Appendix P – Final Gantt Chart 
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Appendix Q – MOD Equipment Approval form
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Appendix Q - MOD Equipment Approval form (continued)
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Appendix R – Table 2 Purchase List
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Demonstration Files (on DVD)
· Digital Bubble Counter programme source
· Proteus Professional 8 project file (schematic) 
· Short video demonstration of device working
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15 What is covered?

h (] The operation of the Hot Immersion Tank, by a Competent Person (CP).

1.2 This facility is designed to meet the test parameters in DEF STAN 07-55 Part 2,
Section 4, Test D6, Procedure E. The maximum operating temperature of the water
is +60°C.

Who is responsible?

2.1 The ETC Facility Manager is responsible for ensuring that employees fully comply
with this Instruction.

PREPARATION

Step | Actions

1 In addition to the Safety brief, and before commencing with this task all
associated risk assessments, safety information and any other related data
must be read, understood and all stated requirements fully complied with.

2 Safety note
o Prior to conducting a hot immersion test the operative must ensure that, the

store(s) have been certified safe for immersing in water at +60°C.
» The personnel protection cover (metal grid) must always be placed over the
tank whilst personnel are observing store(s) under test

8 Prior to testing, the combined boiler and tank must be flushed through with fresh
water.

4 The bottom drainage stopcock must be opened to allow any sediment to drain from
the tank.

5 All stopcocks must now be closed and the tank unit(s) filled with water to a
minimum depth of 75mm above the water inlet ‘T" piece, which is located at one
end of the immersion tank.

6 If the tank is empty, a float switch in the boiler will inhibit the electrical supply to the
controls system.

7 e Connect the power supply lead to the nearest appropriate switched outlet.

e The Immersion Tank is electrically protected with an earth leakage circuit
breaker.

8 e Set the water temperature heating controller to the temperature specified in the

Trials and Instruction Sheet (TI).
o The heating element thermostats are nominally set to 5°C above the required
temperature, i.e. +60°C (See D6, Para. 2f of DEF STAN 07-55)

9 Turn the wall socket to the ON position; then press the ON (I) button on the
contactor.

10 | Switch on the pump and both heaters.

Framework Document Owner: ETC Facility Manager
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1

Check that the water is circulating through the immersion tank and that all
indicators are illuminated.

12

e Replace the insulated lid to the immersion tank.

e As the time taken for the water to reach and stabilise at the desired
temperature is in excess of six hours, this initial heating is usually carried out
overnight.

13

When the water temperature has risen to approximately that specified in the TI,
immerse a calibrated thermometer to the required immersion depth specified and
note the water temperature.

14

If this is not correct, either the heating controller setting will have to be adjusted, or
the immersion heater thermostats adjusted.

15

There is also a water temperature thermostat within the boiler compartment, which
is set to approx. 70°C.

TESTING

Step

Actions

1

Having obtained a water temperature within the tolerance specified, the stores to
be tested can only be immersed into the tank if the following precautions are taken:

e Stores that have visible exudation are not to be tested in this equipment.
e The equipment must be attended at all times during actual immersion tests.
e On withdrawal of the store from the water, it is to be examined for exudation.

e |f exudation is noted the water is to be treated as contaminated, and changed
before further testing is carried out.

e The water is to be changed at regular intervals.
e When cleaning out due attention is to be taken of any sludge remaining.
o To minimise sludge formation the stores being immersed must be clean.

e Cleaning out must be carried out using a liquid detergent followed by copious
cold water, to include the heating elements, pump and associated pipe work.

Start a calibrated stopwatch or interval timer as the store is immersed and record
the time, store(s) number and water temperature in the trial logbook.

For the duration of the test, watch the store(s) for any signs of bubbles forming.
(To aid this, the pump may be switched off to decrease water turbulence)

If bubbles are found, note the area where the bubble is forming against the
appropriate Store No in the trial logbook

When bubbles have been located, immediately removed the store from test and
note the duration of test undergone, in the trial logbook.

Framework Document Owner: ETC Facility Manager
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6 During the course of a trial, monitor and record the water temperature using a
calibrated portable chart recorder.
(The controller can be adjusted to maintain the temperature within the specified
tolerance)
7 When a store completes the time of immersion specified without bubbles forming,
withdraw it from the tank and place in a sheltered area to dry.
8 If appropriate, the fact that no bubbles were formed shall also be recorded in the
trial logbook
9 Following the test, all stores are to be inspected by the Customers Representative.
10 | Having completed the trial, disconnect the boiler from the electrical mains and
drain and flush the tank through.
EMERGENCY SHUTDOWN
Step | Actions
1 If at any time during the trial any irregularities occur or the condition of the store is
suspect, the tank will be drained and isolated from the electrical mains.
2 Should this occur, then the Team Leader must be informed immediately.

Framework Document Owner: ETC Facility Manager
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Recommended Test Severities for Immersion Test

Depth of Immersion

Application (o uppermostface ofthe | Duration Temperature
et specimen)
Most immersion conditions incl. shallow fording Water
and accidental drop into water 1M +10% /0% temperature shall
(see paragraphs 538 5.4) be less than
1.5m +10% / 0% 35°C.
Deeplong . of the height of the 30minutes | Specimen should
esgergisy) vehicle. (see paragraph | be stabilised at a
52) temperature of
10°C 45 °C
Resistance to flooding or partial immersion 150 mm +10% /-0% o o
(see paragraph 5.9) (or IPXT) water prior to
immersion
Recommended Test Severities for Pressurised Water Chamber Test
Application P’(izﬁ/:')” Duration Temperature
Specmen shouid
s specifieq | DeStabiised ata
Materiel designed to operate under water Design requirements plus WS ngi‘ K‘f:s ‘temperature of
(see paragraph 5.6) any required margin i 27 10°C5°C
above that of the
water

Table 1 Test Severities For Immersion And Pressurised Water Chamber
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FEEDBACK QUESTIONNAIRE

The following questionnaire was usad to gather infomation from members ofthe Gifmato team with
respact o thefestsnd what they thought tha solution should provide.

QUESTIONNAIRE

I preparation for the trial, what needs to be done before the task commences?

ety rie provided by Triss Manager, Safety B questonnis read, understood and.
newered comectly.

Hizar Anslyss Risk Assessment (HARA) resd and understood (sgned.)

Any acdiona saety information/elsted data must b read, understood snd ai stated
requiements fl compied with

o 0 conducting s hotimmerson fest the operaive must ensure hat i stores have been
cerified sae for immersig nfo water +60°C.

The personnel potection cover (mefa o) must shiays be place over th tank whist the
stores are under st and being ohserved.

The combingd boer an tank must b fushed trough with frsh waterprior o testing. The.
bottom drainsge siopsock mst be opanc 10 allow any secmt o oain from th fark. Then
il stopcosks must be closed, and the tank untfiled with wr 0 3 miium depih of 75mm
‘3bove ire water it T pisca, which s ocated afone and of tha mmersion fank (1 he ank.
i ampty, he st witch in the bofer wil it h electrca sugply o he contots system).
The power supply needs connesting o nearest appropriae swich cute (tnk i lectrcaly
protécted with an sath leakage cicut breaker.

St the water famperature hesting controler 0 the temperatue specifed i the Trils
Instrtion (T (heating alemens are usuallysetto 5°C sbove th required femparature).
Wl soovet tumed o ON posiion

Press ON (1) button on fhe contactor

Switch on the pump and both hesters.

hecktha he water i crculating through th immersion tank snd hat all nccstors are
ominsted.

Replace insuiated I o immersion fark.

Al water o heatup o desired femperature and siabis, usualy ovemight, 3 i ks
more than & houre.

When water s spproximataly st th femperature 33 required by T, immerse » calbrated
thermometer o the required depthof wate specied and nofe water fempersture.

fstar temperaturs is mcorrec, scjus hester contole/ hester hermostatsooordigly fo
sim for requied water femperature
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What are the common proedures during the trial?

Withwater tamperatre within tolerance, stores can be tested bt the follaing sppies:
Stores must b clean befrs being immersed

Stores with visile exudaion are not o b teste inth farc

Equipment must be stended fo st al fmes curing fest

Stores to b examined for exudtion on withranal from fak

i appears stores have eskad, water i o be Irested 23 confaminated and thareore
hangea befors further testing oan be camed out

+ Water o be changed at requlr itervls (and ramovl o sludg presen)

« Tank cleaned out using iquid detergent an cld water

« Stopwatehto b state he moment stors s mmeresd at pscifed depth

 Recora fimes, store rumbers and water emperature in tiallog bock

Forull uration oft;, watoh stores forany sign of bubtie formaton
Waterpump may be tumed offto decresse water ubulence.
fbubbles a1 found note the area where the bubble is foming sgaint the speroprite
Store Numbr in the tral og booke

 When bubbles have been ocated, immediaaly remov the tore from th fes and ncfe
he duration o test undergone i he il g bookc

+ Montorsnd record the water tempsrature ueing 8 calbrted portabe char recorder

+ When immersion duration is compief, and noleaks were detected, remove siore fom
fank and piace i » helfred ares o ry.

 Resord thefact thatno bubbles fomad i th il log bock.

« Afrtasting sl stores re o be nspected by customer represeniaie

 Upon and of i, dissonnct the bolr from, the lectncsl mains and ain and flsh the
tank through,

. Fat any pait i the it imsqularies oscuror th concition of th stors s suspect the
{ari should b crained and eolted rom the sectrcal mains and Team Lesder nformed
immeciatey

How often s the seal test performed?

 Thefastis ane of our most common tril, it s reqlary requested by our customars
(every 2:3 monthe)

« Usually many batches of stores are requested o b fesed s par of esch il which can
resultin many indiidul et (20 1 0 per il
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How many people are present during the test?
 The Hot Immrsion Tark must b cperated by a compeent person
T fest must have 3 minimum of 2 people present uring the est, sometimes tree
~pecple, wih o pacple preparing the est and Ifingthe fea fems infoth fark and.
‘sncther person reacy withthestop watch to tart th fimer anclfo make obsanvations. 15
= highiy valued fes and requires 3 ot of conceniration.

How difficult s it o concenirate and count during the entire duration of the test? and What
makes it ciffoult?
it can be vy ring staring it the tank orlng pariods o e sfer & whis your eyes

and ming stars o fatigu.
It espesaly dffcut o sountthe number of bubbies, ometimes impossibis to gt an

sccurse fgure fthre s  siream of bubbles.
* fthe fesk happans quickly.you can esslly missthe bubbles
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What s the maximum operating temperature of the water?

60

How often do testtems leak?

Nt very afen,only now and sgain but s important hat we identfy ALL ses felres for
the customer. this s the purposa of the fest!

‘Sometimes ents batchas where allthe stores sk this dentifes nadequats sesiing on
e e

What are the key parameters  conditions that need to be maintained?

‘Acourste water dptn
‘Acourste water temperature

Clean water

‘Accursta time kesping (taring/stopping tst durstion)
Al fning recorded i il log book.

What do you usually see I notice during a test when an immersed testfem s leaking?

there's ony s minor esk. nly one or two bubbles ise fom the sores. This can be
notad, and the stores canramain inthe tast It s impodnt o e tht sometimes there
are sl surfscs bubbles that rise off the stores and thase nesd to be csregarded from
thetest

I store has & maor sk, & sirsam of bubbles flows t th surface. T partcuiarstare
i removed from the tast

1 the test could be performed with the ad of a digital bubble counter, what features would you
expect to see on that device?

Nt narfre with / nfluence test resuls
ke the operaton of the test more besrabie. rfisving te apsrator of such canstant ong
intense period of observetion, though continuing o moderately cbserve / ully oversee
thetest

A slamn & store majory lasks

‘A counterbubis logger

Store the testdsta

Timer

Alarm when tat time i up

Watertempersture disley

Starttestuston

Resstbutton

Easy to use simpletosetup

Low power requiement /low curent fo saety reasons

Waterproot

Portabe for ther it immersion tests
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Date Test | Trial | OP | Test | Water | Round | Batch | Round | Start End Test Comment | Operator
Time | No. | No. Temp | Temp | No. | serials | weight | weight | duration

02/02/20 | 09:00 | 1020 | 1080 | Basic| 60°C | 21°C | 02 | 1-6 | 120.1g| 120.2g| 15ming| Several | J. Smith

Seals strecuny

test of bubbles

occurred

at
1min30sec

5

2mingssecsy
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Test Specifications
The test must conform to the following specifications:

o Test specimen to be an unpackaged materiel / armament store
o Immersion of 15 minutes or until bubbles are observed

o Depth of immersion shall be a maximum of 300mm, measured from the highest point
on the specimen to the surface of the water

o The temperature of the water shall be controlled and be of 60°C to ensure a positive
air pressure is generated inside the specimen
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Procedural Specifications
The test specimens shall be:

Visually examined and checked as required by the Environmental Test Specification.

2. Prepared for immersion testing in accordance with the requirements of the Environmental
Test Specification

Conditioned and stabilised at standard laboratory temperature (ambient of 21°C).

Immersed to the specified depth (maximum 300mm) in hot water (at a temperature of 60°C)
Cleared of any initial bubbles that may have formed immediately on the surface of the test
specimen by agitation (e.g. brushing)

Secured to maintain its orientation or prevent flotation.

While immersed, observed for the emission of air bubbles. The location and indication of the
severity of any leak (individual or steady streams, periodically), shall be documented

8. Removed from the water as soon as a leak has been positively identified (not due to trapped
air escaping from crevices or iniial air bubbles present on the materiel's surface) or after 15
minutes, whichever is the earliest

oaw

~o

Itis important to note that this test is to provide the customer with a severity level of leak, if the
seals fail on the specimen. It does not provide results of the specific leakage rates of seals.
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Product Technical Specifications
The solution must:

« Comply with test requirements & specifications (count bubbles / notify test to abort tests)

« Feasible (worthwhile)

« Efficient (minimal time / power wasted)

o Low costto run / maintain

o Identify and log leaking ammunition seals accurately (Accurate Data capture / count bubbles /
detect substantial leaks / failures)

« Be consistently reliable (work when needed)

« Present findings to customer (visible for video capture)

« Functional data capture at ambient water temperatures (waterproof)

«  Bright enough visual Display (LCD)

« Battery powered (Replaceable / Rechargeable) and operate long enough for durations /
regularity of tests (minimum 15mins repeated use)

« Low powered (Not electrically dangerous near explosive items)

« Feasible & Efficient

« Comply to CAT C regulations (Safe & secure around explosive material)

« Product must meet all environmental, health and safety standards

« Non-destructive to test items

« Notinterfere with test conditions (No impact / interference with results)

« Compact

« Easy to routinely check functionality (Accessible for PAT testing, visual check / electrical
testing, the law requires all employers to maintain all portable appliances (screw on lid)

« Accessible for calibration (Adaptions to programming software coding sound levels)

« Power on /Power off

« Standby mode (Ready)

« Starttest counting button

« Endtest notification (Alarm / visual message)

o Timer display (test duration)

« Bubble count display (Not count until start s pressed)

« Alert operator of substantial leaks / end of test (Lights & Sounds)

« Resetfeature (clear all logs / ime)
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Operator Requirement Specifications
The operator requires:

«  Quick and easy to set up and operate (Automatic counter / timer) so not to impede on trial
preparation and post-preparation time

Suitable for use by all members of staff

Requirement of only one Technician needed to operate

Once started can be left to enable concentration on observations

Safe to use in Category C building

Portable use in test lab on table next to and within water tank and in front of video camera for
recording

«  Compatible with average background noise of test lab (low level talk / writing on log sheet)
o Loud enough notification alarm system

« Bright enough visual display and notification lights

« Mobile

«  Lightweight
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[BASIC INFORMATION

Ref

[pate:

[Tasking organisation

[Contact name:

[Gortact e-ma:

[Gontact telephone:

[FOCATION OVERVIEW

fste:

[Buiding Number

[Electical Category of
focation equipment s to
Joe used (A, B, C or D):

[Gonducting Fioor?.

[EQUIPMENT TECHNICAL DETAILS

[Manufacturer

[Model & Serial Number.

[Web ik to techrical
ldeta:

[Bref Gescription of
lequipment, its
Jproposed use and
Jduraton:

s equipment C&
Imarked?

[Fauipment 1P rating:
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Table 2 - Purchase List

COMPONENT SUPPLIER | PRICEPER | QUANTITY (units)|  TOTAL
(DESIGNPART) | (COMPANY) A, LOSTEl
PICTeFZ5K0 | Eoay MarkelPlace | 399 T 3%
Seler
Teo200% Amazon cak 000 T 000
Fiydrophone | Mionkey Sounds EL T 300
Etsy)
Fiydrophone Jack | Ebay Market Place | 059 T (53
Seler
WSSz | Ebay WarkelPlace | 080 T (X3
Seler
ReGLED | Eoay Wanetlace| 0% T 53
Seler
BuelED | EbayWakelPace| 075 T 23
Seler
A Opamp | Evay MarketPlace | 080 7 (X3
Seler
SignalDiode | Ebay Market Place | 020 7 3
Seler
Smallbuzzer | Ebay Marke! Place T2 7 T
Seler
Targer buzzer | Ebay Markel Place 5 7 5
Seler
Fiobby Box | Mapin Elechionics | 10,00 7 000
Bufon Eoay Market Place | 025 7 3
Seler
St Epay Market Pace T 7 T
Seler
Various Capaciors | Eoay Market Place | 250 7 7%
(pack) Seler
Resistorpack | Ebay Viarket Place 3 7 %
Seler
TV batter Gpack) | Amazon couk 300 7 3
TOTAL 778
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Test items:

Fig.11 Hot Immersion Rack Front View Hot Immersion Rack Top View
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Test items:

Fig.11 Hot Immersion Rack Front View Hot Immersion Rack Top View
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Method Advantages Disadvantages
Fydrophane Waterproof Susceptible to background
Do not require a power noises
source (piezoelectric) Cannot distinguish between
Sounds and pressure simultaneous sounds (that
differences can be heard and occur at the exact same time)
measured Cannot detect, record, or
Non-destructive to test item transmit in real-time (Due to
Produces very small (safe) speed of sound but
charge propagation through water is
Easy plug and play quick).
Selfintiating, converts Can be expensive to buy off
energy and creates signal the shelf
autonomously Needs constant connection via
Long lasting cable to external signal
Easlly portable processor
Voltage signal can be
processed easily (ADC)
Underwater camera Can be played back Due to having to be sealed,

Record entire test
Use to locate where leaks
originate

Some have builtin
microphones

sound is difficult to pick up and
not as accurate

Independent power supply
required

Expensive

Doesn't alert when leaks occur

Optical sensor

Can detect very small
bubbles
Fast reaction times

Only applicable to transparent
tubes of liquid or gas
Independent power supply
required

Light interference from
surroundings

Ultrasound

Very accurate
Can determine size and
locations of cavities
Can determine size of
bubbles

Can be expensive
Only applicable to small direct
points of interest at a time
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Product description

description:
1,The detector uses the imported brandnew DS18B20 temperature sensor chip,each pin of which is separated?

by heat shrinkable tube,to prevent short circuit and internal sealing gluewater proof and moisture proof.

2, High quality stainless steel tube package,water proof,moisture proof and rust proof

3, Each detector is single packaged after strict test.

4,3.0V 22 5.5V power supply

5,9-12 bits adjustable resolution

6, Temperature-detect range wide -557277 +12572br> 7, Need no external components,unique single-bus interface

Output lead wiring:
1.red wire connected to VCC

2yyellow/white wire is the data wire,t connected to MCU
3.black wire connected to GND
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Rated Voltage 12V DC
Operating Voltage 1.5V - 24V DC

Max Rated Current 12mA

Sound Output 5200Hz at 30cm, at Rated Voltage 2905
Resonant Frequency 5200 +500Hz

Operating Temperature -20 to +70°C

Storage Temperature -30 to +80°C

Overall Diameter: 35mm

Fixing Centre Diameter: 30mm M2.5

Centre Diameter 22mm

Height: 12mm

Wire Length: 26AWG 90mm

Housing: PC ABS Black

Weight: 149

Model No.- 41.P25L120A-LF
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Rated Voltage: 5/
Operating Voltage: 4~8 V

Min. Sound Output at 10cm: 85 dB
Resonant Frequency 85 dB
Resonant Frequency: 2300 £300 Hz
Operating Temperature: -20°C to 45°C
Dimensions (Excluding Pins)

Height 9.16 mm (0.36")

Diameter 11.78 mm (0.46")

Weight: 16 g (0.057 oz)
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