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Abstract This project proposes the design of a novel biogas generator suitable for use in rural villages in developing countries. A ‘plug flow’ type digester is presented, with feedstock moving linearly between inlet and outlet throughout the digestion process. Biogas is stored in a separate gas holder until it is required for use. The gas holder contains two inflatable spheres which act as pressure regulators. The biogas generator is designed specifically for use by an average family in Pabal, India, but it will be flexible enough to be used elsewhere with minor alterations if necessary. Pabal regularly experiences electricity cuts for up to eight hours a day and an alternative source of power is therefore necessary. The village experiences a severe dry season for five months of the year which requires the removal of livestock from the immediate area. The use of currently available cow-dung fed digesters, or digesters that require daily additions of water, are therefore impractical. Ease of construction, operation and maintenance are paramount if the biogas generator is to present a viable alternative energy source. The materials used must be readily available and inexpensive: in Pabal such materials include brick and sheet metal, which are specified where possible. The proposed generator is designed to produce 3.2 cubic meters of biogas per day. This is the amount of biogas necessary for the daily cooking requirements an average family of eight people, the norm in Pabal. Initial conceptual designs are outlined and analysed by the use of a design matrix. The final design is also analysed and suggestions made for further improvements.
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Chapter 1: Introduction and Justification 1.1 1.1.1



Importance of Study Benefits of the use of biogas as a fuel in India



Currently about 80% of the population of India has access to electricity, but power cuts occur frequently. The Global Energy Network Institute [2] states that the “unreliability of electricity supplies is severe enough to constitute a constraint on the country's overall economic development”. Until the reliability of the electricity supply is improved, it is vital that the population has an alternative source of power, particularly for cooking.



Only 0.5% of the population currently relies on biogas for cooking. Traditional alternative methods such as the direct burning of firewood or cow dung cakes are commonly used [3]. Biogas has the following main advantages over traditional cooking methods.



Indoor air pollution caused by traditional cooking stoves is a huge problem in rural India. The World Health Organisation [4] estimates that over 400,000 people die each year in India as a result of indoor air pollution.



A biogas system can provide users with a convenient means of disposing of biodegradable waste. The authorities in some cities, including Mumbai and Pune, no longer accept biodegradable waste as rubbish and it is up to individuals to find a way to dispose of it. It should, however, be noted that while it is potentially useful for



2 households in urban environments to be able to dispose of waste via biogas generators, rural areas are likely to utilise their biodegradable waste as fertiliser. The waste output slurry from biogas generators can be used as organic manure and can greatly increase crop productivity [5].



Women are usually the ones delegated the job of collecting firewood for traditional cooking stoves. The collection of an average weekly requirement of 30-35kg of firewood can take up to a full day, which limits the time that could be spent on study or other home and community activities [5]. 1.1.2



Biogas generators in India



Between December 1996 and May 1997 the Tata Energy Research Institute carried out extensive research into the use of biogas generators in India. They inspected 482 biogas generators in 8 states as well as carrying out interviews with a number of plant owners. Their findings are published in the report ‘BIOGAS: The Indian NGO experience’ [5]. The report states that only 81% of the inspected biogas generators were functioning, and 80% of the functioning generators were functioning below optimal levels due to defects in equipment, lack of maintenance, or improper use. Symptoms of sub-optimum operation were varied but generally consisted of low gas production (below that necessary to cook all meals) and the necessity to stop gas usage periodically. It seems clear that the design of biogas generators needs to be improved if biogas is to become more widely and successfully used in India.
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1.2



The Basic Components of a Biogas Generator



Biogas generators vary in design but are generally made up of a number of key components as shown in Figure 1.1.



Pressure Regulator



Feedstock inlet



Gas Holder



Digester



Gas outlet



Slurry outlet



Figure 1.1 The basic components of a biogas generator



Feedstock enters the digester through the feedstock inlet. Anaerobic digestion takes place in the digester, resulting in the production of biogas. The biogas is held in a gas holder until it is required and then passes out through the gas outlet. Pressure is maintained in the gas holder through the use of a pressure regulator. The waste product (slurry) is removed via a slurry outlet situated on the digester.



1.3



The Project



“engINdia” is a partnership between students from the University of Cambridge, the Massachusetts Institute of Technology (MIT) and the Indian Institute of Technology Bombay (IITB). The organisation aims to ‘promote appropriate and sustainable engineering solutions in developing areas’. Most of the work currently done by engINdia



4 focuses on Pabal, a rural village in the state of Maharashtra, India. Pabal is home to Vigyan Ashram, a technology education institute that has been successful in producing numerous technologies of benefit to the community.



In conjunction with Vigyan Ashram and the population of Pabal, engINdia has defined the development of a small-scale biogas generator for use in Pabal as a ‘design challenge’ that, if successfully completed, would be of great benefit to its community.



The village of Pabal experiences multiple power cuts each day, often totalling up to 8 hours. Those worst affected by the power cuts are small, mainly agricultural businesses, which are dependent on electricity for many operations.



Methods of cooking in Pabal vary. Most people in more urban areas use kerosene cooking stoves, with gas purchased in canisters, while those on the outskirts of the village more commonly burn firewood. The kerosene gas used for the cooking for one day costs approximately 30 Rupees. By comparison, the cost of gas produced by a biogas generator would be approximately 2 Rupees per day if oil cake is used for feedstock, or zero if only food waste is used [6].



A government led drive in the early 80s resulted in approximately 30 biogas generators being installed in Pabal. The majority of these are owned by farmers, as they are the ones who own sufficient livestock to feed the digesters with cow dung. The generators are unsatisfactory however as the severity of the dry season means that most of the livestock is moved to nearby villages between January and May and hence cow dung is not readily available during these months. Since the digesters require a 21 day start up time they can in fact only be used for around 6 months of the year.
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Oil cake is abundant in Pabal as a waste product from a local peanut oil mill. There are also many starch-based plants grown in the area. Both of these could be used as feedstock in a biogas generator.



Generator use is also limited by water availability: cow dung must be mixed with water in a 1:1 ratio by volume before entering the digester, which can result in 30-40 litres of water per day being required by the digester. The use of water for this purpose is unattractive in Pabal as water shortages mean that water is rationed for much of the year and often has to be purchased for approximately 2 rupees for 15 litres.



The temperature in Pabal varies between 38oC and 20oC during the summer and between 30oC and 10oC during the winter. The low winter temperatures pose another problem to biogas production, as discussed in Chapter 2.



1.4



Objective



The objective of this project is to design a small-scale biogas generator suitable for use in Pabal. The electricity needs of families and small businesses will vary widely from one situation to another and it is likely that individual audits would be needed to size generators for each application. For the purpose of this report, the generator will be designed to provide for the cooking needs of an average Pabal family (6-10 people). The design will be flexible in that it can be built in a range of sizes and so will potentially be of use both to families wishing to replace their current method of cooking and as a source of back up power for use by families and small businesses during power cuts.



6 The generator must be 



difficult to use incorrectly,







reliable,







simple to manufacture,







safe to operate,







cost effective – to the extent that owning and running a generator is financially viable for all households,







the generator must also require little maintenance.



Ideally, a successful design will be adopted by the Vigyan Ashram Institute, which will prototype and modify the design as necessary. The Institute will then teach the local community how to build, maintain and optimise the generators for personal use.



1.5



Methodology



The methodology is divided into three main stages. Firstly, the literature relating current biogas generation methods is reviewed. In the second stage, knowledge obtained from the literature review is used to formulate and refine a proposal for a new biogas generator. Finally, the proposed design is analysed and suggestions and recommendations for further work are outlined.



A detailed literature review of current methods of biogas generation was an essential starting point due to a lack of prior knowledge of the processes involved. The chemistry and mechanics behind biogas generation as well as the socio-economic implications of the biogas plants for the users were considered. Much has been written about biogas production and its use in rural areas, but due to the numerous factors involved in the production process there appear to be many contradictions between texts and particularly



7 between reports on laboratory experiments and on field experiments. The review was therefore conducted as widely as possible to attempt to ensure that information used is backed up by another source where possible.



At stage two, an initial range of ideas was refined into 5 conceptual designs, which are analysed and compared using a design matrix. The process resulted in the selection of a final design which is developed in greater detail.



It became apparent at an early stage of the project that a complete design would only be achievable with additional input from an engineer with a knowledge of the chemical processes that take place in a digester. It was therefore decided to progress the project as far as possible within the realms of mechanical engineering and to produce a design proposal that could further developed by a chemical engineer before a final design, ready for prototyping, is completed.
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Chapter 2: Literature Review 2.1



Properties of Anaerobic Digestion



Biogas is produced by the anaerobic digestion of biodegradable material. Anaerobic digestion is a process by which biodegradable material is broken down in the absence of oxygen. The main products are carbon dioxide and methane, though other gases are also formed and the exact composition is dependent on the type of feedstock. An approximate composition of biogas is shown in Table 2.1.



Gas



Chemical Symbol



% Range



Methane



CH4



50-75



Carbon Dioxide



CO2



25-50



Nitrogen



N2



0-10



Hydrogen



H2



0-1



Hydrogen Sulphide



H2S



0-3



Oxygen



O2



0-2



Table 2.1 The constituents of biogas



The useful constituent of biogas is methane, which is flammable and so can be burned in air to produce heat, or electricity used in connection with a generator. The following chemical formula describes the burning of pure methane in oxygen:



CH4 + 2O2 → CO2 + 2H2O



9 Although the heat of combustion of methane is lower than any other hydrocarbon at about 802 kJ/mol, it produces the most heat per unit mass. Methane is the major constituent of natural gas, in which form it is considered to have an energy content of 1,000 BTU/ft (53511 BTU/m3) [7]. At room temperature and standard pressure, methane is colourless and odourless. The gas is non toxic but is flammable in air and so care must be taken to avoid leakages and the use of naked flames near the digesters.



2.2 2.2.1



The Production of Methane Conditions



Temperature



Anaerobic digestion can occur within three temperatures ranges: thermophilic (45-70oC), mesophilic (20-45oC) and psychrophilic (7-25oC) and each of these ranges corresponds to a different species of methanogen that will perform the digestion.



Biogas production is fastest in the thermophilic range as a result of the high temperatures, though the methanogens are sensitive to sudden changes in temperature. Choorit, W. and Wisarnwan, P. (2007) [7] note that it can take ‘a few days’ to recover an initial drop of biogas production of up to 20% after a sudden change of just 3oC. Gas production in the mesophilic range is stable, with no notable drops in gas production for small changes in temperature [7].



In the psychrophilic range, biogas is produced at a greatly reduced rate. This is largely due to the slow rate at which the bacteria work at these temperatures. Bouallagui, H., et al (2004) [8] found problems using fruit and vegetable waste in the psychrophilic range and suggested that the particularly slow gas production recorded was due to the reduced



10 temperature preventing the biomass from entering into a liquid state, thus causing blockages and preventing proper mixing.



The rate of gas production is relatively constant at all temperatures within a temperature range, though if the temperature of a digester is altered beyond the range of it’s usual operating condition, gas production drops rapidly as new microbial populations need to be formed. Choorit, W. and Wisarnwan, P., (2007) [7] tried to overcome the drop in gas production with change in temperature between temperature ranges by decreasing the loading rate and then gradually increasing it to previous conditions over a period of 10-13 days. They found that using this technique, thermophilic digesters are able to convert to mesophilic digesters and vice versa, producing usual biogas yields for their ranges.



Pressure



Pressure does not directly affect the process of anaerobic digestion but does influence the composition of the gas in the digester. Carbon dioxide is 40-60 times more soluble in water than methane, therefore an increased pressure increases the concentration of carbon dioxide dissolved in the digester slurry and, as a result, the percentage of methane in the biogas.



pH



pH is largely dependent on CO2 concentration but is also influenced by the quantity of volatile fatty acids and ammonia in the slurry. The bacteria for each stage of the digestion process operate optimally at different pH values. Sathianthan (1975) [9] states that while the acidogens can operate at pH levels as low as pH5.5, the methanogens cease to operate below pH6.5, and work optimally at pH values of 6.8-7.2. Hobson, et al., (1981) [10]



11 concludes that optimal pH of methanogenic bacteria is pH7.2, and this is strongly supported by other literature.



The pH value will fluctuate initially as the system settles down, but once a stable pH has been established the mixture will become ‘well buffered’ and able to re-stabilise itself when particularly acidic or alkaline material is added.



Some digesters are built as two separate vessels: the first vessel harbours hydrolysis and acidogenesis stages of anaerobic digestion while the acetogenesis and methanogenesis stages take place in the second vessel. This allows for optimum pH conditions to be held in each digester. The pH of a digester will generally establish itself without assistance. Single stage digesters will settle at a pH between those optimal for bacteria for the individual stages.



Ratio of carbon to nitrogen in feedstock



Carbon (as carbohydrates) and nitrogen (as proteins, nitrates and ammonia) are the main ‘food’ of anaerobic bacteria. The bacteria use up carbon 30 times faster than they use nitrogen and therefore the carbon to nitrogen ratio in the digester should be in the region of 30:1 (i.e. 30 times as much carbon as nitrogen) for optimum digestion conditions [9]. An excess of carbon will cause a carbon build up and will eventually cause the digestion process to stop. An excess of nitrogen will result in nitrogen being given off as ammonia gas which reduces the usefulness of the slurry as a fertiliser. Much work has been done to tabulate the nitrogen and carbon content of various biogas generator feedstocks, and the composition of a proposed feedstock should be checked against these tables, for example that provided by Shelie A. Miller, et al [11], to ensure a suitable C:N ratio.



12 Depth/diameter or length/width ratio of digester



It is suggested [9] that the gas production per m3 of the digester capacity for a cylindrical digester reaches a maximum with a digester depth/diameter ratio of 1, though gas production is not greatly reduced until the ratio falls below 0.66. In reality, however, successful digesters tend to be taller, with smaller diameters. This is probably due to the fact that if the digester is placed underground, temperatures are generally higher and more stable, providing better conditions for biogas production [9]. Optimal length/width ratios for cuboidal digesters are generally stated [12, 13] as being in the region of 3.5:1 to assist in the linear motion of feedstock through the digester as described in Section 2.4.3. 2.2.2



Processes



Hydraulic Retention Time



The hydraulic retention time (HRT) is the time for which an idealised control volume of feedstock remains in the digester. After a given time, the degree of digestion for a given feedstock will generally decrease over time and so the design of an HRT can be a trade off between digester size and quantity of feedstock to be added each day. Some ideal HRTs for types of feedstock are suggested in section 2.2.5.



Feedstock loading rate



The loading rate is the quantity of material added to the digester per day. The loading of too much feedstock into the digester at one time can lead to a build up of acidity or alkalinity, which can halt fermentation. It is, however, desirable to load as much feedstock as possible per m3 of digester volume per day as this reduces the necessary size of the digester. The loading rate for a given digester size cannot be increased indefinitely however: a number of studies [9] have shown that although the volume of gas produced per m3 of digester volume increases as the loading rate is increased, the volume of gas produced per kg of feedstock added decreases with increased loading rate. Thus biogas



13 production becomes less efficient with increased loading rates once an ideal rate has been passed.



2.3



Sources of Methane



A great deal of research has been undertaken into the digestion of various feedstocks in biogas digesters, but the results are not easy to compare due to the large range of variables in the test conditions. Animal waste is still the most commonly used feedstock in biogas generators in India but, as explained in Section 1.2.2, its use is impractical for the purpose of this design. Cattle dung generally produces between 0.15 and 0.25 m3 of biogas/kg dung and is mixed with water in a 1:1 ratio. The gas produced contains approximately 55% methane.



The most notable and successful recent development in feedstock research has been achieved by A.D. Karve of the Appropriate Rural Technology Institute (ARTI) [6, 14, 15]. Karve proposes that animal waste is not the most appropriate feedstock for biogas generators as it has a relatively low calorific value, the calories having already been removed by the animal. A test biogas plant fed with pure sugar (as a high calorie substance) was shown to produce the same quantity of biogas from 1 kg sugar, after only 24 hours as would usually be produced by 40 kg dung after 40 days [15]. Further field tests concluded that a high calorie feedstock consisting of (among other things) waste grain, plant seeds, oilcake, non-marketable or non-edible fruits, waste flour or slaughterhouse waste, can produce 0.5m3 of biogas of 60-70% methane [6, 14]. No values for individual feedstocks are reported but it is made clear that the exact makeup of the feedstock would affect the output.



14 A summary of the findings of a number or reports on biogas generation from various feedstocks are shown in Table 2.2. As mentioned above, these values can only be used as rough indications of the biogas potential of materials due to the variation in conditions under which the experiments were undertaken.



Type of feedstock



Methane



Volume of



Ideal HRT



(%)



biogas (m3 / kg



(days)



Source



feedstock) Meat-processing waste Non-edible



oil



80



seed 70



1.5



Not stated



Steffen 1958 cited in [10]



0.25



60



Chandra, R., et al. (2006)



cakes Leaf



[16] biomass



and Not stated



0.18-0.44



60



urban market garbage Leaf litter



Chanakya, H.N., et al. (1999) [17]



60



0.06



20



Chanakya, H.N., et al. [17]



Fruit waste



52



0.4-0.6



16-20



Nagamani, B., et al. [18]



Table 2.2 The biogas potential of a range of feedstocks



2.4



Structures of Biogas Generator Types in Current Use



There are a great number of designs for biogas generators and numerous ways to categorise them. In this Section, discussion will be confined only to those designs for use in rural areas.



Generators can initially be classified as either batch or continually fed. Batch fed generators are designed to accept a quantity of feedstock before being left until digestion is complete and the maximum amount of biogas has been produced. The gas can then be used and the digester re-filled for the next cycle. Continually fed generators require the input of feedstock at regular intervals to produce a regular supply of gas. Theoretically,



15 this type of generators should be fed continuously for maximum efficiency [10] but in practice, feedstock is usually added once or twice a day. Due to the need for a regular supply of gas in Pabal, this report will only consider continually fed generators. 2.4.1



Floating dome



Floating dome generators (Figure 2.1) are widely used in India and are hence generally known as ‘Indian type’ biogas generators. They usually take the form of a brick lined cylinder sunk into the earth.



Figure 2.1 Floating dome generator [1]



Feedstock is added through the inlet pipe and an equal amount of spent slurry is forced out of the outlet pipe. A ‘floating dome’ gas holder, traditionally made from sheet iron,



16 moves vertically to accommodate the biogas which is kept at a constant pressure. If a greater pressure is needed, weights can be placed on top of the holder.



The placement of inlet and outlet pipes varies between generators, but it has been suggested [9] that it is most efficient to introduce feedstock at the bottom of the digester, as digested slurry is less dense than fresh feedstock. This allows for a natural circulation of slurry to take place, which helps to ensure that a given volume of feedstock will stay in the digester for the required time, preventing the system from ‘short circuiting’. A dividing wall, as shown in Figure 2.1, is sometimes included in a design to further assist in the prevention of short circuiting.



A typical Indian floating dome generator for use by a family would consist of a digester with a depth of about 3.6 meters and a diameter of 1.6 meters. A generator of this size would be supplied with 40-50kg of dung (produced by approximately 5 cows) per day and would produce 3m3 of biogas with 55% methane content per day.



A.D. Karve, as mentioned in Section 2.2.5 [6, 14, 15], successfully uses a floating dome design for his generators. The digester and floating dome are each made from cylindrical plastic water storage tanks. 2.4.2



Fixed dome



Fixed dome generators, commonly known as ‘Chinese type’ biogas generators as they are widely used in China, accept and eject feedstock and slurry in the same way as floating dome generators. They differ in that the volume of the digester is fixed. The gas is kept at a roughly constant volume (dependent on the slightly fluctuating slurry levels) while the pressure varies. Fixed dome generators are always installed below ground, either as brick-lined pits or, when possible, cut into the rock.
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Figure 2.2 Fixed dome generator [1]



2.4.3



Plug flow



In plug flow generators, feedstock is added to one end of the digester and is pushed to the outlet at the other end as more feedstock is added. Ideally no longitudinal mixing of the feedstock within the digester occurs. Plug flow digesters can be used with any feedstock type though most recently [19] they have been used as a method of digesting feedstocks that have not or cannot be broken down into an even slurry. Such feedstocks consist largely of leaves and other green vegetation which floats on top of water even when chopped into fine pieces. These types of feedstock have been the subject of numerous failed attempts to digest vegetation feedstocks in modified floating dome generators.



Jagadish, K.S., et al. (1997) [19] discovered that when leaf and vegetation feedstocks are used, the water in the digester functions as a habitat for the bacteria and as a frictionless base for the feedstock to pass over. It is therefore not necessary for water to be added with the feedstock each day. Experiments with different types of feedstocks concluded that green fibrous, leafy feedstocks can remain afloat for the entire fermentation period. This makes them difficult to remove and they can clog the generator. By contrast, food



18 type feedstocks undergo a rapid initial decomposition and remain at the bottom of the digester for the whole digestion process.



Figure 2.3 Plug flow generator [1]



Plug-flow digesters are generally fitted with a flexible membrane cover. The membrane is fixed around the top sides of the digester and ‘balloons’ outwards as the pressure inside the digester increases. In large scale and industrial situations, hi-tech membranes are utilised with much success.



2.5



Operational Issues with Current Biogas Generator Designs



2.5.1



Floating dome generators



There are several technical problems associated with floating dome generators: 



Corrosion of the sheet metal gas holder. Some plant owners overcome this by periodically painting the gas holder with tar, but this increases maintenance costs to unacceptable levels.







Seasonality of gas production – less gas is produced in the cold winter months when demand is higher. This makes it difficult to size a digester accurately for year round use.







Lack of durability of various components.
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Cracking of digester walls.







Users are often either unwilling to mix the feedstock in the correct quantities or are unaware of the importance of doing so. An unmixed feedstock can cause the formation of scum, which hinders the release of gas and reduces the life of the holder.







Blockage of inlet and outlet pipes.







Accumulation of water in the pipeline – steam is generated along with the gas which results in water accumulation. This can be solved by addition of a tap or by slanting the gas pipe towards the gas plant to make water run back into plant.



2.5.2



Fixed dome generators



Many of the problems associated with floating dome biogas generators also apply to fixed dome generators. This type of generator has several additional problems: 



A u-tube manometer (or other suitable pressure measuring device) needs to be installed to indicate pressure in the digester to avoid using gas at dangerously high pressures or wasting gas when the pressure is too low.







It is impossible to stir or agitate the mixture inside the digester and hence scum build up can occur.







Maintenance is more difficult than with the floating dome digester as the fixed roof makes access to the digester awkward.







Cracking of the digester is a major problem due to earth movements and to the varying pressure in the digester.



2.5.3



Plug flow generators



There are two main problems associated with plug flow generators: 



In rural situations, the expandable plastic covers are prone to tearing or puncturing.
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As with the fixed dome generator, a suitable pressure measuring device should be installed to ensure that the pressure does not reach pressures high enough to damage the plastic cover.



2.5.4



Further reasons for biogas generators being out of action



In addition to the generator specific problems covered above, the following have all been encountered as reasons for generators being out of use. Technical problems







The over or under sizing of generators in relation to the available feedstock and the required gas output.







Lack of sufficient water to add to feedstock.



Socio-economic problems







Without government or otherwise organised financial assistance, biogas plants are often too expensive for the rural poor.







Some residential patterns are such that there are is no suitable space in which to place generators.







Without education as to the benefits of biogas generators, potential users are often content with their current cooking methods and there is a lack of popular demand.







2.6



Ethical issues can arise in relation to using human excrement in biogas generators.



Small-Scale vs. Community Based Generators



The brief provided by engINdia and Pabal specifies that the generator is to be designed for use by individual families. The alternative is for a village to use a large community based generator. It is important to assess the advantages and disadvantages of each option before accepting the small scale design criteria.



21 Moulik, T.K., and Srivastava, U.K., (1875) [20] found that 50% of people in high socioeconomic status groups favoured community generators over individual generators, compared with 40% of medium and 44% of low status groups. It can therefore be seen that the choice is not a simple one.



Before constructing a community-based generator, the whole community must reach agreement on a number of factors: 



How much should the gas cost, or should it be free? If there is a cost, it may be necessary to install gas meters and to hire someone to check them.







How will the feedstock be collected and who will collect it?







Who will manage and maintain the generator?



Unless a successful and robust management system is established for the generator, there is a great risk of people not taking responsibility for its operation and maintenance. Problems are also associated with the distribution system. The pressure at which the gas enters the burners is relatively important and the piping systems used will cause a decrease in pressure with distance from the generator. The placement of the generator is therefore important and it may be difficult to place it optimally. Piping systems will also need to be maintained.



When all these factors are taken into consideration, it can be accepted that a small scale generator suitable for use in a variety of locations – villages, urban areas and more isolated farming locations – is likely to be the best option.
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Chapter 3: Design Requirements As stated in Section 1.4, and demonstrated by the literature review, it is vital that the biogas generator designed requires little maintenance, is difficult to use incorrectly, is reliable, is simple to manufacture and has high safety levels. The cost effectiveness of the design will also have to be proven. Ideally, no family’s financial situation will prevent them from using the generator.



In addition, the background information on the conditions experienced in Pabal and the literature review indicates the importance of the following factors: 



The generator must be able to run on a feedstock of readily available, low cost material. Suitable materials have been identified as peanut oil cake and starch based crops.







The generator must operate with the addition of little or no water.







The generator must be able to operate in all temperature conditions in Pabal, ranging from 10-38oC. The volume of gas produced must remain constant within this range of temperatures.







The final design must be versatile such that it can be built in a range of sizes (or a sliding scale of sizes) to suite a variety of needs.







It must be easy to see the volume of gas available in the generator and the pressure at which it is held.







The generator must provide sufficient gas for the cooking needs of an average family in Pabal.



It is clear that one of the most important aspects of successful biogas generator implementation is that the user must have some understanding of the process of



23 biogas generation and the mechanics of the generator. It is only with this knowledge that the generator will be consistently and correctly used and that minor problems can be dealt with. While the scope of this project does not cover the social aspects of biogas implementation, it is important that the final generator design can be easily explained to and understood by potential users.
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Chapter 4: Initial Designs 4.1



Design Parameters



4.1.1 General considerations Initial calculations and research were undertaken to estimate the ideal basic parameters for a biogas generator. An average household in Pabal consists of 6-10 people. It is estimated that an average family requires 4.5 hours of gas use each day [21] and on this basis it is concluded that a gas holder with a maximum capacity of 1.6m3 will be sufficient (see Appendix A).



It is beyond the scope of this report to determine an optimum feedstock mixture for the generator. The potential feedstocks available in Pabal are largely the same as those listed as suitable feedstocks for the ARTI biogas generators [6, 14, 15], consisting mainly of substances such as waste food, oil cake, waste flour, nonedible seeds and other similar items. It is therefore assumed that the amount of gas produced per unit feedstock will be the same as for the ARTI generators. On this basis it is concluded that a digester of volume 2.3m3 will be sufficient. Detailed calculations can be found in Appendix A.



It is necessary for gas to enter the burners at pressures of between 500Pa and 750Pa [9, 10]. The pressure lost through a local distribution system (i.e. between a family owned generator and the family kitchen) will be negligible (Appendix B). It is known that it is easier to decrease the pressure into a burner through use of a valve, than it is to increase the pressure, and therefore further calculations assume a constant pressure in the gas holder of 750Pa above atmospheric.



25 4.1.2 Temperature variations As displayed in Section 2.2.1, it is vital that the temperature inside the digester is kept within a given range. The mesophilic range of 25-35oC was selected because it is the closest to the ambient temperatures experienced in Pabal. Conditions in Pabal however are far more variable than this.



The high temperatures during the summer months would not pose a problem to biogas generation as they do not rise above those temperatures at which mesophilic anaerobic digestion takes place. The lower winter temperatures would potentially have a more adverse effect and would cause the digestion to fluctuate between the mesophilic and psychrophilic ranges, greatly reducing the digestion rate.



There are three main methods by which the digester could be kept at temperatures within the mesophilic range: 



Heavy insulation around the digester







Placing of the digester underground







The use of some of the biogas generated to heat the generator o directly attached to a burner near the generator, or o



used to drive a ground source heat pump, or alternative device



The third of these options is the least viable due to the importance of keeping the cost of the digester low and the design simple.



The ground temperature at a depth of 1.2 meters in Pabal remains relatively constant between 25oC and 35oC throughout the year [22]. This makes the placement of the digester below ground a viable option as, with sufficient insulation on the top face of the digester, the temperature could remain within the mesophilic range at all times.



26 4.1.3



Water shortages



As discussed in Section 2.4, most current digester designs require daily additions of water. This is a potential problem in Pabal due to the severe and lengthy dry season. A design based on a plug flow type digester provides a viable solution to this problem as it has been shown [19] that plug flow digesters do not necessarily require regular water additions, nor do they need the feedstock to be water-based.



4.2



Conceptual Designs for Biogas Generators



Five ideas for biogas generator designs are presented here. The designs vary in viability and suitability for use in Pabal but all have the potential to operate successfully. 4.2.1



Floating dome



This design (shown in Figure 4.1, page 28) uses a plug flow type digester with a floating dome gas holder. The digester contains a fixed amount of water and dry feedstock is added daily. Water only needs to be topped up as it evaporates and digested slurry needs to be removed daily. Gas produced in the digester is transferred to the burner through a gas pipe connected to the floating ‘dome’.



This is the simplest of all the conceptual designs. The only user interaction required is for feedstock to be added and slurry removed each day and the design is therefore relatively fool proof. Problems may arise as a cuboidal floating dome is more likely to catch on the edges of the digester than a cylindrical one. Cuboidal water storage tanks are readily available and can be considered as an option to make the floating dome, as with the ARTI design [6, 14, 15]. 4.2.2



Inflatable sphere



This design (shown in Figure 4.2, page 28) is based on a fixed volume plug flow digester. The pressure in the digester is regulated by a ‘sphere’ which is made of an



27 elastic material. The sphere contains air and is initially stretched to a maximum volume. As gas is produced, the sphere is forced to compress and takes up smaller volumes. Pressure inside the digester will be uniform, so the sphere will remain spherical at all times. Gas produced in the digester is transferred to the burner through a gas pipe.



This design would be relatively fool proof and would be very safe while in good working order due to the lack of any visible moving parts. It would be simple to build as a brick structure, and the sphere could be held above the slurry by a net or grating built into the masonry at the correct height. An air-tight access door would need to be built into the digester for maintenance operations. The reliability of the design would depend largely on the sphere and the material used to make it. Repeated expansion and contraction in a damp environment may cause fatigue in some materials. 4.2.3



Sprung plate



This design (shown in Figure 4.3, page 30) is based on a fixed volume plug flow digester. A sprung plate regulates pressure inside the digester by being forced upwards as more gas is produced, thus increasing the volume in which the gas is held and decreasing the pressure. Gas produced in the digester is transferred to the burner through a gas pipe.



This design would be require a higher level of skill to build than the previous designs due to the necessity of making the sprung plate air tight with the digester wall, and to the attachment of a spring mechanism to the sprung plate and to the digester. The design is likely to have a relatively low reliability due to the number of parts involved
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Figure 4.1 Floating dome conceptual design



Figure 4.2 Inflatable sphere conceptual design



29 and to the necessity of the airtight join. When in good working order the design would be simple to use but maintenance operations could be potentially complex as the whole top face of the digester and sprung plate would have to be removed to gain access to the digester. The cost is likely to be high due to the number of parts involved and the skill needed to build the design. 4.2.4



Canisters



For this design (shown in Figure 4.4, page 30) the gas holder consists of two or more gas canisters fixed to the digester. The canisters are filled straight from the digester and when full are removed and carried to the house to be used. At least two canisters would be needed to allow one to fill while the other is in use. A system would need to be incorporated to ensure that one canister fills fully before the second one starts to fill.



Two options are presented for canister design: pressure regulation using a sprung plate or a collapsible sphere. Pressure is maintained using the same principles as described in Sections 4.2.2 and 4.2.3 respectively.



Analysis of the spring plate mechanism and the collapsible sphere mechanism from Sections 4.2.3 and 4.2.2. apply here. In addition, a mechanism to attach and detach the canisters from the digester would almost certainly have to be bought in, along with a valve system to ensure that one canister fully fills before the second one starts to fill. This will greatly increase the cost of the design.



The safety of the design is reduced by the possibility of the generator being used incorrectly as canisters are attached and detached. The design is also less convenient to use as canisters must be transferred to and from the burner. This would probably need to be done once or twice a day if the canisters are to be small enough to be easy to handle.
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Figure 4.3 Sprung plate conceptual design



Figure 4.4 Canister conceptual design



31 4.2.5



Accumulator type design -



With this design, (shown in Figure 4.5, page 32) a sprung plate in a chamber separated from the body of the digester by two valves holds excess gas at elevated pressure and returns the gas to the main digester when the digester pressure falls to below levels suitable for input to the burners. A flow diagram explaining this process is shown in Figure 4.7, page 33.



The accumulator design has one main advantage in that the gas can be held at a much higher pressure and so the overall size of the gas holder can be greatly reduced. The design is the most complex of all the conceptual designs however, and as a result would be the most expensive to build due to the need for skilled labour and parts such as valves a and b. As with design 4.2.3, an airtight seal is required around the sprung plate and this is likely to reduce the reliability and therefore the safety of the digester. Maintenance operations would be inconvenient to undertake as the top face of the digester, the sprung plate, and the plate holding the valves would all need to be removed in order to reach the digester. 4.2.6



Classical design



A standard floating dome digester, as described in Section 2.4.1 and shown in Figure 4.6, page 32, will also be included in the design matrix to serve as a comparison with the other digester designs.
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Figure 4.5 Accumulator type conceptual design



Figure 4.6 Floating dome design
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Gas is produced in the digester



No Is pressure of 750Pa above atmospheric pressure reached? Yes Additional gas moves through valve (a) to fill the second chamber



Is gas used by the user? No



Yes Gas moves from the upper chamber through (b) to the digester until the pressures in the digester and the upper chamber are equal



Warning signal signals that gas needs to be burned off



Figure 4.7 Flow diagram for accumulator type design
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4.3



Design Matrix



A design matrix (Table 4.1) was used to compare the conceptual designs outlined in Section 4.2. Essentially it appears to rank the designs in order of their simplicity. This is not surprising as many of the design requirements are related to simplicity: for example, a simpler design will generally require fewer parts and will therefore be simpler to build.



Design 4.2.6, the classic floating dome design is ranked the most appealing for use in Pabal, despite the total unsuitability of the feedstock – it was assigned a 0 for suitability of feedstock while all other designs were assigned 10. Unfortunately this design must be disregarded, but its ranking indicates the soundness of the design and explains its wide use across India. Design 4.2.2, the inflatable sphere design, is ranked second, closely followed by Design 4.2.1, the floating dome design. The high ranking of these designs is, as explained above, largely due to their simplicity. Design 4.2.2, the inflatable sphere design was chosen as the most suitable design to for use in Pabal and is further analysed in Chapter 5.



Also of note is Design 4.2.5, the accumulator type design, which did not rank the lowest despite being the most complex. In a less rural situation, where this design could be professionally produced and maintained, it could prove to be the most suitable design as it has the potential to be much smaller than the other designs, and therefore more convenient to use.



Note, 4.2.4 a refers to the canister design with the inflatable sphere, 4.2.4 b refers to the canister design with the sprung plate Ease of build



Simplicity of design



Ease of use



Difficulty of using incorrectly



Ease of maintenance operations



Number of parts



Safety



Reliability



Cost



Suitability of feedstoc k



Convenience of design



Total



Design 4.2.1



7



7



7



7



9



8



6



5



9



10



7



82



4.2.6



8



9



9



9



9



9



8



8



9



0



7



85



4.2.2



9



6



7



7



8



7



7



7



8



10



7



83



4.2.3



4



5



7



7



5



5



6



6



6



10



7



68



4.2.4 a



3



4



5



4



7



5



5



6



6



10



5



60



4.2.4 b



2



2



5



4



2



3



4



4



5



10



5



46



4.2.5



1



1



7



7



3



3



4



3



3



10



9



51



Table 4.1 Design matrix used to compare conceptual designs
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Chapter 5: Final Design The final design, selected through the use of the design matrix in Section 4.3, is a plug flow digester with gas pressure maintained by the use of compressible rubber sphere pressure regulators. The generator comprises three main components: a gas holder, a digester and a pressure regulator. Consideration is also given to the inlet and outlet of the digester and to the method of gas transfer between the digester and the gas holder, and between the gas holder and a burner. Due to the required size of a gas holder with compressible sphere pressure regulators, the gas holder will be separated from the digester.



An overview of the design can be seen in Figures 5.1 and 5.2, with annotations shown in Table 5.1. A full description of the key components is given in Section 5.1. Additional fixtures are not described in detail as they are likely to vary depending on local circumstances and availability.



Figure 5.1 Overview of digester design
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Figure 5.2 Overview of gas holder design
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Part Number



Description



1



Digester, including slurry outlet



2



Feedstock inlet piping



3



Feedstock inlet cap



4



Hatch bolts



5



Hatch



6



Digester gas outlet



7



Digester gas outlet nut



8



Outlet hinge



9



Outlet trap



10



Outlet trap handle



11



Outlet trap catch



12



Gas holder



13



Pressure regulators



14



Gas holder inlet nut



15



Gas holder inlet



16



Gas holder outlet nut



17



Gas holder outlet Table 5.1 Generator components



5.1 5.1.1



Final Design Components Digester



The literature review indicates [12, 13] that plug flow digesters should have length to width ratios in the region of 3.5:1 to allow for the linear motion of the slurry through the digester. The depth of the proposed digester is chosen as a trade-off between the higher and more stable temperatures available at greater depths and the potential for an easier method of removing slurry from a shallower digester.



40 As stated in 4.1.1, the volume of the proposed digester is 2.3m3. Suitable dimensions were chosen as height 1.34m, length 2.45m, width 0.7m. The height stated is an average height as a sloped digester floor will cause a difference in height from the inlet side to the outlet side of the digester of –0.15m to assist the movement of slurry through the digester. Key dimensions are shown in Appendix C. Any dimensions not shown are not considered crucial to the overall design and can be varied to suit individual installations.



An access hatch of dimensions 0.6m x 0.7m, as shown in Figure 5.1, is set into the top of the digester. It consists of a sheet of steel bolted to the digester walls such that it can be removed to carry out maintenance operations in the digester. Brick is selected as the predominant building material as it is the most common material out of which current digesters are made, it is cheap, and there is already a large masonry skill base in Pabal. Steel is chosen as the material for the access hatch as it is readily available in Pabal and is inexpensive. The hatch will rarely be used and so will be insulated by a 10cm thick layer of earth while the generator is in normal operation. All brick interiors are to be plastered with a layer of cement as with current brick digesters (2.4.1, 2.4.2) to make the digester air-tight.



As described in Section 4.1.2, the digester is to be placed underground to help to maintain a temperature within the mesophilic range. To check that the digester will remain within the mesophilic range of ≥ 25oC, a temperature balance was carried out on the digester for a ‘worst case’ temperature scenario of an ambient temperature of 10oC. Calculations shown in Appendix D conclude a ‘worse case’ digester temperature of ≈25.5oC, which is within the mesophilic range. This is acceptable especially considering that the soil temperature profile [23] indicates that the digester will be the warmest at the base and that, due to the plug-flow design, this is where the majority of the digestion will take



41 place. It is very important that the inlet and outlet of the digester are both adequately insulated. For further discussion of this, see Section 5.1.5. 5.1.2



Gas holder



The gas holder will be placed above ground in order to minimise installation cost and effort. A cylindrical shape with height to diameter ratio of 2:1 ensures that the gas holder will not take up too much ground space and will allow for two spherical pressure regulators to be placed one above the other inside the vessel.



The optimum dimensions for the gas holder were calculated in conjunction with the dimensions for the pressure regulators (Appendix E) with the aim of reducing the overall volume of the gas holder while ensuring that the fully expanded pressure regulators would not reach their yield stress. The dimensions are radius 0.63m, height 2.52m.



It is proposed that a cylindrical plastic tank should be used for the gas holder. Cylindrical plastic tanks are readily available around Pabal, but relative dimensions are not standardised and so calculations would need to be amended if the dimensions of the tank used vary too widely from the dimensions specified. 5.1.3



Pressure regulator



Two rubber spheres will deform to keep the pressure in the digester at 750Pa above atmospheric pressure. Butyl rubber has been chosen as the material for the spheres as it is highly impermeable to gas. In addition, its properties are not greatly affected by temperature variations, so the temperature variations in Pabal will not be a major consideration; and it is resistant to weathering and so will not be greatly affected by any condensation that may occur in the gas holder.



42 The optimum initial and final radii of each pressure regulator were calculated as



r A = 0.630m, r B = 0.389m . Temperature variations are expected to have a minor effect on the material properties of the pressure regulators and therefore a factor of safety of 1.025 was introduced for r A to reduce the likelihood of the pressure regulator expanding to rub against the sides of the gas holder. With the factor of safety taken into account, the revised radii are r A = 0.614m,



r B = 0.344m . This gives a clearance of 1.6cm between



the gas holder and the pressure regulator, which should be sufficient. For full calculations, see Appendix F.



The elastic behaviour of the pressure regulators was examined using Moody-Rivlin methods [24-26] by studying the regulator between states A and B as shown in Figure 5.3. The necessary thickness of the spheres was calculated to be 3.5mm in the undeformed state (State B). For full calculations, see Appendix F.



Figure 5.3 The extreme states of the pressure regulators



43 The Laplace relation for stresses in a sphere was used to calculate that the maximum stress in the fully inflated regulator would be 11.4MPa, which is well below the yield stress for Butyl.



σ=



5.1.4
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Gas transfer



Simple flexible piping will be used to transfer gas between the digester and the gas holder, and between the gas holder and a burner. The flow of gas to the burner will be driven by the pressure in the gas holder. The pressure reducing effects of the piping are analysed in Appendix B and are considered to be negligible. For this analysis, piping is assumed to be 2.5cm in diameter and 3m long. Exact dimensions can be chosen for each installation. Piping will be fixed to the digester and gas holder using available standard pipe fittings, each secured with check nuts and made air tight with epoxy resin. 5.1.5



Feedstock inlet and slurry outlet



Six inch PVC piping will be used for the inlet. The exact angle between the inlet pipe and the vertical walls of the digester is not defined and should be considered during the prototyping process. The inlet pipe will be threaded at the top end so that a standard cap can be screwed on when the inlet is not in use, to reduce evaporation and heat loss.



The outlet is built as part of the generator and also requires a cover to prevent evaporation and heat loss when not in use. The cover will be made from 5mm sheet steel, hinged on one side, with a catch on the opposite side to secure it when closed. A sheet metal cover will require substantial insulation to prevent heat losses that would affect the temperature in the digester. A common insulation material used in rural areas is straw loam, which has a thermal conductivity of 0.2



W f f f f f f f f f f f f mK



[27]. Assuming the use of this type of insulation,



44 the effects of heat loss through the insulated outlet are included in the temperature balance in Appendix D. An insulation thickness of 20cm was chosen as sufficient.



For the current design, it is necessary for the user to ‘ladle’ slurry from the digester each day. The slope of the outlet has been defined to make this process as easy as possible.



5.2



Estimation of Cost



Information on the cost of parts was obtained through personal communication with engINdia and Vigyan Ashram. Exact prices are likely to vary from region to region and so this information can be seen as an approximation of the actual cost of an installation. A breakdown of cost per unit item is provided where possible.



Component



Unit m2



Unit cost (INR) 150



Brick Cement



Quantity 14m2



Cost (INR) 2100



m2



70



14.5



1015



Sheet metal



600



PVC Piping



m



200



2



400



Plastic water tank



Piece



20,000



1



20,000



Flexible piping



10m



100



10m



100



Rubber sphere



**



Hinge, catches, handles Epoxy resin



2000 Packet



500



1



500



M16 Bolts



Pack of 10



150



1



150



Check nuts



Pack of 10



150



1



150



27015



Total Table 5.2 Cost of components



45 27,000 Indian Rupees is equivalent to 660 Canadian dollars. The total cost of the proposed digester appears to be quite high, though this is largely due to the bought in parts. The water tank accounts for almost three quarters of the total cost and a specially manufactured pressure regulator would increase the cost still further. In Section 6.2 suggestions are made for further investigations into alternatives to bought-in tanks and pressure regulators, which could reduce the overall cost by half, making it comparable with that of the ARTI generator design which costs 10,000 INR to install.
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Chapter 6: Conclusions and Further Work 6.1



Conclusions



Biogas generators are widely used across rural India but the designs currently in use are almost all of the floating dome type. These are unsuitable for use in and around Pabal due to the severe water shortages experienced in the area and a seasonal scarcity of the necessary feedstock, cow dung. Research into biogas generators and digestion methods is plentiful but very diverse. Due to the large number of variables involved in the process of biogas digestion, results can rarely be cross checked and are seldom replicated, and must therefore be treated with some caution.



None of the designs currently available has the potential to operate successfully in the conditions present in Pabal. The design presented in this report is therefore an innovative one, suggesting a solution specifically relevant to the problem of biogas generation in Pabal.



A design based on a plug flow type digester is proposed. The linear movement of the slurry through this type of digester means that daily additions of water are not required and that feedstock can be added to the digester in its raw, dry state. The digester is placed underground to make use of the ground heat to keep the temperature of the digester in the mesophilic digestion range throughout the year. Gas is held in a separate gas holder, stored above ground with spherical rubber pressure regulators.



47 The design requirements listed in Chapter 3 were adhered to as closely as possible. The trade-off between a design that is simple and easy to build and one that is very low cost was a major factor in the design process. Simplicity often requires the purchase of ready made parts - such as the water tank used for the gas holder – which can be expensive. It is proposed that the exact items used for each component may be decided on by the user or installer. For example when the cost is the most important factor, a gas tank could be built from locally available materials, as described in Section 6.2, whereas when the ease of building is most important, a gas holder can be bought in.



The safety of the generator was considered to be vital. Safety was ensured in part by keeping the generator design as simple as possible thus reducing the possibility of misuse or mechanical failure. The safety of the generator will also depend on the quality of its construction – any leaks would lead to methane escaping form the digester. It will therefore be important that those installing the generators are fully trained.



The current cost estimation for the generator is 27000 rupees, which is too high to be a viable energy option for the majority of the population. Suggestions are made for reducing the cost in Section 6.2 and it is projected that with further work, the overall cost of a generator can be reduced to the region of 15000 Rupees. It should be remembered that despite a relatively high installation cost, the day to day running of a biogas generator is far cheaper than the running of kerosene stoves. Biogas generators can be run for no cost if waste food is used as the feedstock, while the kerosene gas for cooking for one day costs approximately 30 rupees [6]. The biogas generator is a more appealing long term solution to energy shortages.
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6.2



Suggested Further Work



The biogas generator design presented in this report can be considered to be the first step towards a final design for use in Pabal. It is suggested that further analysis should be undertaken by a chemical engineer as well as by a more experienced engineer with knowledge of mechanical and civil engineering. In addition to further general analysis by more experienced engineers, the following specific areas are suggested for further work.



The final design proposes the use of feedstock placed into the digester without being mixed with water. While it has been generally proven that this is a suitable technique for plug flow digesters, no reports were found that referred specifically to the types of feedstock available in Pabal being used in this manner. It will therefore be important for the various feedstocks to be tested to see which are the most suitable for use in this way.



The current design does not include any form of pressure measuring device. The importance of such a device is stated in the design specifications and it is suggested that one be designed prior to the prototyping of the digester. The device may consist of a piece of rubber clamped over a hole in the gas holder that is of such a thickness that it starts to deform when the pressure in the gas holder becomes too high.



While the proposed pressure regulators work in theory, they would need to be made specifically for the digester design, which would greatly increase the overall cost of the design. It is proposed that the use of car or truck tyre inner tubes as pressure regulators should be investigated. Inner tubes are also made from Butyl and their thickness is comparable with the suggested thickness of the spherical pressure regulators, making them a potentially feasible replacement for the current pressure regulators.



49 The gas holder would also need to be bought in for the proposed design. The importance of having a gas holder of the particular dimensions stated and of keeping costs to a minimum make an alternative option desirable. A number of designs are available for low cost water tanks that can be made from locally sourced materials in developing countries. One of note is the ‘Low Cost Water Tank’ designed by A.D. Karve of the ARTI [28]. A suitably sized tank of this type can be built for 10,000 INR and the possibility of modifying one of these designs should be investigated.
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Appendices Appendix A Amount of Biogas Required per Day Various sources [17, 29, 30] suggest that between 0.25 and 0.48 m3 of biogas is required per person per day for cooking.



Daily volume gas usage depends largely on the feedstock used in a generator. For this generator design, it is suggested that the same feedstocks as used in the ARTI biogas generators [6, 14, 15] are used. ARTI generators use 1.4m3 gas holders and produce enough gas to burn for 4 hours each day. Correspondence with Pabal residents [21] concluded that an average family of 8 people require 4.5 hours of burning per day. Scaling up, a 2.3m3 digester will therefore be sufficient for a 1.6m3 gas holder, and enough gas will be produced to burn for 4.5 hours each day.



Note that for these calculations, it is assumed that the rate of use of biogas is constant and even for 12 hours per day, therefore the longest time the plant will be running for with no biogas being removed will be 12 hours = 0.5 days. The volume of the gas holder has therefore been selected to hold a maximum of half the total volume of gas used each day.
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Appendix B Pressure Lost Through the Distribution System It is assumed that the flow is incompressible, therefore Bernoulli’s equation was applied to the gas travelling from the gas holder to the burner.



2 2 Pf Pf f f f f f f Vf f f f f f f f f f f f Vf f f f f f f 1f 2f 1f 2f + f + z1 = f + f + z2 + h f ρg 2 g ρg 2 g



where state 1 is the gas inside the gas holder and state 2 is the gas as it passes through the inlet to the burner. Assuming no height change and that the gas velocity inside the gas holder is 0m/s, the above equation simplifies to



2 Pf f f f f f f Pf f f f f f f Vf f f f f f 2f 1f 2f = + f + hf ρg ρg 2g



It is known that: P1 = 102075 Pa



V2=



A @4 Vf B 10 m f f f f 1.25 f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f [9] = = 0.9866 A π B 0.0127 2 s



P kg f f f f f f f f f f f f f f f f f f f 1f f f f f ρ= f = 0.864 f 3 m RT f f f f



Jf f f f f f f f f f f f f f f where R = the specific gas constant for biogas = 403 f kg K



Assume that µ biogas = 1.8 B10



@5



Ns f f f f f f f f f (the same as that of air) 2 m



ρVD f f f f f f f f f f f f f f Re = f = 1184 µ



55 Therefore flow is laminar and 2



64 f f f f f f f Vf f f f f f f L f f f f f hf = f B f Bf = 0.32m Re 2g D 2



ρf Vf f f f f f f f f f f 2f P 2 = P1 @ f @ h f ρg = 102072 Pa 2 This represents a negligible drop in pressure.
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Appendix C Digester Dimensions



Note: all dimensions given in mm
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Appendix D Temperature Balance on Slurry Heat from the soil is required to replace losses through the top plane of the digester and to heat up the daily input of feedstock into the digester. It is necessary that the temperature of the slurry in the digester is maintained within the mesophilic region.



A A A QT + QF = QW where A QT = Heat lost through top of digester A QW = Heat lost through walls of digester A QF = Heat used to raise temperature of the feedstock



Necessary parameters are estimated to be



W f f f f f f f f f f f k Brick = thermal conductivity of brick = 0.69 f mK W f f f f f f f f f f f k sheet steel = thermal conductivity of sheet steel = 20 f mK W f f f f f f f f f f f k Soil = thermal conductivity of soil = 1.5 f mK W f f f f f f f f f f f k insulation = thermal conductivity of outlet insulation = 0.2 f mK o



T ambient = air temperature =10 C = 283K o



T soil = soil temperature = 30 C = 298K m feedstock = mass of feedstock added to digester each day = 2kg



AW = surface area of digester walls = 11.7m 2 b



c



Aroof = surface area of digester roof not including hatch = 1.15m 2 Ahatch = surface area of hatch = 0.49m 2 Aoutlet = surface area of outlet = 0.7m 2 cP = average specific heat capacity of feedstock = 2500 Lbrick = depth of brick = 0.1m



Jf f f f f f f f f f f f f f f f kg K



[31]



58 Lsoil = depth of soil used as insulation on top of digester hatch = 0.1m Lsteel = depth of sheet steel used for hatch = 0.05m Linsulation = depth of outlet insulation = 0.2m



For the walls and roof U brick



f g kf W f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f brick = Lbrick m2 K



For the hatch



U hatch



f g 1f W f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f =L f f f f f f f f f f f f f f Lf f f f f f f f f f f f f m2 K soil steel + fff k soil k steel



For the insulated outlet f



1f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f fW f f f f f f f f f U outlet = L K f f f f f f f f f f f f f f f f f f f f f f f f f f Lf f f f f f f f f f f f f f f f m2 insulation steel + k insulation



k steel



g



Where U i is the overall heat transfer coefficient of the stated part



Therefore b c ` a A QW = Awalls U brick T D @ T S W



b c b c b c ` a A QT = Ahatch U hatch T D @ T A + Aroof U brick T D @ T A + Aoutlet U outlet T D @ T A W b



QF = m f cP T D @ T A



c `



W



a



A A Multiplying QW and QT by ∆t = 86400s to give the amount of heat transfer per day QW + Q T + Q F = 0 ο



Rearranging and solving for T D gives T D ≈ 25.5 C
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Appendix E Derivation of the Parameters for the Pressure Regulators n A = number of moles of gas in the digester at stage A nB = number of moles of gas in the digester at stage B P A = Pressure in stage A P B = Pressure in stage B V A = Volume of gas in digester in stage A V B = Volume of gas in digester in stage B V SA = Volume of one sphere in stage A V SB = Volume of one sphere in stage B ο



T = Temperature = 20 C Jf f f f f f f f f f f f f f f f f f R = Ideal gas constant = 8.314 f K mol It is necessary that V A @ V B = 1.6m 3 P A = P B = P = 102075Pa



Therefore using the ideal gas law b



c



Pf V @V B A f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f ∆n = nDB @ nDA = f = 67mol RT Assuming that the two spheres fill a cylindrical gas holder to the greatest extent possible, b



c f 4πr 3 g f f f f f f f f f f f f f f f



V A = volume of gas holder @ volume of full spheres = πr 2 L @ 2



3



The number of moles of gas in the digester at stage A is calculated using the ideal gas law: nA =



PV f f f f f f f f f f f f f f f f A RT



60 It is necessary that nB = n A + ∆n Therefore, again using the perfect gas law:



VB =



b



c



nf +f ∆n RT Af f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f P



and ∆V =V B @ V A



Including the noted factor of safety of 1.025 for the radius of the fully inflates sphere, the necessary volumes of the spheres in stages A and B can now be calculated as



b c3 4π f f f f f f f f V SA = f 0.975 r A = 0.839m 2 ; 3



V SB =V SA @ 0.5∆V = 0.039m 3



and the necessary radii at states A and B are:



r A = 0.975 r = 0.585m ;



f



1f f f f f



g3 3V f f f f f f f f f f f f f f f SB rB = = 0.21m 4π



Note: Perfect gas laws can be used to model the gas in the digester as both methane and carbon dioxide have critical point pressures almost 100 times higher than the pressures that will be experienced in the generator (4.64MPa and 7.39MPa. respectively).
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Appendix F Calculation of the Necessary Properties of the Sphere Material The following treatment of stress-strain relations in rubber like materials was developed by Mooney and Rivlin [26]. The material is assumed to be isotropic.



Three strain invariants are defined as 2



2



2



I 1 = λ1 + λ 2 + λ 3 2



2



2



2



2



2



I 2 = λ1 λ 2 + λ 2 λ 3 + λ 3 λ1 2



2



2



I 3 = λ1 λ 2 λ 3 where λ i = is the ratio of the stretched to the un-stretched length of the material in the i direction.



As rubber is to be used, the assumption was made that I 3 = 1, as a result of rubber being incompressible. The strain energy density, W , is therefore a function of I 1 and I 2 only b



c



W = W I1 , I 2



It can be shown [24] that H



I



∂W 1f f f f f f f f f f f f f f f f f∂W f f f f f f f f f f f f K+ P σ i = 2Jλ f @ f 2 ∂I 1 λ i ∂I 2 2 i



where



σ i = the stress in the i direction



P = pressure acting on the body



For the case of equibiaxial stretching, as would occur in the inflatable sphere,



λ1 = λ 2 = λ ;



1f f f f f f λ3 = f ; σ3 = 0 2 λ



62 Therefore by rearranging equation for stress, F



P =@2 λ



@4



G ∂W f f f f f f f f f f f f 4 ∂W f f f f f f f f f f f f @λ ∂I 1 ∂I 2



Substituting back into the general stress equation,



σ2 = σ3 = 2



For



F ∂W f f f f f f f f f f f f



∂I 1



+λ



2



c Gb 2 ∂W @4 f f f f f f f f f f f f λ @λ ∂I 2



t B = initial thickness tf f f f f f B =final thickness λ r B = initial radius



Laplace’s equation for a sphere becomes P1 =



tf 2f tσ f f f f f f f f f f f f 2σ f f f f f f f f f f f f f f f f f = 31 B r λ r B



Substituting in the strain invariants and the stress equation into the Laplace equation gives PI = 4



c F Gb @ 1 tf @7 f f f f f ∂W f f f f f f f f f f f f 2 ∂W f f f f f f f f f f f f Bf +λ λ @λ ∂I 2 r B ∂I 1



Mooney states [26] that for λ ≤ 4 , b



c



b



c



W = C1 I 1 @ 3 + C 2 I 2 @ 3



where C1 and C2 are physical empirical constants obtained through experimentation.



63 Therefore



∂W f f f f f f f f f f f f = C1 ; ∂I 1



∂W f f f f f f f f f f f f = C2 ∂I 2



f



gb cb c tf 2 @1 @7 f f f f f Bf PI = 4 C1 + λ C 2 λ @ λ rB



where P I = the pressure difference between the inside and the outside of the regulator For butyl rubber, C1 = 765000Pa ; C 2 = 135000Pa [32]



Using the values for V B and nB calculated in Appendix E



PI =



nf RT f f f f f f f f f f f f f f f f f f f A = 36836 Pa VB



Using the values for r B and r A from Appendix E



λ=



rf f f f f f Af = 2.05 rB



Inputting known values into the equation for P I , t B = 2.6mm
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