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Abstract

This thesis is comprised of three main chapters.  The first focuses on relevant literature that is concerned with the treatment of municipal wastewaters, the nature of wastewater, and the treatment processes required to remove harmful constituents.  The aeration process is described as this forms the key area of interested of the thesis with particular focus on oxygen transfer efficiencies and methods of producing bubbles within aeration tanks and their associated efficiencies.  Dissolved air flotation (DAF) is analyzed as it is a main feature of wastewater treatment and requires microbubbles.   However the methods and applications of use of DAF are assessed and the energetics of producing microbubbles in this manner are suggested as unsuitable for the aeration of wastewater.  Fluidic oscillation is both introduced and put forward as a means to create smaller bubbles for the aeration process but with consideration to the energetics and cost of the system.   The second chapter presents experimentation and results from both laboratory scale testing of common place wastewater diffusers and also the scale up from the lab to pilot scale trials with industrial partners.  The latter part of chapter two presents two full scale trials on operating treatment plants.  Results indicate a performance improvement using fluid oscillation at full scale with regard to improvements in oxygen transfer efficiencies when compared to control conditions.  The third chapter concludes the findings of the results from all the experiments presented in the previous chapter and draws to a close suggestions on future work and recommendations.  The findings of the thesis are put into context with the presentation of some cost analysis from the wastewater treatment sector and how these results may fit in to the larger scale reduction of power consumption and CO2 output in the treatment of municipal wastewater.

1.0 [bookmark: _Toc411938052]Chapter One – Literature review

1.1 [bookmark: _Toc411938053]The nature of wastewater 

Wastewater is produced by nearly all human activities and is a mixture of both liquid and solid wastes.  Wastewater can be defined as a combination of liquid and solid wastes that are removed from institutions, residences, commercial and industrial establishments, together with the inflow of storm water, groundwater and surface runoff.   Wastewater that is allowed to accumulate leads to the natural decomposition of the organic matter contained within, which can lead to the production of odorous gasses which are undesirable.  Further, the decomposition of the organic matter within wastewater can lead to an increase in the number of harmful pathogens that are present with its composition.  Waterborne bacteria and viruses are less of a risk to human health in developed nations due to careful management of wastewater and its treatment, and in catchments such as the River Severn and the River Thames this is imperative as the water supply is in contact with the largest proportion of the country’s population.  Outbreaks of waterborne diseases like those seen in the eighteenth and nineteenth century are confined to the history books only because of the modern methods of  treatment of wastewater (Gray, 1989). Further, the separation of wastewater from drinking water supplies and the large amount of investment in infrastructure to keep both streams, clean and waste, separate is a large factor in the difference in water quality between the developed and the developing worlds.  Developing nations suffer from waterborne diseases such as cholera and typhoid, which still causes widespread death and suffering to many people due to poor sanitation brought about by the contamination of drinking water by wastewater. 
Coupled with the production of unpleasant odours, harmful toxins, and pathogens if left untreated and discharged directly to natural water courses wastewater can potentially damage the environment and the natural fresh water that organisms including humans rely solely upon.  Present in wastewater is high levels of nutrients, mainly Carbon, Nitrogen and Phosphate (C:N:P)  that if allowed to accumulate and enter the natural water course, provide food to bacterial growth that can quickly deplete the waterborne  environment of oxygen, via eutrophication, leading to ecological disasters such as large scale fish kills.
These factors give rise to the necessity of easy disposal and removal of the harmful wastes, and the purification of the water to levels that are safe for discharge back into the environment to replenish potable water supplies.  Wastewater treatment is seen as not only desirable to the environment but essential to the industrialisation of society.  In many countries the safe, efficient and rapid treatment of wastewater is both mandatory and law bound.
Direct harm from wastewater arises where its disposal is inadequate and may contaminate drinking water supplies (Gray, 1989).  Although in many industrialised countries direct harm from wastewater can be mitigated by sufficient treatment and good pipework infrastructure, new dangers to human health have arisen from the manner in which water is used in day to day life in industrialised nations.  It has formed new areas of research within the scientific community as serious harm to human health could arise from such new dangers in industrialised water courses. Certain viruses that are resistant to ‘last resort’ antibiotics have been found in US wastewaters that are a direct result of discharge of clinical wastes in hospitals into the sewerage system (Rosenberg Goldstein et al., 2014).  
The discharge of effluent into the natural water course that may contain these more modern, previously undetected compounds and their associated risk is further increased by the tendency for these compounds to bioaccumulate within the natural environment (Du et al., 2014).  
The problem is not limited to the discharge of cleaned effluent to the natural watercourse but also the use of the products from the sludge stream of wastewater treatment being reused in agriculture. Although pharmaceutically active compounds appear in the treated waste effluent of treatment works (Camacho-Muñoz et al., 2010) they may also be detected within the  sludge streams produced from  wastewater. Pharmaceutically active compounds (PhACs) are now recognised as an emerging problem within the natural environment from the use of wastewater sludge as a fertiliser within agriculture.  This has propagated the need for advanced wastewater treatment processes solely aimed at the removal of such compounds from the various export products of the wastewater treatment process.  These techniques include but are not limited to advanced oxidation which utilises hydroxyl and other free radicals to fully oxidise the active compounds to inert end products (Mohapatra et al., 2014). The pace in which these harmful compounds are being detected are not matched by the pace in which new treatment methods are being developed or implemented (Metcalf and Eddy, 2004)
The problem of harmful compounds that are discharged to natural water courses are a result of the increasing pressure placed upon the natural environment as a source of clean, safe drinking water. Desalination is an expensive alternative to the use of ground and surface water supply and in many arid countries it is one of only a few alternatives to maintain supply.  However the cost of desalination makes the cost of the final product expensive when compared with natural sources (Lapuente, 2012).
In the UK, heavy demand is placed upon the river systems as both a source of drinking water and also a receiver of treated final effluent from wastewater treatment plants.  In a much higher volume than what is generally known in the public domain, treated final effluent is reused as a feedstock for drinking water treatment plants. In Gray (2008), a classic example of the reuse of the wastewater cycle is described which highlights the situation using the Thames River and a case study.  Nationally 35% of the surface water used for drinking water comes from effluent discharge, however this figure takes into account figures from the whole of the UK and averages out some areas whereby that figure is much higher. 
In the Thames River catchment 70% of the surface water used for drinking water is sewerage discharge and in times of drought, therefore reduced dilution from rainfall, the figure may be as high as 95% treated effluent.  The River Thames is a prime example of ‘open cycle reuse’  where one communities effluent is converted to drinking water for another, normally in a downstream fashion, but in one community, that of Walton Bridge in Surrey, the effluent from it is discharged up stream of its own inlet drinking water inlet supply, effectively causing a closed loop system.  
Although every effort is made, by virtue of wastewater treatment, to ensure that the water discharged to the water course is safe to be reused, the manner in which wastewater is treated gives rise to its own set of operational problems.  Water that is abstracted from rivers to be used for drinking water is allowed to be stored for seven days before treatment which usually involves an array of slow sand filtering, UV treatment, ozonisation and chlorination.  Further drinking water quality processes may include carbon filtration, membrane filtration and ion-exchange.  This is after the water discharged by the wastewater treatment works has fully treated all biological activity.  However this use and reuse recycling process of the water within the system propagates certain issues. 
 End products of treatment process when using wastewater effluent can cause a build-up of dissolved salts e.g. chloride, nitrate, phosphate and sulphate, causing unpleasant tastes and scaling and corrosion of pipes within the water network.  Removal of these salts, if no other water sources can be used for dilution, is an expensive process using ion-exchange, reverse osmosis and ultrafiltration which puts up the unit cost of water to the user (Gray, 2008).
Endocrine disrupters, like antibiotic resistant viruses within water courses are also becoming a new and relevant problem within the water treatment cycle of the developed world (Kim et al., 2007, Sun et al., 2013, Esteban et al., 2014).  Although the detected levels of endocrine disruptors are considered low, the tendency for the bioaccumulation of them is cause for concern with the continued use of recycled wastewater (Rahman et al., 2009, Wu et al., 2012). The feminization of fish species within the natural river environment is of great concern, and when sampled in 2003, 100% of the roach population in a section of the River Mersey were found to be female (Gray, 2010).  Again, advanced removal techniques are employed to deal with the removal of endocrine disruptors which includes microfiltration, carbon filtration and reverse osmosis (Snyder et al., 2007).
The discharge of phosphate into the natural water course from wastewater treatment is of growing significance.  Monitoring of discharge levels and the need to reach a good ecological status by 2015 is stated in the Water Framework Directive (EU Council Directive 2000).  Phosphate acts as a nutrient and in high concentrations and can increase algal growth and cause eutrophication and reduced water quality e.g.  Azam and Finneran (2014) and Warwick et al., (2014).  Phosphate levels are monitored however and discharge levels into natural water courses are specified as 1-2mg/l (EU Council Directive, 1991).  The source of phosphate in treated effluent is the use of detergents in both industrial and domestic wastewaters.  
 Per capita use of detergents worldwide increased from 3.6kg to 6.3kg in a 20 year period between 1960 and 1980.  In the US their use doubled to 30.1kg per capita in 1980.  The problem has been increased by the banning of non-biodegradable detergents that lead to excessive foaming of treated effluent returned to the natural environment.  Soft biodegradable detergents were used as a replacement but the need for binders to increase the washing ability of such products meant that mainly phosphate based compounds were used. Tripolyphosphate is widely used as a binder and accounts for 70% of the phosphate loading that wastewater treatment works have to treat.  
The volume of phosphate binders within washing powers can amount to 30% of the total volume of the product alone.   Lower phosphate washing powders have been developed but their effectiveness is greatly reduced, zeolites are common replacements (Gray, 2010).  In Ireland, since 2002, phosphate based detergents have been banned from use (Gray, 2004). Phosphate recovery is recently gaining momentum as the phosphate used in detergents comes from mineral sources that are being depleted and are non-renewable (Cordell,  2009).  Recovery technics such as microparticles can be introduced to wastewater to selectively recover the phosphate (Drenkova-Tuhtan et al., 2013).
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In order to treat wastewater understanding its composition is essential.  Not all wastewaters are the same and therefore this changes the nature in which they are treated.  In a sewerage system wastewater may be a mix of domestic sewerage, from homes – the flushing of toilets, washing of clothes and general household usage.  The composition of domestic sewerage is 99.9% water and 0.01% solids, comprising of a mixture of faecal matter, food particles grease, fats, oils, detergents plastic, sand and grit (Gray, 2010). 

	Parameter
	US (mg/l-1)
	UK (mg/l-1)

	pH
	7
	7

	BOD
	250
	350

	COD
	500
	700

	Suspended Solids
	250
	400

	Ammonia Nitrogen
	30
	40

	Nitrate Nitrogen
	<1
	<1

	Total Phosphorous 
	10
	15



[bookmark: _Toc411938123]Figure 1  Table showing the composition of wastewater and the comparison between UK and US wastewaters in municipal supply (Gray, 2010)
Figure 1 highlights the effect of dilution on municipal wastewater between the UK and the US.  In the US attitudes to water use is different from the UK and more water is consumed in domestic processes.  Washing machines, flushing toilets and waste disposal units for example form part of a considered standard to basic human life and therefore use far more water.  The absolute minimum requirement of water use is 4L per day per capita, at this level the dry solids can be in excess of 10% of the total volume, however in most countries where there is sufficient water supply this level is greatly lower and dry solids composition is 0.01% of the total volume.  Although the  sewage strength is reduced by the increase in water use in domestic households, the actual volume of wastewater produced is 100 times greater (Gray, 1989).
Industrial effluent may also be discharged to the municipal wastewater supply network.  Industrial or often called ‘trade’ effluent is generally different in composition to municipal wastewater and thus is often harder to treat.  Its composition can vary wildly its constituents changes depending on the process in which created it. 
 New industries don’t generally dispose of trade effluent to municipal sewerage networks since ‘polluter pays principal’ means that it is more economical to treat industrial effluents in situ or at least treat the effluent to a level that is acceptable for discharge to the municipal network (Gray, 2010).
It is important to know the composition of trade effluent in order for its treatment.  A full analysis of the wastewater will determine if certain stages e.g. pre-treatment are required before disposal to the municipal sewerage system.  Trade effluent may also be mixed with municipal supply in order for its biological treatment.  Trade wastes may be lacking or have a significant imbalance in C:N:P ratio compared with domestic sewerage (Addison et al., 2011).  The ideal ratio for biological treatment within the sewerage treatment process is 100:5:1 at this ratio all nutrients are converted into biological growth and can be removed from solution (Gray, 2010).  Trade effluents that are lacking, or have a significantly high level in any of the three components, need to be carefully blended with domestic sewerage to ensure that the biological activity at the sewerage treatment plant is not compromised. In situations where there is a large imbalance of nutrients, this may be corrected by direct addition of the missing or limited volume of the nutrients.  Urea may be added to wastewaters lacking in Nitrogen and similarly agricultural fertiliser can be added to boost both Nitrogen and Phosphate levels.
Heavy metals are a common constituent of trade effluents particularly cadmium, chromium, lead, and mercury in industrial process effluents.  The metal plating industry is a prime producer of these heavy metals and pre-treatment is required for their removal prior to municipal treatment (Metcalf and Eddy, 2004).  Worldwide the use of treated effluent for irrigation is widespread (Bixio et al., 2006, Rutkowski et al., 2007) particularly in arid regions where natural water supplies are scarce (Carr et al., 2011).  Soils contaminated with heavy metals is of concern not least due to their toxicity (Elbana, Ramadan et al., 2013) but also the tendency for these heavy metals to accumulate (Facchinelli et al.,  2001, and Micó et al., 2006).
The catchment of wastewater supply is largely affected by both the anthropogenic activities that discharge into it and also the land use that is predominant.  The combined sewerage system is where domestic source is mixed with rain water runoff which is collected in gullies from impervious surfaces such as roads in the urban catchment it is added to domestic sewerage and becomes municipal wastewater.  The addition of storm runoff into the domestic supply of wastewater can be both beneficial and detrimental to its treatment.  Storm waters dilute the strength of domestic sewerage, lowering the COD and BOD for example.  However the increased volume of wastewater in times of heavy rain downpours requires the need for large storage tanks at treatment works to be able to store this increase in hydraulic volume as its size outstrips the rate in which it can be treated.  In times of prolonged rain, and where storage capacity is full, municipal wastewaters may enter the natural water courses untreated.  At these times rivers are so high and flooded that when the untreated municipal wastewater 
Grit is present in wastewaters and causes operational problems if not removed.  Grit degrades pump performance (Gray, 1989 and Gray, 2010) in the treatment process as it wears the vanes of centrifugal pumps lowering their pumping efficiency whilst power consumption remains the same.  Therefore grit removal is essential to maintain treatment processes at the treatment works, where at various stages large pumps move vast volumes of fluid between and from the stages of treatment.  Grit originates from surface drainage, usually over road surfaces that wash aggregates into storm gullies and enter the municipal sewerage supply.  It is a problem only in municipal wastewaters where surface storm waters are mixed with domestic sewerage.  
Where surface waters are discharged directly to rivers and even the sea, grit ingress is limited. Sandy material may also enter the system from cracked or damaged sewer pipes where the water table is above the level of the sewer network.  Some industrial processes produce grit such as vegetable washing, and therefore large amounts of grit and silt can enter the municipal supply where they are integrated with trade effluents (Gray, 1989).  Grit production, by industry, may be consistent, and ingress may also provide a steady source entering the sewerage system, but its volume at the treatment works can vary greatly depending on flow regime of the wastewater.  During periods of low flow there is insufficient velocity to move the grit particles along the sewer system.  Grit may collect in road gullies or even within the sewer at junctions and bends and accumulate.  During storm conditions these accumulations of grit are entrained with the increasing velocity of wastewater and therefore wash down the sewerage network to the treatment works.
1.1.2 [bookmark: _Toc411938058]The Sewerage System

In principal the sewerage system is the reverse of the drinking water system, whereby wastewater is collected and treated before being returned back to the natural environment as opposed to water being extracted from the natural environment for consumption.  The process is inherently more challenging than the potable water process as more pressure is placed upon water as a resource for industry and everyday life as well a direct human consumption.  Therefore many additional processes are needed for the removal of the contaminants.  The sewerage treatment process can be broken into three defined steps, with potentially a fourth and final stage which deals with new containments that arise from the reuse of wastewater as a source of potable water as previously mentioned.  Wastewater is collected within a catchment of sewage network and directed toward the treatment plant. 
The first stage of treatment termed primary treatment deals with the removal of large matter by screening with course metal screens, or rakes, to remove large particulate matter for drying and land disposal or incineration.  The screened primary effluent is then gravity settled in large tanks to slow the water velocity and aid in gravity settling of the larger matter that doesn’t get removed in the screening process.  A common size of screen is 6mm, where wastewater can pass through along with material smaller than 6mm, and anything larger is removed.  Grit is removed after screening by gravity settlement, upstream of the primary tanks. Within the primary tanks the sludge is separated from the effluent fraction via gravity, and the sludge is removed via pumps for treatment within the sludge stream of the process.  In all cases the treatment of wastewater is the concentration of the harmful matter into one stream or process, so that the cleaned effluent is of low concentration of harmful matter, both to human health and the receiving body of natural environment. The removed sludge is fed to the sludge treatment process which may include anaerobic digestion whereby useful heat and power may be recovered by the liberation of methane and subsequent combustion in a combined heat and power turbine (CHP) from then anaerobically digested sludge.
The ‘cleaned’ effluent from the primary tanks then passes to the biological process, or secondary treatment.  It should be noted that in some instances, primary settlement does not occur, particularly in the SBR process, and in some instances continuous aeration plants, the latter due to the strength of the incoming sewerage.  As previously mentioned a correct C:N:P ratio is needed for biological treatment and the removal of sludge in the primary process may reduce either of these nutrient’s to an unsatisfactory low level for biological treatment.  However where this does not occur, primary treatment is used.
The secondary treatment process uses microorganisms in the removal of harmful contaminants through respiration and new cell growth which can be removed through settlement, and also removal by the formation of mineralized end products that remain in solution and are discharged in the final effluent.  The aeration process is explained in more detail in the next section as it is crucial as part of this investigation.
Tertiary treatment processes include the final ‘polishing’ of the treated effluent before it is discharged back to the natural environment.  Sand filters are common place to remove suspended solids that are carried over from the biological treatment process in the previous stage.  Membrane filters may also be used to remove suspended solids of the final effluent prior to discharge.  Where final effluent is produced from activated sludge plants that use clarifiers to separate the cleaned effluent from the biological fraction (mixed liquor) the dissolved oxygen may be very low.  Discharging effluent that is of very low DO level is harmful to natural water courses and seeks to lower its overall DO level by dilution, therefore agitation via weirs or steps seeks to raise DO level through entrainment of the air.
1.1.3 [bookmark: _Toc411938059]The Aeration Treatment Process

The aeration treatment process forms the secondary part of the wastewater treatment process as whole and is the use of biological treatment in the form of microorganisms in the removal of the harmful constituents of the wastewater.  Strictly speaking microorganisms only apply to trickling bed filters that do not use mechanical aeration methods and instead rely on the contact between wastewater and the microorganisms over a large surface contact area in tanks filled with material to encourage growth.  The spaces in between the material which generally made up of porous aggregates allow air to permeate through the filter counter current of the wastewater trickling down through it.  Trickling bed filters are largely associated with smaller existing WWTP’s treating a low volume of wastewater within the catchment.  They have a large land use foot print and encourage large amounts of flies which can be a nuisance in urban areas.  More commonly and with modern treatment plants the aeration process is favoured, due to low land use footprint, lack of flies, but is expensive to run, compressors can be noisy and aerosols formed due to the use of mechanical aeration can be a problem to operator health, or indeed the surrounding public environment.  In the activated aeration process the use of bacterial flocs, protozoa and fungal hyphae are used within a liquid suspension which is in contact with the wastewater mixed by mechanical means or more commonly by the rising bubbles themselves, which also provide oxygen.
In both cases, trickling bed filters and activated sludge, the process is an intensification of what is occurring within the natural environment.  For trickling bed filters the same microorganisms are present within river systems on the surface of stones and utilize dissolved oxygen within the river water.   
For aeration plants the bacteria used are the same as those found in suspension in the river water which again utilizes the dissolved oxygen therein.  Microorganisms and bacteria feed on BOD/COD that is within the river system reducing its concentration via new cell growth, and mineralization of the nutrients in an aerobic environment.  The wastewater treatment process is purely an intensification of both these natural processes and the reactions of oxidation, biosynthesis and auto-oxidation can be expressed stoichiometrically in the following equations (Gray 2010).
Oxidation

Biosynthesis 

Where COHNS = organic composition of the wastewater
Auto-oxidation



1.1.4 [bookmark: _Toc411938060]Wastewater Aeration Methods 

The biological treatment of wastewater occurs in the aeration basin of the sewerage treatment plant, where the biological floc, and the cleaned supernatant are termed ‘mixed liquor’. Upon settling in the final tanks or clarifiers, the treated supernatant fraction is separated from the biological floc culture which is recycled back into the head of the aeration basin. Oxygen that is required for the aerobic conditions within the aeration basin can be supplied directly to the mixed liquor in the form of bubbles, created by compressing air and piping it to the tank whereby it is released.  The action of rising bubbles helps to mix the tank and circulate the mixed liquor keeping the incoming raw wastewater homogenised with the bacteria.  
The release of bubbles also encourages enhanced oxygen transfer due to turbulence at the top of the tank. (Gray, 1990) suggests that there are three main ranges in bubble size for aeration basins.  Fine bubbles range from <1.5mm, course bubbles are greater than 3.0mm and medium sized bubbles range between 1.5mm-3.0mm.  However (Metcalf and Eddy, 2004) suggest that the classification between fine and course bubbles is not clear and thus indicate that bubble formation is better defined by the method in which they are formed mechanically.  This method classifies bubbles into three categories, bubbles that are formed from porous or fine pore diffusers; non porous diffusers i.e. pipe work with course holes, and miscellaneous devices such as nozzle jets, aspirating aerators and U-tube aerators.  In all instances and from both methods of classification it is accepted that finer bubbles are more efficient at oxygen transfer.
Finer bubbles give rise to larger air-liquid interfacial area per unit volume of air (Gray, 1990) and thus a higher oxygen transfer rate into the mixed liquor can be achieved.  Therefore the larger the bubble size the greater the volume of air required per Kg of BOD removed from incoming raw water within the aeration basin.  Consideration is also applied to the energy requirements by Gray (1990) in that the smaller the bubbles produced, normally from finer diffuser membranes or smaller apertures in pipe work, then the greater pressures required and thus higher loading on the air compressors or blowers.
1.1.5 [bookmark: _Toc411938061]Porous Diffusers

Porous diffusers take many shapes the most common being tubes, domes, disks, and plates. Plate diffusers, once widely used, were installed in concrete or aluminium holders and fitted to the bottom of aeration tanks.  Groups of plate diffusers were maintained by control valves connected to the air supply pipe work.  Plate diffusers are costly to install, difficult to maintain and have been replaced by porous domes, tube and disk (Metcalf and Eddy, 2004).  
Porous dome, tube and disk diffusers are generally plumbed into or screwed into air pipe manifolds, when used in conjunction with drop pipes, maintenance is easier as groups of diffusers can be lifted out of the aeration tank without the need for draining of the tank and the isolation of the aeration tank, which may cause performance issues of the whole biological treatment facility.  Commonly, materials used for porous diffusers include; rigid ceramics, plastics (either rigid or flexible) rubber or cloth sheaths (Metcalf and Eddy, 2004).  
Air supply to porous diffusers needs to be free from air borne particles to avoid diffuser fouling and thus a drop in diffuser performance.  Air cleaning devices such as coated bag filters and electrostatic precipitators are commonly used on blower and compressor inlets to prevent particles entering the air system.  Materials used in pipe work from the blowers to the diffusers may also degrade and cause blockages from the inside of the diffuser, uPVC is now the more favoured pipe work material instead of older systems that used iron pipes.  However, where uPVC is utilised, insulation of external pipe work that is exposed to sunlight must be employed to mitigate against degradation (Gray, 1990).
Blockages on porous diffusers may also result from biological film forming on the surface of the diffuser; similarly chemical scale may also form on the surface.  These blockages are accelerated during periods of downtime in aeration.  When air is compressed it heats up causing an expansion in volume. During periods of maintenance the once warm air supply, cools and contracts causing a vacuum in the pipe network, sucking the diffuser in the opposite direction and embedding deposits upon the surface.  In order for bacterial slime and chemical scale to be prevented from entering the pore spaces of the diffuser, during times of maintenance a positive pressure system is used so that when there is no air compression, the pressure inside the pipe manifold remains positive.
 Blockages of diffusers are noticeable on the surface of the aeration tank as a reduction in the amount of mixing and turbulence within the tank, cleaning of diffusers is required by draining of the tank, if drop pipes are not used, and the individual cleaning of each diffuser head (Gray, 1990). 
1.1.6 [bookmark: _Toc411938062]Non Porous Diffusers 

Non porous diffusers generally take the form of pipes and tubes and create larger bubbles than porous differs.  Non porous diffusers require no air purification prior to compression and are not limited by fouling from degradation of pipes in the manifold. However the larger bubbles generated by using non porous diffusers causes lower oxygen transfer, but this is offset from a cost point of view in that air filters and purification is not required, and maintenance requirements are less.  Deflection plates are normally incorporated within the design of tube diffusers to increase contact time between liquid and bubble interface. Mixing occurs as tube aerators act as an airlift pump, and static tubes are fitted to the base of the aeration tank in a grid like arrangement (Metcalf and Eddy, 2004)
1.1.7 [bookmark: _Toc411938063]Diffuser performance

Metcalf and Eddy (2004) indicate that oxygen transfer is dependent upon many factors that relate to diffuser types.  The type, shape and size of the diffuser along with air through put, depth of submersion, tank geometry, diffuser location and indeed wastewater characteristics are all a factor to the performance of oxygen transfer within the aeration basin.  Differing wastewater characteristics such as the presence of detergents, dissolved solids and suspended solids can all alter the shape and size of bubbles generated and thus diminish the oxygen transfer rate. 
Ren (2004) states that biological activity of the activated sludge is essential to the treatment of wastewater, and wastewater entering the aeration process may contain inhibitory compounds that affect the bacteriological community and the air bubble formation process.  For example Jönsson (2000), showed that of 109 treatment works 60% of them suffered from inhibitory compounds during some stage of operation.  
In extreme cases treatment efficiency can be affected for long periods of time such as reported by Grau and Da-Rin (1997), where phenol attack crippled the activated sludge process for a period of six months.  However this intoxicant was more harmful to the bacterial organisms rather than the bubble formation process.  
Fine porous diffusers are the most widely used method of aeration for wastewater treatment and such systems can reach oxygenation efficiencies of 2.0-2.5kg O2 kWh-1.  Fine pore diffusers are placed in the bottom of tanks with varying depth dependant on site specification but generally range between 2-5m in depth.  Depth of tank is dependent upon the required contact time required between air bubble and mixed liquor, and a high density of diffusers are required to give high tank circulation and sufficient aeration levels.  Using a grid like system of diffusers on the bottom of the tank gives rise to a circular shape flow pattern of mixing and aeration. Figure 2 below schematically shows the flow pattern in mixed liquor in a circular motion due to the action of rising bubbles from a grid like system of fine pore diffusers.
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[bookmark: _Toc411938124]Figure 2 Axial mixing of sludge in a rectangular aeration basin by rising bubbles, adapted from Gray (1990)
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[bookmark: _Toc411938125]Figure 3 Spiral mixing of sludge in an aeration basin, note offset position of diffusers adapted from Gray (1990)
Another method of mixing and aeration is the spiral flow aeration technique shown in Figure 3.  This flow pattern requires long channels (2mx2m) with the diffusers aligned down one side of the tank, this encourages a spiral or helical shape flow which increases mixed liquor and air bubble contact time (Gray, 1990).
Coarse bubble diffusers that produce bubble sizes in the region of up to 12mm are generally formed from tube diffusers that have perforations or slits in plastic or steel pipe work.  Aperture size to achieve coarse bubbles is in the region of 6mm, the pressure in the pipe work is thus much lower and without the problems of internal blockages from sloughed material.  
Another benefit is that due to the lower pressure required, high efficiency fans can be used as a means of blowing air into the pipe manifold, reducing power consumption.  However a large amount of air is required, although this is not reflected in an increase in oxygen transfer.  Indeed, coarse bubbles produced in this manner have and oxygen efficiency of 0.8-1.2kg O2 Kwh-1 and are used where BOD is low, generally on small package aeration plants with small, <3000, population.  In order to maximise the air-liquid contact time coarse bubble aeration tanks are deeper (>4m) than that of fine pore diffuse systems (Gray, 1990)
1.1.8 [bookmark: _Toc411938064]Power Consumption

The use of compressed air to introduce oxygen to the biological process of activated sludge requires high amounts of energy.  The finer the pore used in the diffusers the greater the pressures required, a trade-off is thus assumed that although the bubble size is larger, coarse bubble diffusers require less power in air compression, but have lower oxygen transfer efficiencies.  The opposite occurs whereby fine bubble systems operate at higher pressures due to smaller pore sizes, creating higher transfer efficient but at a greater costs.  However, it is not always the case that smaller pore sizes create smaller bubbles and therefore the higher power consumption of that system may not achieve the supposed finer bubbles and therefore higher associated transfer efficiencies. 




	Bubble Size (mm)
	Air Volume Required (m3)
per kg BOD removed
	Oxygen transfer efficiency %

	Fine (1.5)
	36-72
	11

	Medium (1.5-3)
	60-120
	6.5

	Coarse (>3)
	70-140
	5.5



[bookmark: _Toc411938126]Figure 4 Table of bubble size compared with air volume and oxygen transfer efficiency(Gray, 1990)
Adapted from (Gray, 1990) figure 4 above indicates the relative oxygen transfer efficiencies that can be obtained from the various bubble sizes produced by aerators. 
Based upon the treatment of 1kg of BOD removed from the wastewater the relative volume of air that is required can be seen.  The lowest oxygen transfer efficiency is that of the course bubble generating diffusers and requires the highest volume of air throughput.  Fine diffused systems require the least volume of air per Kg of BOD removal and give the highest (11%) oxygen transfer efficiency. However it could be argued that although in course bubble diffusers the pressures required are lower, the volumes are greater and so energy consumption is higher than assumed, as more air is required to be pumped for the same removal of BOD compared to fine diffusion.  Similarly the greater pressures required for fine bubble aeration are associated with higher power consumption, even though oxygen transfer efficiencies are greater.
Energy consumed by aeration plants is not only limited to the production of bubbles for aerobic respiration of organisms, but the degree of mixing is an important requirement in the treatment of wastewater.  Axial mixing allows frequent turnover of the biological organisms present in the system.  Incorrect or uneven mixing results in total or localised pockets of stagnation, that can cause an increase in the BOD of the aeration system and thus decreasing the overall treatment performance. In diffused air systems (Metcalf and Eddy, 2004) indicate that to ensure good mixing rates of an aeration tank that uses a grid system of diffusers in a tank with an average depth,  a minimum throughput of 10-15m3/min of air is required. This would indicate that although the spatial fluctuations in dissolved oxygen concentration demand varies, at any given time there is a minimum flow rate required to maintain mixing, regardless of the BOD of the incoming wastewater.  This adds to the energy consumption of the whole aeration system as this provides the base load power requirements for any given application.  
The aeration of wastewater uses vast amounts of electricity and it is suggested that the process alone, in the developed world, accounts for 1% of total power used (Zimmerman et al., 2011).  In the UK, the water industry is the 4th most energy intensive sector consuming approximately 6.34GWh (Parliamentary Office of Science and Technology, 2007) with estimated greenhouse gas emissions (2006/7) of 5,000,000 tonnes of CO2e (Environment Agency, 2008)  The percentage of the energy consumed which directly relates to the aeration activated sludge process alone is estimated to be between 40-80% (USEPA, 2006).








1.2 [bookmark: _Toc411938065]Microbubble generation

1.2.1 [bookmark: _Toc411938066]Bubble formation – the problem of creating small bubbles

Small apertures on porous surfaces do not generally mean smaller bubbles.  When a bubble is formed there are two forces at play, the anchoring effect of the liquid at the perimeter of the aperture and the rising force of the forming bubble from the centre.  The growing bubble will increase in size until the rising force over comes the anchoring force and the bubble breaks free from the surface. 
The rising (buoyancy) force of the bubble is proportional to its volume and the bubble will usually break off an order of magnitude larger than the diameter of the aperture.  A second anchoring force may occur if the surface of the porous material is hydrophobic.  The bubble on the surface of a hydrophobic material will form a contact area larger than the size of the aperture thus creating an even larger volume and buoyancy force needed for it to break free.  In situations where the material is hydrophilic, this secondary anchoring force does not exist. Channelling, where larger bubbles form less resistance across a surface, causes preferential formation at a localised point growing against other apertures.  Coalescence also leads to larger bubbles as rising bubbles from the surface of the porous material can be irregularly spaced and small bubbles, if formed, quickly increase in size, through coalescence (Zimmerman et al., 2011). Similarly Sanada et al., (2009) indicate that a pair of bubbles of the same diameter can coalesce to reduce the overall interfacial area of the volume of the bubble by 20%.  Further coalescence of this resultant bubble can reduce the bubble surface area by 50% or more. As indicated by Ashley et al., (2009), in aeration systems, increased air flow rate does not necessarily increase the rate of oxygen transfer efficiency as the increased air flow rate encourages an increase in bubble coalescence due to an increase in collision of bubbles. 
1.2.2 [bookmark: _Toc411938067]Bubble relationships

The area of a bubble may be calculated by the equation below

The volume of a bubble maybe calculated by the equation below

The above equations are used to calculate bubble surface area and volume.  However the relationship between volume and surface area is depicted in figure 5 from Zimmerman et al., (2009) whereby a large bubble has the same volume as the microbubbles beside it.  However the large bubble has significantly lower surface area than the sum of the microbubbles for the same volume.
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[bookmark: _Toc411938127]Figure 5 Graphical representation of a large bubble with small surface area compared with microbubbles with large combined surface area, for same unit volume (Zimmerman 2008).
The relationship between the same volume and much larger surface area seen in microbubbles, gives rise to much higher transfer rates across the surface, than when compared to the same volume but larger bubbles, and therefore lower surface area.  This relationship is depicted in figure 6 (Zimmerman et al., 2009)
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[bookmark: _Toc411938128]Figure 6- The relationship of bubble size to transfer rate across the surface (Zimmerman et al., 2009)
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[bookmark: _Toc302026250][bookmark: _Toc411938129]Figure 7 - Relationship between bubble rise velocity and bubble size (Zimmerman et al., 2008)
Figure 7 shows the classical stoke law rising velocity with the linear relationship of a ridged sphere with increasing rise velocity with increasing bubble diameter.  Similarly, further experiments by Levich (1962) and much later Liger-Belair et al., (2000) show a linear relationship of bubble size to rising bubble velocity.  Overall, with increased bubble size a higher bubble rising velocity occurs which when coupled with transfer rate shows a reduction in transfer rate with increased bubble size and therefore increase bubble rise rate.  For a higher transfer rate smaller bubbles are needed.
[image: ]
[bookmark: _Toc411938130]Figure 8 - Schematic diagram indicating the difference between coarse (macrobubbles), microbubbles and nanobubbles (Agarwal et al., 2011)
From Figure 8 Agarwal et al., (2011) macrobubbles, or course ‘ordinary’ bubbles, are depicted against microbubbles and nanobubbles showing the tendency for them to rise rapidly and burst at the surface of the liquid film layer.  Microbubbles however reside in the liquid phase longer, even disappearing as internal volume decreases through transfer from the gas phase to the liquid.  Nanobubbles are entrained in the liquid flow, having extremely low rise velocities and reside for much longer periods.
1.2.3 [bookmark: _Toc411938068]Mass Transfer

Mass transfer can be defined as the net movement of molecules or mass from one location to another combined with a driving force of concentration. In the aeration process this movement of molecules, or mass, occurs between two phases, the liquid and the gas phase.  However mass transfer can occur between multiple phases but in the instance of aeration of the liquid a 2-phase mass transfer exists. 
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[bookmark: _Toc411938131]Figure 9 - The 2-phase mass transfer between the liquid and gas phase the movement of mass from the gas to the liquid phase is illustrated as J within the diagram. From Mueller et al., (2002)

From figure 9 the overall mass transfer equation can be derived by the following series of equations from Mueller et al., (2002).  The mass flux J, is defined as a measured empirically determined liquid film transfer coefficient KL, and in terms of a gas saturation Cs, and concentration C which can be expressed as 


The mass flux in the liquid is expressed by the previous equation being multiplied by to represent the interfacial boundary per unit of liquid volume.

This is then integrated between time t=0 and conditions at time t=t


At C=0, the fraction saturation attained with time is given as:

The original equation of the mass flux J, can be adjusted to express the flux in coefficient in both the liquid and the gas, KL and Kg respectively.
For the gas layer, 
For the liquid layer, 
Where   and  are the bulk concentration values and and  are the gas concentration at the interface between the fluids.
By using Henry’s Law, the gas concentrations at the interface can be expressed as:

H is the dimensionless number, Henry’s constant 
The previous equation suggests the there is an equilibrium relationship whereby the concetrations at the interfacial boundary between CGi and CLi have reached equal chemical potential.  Oxygen saturation can be defined as the value in equillibrium at infinate time  with the concentration of the bulk gas phase, which is that of the concentratoin of the interface as the gas side gradient is negligible (Mueller et al., 2002)

The mass flux can therefore be expressed as thus:

The change in gas concentration with respect to time is expressed as:

The above equation is used to define oxygen transfer in aeration systems. The rate of transfer is highest where dissolved oxygen is at its lowest or in fact zero in concentration.  Transfer is negligible or does not occur when dissolved oxygen in solution reaches close to or at equilibrium with the gas phase respectively.





1.3 [bookmark: _Toc411938069]Methods of Microbubble Generation

1.3.1 [bookmark: _Toc411938070]Dissolved Air Flotation

It would be churlish to not describe a very large application of microbubbles for wastewater treatment, the dissolved air flotation process (DAF).  Unlike the previous section which describes the transfer of mass, in that case oxygen from the gas phase to the liquid, DAF relies on the smallest of microbubbles, <100µm to remove particulate matter from wastewaters.  The transfer of mass between the liquid and gas phase is of less importance in the DAF process, if at all, but bubble size is crucial in obtaining the correct level of particulate removal, and energetics of the system are of less importance.  The following section focuses on the DAF process, giving some examples of applications and indicating the high energetics required in producing microbubbles in this manner, mainly due to higher operating pressures when compared with coarse bubble systems.  Although it could be suggested that microbubbles produced via a DAF system would be suited to the activated sludge process, the aim is to aerate the sludge in a well-mixed tank to maintain the biological culture.  Problems would arise if the bubble size and distribution was that of a DAF system as the sludge would effectively be floated to the top of the tank, potentially causing anoxic pockets, and would be detrimental to the process.  What is required is a shift in bubble size and distribution to the higher end of the microbubble scale <1mm, but not as low as to start to float biological flocs.  A trade off must therefore exist between the energetics of making the smallest of microbubbles and the need for large volumes of bubbles for mass transfer of oxygen.
Dissolved air flotation (DAF) is the process by which solid particulates are removed from both clean water and wastewaters via flotation.  Air is forced into the DAF system and remains dissolved until the water reaches the DAF tank, where the drop in pressure, caused by the expansion in volume due to the size of the tank, causes the formation of air bubbles within the influent.  The pressure decrease is formed by the tank being under normal atmospheric conditions and pressure (Rubio et al., 2002) . The air-particle formation within the DAF tank causes the removal of particulates. Increasing flocculation with air-particle bonding helps to lift these particles in an upward direction to the top of the tank.  The particulates congregate at the top of the tank whereby they are mechanically removed (Pan America Environmental, 2010).  The clean water fraction below the solids layer is removed and a percentage of this effluent is recycled back to the head of the process, in systems that have a recycle.  Metcalf and Eddy (2004) suggest that only in larger DAF systems a recycle is present and that between 15- 20% of the DAF effluent is recycled.  Al-Mutairi et al., (2008) cite that 15% of the DAF effluent is recycled. Indeed, it is this recycled effluent that in many cases of DAF, receives the dissolved air injection (Rodrigues and Rubio, 2007)
Particles that have a higher density than the liquid can be made to rise.  Particles that have a lower density, than that of the water, such as oil/water emulsions can also be facilitated by the use of coagulants to aid separation. If flocs become too large however, either in size or density, the flocs may settle.  Larger flocs have increased drag force which decreases rising velocity (Tansel and Pascual, 2004).  Bubble hydrodynamic characteristics such as size, rising velocity and bubble formation frequency are important factors for controlling the process efficiency and operating cost (Painmanakul et al.,  2010).  Temperature also affects bubble rising velocity, Shannon and Buisson (1980) observed that at 20ºC bubble rising velocities were three times slower than bubbles at 80ºC.
[image: ]
[bookmark: _Toc411938132]Figure 10 - Generalised schematic of DAF operation (Pan America Environmental, 2010).  
Figure 10 shows a schematic diagram of a DAF process. This is a basic representation of a DAF cycle, and therefore different DAF processes may utilise other techniques for particulate removal. Treated effluent is recycled back using a pump and motor, and is injected with compressed air, the recycled effluent is then mixed with incoming waste effluent and fed to the DAF tank.  Heavier particles that are too large to form air-particle bonds fall to the bottom of the tank, whereby the auger removes them.  Smaller particles, able to form air-particle bonds, rise to the top of the tank and are mechanically removed by the drag skimmer.  Further de-watering is carried out by the float which traps particles on the surface, but allows water to pass through.   Solids are then removed for disposal (Rubio et al., 2002) indicate that coagulation of particles can reach dry solid volumes in the region of 6-12% w/w.
The process of using dissolved air for flotation creates the need for air bubbles. For DAF, microbubbles are normally utilised, made from supersaturated water, where the air is kept in solution under pressure.  The pressures required to maintain the supersaturated state are higher than atmospheric pressure and in the range of 3-6atm (Rodrigues and Rubio, 2007).  The supersaturated water is then forced through needle-valves where clouds of microbubbles ranging in size between 30-100µm in diameter are produced just downstream of the nozzle (Rubio et al., 2002).
According to Rodrigues and Rubio (2007) microbubbles obey Stokes’ Law and rise in laminar flow, where rising rate is temperature dependant. Rising velocities are lower in water with low temperatures as viscosity is increased.  Where microbubbles and nanobubbles are smaller than what is visible to the eye, the bubbles reflect light at all angles and therefore produce thick clouds of ‘white-water’, which is visible as a white cloud rising through the water (Rodrigues and Rubio, 2007)
[image: ]
[bookmark: _Toc411938133]Figure 11 - Snow like effect of microbubble propagation (left) and a photomicrograph of mixed and course microbubbles (right) (Rodrigues and Rubio, 2007)
Microbubble generation in DAF is crucial for the removal of particles from water.  Figure 12 shows the method by which microbubbles form air-particle bonds and flotation takes place.
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[bookmark: _Toc411938134]Figure 12 - Diagram of bubble/particle interaction in the removal of particles in DAF (Rubio et al., 2002)
From Rubio et al., (2002) an important feature of dissolved air flotation that is specific to DAF is that some of the supersaturated air does not form microbubbles directly after nozzle injection.  Normal conditions within DAF show that hydrophobic forces cause air-particle bonding and adhesion of the bubble to the particle. Solari and Gochin (1992) show that supersaturated water that does not form microbubbles causes nucleation of microbubbles at the particle surface, and allows flotation of hydrophilic particles.  This process is presented in figure 13
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[bookmark: _Toc411938135]Figure 13 - Diagram showing propagated microbubbles form at the contact surface of particles 

Flotation technology has been developed for over a century in a number of environmental applications namely that of the civil, chemical and food engineering fields Rodrigues and Rubio (2007).  Dissolved air flotation was recognised as a separation technique in the early 20th century (Rubio et al., 2002) and the technique was highly developed by the Scandinavian countries in the early 1970’s for the treatment of cold water (Pan America Environmental, 2010)
The applications of DAF to industry are mainly concerned with the removal of particles either for the water industry for both clean drinking water and/or the treatment of wastewater.  Other applications, which are explored in greater depth in the following chapter, must be mentioned here in order to fully explain the advantages of DAF.  Dissolved air flotation as a method of particle removal, has been applied to the metallurgical industries as well as the petroleum and chemical industries. 
 Advantages of DAF with particular focus to the water industry include a high surface loading rate with relatively small and compact plant size, rapid start-up of plant, and the ability to withstand periodic stoppages (Rodrigues and Rubio, 2007). 
 High solids removal approximately 80-90% with increased fine particle removal.  At higher hydraulic loadings algal removal rates are approximately 50-80%.  
Dissolved air flotation removes the need for chemical usage, compared with other particle removal techniques, e.g. gravity settling.  However some forms of DAF require chemical dosing in order for particle removal.  A treated effluent clarity of < 1 NTU is achievable, and the removal of Cryptosporidium sp. and Giardia sp. is an added benefit (Rubio et al., 2002).  Increased sludge thickness of particle removal saves transportation cost and therefore improves cost effectiveness of DAF. 
Slaughterhouses for the production of meat and poultry (Del Nery et al., 2013) for the food industry cause the environmental issue of contaminated wastewater with high concentrations of organic matter.  Previous disposal to land or compositing is less favoured and discharge of effluent is now seriously restricted (Mittal, 2006).  
Additional loading of nitrogen and phosphorous, increases the biological oxygen demand (BOD) and the chemical oxygen demand (COD) of the wastewater. 
The presents of organic matter increases suspended solids (SS) as well as the problem of oil and grease (de Nardi et al., 2008).  Dissolved air flotation is a widely used technology for the removal of these potential environmental pollutants from wastewater of this nature. 
However Del Nery et al., (2007) indicate that the variant of chemical-DAF is more commonly used to remove suspended solids before biological and then anaerobic treatment.  de Nardi et al., (2008) indicate a wide variety of coagulant and flocculants are available and may be used as individually or as a combination to improve organic matter and suspended solids removal.
Similar to the process of organic waste particles in the previous chapter, the removal of oil deposits is greatly improved by the use of DAF (Tansel and Eifert, 1991, Tansel and Regula,  2000, Tansel  et al., 2001, Tansel and Dimitric-Clark, 2002).  The petrochemical and metal cutting industry propagates wastewater enriched with oily deposits. The discharging of such wastewater to natural water courses is particularly detrimental to the environment, and new legislation controls the amount of oil discharged.  Moosai and Dawe (2003) indicate that this new legislation controls the amount of oil within wastewater to 40mg/l.    The addition of microbubbles facilitates the removal of the oily compounds in an upward direction, whereby they are mechanically removed.  Kysoai S and Rittmann (1991) indicate that although the addition of supersaturated water in the DAF process aids the removal of oil, volatilisation of petroleum hydrocarbons is significant to their removal. The use of coagulants, and surfactants (Liu et al., 2004) followed immediately by rapid aggravation of the solution greatly improves the efficiency of the process. This is a function of the destabilisation of the charge of the colloidal particles, which in turn leads to greater repulsion forces of the oil compounds, resulting in stable colloidal suspensions (Tansel and Pascual, 2004) 
Tansel and Pascual (2004) suggest that the addition of a coagulant such as Aluminium Sulphate causes the oil to become negatively charged.  Therefore when mixed in the presence of supersaturated water, the positively charged bubbles cause surface interactions between particle and bubble and greater flotation efficiency is obtained.  DAF is the best technique for oily wastewater treatment and that the oil and grease reduction efficiency of DAF can be as high as 99%.
It must be noted that within the petrochemical industry both Induced Gas Flotation (IGF) and Dissolved Gas Flotation (DGF) are more common due to the explosive nature of petrochemicals.  Although the principal of both technologies are the same as DAF, the absence of microbubbles from air, limits the explosive potential (Moosai and Dawe, 2003). Induced (or dispersed) gas flotation uses gas bubbles generated by a high-speed agitator within the wastewater, these bubbles then have similar properties to those produced by DAF. 
Moosai and Dawe (2003) suggest methane as substitute for air in DGF, although using methane may add to the already hazardous process and by virtue is a serious greenhouse gas and therefore recapture of the methane must be facilitated as not to discharge to atmosphere.  Although induced gas flotation would mitigate against the need for compressed gas, IGF is limited by bubble size as agitated mixing does not produce microbubbles in the same quantity, and indeed quality, as DAF.  This is due to the lack of the pressurised air system within the process and therefore the lack of supersaturated conditions.  By the same authors Moosai and Dawe (2003), suggest inert gas such as nitrogen may be a compromise in the petrochemical industry. 
Dissolved air flotation is used for the recovery of valuable metallic ions from wastewaters produced by the mining industry (Féris et al., 2004). The capture of such ions is not only economically attractive but also a necessity to clean up wastewaters before discharge.  Rodrigues and Rubio (2007) indicate that DAF removed 87-89% of iron manganese and aluminium ions as well as neutralising the pH of wastewater from a pH of 3, to pH 7-9, well within permitted discharge limits. 
Rubio et al., (2002) suggest that although course bubbles greater than that of the range of microbubbles (100-600µm) are necessary for greater removal efficiency; it is the fine nature of metal ions that propagates the need for microbubbles.
1.3.2 [bookmark: _Toc411938071]Limitations of Dissolved Air Flotation

The associated drawbacks of DAF as wastewater treatment include high energy consumption, mainly from the generation of supersaturated air.  Compared to gravity separation of particles there are relatively complex mechanical intensive processes associated with DAF, and therefore higher service costs, coupled with the increased risk of plant downtime.  Disposal of hazardous sludge may increase operational costs, and DAF treatment does not mitigate taste and odour issues with the process of surface waters for drinking purposes.
Recent developments in DAF technologies have broadened the application for a wide range of environmental problems and process industries.  The propagation of microbubbles from supersaturated recycled effluent within the DAF process is not only crucial to the flotation process, but also its major limiting factor. 
The electrical power required to produce supersaturated water is in the region of 50% of the operational costs of DAF (Féris and Rubio, 1999).  However, although Féris and Rubio (1999) indicate that DAF efficiencies can be greatly increased by the use of surfactants, and at a lower operational pressure (2atm) the cost of using such chemicals must also be factored into operational costs.  
Féris and Rubio (1999) do indicate that research using surfactants shows that the operational cost of using such a chemical is low and coupled with the reduced power usage makes the process more efficient.  What must be remembered is that such chemicals are produced and manufactured under cost constraints themselves; therefore there is no guarantee that such surfactants will remain cost effective in the future.  Grammatika and Zimmerman (2001) review flotation processes and conclude that in order for flotation to occur particle bubble pairs must be an order of magnitude of each other’s size, regardless of surfactant chemistry.  Therefore more bias is toward producing suitable sized bubbles.
Focus should therefore be on reducing the energetics of microbubble generation so that their use be more economical on a larger scale.   Zimmerman et al., (2009) suggest that by using fluidic oscillators improvements in power efficiencies of microbubble generation may be obtained.  Promising results by the same authors would certainly improve the cost benefit of using such a technique for the generation of microbubbles in DAF.   Indeed it is the generation of microbubbles that is attractive, certainly to the metallurgical industry in the reclamation of valuable ions from the mining industry.  Although a wide range of bubble diameter is required in most DAF applications, smaller ions and particles require smaller bubbles, namely that within the range of microbubbles.  Dissolved air flotation will no doubt increase in popularity amongst industrial process.  The relatively simple theory and process technique is to the benefit of DAF.  However the high power loading of bubble generation, remained until now, dissolved air flotation’s ‘Achilles heel’.
1.4 Fluidic Oscillation
Zimmerman et al., (2008) state that microbubbles may be formed from air delivered under low offset pressure with an additional force aiming to break the bubble off at the required size, that of the microbubble size.  Najafi et al., (2008) used a valve system to allow the forming bubble to reach a required size, before a drop in pressure caused the bubble walls to collapse inward and break the bubble off.  Zimmerman et al., (2008) suggests that this mechanism can also be achieved using fluidic oscillation.
The principal behind fluidic oscillation is that microbubbles can be produced from porous surfaces, but without the hindrance or the tendency for bubbles to coalesce immediately after formation.  Secondly, formation of microbubbles by fluidic oscillation is suggested by Zimmerman et al., (2008) to break off bubbles at the critical point at which the bubble can occur.  At this crucial point a bubble can continue to grow if no physical external force is present to break the bubble off, other than its subsequent increasing buoyancy, or the bubble may collapse as the point in which a bubble forms has not been reach and thus the air is sucked back into the generating surface.   
1.4.1 The Coanda Effect
Fluidic oscillation used by Zimmerman et al., (2008) is based on amplification of the phenomenon known as the coanda effect.  The coanda effect was first discovered by the Romanian aeronautical engineer Henri Coanda who discovered that a jet of air had the tendency to attach itself to an adjacent fixed structure and the direction of flow thus bent away from the initial angle of the flow, and continued along the adjacent wall.  
Reba (1966) indicated that the coanda effect is applicable to liquids, both in the gaseous or liquid state and the coanda effect is the tendency of the liquid to cling to the vertical surface that is adjacent to the opening at the point where the fluid emerges.  
Freire et al., (2002) suggest a simple experiment to observe the coanda effect is where two sources of buoyancy, in this case bubble plumes, are placed side by side.  The resulting turbulent plumes are observed to bend towards each other; however the function of the coanda effect is not the attachment of the bubble plume to a fixed surface but the interaction of the two adjacent plumes.  
The coanda effect seen in Freire et al., (2002) is the tendency for the plumes to bend toward each other as a function of the restriction in the entrainment of external fluid by the mean flow. Freire et al., (2002) conclude that some authors are clouded in belief that pressure difference and entrainment resistance are examples of the coanda effect. Zimmerman et al., (2008) use the fluidic oscillator to amplify the coanda effect.  With the tendency for a liquid to attach to an adjacent wall the subsequent opposing pressure change can be increased, or amplified, by the use of a feedback loop on the fluidic oscillator.   The method of oscillating the air is unique as previous fluidic oscillation has relied upon mechanical vibration in order to induce oscillation.  The fluidic oscillator has no moving parts and the oscillator can handle continuous flow changing the direction of input to the two output channels.
Figure 14 below shows the basic layout of the fluidic oscillator amplifier, machined from PMMA (poly methyl methacrylate).  The figure to the right shows schematically the effect of the feedback loop on the oscillation process. Zimmerman et al., (2008) indicate that the flow in the feedback loop is caused by the effect of the flow switching from one outlet port to the other, as expressed as the coanda effect.  The effect of the flow switching from one outlet terminal to the other is dependent on the length of the feedback loop and the oscillation process can be tuned.
[image: ][image: ]
Diagram showing the principal of the fluidic oscillator harnessing the coanda effect and setting up the flow switching that is inherent to oscillated flow
Basic geometry of the fluidic oscillator 




[bookmark: _Toc411938136]Figure 14 -The fluidic oscillator (Zimmerman et al., 2008)

[image: ]Frequency graph showing bubble formation under oscillated flow regime

[bookmark: _Toc411938137]Figure 15 - Bubble growth and detachment as a function of oscillated flow (Zimmerman et al., 2008)
Figure 15 previous, from Zimmerman et al., (2008) shows the data gathered from the oscillation process can be recorded as an audible sound wave.  The peaks and troughs of the wavelength correspond to the bubble growth and detachment, as the flow switches from one outlet port to the other, the sound wave however is the flow in the amplifier switching from one channel to the other. The length of the feedback loop alters the frequency of the oscillation and bubble growth is limited by the oscillation pulse.  
Importantly, in relation to bubble formation, the termination of growth is when the bubble is ‘still smaller than the hemispherical stability limit’ Zimmerman et al., (2007), which corresponds to the smallest size in which a bubble may grow, dependant on aperture size. Thus, microbubbles are produced as a function of fluidic oscillation.












2.0 [bookmark: _Toc411938072]Chapter Two – Experimentation 
2.1 [bookmark: _Toc411938073]Lab Scale Experiments
Various wastewater diffusers were used under laboratory conditions to assess their performance using a control experiment compared with oscillated air flow.  Wastewater treatment aeration plants use a wide range and eclectic mix of diffusers and no two aeration plants may use the same type of diffusers, although with experience it is highly uncommon to find a treatment plant with more than one type of diffuser in operation in the same aeration system.  With a wide variety of diffusers available to water companies and with the various age of aeration plants the type of diffuser installed is the primary step needed to assess the potential benefit from installing fluidic oscillators.  As fluidic oscillation is essentially a retro fit technology in the current format i.e. the fluidic oscillator is added to existing aeration grids rather than being integrated in the design phase, the need to assess a diffusers performance is essential in site selection for a pilot/full scale trial.  It is futile installing fluidic oscillators in aeration systems whereby the diffusers themselves are unresponsive to oscillatory airflows and therefore microbubbles will not be produced.   
As fluidic oscillation is just a primary step in producing smaller bubbles the diffusers themselves are essential.  Most if not all wastewater diffusers are constructed of a plastic membrane with perforations on the surface which when inflated causes bubbles to form on its surface.  Under no air flow, this perforated membrane seals flat under the pressure head of water acting upon it, making a seal, where the wastewater cannot flow back into the aeration pipework.  The addition of a non-return valve ensures that mixed liquor cannot ingress into the diffuser and the connecting pipework which if allowed to occur over time can cause the internal fouling of the diffuser and/or the pipework, reducing the aeration efficiency of the diffuser and also reducing the pipe diameter which in turn can increase the headloss of the system, requiring higher pressures to be used at the [image: ]blowers, which requires more energy consumption.  


[bookmark: _Toc411938138]Figure 16 Cross section of a Supratec™ MT300 diffuser showing non-return valve arrangement.
Figure 16 shows a Supratec™ MT300 diffuser cross section where the membrane sits onto of the plastic body forming the seal. Figure 16 shows the added non-return valve in more detail.  The inflated membrane when under load from the air source, forces the membrane outwards away from the diffuser body, forming a plenum chamber where air leaving the diffuser in the form of bubbles is replaced by air from the supply source.  When this air supply is stopped the plenum disappears and forms the water tight seal.  This air plenum is critical in making smaller bubbles as the oscillatory pulse must be felt at the diffuser membrane surface, no plenum means the air pulse is not free to act on the surface of the diffuser and the oscillatory pulse cannot produce smaller bubbles by virtue of causing them to be broken off at a smaller size than compared with steady state flow.  
Conversely if the plenum is too large, or the pulsed air must negotiate an intricate route to the diffuser membrane, potentially this air pulse is diminished or cancelled out, and smaller bubbles are not produced.  This effect is witnessed in the results from one particular diffuser mentioned later in this chapter.  In all cases it is the opening and closing of the perforations on the membrane surface under oscillatory air flow that decreases bubble size, compared with steady state flow.
2.1.1 [bookmark: _Toc411938074]Methodology - Clean water KLa tests
Clean water tests were carried out on various types of diffusers under controlled lab conditions following the guidelines of the ASCE (1992) ‘Measurement of oxygen transfer in clean water’.  A glass tank of dimensions 1200mm x 600mm x 600mm with water depth of 500mm giving a total water volume of 0.36m3 was used with clean potable water which was degassed prior to use to remove residual constituents, mainly chlorine residuals which can affect transfer rates.  The tank was cleaned with detergent, but thoroughly purged with clean water before testing, with the total removal of cleaning water using a submersible pump to ensure complete removal of detergent.  Air was supplied from the in house compressors which delivered an 8bar pressure supply, which was regulated and filtered to remove any sloughed material from the supply pipework, oil was removed after the receivers that fed the mains supply.  For deoxygenation nitrogen was used and provided by a Peak Scientific Nitrogen Generator (NM240L) supplied by a 720L/min cleaned air supply which produces a maximum Nitrogen output flow rate of 240L/min of 99.9% purity.  Nitrogen was fed to the test tank by an 8mm ID PTFE pipe with regulator and approximately 20-30L/min was used via an HP technical ceramic diffuser.  


The air supply was fed to a control box which comprised of a secondary air filter, a regulator set at 4bar which was unobtainable to get to without taking the Perspex box apart for safety reasons as the air source was 8Bar pressure.  This supply then fed to a further air regulator which able to be controlled externally on the control box.  This air supply led to a 0-100L/min rotameter which in turn led to the oscillator on top on the control box.  The exit ports of the oscillator then spilt in half with one line feeding to a needle valve the other leading to a diffuser.  The two needle valves used to bleed air off were not required using wastewater diffusers.
All pipework from the main air supply to the diffusers including the pipe connecting to an including the control box was 10mm OD 8mm ID  reinforced braided PVC pipe rated to 8bar pressure and all connections were secured with size 12mm jubilee clips.  Y and T junctions were white plastic nylon 8mm ID from Norma™ and a Y junction was used as the control experiment for all the diffusers used in the lab.  Indeed in all cases the only variable of the experiment was the use of the lab scale oscillator compared with a plastic Y junction which gave steady state air flow to the diffusers.  










	Potable water supply with filling hose
YSI 556 MPS DO probe
Mains air supply 
MF300 Diffusers 
Control box 
ABS Hydrophones




[image: C:\Users\Gareth\Documents\Uni work 2\Other PhD pics\293.JPG]

Nitrogen supply regulator  

ABS hydrophones 

[bookmark: _Toc411938139]Figure 17 - Lab scale equipment for clean water oxygen testing
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[bookmark: _Toc411938140]Figure 18 - The ABS acoustic bubble sizer lab scale equipment used for bubble sizing  
[image: ]

[bookmark: _Toc411938141]Figure 19 - Simplified diagram of the lab scale equipment set up 

Using the lab set up as seen in figures 17- 19 previously the non-steady state method of clean water oxygen transfer coefficient was determined.  Using nitrogen the test water was deoxygenated to below 20% DO saturation for each experiment and re-aerated to above 80% DO saturation, the profile of which was recorded using a YSI 556 MPS DO probe and logger set to log a data point every 30 seconds.  Air flow rates of between 40L/min and 100L/m used in increments of 10L/min and 3 experiments were carried out at each flow rate.  The control experiment consisted of using a Y junction in place of the fluidic oscillator and all experiments were repeated at all air flow rates.  The following equations were used to calculate the non-steady state experiment and the linear plot of the results gave the KLa of the reaction from the straight line equation y=mx+c, m which is the KLa of the reaction was expressed as h-1 by multiplying by 3600.  Concentration saturation of the reaction was taken from the average temperature of the reaction which was logged at each interval using the YSI 556 DO probe.  The concentration saturation was obtained from look up charts in the appendix of Wastewater Engineering, Metcalf and Eddy 2004. Salinity was assumed as zero as potable water was used and a similar assumption was made for the BOD level of <5mg/l.


Where: Ct = DO Concentration (mg/L) at time t
	C*= Saturation concentration of water at test temperature
	C0 = Initial DO Concentration (mg/L)


The KLa value generated by the above equation was then temperature corrected 20ºC as:

Where: T = Average temperature of the reaction
	 = Temperature correction factor for oxygen transfer coefficient commonly taken as 1.024


The Standard Oxygen Transfer Rate (SOTR) was calculated as:

Where: V = Volume of liquid used (for this experiment 0.35m3)
Cs = Concentration saturation of test water at temperature T

Standard Oxygen Transfer Efficiency (SOTE) was also calculated as:

Where Wo = Mass flow rate of oxygen and is calculated by:

Where:  = volumetric flow rate of air supply (m3h-1)
 = The density of air (kgm-3)


An example of the data generated from the non-steady state test is shown below 

	Time
	Temp
	DO%
	DO Ct
	Cs
	E=(Ct-C0)/(C*-C0)
	ln(1/(1-E))

	0
	17.53
	27.3
	3.0849
	9.45
	
	

	30
	17.53
	36.6
	4.1358
	9.45
	0.165103455
	0.18044746

	60
	17.54
	44.4
	5.0172
	9.45
	0.30357732
	0.361798504

	90
	17.54
	50.6
	5.7178
	9.45
	0.41364629
	0.533832071

	120
	17.54
	56.2
	6.3506
	9.45
	0.513063424
	0.719621398

	150
	17.54
	60.3
	6.8139
	9.45
	0.585850969
	0.881529391

	180
	17.54
	64.2
	7.2546
	9.45
	0.655087901
	1.064465681

	210
	17.54
	67.5
	7.6275
	9.45
	0.713672998
	1.250620758

	240
	17.54
	69.8
	7.8874
	9.45
	0.754505035
	1.404478842

	270
	17.54
	72.2
	8.1586
	9.45
	0.797112378
	1.595103042

	300
	17.54
	73.9
	8.3507
	9.45
	0.82729258
	1.756156329

	330
	17.54
	75.6
	8.5428
	9.45
	0.857472781
	1.948222289

	360
	17.54
	77.7
	8.7801
	9.45
	0.894754207
	2.251456774

	390
	17.54
	78.6
	8.8818
	9.45
	0.91073196
	2.416111752

	420
	17.54
	79.5
	8.9835
	9.45
	0.926709714
	2.613327201

	450
	17.54
	80.5
	9.0965
	9.45
	0.944462774
	2.890701736



[bookmark: _Toc411938142]Figure 20 - Example of the data generated to form the linear plot for the KLa value

[bookmark: _Toc411938143]Figure 21 - Linear plot of the DO profile from an oscillated experiment at 100L/min

Figure 21 above shows an example of the linear plot of the DO profile from an oscillated experiment under lab conditions, the addition of the linear plot and the y=mx+c equation gives the KLa value expressed as seconds, this value is then temperature adjusted to 20ºC.  The KLa is worked out for each experiment at each flow rate and between control and oscillated conditions the performance improvement in temperature adjusted KLa transfer coefficient is then calculated as:




2.1.2 [bookmark: _Toc411938075]ABS Acoustic Bubble Size analyser
The ABS acoustic Bubble spectrometer is an acoustics based device that measures bubble size distributions and void fractions in liquids. The underlying acoustic technique is able to detect bubbles but is practically insensitive to particulate matter within the liquid phase, unlike optical methods.  
The instrument can provide data in near real time and is able to capture bubble population and void fraction in either continuous or single capture mode.  The instrument extracts bubble population from acoustic measurements made at several frequencies, consisting of a pair of hydrophones connected to a data acquisition system on a personal computer (figure 22).  A National Instruments PCI board controls signal generation by the first hydrophone, and signal detection by the second hydrophone.  Short bursts of sound are generated by the first hydrophone and received by the second, the data from which is analysed using copyrighted algorithms developed by Dynaflow INC.  All physical parameters can be modified by the user, and both raw and processed experimental data can be saved 
[image: ]
[bookmark: _Toc411938144]Figure 22 - Schematic of ABS Bubble Spectrometer set up (ABS 2011)
The bubble size distribution measurements are based on the dispersion relation for the passing sound wave through the bubbly liquid.  A multiphase fluid model for sound propagation combined with a model for the bubble oscillations is generated.  The model relates to the attenuation and phase velocity of a sound wave to the bubble population or size distribution.  These relations produce two Fredholm integrated equations of the first kind that are ill-posed, which require special treatment to be solved.  Dynaflow uses its constrained optimisation technique, rendering the equations well posed and thus improving the accuracy (ABS 2011)
2.1.3 [bookmark: _Toc411938076]Oscillator frequency analysis
The oscillatory pulses of air that are produced by the fluidic oscillator can be recorded in terms of frequency of switching between exit ports by the length of the feedback loop that is attached to the control ports. For the purpose of all experiments in the laboratory the frequency was kept at the higher possible allowed by the shortest bend radius of the feedback loop, in this case 10cm.  Longer feedback and thus lower frequencies were possible but by virtue of the hypothesis that higher frequencies cause the diffuser pores to open and close at a faster rate and thus making smaller bubbles, the highest frequency possible was used for all diffusers.  The fluidic oscillator when allowed to operate under no load i.e. without being connected to any diffusers or any form of hydraulic resistance, makes an audible sound which corresponds with the frequency of the oscillation.  Under load and with the diffusers under water, the audible sound is detectable with the ear but due to back ground noise may not be the dominant sound source.  A cheap and effective way of measuring the oscillator frequency is to use an acoustic analyser which can detect the oscillatory output via a simple microphone.  An IPhone and IPad app was used as a simple and portable way of measuring frequency, called signal scope by Faber acoustical.  The fast fourier transform (FFT) function of the app allowed the analysis of the frequencies that were being generated within the laboratory and were plotted against their relative magnitude of loudness in dB, when the oscillator was allowed to discharge air, and therefore emit the sound of oscillation this became the dominant sound source and was easily detectable on the graphical output of the device being used.  The app was cross referenced with various online frequency tests that are widely available on the internet and played through a speaker so that the app was able to detect the various frequencies being played which were visually matched on the videos.
The signal scope app was able to detect all frequencies that were played apart from the very lowest <50Hz as the volume of these were too low to be the dominant sound source or too low to be detected by the inbuilt microphone.
[image: http://a5.mzstatic.com/us/r30/Purple6/v4/52/51/39/52513901-b132-4b2a-397f-1569c50cda76/SignalScopeIcons.75x75-65.png][image: http://static.kvraudio.com/i/news/faberacoustical.png]




[bookmark: _Toc411938145]Figure 23 - The Faber acoustical logo and signal scope app icon
In app settings were adjusted as follows: - 
· Frequency resolution -  10Hz
· Data window - uniform
· Averaging (off)
· Averages - 4
· Vertical axis - Lin
· auto scale (auto)
· Horizontal axis (log)
· Frequency (Hz)
· Harmonic cursors = 0 
Frequency tests were widely available e.g.http://www.youtube.com/watch?v=q9FMkrF-7k0. The frequency analysed with the Faber acoustical signal scope app using the lab scale oscillator with feedback loop of 10cm was 350Hz.  This audible sound wave from the fluidic oscillator is the highest peak of the oscillation frequency and not the overall oscillation of the fluidic oscillator.  As the ear, and indeed the acoustic software, only detects the peak of the sound wave, the flow switching of the oscillating is half of the sound wave produced. 
The sound produced is the total of the sound being produced out of both of the outlet ports of the oscillator, therefore in order to determine the frequency of switching and therefore the oscillatory pulse of the air, the audible sound frequency is halved, to account for the time delay in the air switching between the outlet ports.
2.1.4 [bookmark: _Toc411938077]Lab Scale Results
[image: C:\Users\Gareth\Documents\Uni work 2\EDI Flexair\CIMG0557.JPG]Using an EDI™ FlexAir™ diffuser as pictured below in figure 24, these were tested under lab conditions.  Comprised of a 9” moulded polypropylene surrounding, the active diffuser membrane is made of EPDM with die cut slit perforations on the membrane that create the porous surface.  This type of diffuser is installed at the Rosslare trial site, so prior testing under lab conditions was essential to assess performance of the diffusers under oscillated air flow, before the installation of fluidic oscillation at the full scale plant. 





[bookmark: _Toc411938146]Figure 24 - A single EDI™ FlexAir™ diffuser

	Control
	Oscillated

	Flow rate
	Average KLa
	
Standard
	
Standard
	Average KLa
	
Standard
	
Standard
	Improvement

	L/min
	
	Dev
	error
	
	Dev
	error
	%

	40
	14.54
	3.41
	0.62
	14.56
	1.13
	0.35
	0.15

	50
	14.97
	4.87
	0.74
	17.14
	1.75
	0.44
	14.47

	60
	18.01
	2.17
	0.49
	20.27
	0.91
	0.32
	12.55

	70
	19.20
	1.41
	0.40
	22.35
	0.47
	0.23
	16.38

	80
	20.57
	1.05
	0.34
	24.81
	0.55
	0.25
	20.60

	90
	22.91
	1.51
	0.41
	26.66
	0.50
	0.24
	16.33

	100
	24.78
	1.00
	0.33
	31.23
	1.54
	0.41
	26.02




[bookmark: _Toc411938147]Figure 25 - KLa20 results from lab testing of the EDI™ FlexAir™ diffusers

	
	Control
	
	Oscillated
	SOTE

	Flow rate
	SOTR
	SOTE
	SOTR
	SOTE
	Improvement

	( L/min )
	(Kgh-1)
	%
	(Kgh-1)
	%
	%

	40
	0.04
	6.52
	0.05
	6.53
	0.15

	50
	0.04
	5.37
	0.05
	6.15
	14.53

	60
	0.05
	5.39
	0.06
	6.06
	12.43

	70
	0.06
	4.92
	0.07
	5.73
	16.46

	80
	0.07
	4.61
	0.08
	5.56
	20.61

	90
	0.07
	4.57
	0.08
	5.31
	16.19

	100
	0.08
	4.45
	0.10
	5.6
	25.84




[bookmark: _Toc411938148]Figure 26 - SOTR and SOTE results from lab testing of the EDI™ FlexAir™ diffusers

Suprafilt™ SSI PTFE AFD350/270’s were tested under lab conditions. These diffusers in the 270mm size were installed at the Sale ASP plant where fluidic oscillation was to be trialled.  The air flow to the diffusers at Sale was predicted to be 16.6L/min rising to 22L/min based on the air flow rate of 650m3/h supplying 640 diffusers.  The higher air flow rate of 850m3/h gave an upper air flow to the diffusers of 22L/min.  Due to the oscillators lower limit threshold of 40L/min before oscillation is induced the lower air flow rates of 40, 50 and 60L/min were used to test the diffusers under controlled lab conditions.

[image: ]


[bookmark: _Toc411938149]Figure 27 - Suprafilt™ SSI PTFE AFD350/270’s


		Control
	Oscillated

	Flow rate
L/min
	Average
KLa
	
Standard
Dev
	
Standard
Error
	Average
KLa
	
Standard
Dev
	
Standard
Error
	Improvement
%

	40
	9.540
	0.203
	0.117
	9.924
	0.867
	0.501
	4.03

	50
	10.967
	0.343
	0.198
	11.579
	0.426
	0.246
	5.58

	60
	12.131
	0.350
	0.202
	13.734
	1.087
	0.628
	13.22




[bookmark: _Toc411938150]Figure 28 - KLa20 results from lab testing of the SSI PTFE AFD270’s diffusers	

Supratec™ MT300 were the first diffusers to be used with fluidic oscillation in the early Harrogate trial with Yorkshire Water, a common wastewater diffuser this was also used in the Birkenhead trial will UU as the lab results below indicated some promising KLa transfer coefficient improvements.  The active membrane is made of MDPE plastic with 600µm circular perforated pores. 
[image: C:\Users\Gareth\Documents\Uni work\University Work\A3 Lab\Pictures\CIMG0637.JPG]

[bookmark: _Toc411938151]Figure 29 - Supratec™ MT300	
	Flow rate
	Control
	Oscillated
	Improvement

	L/Min
	Average KLa
	Standard Dev
	Standard Error
	Average KLa
	Standard Dev
	Standard Error
	%

	40
	8.26
	0.365
	0.211
	13.84
	0.554
	0.320
	67.47

	50
	12.14
	0.237
	0.137
	16.10
	0.200
	0.116
	32.60

	60
	14.01
	1.749
	1.010
	17.75
	0.253
	0.146
	26.72

	70
	16.76
	0.405
	0.234
	18.92
	0.766
	0.442
	12.92

	80
	17.45
	0.393
	0.227
	20.66
	0.209
	0.121
	18.38

	90
	18.97
	0.226
	0.130
	28.63
	2.202
	1.271
	50.88

	100
	20.09
	0.434
	0.251
	28.28
	0.007
	0.004
	40.78




[bookmark: _Toc411938152]Figure 30 - KLa20 results from lab testing of the Supratec™ MT300 diffusers


	
	Control
	
	Oscillated
	

	Flow rate
	SOTR
	SOTE
	SOTR
	SOTE

	( L/min )
	(Kgh-1)
	%
	(Kgh-1)
	%

	40
	0.026
	0.037
	0.044
	0.062

	50
	0.039
	0.044
	0.051
	0.058

	60
	0.045
	0.042
	0.056
	0.053

	70
	0.053
	0.043
	0.060
	0.048

	80
	0.055
	0.039
	0.066
	0.046

	90
	0.060
	0.038
	0.091
	0.057

	100
	0.064
	0.036
	0.090
	0.051




[bookmark: _Toc411938153]Figure 31 - SOTR and SOTE results from lab testing of the Supratec™ MT300 diffusers
As the Supratec™ MT300 diffusers appeared to give some very good improvements in KLa transfer coefficient the Dynaflow™ acoustic bubble sizer was used to potentially validate the increase in interfacial boundary that was highlighted from the KLa transfer coefficient experiments.



	Bubble size radius µm
	Control
	Oscillated

	151-200
	0
	95.10555

	201-250
	187.4417
	319.0543

	251-300
	67.08675
	58.89198

	301-350
	33.63143
	32.00358

	351-400
	8.859168
	18.5774

	401-450
	13.3441
	15.91765

	
	
	

	Number of bubbles/m3
	310.3631
	545.7644


 

[bookmark: _Toc411938154]Figure 32 - Bubble size classes and totals for the Supratec™ MT300 diffusers at 100L/min


[bookmark: _Toc411938155]Figure 33 - Graph showing bubble size classes and numbers for the Supratec™ MT300 diffusers at 100L/min

HydroK Aquaconsult™ Aerostrip™ diffusers were installed at Harrogate after the testing of the Supratec™ MT300 diffusers.  Full scale analysis of these diffusers occurs in a later chapter.  However a pair of diffusers was tested under lab conditions in the aftermath of the full scale trial to investigate their performance as testing capabilities were limited on site due to the constraints of deoxygenation of the test tank. 



[image: ]

[bookmark: _Toc411938156]Figure 34 - HydroK Aquaconsult™ Aerostrip™ diffusers


	Control
	Oscillated

	Flow rate
	Average
	Standard
	Standard
	Average
	Standard
	Standard
	Improvement

	l/m
	KLa
	Dev
	Error
	KLa
	Dev
	Error
	%

	40
	28
	0.820244
	0.452837
	30.3
	1.866762
	0.683147
	8.29

	50
	30.4
	1.088944
	0.521763
	33.95
	0.254558
	0.252269
	11.82

	60
	30.9
	1.315219
	0.573415
	36.45
	1.845549
	0.679255
	18.09

	70
	35
	3.698168
	0.961531
	33.99
	0.523259
	0.361683
	-2.97

	80
	38
	0.537401
	0.366538
	39.32
	0.26163
	0.255749
	3.52

	90
	40.1
	3.337544
	0.913447
	38.78
	1.018234
	0.504538
	-3.21

	100
	43.5
	2.093036
	0.723366
	42.74
	4.999245
	1.11795
	-1.8




[bookmark: _Toc411938157]Figure 35 - KLa20 results from lab testing of the HydroK Aquaconsult™ Aerostrip™

	Control
	Oscillated

	Flow rate
	SOTR
	SOTE
	SOTR
	SOTE
	Improvement

	( L/min )
	(Kgh-1)
	%
	(Kgh-1)
	%
	%

	40
	0.09
	12.55
	0.10
	13.59
	8.29

	50
	0.10
	10.89
	0.11
	12.18
	11.85

	60
	0.10
	9.23
	0.12
	10.9
	18.09

	70
	0.11
	8.98
	0.11
	8.71
	-3.01

	80
	0.12
	8.52
	0.12
	8.82
	3.52

	90
	0.13
	7.99
	0.12
	7.73
	-3.25

	100
	0.14
	7.81
	0.14
	7.76
	-0.64




[bookmark: _Toc411938158]Figure 36 - SOTR and SOTE results from lab testing of the HydroK Aquaconsult™ Aerostrip™
Supratec™ Permox™ OM 2.0’s were to be used in a further trial as a continuation of the investigation of the technology with Yorkshire Water at the Calder Vale ASP plant which used this type of diffuser.  However at the time of the conception of the trial the actual air flow rates that had been used on the pilot scale trials, namely Harrogate, meant that at the time it was not feasible to install fluidic oscillation at the site due to its size.  However a pair of the Supratec™ Permox™ OM 2.0 diffusers were tested under lab conditions, albeit the diffusers were cut down to 1m in length to be able to fit within the test tank from the original length of 2m.  Like most diffusers the active membrane was made of EPDM, and the pores were perforated die cut slits.  Unlike other disk style diffusers these were of an oval tube type, with the membrane sealing onto a stainless steel inner oval tube.
[image: ]

[bookmark: _Toc411938159]Figure 37 - A pair of Supratec™ Permox™ OM 2.0


	Control
	Oscillated

	Flow rate
	Average

	
Standard
	Standard
Error
	Average
	
Standard
	Standard
Error
	Improvement

	(L/min)
	KLa
	Dev
	
	KLa
	Dev
	
	%

	40
	14.47
	2.13
	1.07
	16.39
	0.65
	0.38
	13.21

	50
	16.92
	2.93
	1.46
	19.27
	2.12
	1.22
	13.93

	60
	19.73
	2.88
	1.44
	22.76
	2.87
	1.66
	15.36

	70
	22.16
	3.11
	1.55
	25.51
	2.95
	1.70
	15.10

	80
	25.78
	4.85
	2.43
	29.10
	1.58
	0.91
	12.90

	90
	29.00
	6.23
	3.11
	34.43
	1.82
	1.05
	18.71

	100
	31.98
	6.33
	3.17
	41.52
	6.04
	3.49
	29.82



[bookmark: _Toc411938160]Figure 38 - KLa results from lab testing of the Supratec™ Permox™ OM 2.0
[image: ]
[bookmark: _Toc411938161]Figure 39 - Comparison of three types of diffusers and their relative performance with the control experiment for each type of diffuser.

2.1.5 [bookmark: _Toc411938078]Discussion 
From figure 24 the KLa20 results from lab testing of the EDI™ FlexAir™ diffusers indicate that at all air flow rates an improvement in KLa20 was observed.  An average improvement over the full air flow rate range showed a 15.21% improvement compared with the control condition.  The lowest improvement was seen at 40L/min where only a 0.15% increase in KLa20 was seen.  The highest KLa20 transfer coefficient improvement was seen at 100L/min with a 26.02% increase over control.


Figure 28 shows the KLa20 results from lab testing of the SSI PTFE AFD270’s diffusers at air flow rates of 40, 50 and 60L/min.  The lowest improvement in KLa20 of 4.03% over control was seen at 40L/min, the highest figure of 13.22% was observed at 60L/min.  An average of 7.61% improvement was seen over the three air flow rates tested.
Figure 30 shows the KLa20 results from lab testing of the Supratec™ MT300 diffusers.  The highest KLa20 improvement of 67.47% was seen at 40L/min.  Interestingly the KLa20 improvement of the MT300 diffusers it at its highest at 40L/min, decreasing with increased air flow rate, with the lowest KLa20 improvement of 12.92% at 70L/min, and then rises again toward to the upper air flow rates of 90L/min (50.88%) and 100L/min (40.78%)respectively.  A likely explanation is the oscillatory pulse causing a resonance of the diffuser and thus breaking bubbles off at a smaller size in the higher air flow rates.  Due to the Supratec™ MT300 diffusers giving very good KLa20 transfer coefficient results under lab conditions these diffusers were selected to be used in conjunction with the ABS bubble sizer.  
From figures 32 and 33 the bubble sizes and distribution can be seen.  Figure 32-33 shows the bubble size classes and number of bubbles detected within the bubble cloud rising from a single diffuser within the test tank.  Oscillated air flow clearly shows a difference in both size and number of bubbles compared with the control experiment at 100L/min.  The major difference in bubble distribution is the occurrence of bubbles in the 151-200µm for oscillated air flow which are not present under control air flow conditions. Similarly there are an increased number of bubbles in the 201-250µm size class, 319 per m3 for oscillated compared with 187per m3 for control.  At the time of testing the ABS device only had one set of hydrophones in operation which corresponded with bubble sizes between 150-500µm radius, therefore the bubble distributions that are shown are not the full representation of the bubble clouds being produced by the diffuser, there were visibly larger bubbles being produced at the diffuser head than the 500µm radius range.  The ABS was set up to investigate bubbles being produced <1mm in diameter, as most if not all wastewater diffuser systems produce >1mm bubbles which quickly coalesce, reducing interfacial boundary contact between the gas and the liquid phase through increased bubble size and rise velocity.  Total number of bubbles produced was also increased with the use of fluidic oscillation compared with the control experiment in the bubble size classes measured.  A total of 545 per m3 compared with 310 per m3 in the sizes of 150 - 500µm radius was recorded.  Again it should be reiterated that this was not the full bubble distribution and only the bubble sizes mentioned were measured, bubbles being produced would have fallen outside of these sizes, below 150µm and above 500µm.  
The use of the ABS was to show the hypothesis that the improvement in KLa20 transfer coefficient that was measured was due to an increase in interfacial boundary layer contact between the gas and the liquid.  The results suggest that this is the case and that the bubble distribution using fluidic oscillation shifted to the left of the graph in figure 33 showing that smaller bubbles are being produced.
Figure 35 shows the KLa20 results from lab testing of the HydroK Aquaconsult™ Aerostrip™ diffusers.  The results indicate that unlike other diffusers tested an increase in KLa did not occur at all air flow rates, and indeed after 60L/min little or no improvement was seen up to the maximum flow rate of 100L/min.  A maximum improvement in KLa transfer coefficient improvement of 18.09% was observed at 60L/min, after an initial 8.29% and 11.82% increase at 40 and 50L/min respectively. 
HydroK Aquaconsult™ Aerostrip™ diffusers were tested under lab conditions as well as at pilot scale at the Harrogate trial where no improvement in oxygen transfer efficiency was seen.  The key difference in the HydroK Aquaconsult™ Aerostrip™ diffusers is that this particular  type of diffuser is supplied with air from the side, rather than from the centre of the diffuser and from underneath, as seen in all previous types of disk diffusers.  As with all disk diffusers the plenum that is formed when the membrane inflates is likely to be vibrating when it is fed with oscillated air flow.  With the HydroK diffusers the pulsed air must enter a chamber prior to escaping though small holes that in turn inflates the membrane and thus creates bubbles.  It is possible that these intricacies in the diffuser construction are dampening the oscillatory pulse and limiting the effect of small bubble break off due to oscillated air flow.  As a fixed frequency, the highest possible, was selected as all previous disk diffusers has performed well, potentially, side fed diffusers without a continuous non-restrictive air passage may not perform best at high frequencies.  It is quite possible that lower frequencies of oscillation are in fact more suitable for this type of diffuser construction to create smaller bubbles.
Figure 38 shows the lab scale results from a pair of Supratec™ Permox™ OM 2.0, which were shortened to fit within the test tank, but every care was taken to make the diffusers be representative of the original length.  The diffusers themselves although not being of the disk form like previous variations tested, apart from the HydroK Aquaconsult™ Aerostrip™, were essentially an inflated membrane that formed a single plenum which when not inflated formed a seal on the stainless steel oval tubes.  The diffusers were centrally fed like all disk diffusers that had performed well and were constructed of the same EPDM material that the Supratec™ MT300 diffusers were made from albeit with die cut slits as perforations rather than punched holes.  Results showed that KLa20 transfer coefficient improvement increased with air flow rate apart from a slight drop at 80L/min where 12.90% was observed compared with 15.10% and 18.71% at 70L/min and 90L/min respectively.  An average improvement in KLa20 transfer coefficient of 17.00% was seen using oscillated air flow compared with the control between airflow rates of between 40-100L/min.
Figure 39 which show the comparison of three types of diffusers, the HydroK Aquaconsult™ Aerostrip™ the Supratec™ MT300 and the Supratec™ Permox™ OM 2.0.  Each diffuser is represented as an improvement over its own control experiment, and each diffuser performs differently over the range of air flow rates.  The HydroK Aquaconsult™ Aerostrip™ shows an initial small improvement in transfer coefficient but drops after 60L/min and shows little or no improvement with increasing air flow rate.  The Supratec™ Permox™ OM 2.0 shows an overall average increase in performance with increasing air flow rate, the highest improvement of 29.82% at 100L/min.  Interestingly the Supratec™ MT300 disk diffusers show two peaks on the graph where performance is significantly greater than control, at 40L/min where 67.47% is observed and also at 90L/min where an improvement of 50.88% is seen.  The results in figure 39 it suggest that no two diffusers perform the same based on air flow rate and indeed potentially each difuser may have its own particular frequency by which the membrane produces the smallest bubbles.  This would indicate that the hypothesis of the highest frequencies giving the smallest bubbles and therefore the highest transfer efficiencies may not be true and for each diffuser and application a specific frequency and/or air flow rate gives the best transfer results.







2.1.6 [bookmark: _Toc411938079]Conclusions From Lab scale testing
· The testing of various widely available wastewater diffusers under lab conditions and in conjunction with the ASCE 1992 guidelines into clean water oxygen transfer testing, has shown a wide range of improvements in transfer coefficient using fluidic oscillation compared with the control experiment.  
· A transfer coefficient improvement as high as 67.47% was seen at 40L/min using a Supratec™ MT300 diffuser.
· Diffusers fed centrally and with a single plenum chamber appeared to work better than diffusers that were supplied by air from the side, and which entered a chamber before inflating the membrane to make bubbles.
· This leads to the hypothesis that not all diffusers behave the same under oscillated air flow and that potentially more than one frequency exists for a single diffuser giving good improvements in transfer efficiency. High frequency oscillation does not necessarily mean higher transfer efficiency and indeed an element of tuning of the oscillator maybe needed for individual applications.
· An improvement in transfer efficiency seen from clean water KLa testing coupled with bubble size data could prove the increase in interfacial boundary layer between the gas and the liquid phase that microbubbles give.  Using a pair of Supratec™ MT300 diffusers in lab testing bubbles were generated in the size class of 151-200µm oscillated air flow and were not present under control conditions with the same air flow.  More bubbles in the 201-250µm radius size class were produced under oscillated air flow, 319 per m3 compared with 187 per m3 under control air flow.
· The production of bubbles <1mm in diameter and in significant numbers compared with control conditions shows a significant reduction in bubble size compared with the reported average size of bubbles in wastewater aeration of between 1-3mm in diameter.  Smaller bubbles are therefore likely to explain the increase in transfer efficiency recorded under lab conditions and shows significant scope for full scale applications of fluidic oscillation at full scale wastewater treatment plants. The lab scale results of the Supratec™ MT300 diffusers were submitted as a research paper to Chemical Engineering and Technology Journal which is presented within appendix A.
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2.2 [bookmark: _Toc411938082]Harrogate South WWTP - Yorkshire Water (YWS)
2.2.1 [bookmark: _Toc411938083]Introduction 
Situated to the north east of the village of Spofforth is Harrogate South WWTP, grid reference SE 36939 52717, which was the first trial into fluidic oscillation for wastewater treatment at pilot scale.  The site was used to finish a feasibility study into fluidic oscillation by a previous MSc student within the research group, with a view to continued research with YWS.  
[image: ]

[bookmark: _Toc411938162]Figure 40 - Satellite view of the Harrogate south trial site (https://maps.google.co.uk/maps?q=spofforth&oe=UTF-8&ie=UTF-8&ei=775SUuX-Hqqg0wX5m4DgBw&ved=0CAoQ_AUoAg)



The trial was of suitable scale to represent a small section of a conventional aeration system with an approximate water volume of 30m3 with a depth of 2 meters.  The aeration system comprised of 50.8mm (2”) ID pipe work connected to 16 Supratec OXYFLEX™ MT300 disk diffusers split into two banks of 8.  Upstream of the aeration grid each 50.8mm dropper pipe to each half of the aeration grid was connected to the outlet ports of the oscillator which was positioned horizontally on the raised walkway to the side of the test tank.  The control experiment consisted of removing the oscillator out of the fluidic circuitry and replacing it with either a T or Y junction, to represent common aeration configurations throughout Yorkshire Water’s WWTP portfolio. Further upstream from all of these three experimental configurations a 0-30m3/h solarton Mobary type 250 flow meter was installed and a WIKA 0-2.5Bar pressure gauge, to measure flow rate and pressure of the air feed to the aeration system, a ball valve above both of these regulated the volumetric air flow.  The air feed to the aeration system was provided by an externally mounted 415v three phase direct drive blower capable of delivering a maximum air flow of 30m3/h, the blower was wired into an MCC (motor control centre) housed in a small weatherproof GRP (glass reinforced plastic) cabinet.  The blower was operated in hand (local) position when required, and a digital amp meter was connected to the motor of the blower to measure directly the power draw of the blower when in operation.  This was to prove vital to the data gathered from this trial, as will be discussed later.  
[image: ]

[bookmark: _Toc411938163]Figure 41 - Side view of the test tank at Harrogate WWTP, the MCC, Blower and walkway access are on the opposite side of this view.
[image: ]
[bookmark: _Toc411938164]Figure 42  - The aeration grid comprising 16 No Oxyflex™ MT300 Diffusers

      [image: ]

[bookmark: _Toc411938165]Figure 43 - The Fluidic Oscillator on the tank walkway 

The air flow to the aeration system was controlled by the ball valve downstream of the blower, with a maximum air flow rate of 30m3/h, however other flow rates were achievable by restricting the air flow to the grid, and flows of 25m3/h and 16m3/h were used.  The later air flow rate was the lowest achievable air flow; before the blower would overheat and the MCC control system would trip the blower out and stop.  The air blower was designed to waste excess air that was not being directly fed to the aeration system, however this would cause the blower to warm up, and as more air was dumped the more it would heat up and ultimately trip out on overheat.  This system is commonplace in these types of blowers, and the cut out system when overheating is designed to protect the blower. 



[image: ]

[bookmark: _Toc411938166]Figure 44– The MCC panel for the blower with ampage meter

2.2.2 [bookmark: _Toc411938084]Testing Methodology 
Testing of the aeration system followed guidelines of the ASCE 1992 methodology.  Nitrogen gas was used to deoxygenate the test water to below 20% dissolved oxygen saturation at the beginning of each run of the experiment.  In order to explore the replication of previous results from a former MSc student, the DO level was take well below the 20% DO saturation level to as close to 0mg/l as possible.  
[image: ]

[bookmark: _Toc411938167]Figure 45 - A bank of Nitrogen cylinders used for deoxygenation of the test water.
Due to the constraints of the experiment, namely financial cost and size of test tank, an unlimited amount of nitrogen was not available, nor was it possible to use chemical deoxygenation, using sodium sulphite and a cobalt chloride catalyst to deoxygenate.  Chemical deoxygenation was not allowed on site as the test tank water was discharged to the inlet works of the site, and at the time of the testing the site did not have the four lane activated sludge plant that is currently in operation, which would have been able to take the loading of the chemical discharge from the tank.  The plant did however operate with conventional trickling bed filters and the microorganisms contained within these are highly sensitive to chemical shock.  A process risk and therefore a risk to the consent of the site was not an option and therefore it was stipulated from YWS that deoxygenation was to be conducted by nitrogen. 
The re-aeration of the test water through the diffuser system which obtained the DO profiles leading to the transfer coefficient (KLa) was conducted using the guidelines in the ASCE 1992 standard.  One DO probe (YSI 556 MPS) was used to log the re-aeration profile of the test water and also record the temperature of the water, so that the saturation constant could be obtained.  The position of the probe was as central to the bulk test water as possible, approximately 1m deep, 1m away from wall of the tank (width) and approximately 2m from either end of the tank (length).  The sample rate of the DO concentration was 10seconds.  The dissolved oxygen level of the test tank water was taken to over 8mg/l, before the test was halted and the test water de-oxygenated again.  Nitrogen was fed into the aeration grid via a 10mm ID PTFE pipe connected to a nitrogen regulator.  At the air manifold, this pipe was simply connected by a T section that was reduced down to accept the 10mm pipe work.  During aeration, the nitrogen was switched off using an isolator valve, slightly up stream of the T piece, on the 10mm pipe.

2.2.3 [bookmark: _Toc411938085]Diffuser types
The testing of the 16 OXYFLEX™ MT300 diffusers was conducted in a previous experiment by a former member of the research group.  Yorkshire water were keen to investigate if microbubbles could be generated from the AquaConsult HYDROK™ Aerostrip™ diffuser which were to be fitted to nearly all of the new build and upgraded WWTP throughout their plant portfolio.  The move away from the OXYFLEX™ product was due to the claims that a higher transfer efficiency of oxygen could be achieved using the HYDROK™ diffusers.  As Yorkshire water were installing the HYDROK™ system across all their sites, the research project was extended to test the HYDROK™ diffusers in the same manner as the OXYFLEX™
One of the fundamental differences between the two types of diffusers was that unlike the OXYFLEX™ diffuser the HYDROK™’s were connected to the aeration grid, from the side, as opposed to the disk type of diffuser which screwed into the aeration grid and was fed with air in a central manner. It was speculated early on before the experiment that this could affect the results as the ‘pulse’ of the oscillated air flow from the fluidic oscillator could be dissipated across  its surface, and potentially limiting the production of microbubbles.
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[bookmark: _Toc411938168]Figure 46 - Four of the HYDROK™ diffusers which replaced the OXYFLEX™ diffusers


2.2.4 [bookmark: _Toc411938086]Results 
	
	KLa20 Coefficient

	FLOW RATE m3/h
	OSC
	T
	Y

	16
	4.406
	6.949
	6.949

	25
	6.577
	9.924
	7.571

	30
	7.633
	11.443
	8.662




[bookmark: _Toc411938169]Figure 47 - KLa20 coefficient results at various flow rates comparing oscillated, T and Y junction conditions.
	
	Power Consumption

	FLOW RATE m3/h
	OSC
	T
	Y

	16
	4.8A
	5.4A
	5.4A

	25
	4.5A
	4.7A
	4.5A

	30
	4.1A
	4.3A
	3.9A




[bookmark: _Toc411938170]Figure 48 - Power consumption figures in amps, for the various flow rates and aeration configurations
	
	
	
	Air Flow Rate

	
	
	
	16m3/h
	25m3/h
	30m3/h

	% improvement over T
	12.5
	4.44
	4.878049

	% Improvement over Y
	12.5
	0.00
	-4.87805




[bookmark: _Toc411938171]Figure 49 - Percentage improvement in power saving using fluidic oscillated flow compared with two control regimes T and Y junctions
From Figure 47 the KLa20 figures are shown.  In all flow rates the T junction is the best performing condition, although at 16m3/h the transfer rate of the T junction is equal to that of the Y junction.  At no point do the HYDROK™ diffusers appear to give an improvement in oxygen transfer compared with both the control conditions of the Y or T junction arrangement using fluidic oscillation.   The highest KLa20 was achieved at 30m3/h using the T junction.  The lowest KLa20 was at 16m3/h using the oscillator.  As expected, the transfer rate increased with air flow rate in all conditions.
The power draw figures in figure 48 shows that at 16m3/h flow rate the oscillated condition draws 0.6amps less than both the T and Y junction regimes both of which draw 5.4amps.  At 25m3/h the oscillator drew 4.5amps, the same figure was observed for the Y junction, and the T junction drew slightly more power at 4.7amps.  At the highest air flow rate 30m3/h the oscillator drew 4.1amps, lower than the T junction at 4.1amps, but higher than the Y junction which drew 3.9amps.
Figure 49 shows the improvement in power consumption of the oscillator over the two control conditions both Y and T junctions at the three air flow rates. At 16m3/h the oscillator uses 12.5% less power than the Y and T control conditions.  At 25m3/h the oscillator uses 4.4% less power than the T junction, but uses the same amount of power when compared with the Y junction. At 30m3/h air flow rate the oscillator is 4.8% better than the T junction, but -4.8% less efficient that Y junction.
2.2.5 [bookmark: _Toc411938087]Discussion 
The Harrogate trial concluded the investigation with YWS into the feasibility of fluidic oscillation to produce microbubbles for wastewater treatment.  Testing of the HYDROK™ diffusers was the final part of the trial after the OXYFLEX™ diffusers had been tested.  
The results of the HYDROK™ system showed that at each air flow rate the oscillated flow conditions did not improve the mass transfer coefficient (KLa) of the aeration system, when compared with the control conditions of the T and Y junctions.
Due to the constraints of the test itself, the data is limited on testing of the diffusers.  Only one re-aeration run of each condition was able to be conducted, due to the large amount of nitrogen that would have been required to conduct more experiments to investigate the repeatability of the results, and make them statistically correct.  Ideally a minimum of three runs of each condition would have made the results more accurate as an average KLa value for each condition would have been obtained.  However, the total number of experiments that this would have created would have been 27, all of which requiring the de-oxygenation of the test water, using nitrogen.   Chemical deoxygenation would have been a cheaper option; however the issues surrounding the disposal of the test water made this non-viable as an option to deoxygenate.  The test water itself is a source of error too, as the tank was unable to be drained down fully, and cleaned out entirely; the remaining water in the tank was subject to the weather.  The growth of algae in the bottom of the tank was observed, which unfortunately leads to an increase of BOD, thus adding a potential route for the oxygen to be absorbed into.  The aim of the KLa method into transfer rate coefficient is to monitor the rate of oxygen dissolution into the water, from the gas phase.  The growth of algae adds a BOD to the water and therefore oxygen could be transferred to the algal growth and this would lead to a lower KLa value being observed.  The BOD demand was not measured, and its value can be determined and used to correct the KLa transfer coefficient to factor for this error.
Although the results indicate that the HYDROK™ system did not show an improvement in KLa when used with oscillated air flow when compared to the control condition of the T and Y junctions, it is important to note that these results are only based on one experiment per condition.  Therefore no standard error can be obtained and the results are subject to error from the test conditions. 
One thing to note is that at each flow condition, it could be assumed that if there was no microbubbles produced then at worse the KLa values should be the same.  As the air flow rate was matched at each condition i.e. 16m3/h using the oscillator and 16m3/h for a T junction for example, theoretically the KLa values should be the same, as the molecular concentration of oxygen could be assumed to be equal or as close to equal in each case.  Of course this is only just an assumption as the air flow rate was measured volumetrically and not as a mass air flow recording, therefore it cannot be quantified that in fact the mass air flow was the same for each experiment.
This discrepancy could be explained by a leak when using the oscillator, and would explain the lower KLa value.  At 16m3/h this could have occurred, as the T and Y junction KLa20 values are the same at 6.949 respectively compared to the lower KLa20 value of 4.406 using the oscillator.   Clearly the only difference between the experiments is the oscillator to the control conditions and one explanation of the lower transfer coefficient is leakage.  Although every effort to eradicate leaks within the aeration system the oscillator contains many bends and pipework connections, which could lead to leaks.  It is also important to note that the oscillator was left on site, exposed to the elements, which included one full year, with snow and frost in the winter.  The pipework is ABS plastic which suffers from UV light degradation, and the oscillator was always intended as a trial device and not a permanent installation.
The error mentioned previously is not replicated in the higher air flow rates as the transfer rate values for the control conditions both the T and Y junctions are different to each other.  Therefore there is associated error in using the oscillator, as the KLa is lower than control and between the T and Y junctions themselves as each KLa value does not match.  This error could have been investigated with repeating the experiment a minimum of three times at each flow rate and each condition of either oscillated, T or Y junction.  The associated standard deviation could be investigated too to show the amount of error in the experiment.
When comparing the percentage improvement in power consumption for each of the configurations there is clearly an improvement using the fluidic oscillator at 16m3/h as 12.5% less power was used when compared with the T and Y junctions.  An improvement of 4.4% was observed at 25m3/h and a 4.8% improvement at 30m3/h using the T junction in both cases.  Looking at the Y junction figures there is no improvement at 25m3/h and at 30m3/h the oscillator drew more power than the control and performed -4.8% worse.  Although the power figures appear encouraging and seem to show a replication in performance improvement observed when the OXYFLEX™ system was trialled (18% less power draw) the lower KLa values could potentially negate this power saving.  In the aeration of wastewater a specific oxygen demand is matched by the air flow rate of the blowers, therefore if a lower transfer rate is achieved using the fluidic oscillator then a higher air flow rate will be needed to match the oxygen demand of the tank.  Therefore any improvement in power saving will be cancelled out when the blowers have to work harder to match the oxygen demand of the system, and therefore use more power.  However as so few experiments were conducted this remains inconclusive, until the average KLa is known from the system at any one condition.  
2.2.6 [bookmark: _Toc411938088]Conclusions 
The Harrogate trial investigated the performance of the HYDROK™ diffuser system with a view to potential full scale application of fluidic oscillation to the YWS aeration systems.  The overall conclusions from the results and the discussion is summarised in bullet form below.
· At all three flow rates the overall transfer coefficient (KLa) was lower using the oscillator when compared with both the T and Y junction controls.
· Power consumption results show an improvement in 4 out of the 6 tests when comparing to the oscillator to the control Y and T results.  One power figure was equal, and one performed worse than control
· Only one test at each flow rate and condition was tested, therefore no investigation to average transfer rate, standard deviation or standard error can be investigated.
· The size of the test tank water volume was beneficial to test the fluidic oscillator at a reasonable scale, but the volume of nitrogen required to run a minimum of 3 tests per variable was not in the scope of the budget for the test.
· The transfer coefficient results are low in accuracy due to the previous point
· The oscillator could have been leaking and this would explain the lower KLa result when using at all three air flow rates compared with control
· No investigation into changing of the frequency of the oscillator was able to be conducted, again due to restraints in deoxygenation.
· It is unlikely that microbubbles were being produced at the diffuser head as an improvement in KLa was not observed when using the oscillator.
· Consideration needed to be given to the length of time in between testing to attempt to suppress algal growth.
· The inability to completely drain and clean the test tank in between changing diffusers could have affected results.
· It was speculated that side fed diffusers could impinge on the oscillatory pulse and that it was not being transmitted to the diffuser surface.


2.2.7 [bookmark: _Toc411938089]Future work and recommendations
From the Harrogate trial it was recommended that the diffusers be retested under lab conditions to fully quantify the transfer rate coefficient improvement.  Under lab conditions the factors which arose from the field trial which could have caused the errors in results could be greatly reduced. The HYDROK™ diffusers were indeed tested and the results in section 6.2 from the lab scale results. A more robust oscillator needed to be built to be able to withstand the elements from a full year on site, if not longer, with a view to making them permanent installations.  Consideration into the volume of nitrogen needed in a pilot scale on site transfer rate tested is needed and the amount of which factored into any further research budget. 











2.3 [bookmark: _Toc411938090]Birkenhead WWTP United Utilities PLC – Pilot trial
2.3.1 [bookmark: _Toc411938091]Introduction 
Birkenhead WWTP is situated on the River Mersey estuary in Liverpool, grid reference SJ 32699 89389 and was the second investigation into fluidic oscillation for wastewater treatment and was with a new sponsoring company – United Utilities (UU).   The aim of the trial, from UU’s perspective was to pitch various new and innovative technologies against each other in order to gauge the readiness of them for full scale installation, and indeed the performance and therefore potential savings that could be made to the energy consumption of running their aeration plants across the WWTP portfolio. 
The UU trial for the application of microbubbles for wastewater was conducted between 28/05/12 – 30/05/12 with the various components being installed before this date.  This trial was to be almost a repeat of the Harrogate trial, to demonstrate the technology to UU.  Due to the nature of the regulated water industry in the UK,  it was not acceptable to use the Harrogate trial data for UU’s purpose, therefore data needed to be generated on one of UU’s sites for it to be accepted, and hopefully, propagate further experiments.
At the time of the trial using fluidic oscillation there was only one other technology that was being trialled, which was a venturi type pump which was designed as a replacement to conventional surface aerators.  The Newton Group Triplox system was trialled first before microbubble generation, and the testing was conducted by Wastewater Management Ltd who independently carried out the KLa, specific oxygen transfer rate (SOTR), specific oxygen transfer efficiency (SOTE) and the specific aeration efficiency (SAE) of both technologies.  The trial had to be unbiased and therefore Wastewater Management was used as the independent testing company, directly reporting back to UU with the results of the trials.  To remain confidential, the results of the Triplox system where not divulged, and hence the results of the microbubble trial were not given to Newton Group.  However the results of the microbubble trial were disseminated back for the purpose of discussion and to aid in the development of microbubble generation for wastewater treatment.
[image: ]
[bookmark: _Toc411938172]Figure 50 - Aerial map of the site of Birkenhead WWTP (https://maps.google.co.uk/maps?q=shore+road+birkenhead&oe=UTF-8&ie=UTF 8&ei=gqxSUtCCA4Kl0wWyl4DYDQ&ved=0CAoQ_AUoAg)

2.3.2 [bookmark: _Toc411938092]Methodology 
Similar to the Harrogate trial the methods of transfer efficiency followed the ASCE guidelines but with the addition of the newer Yorkshire Water asset standard, issued on 31/08/10 section 6.1.1 ‘ASP testing requirements Oxygen Transfer Rate and Efficiency Testing’.


2.3.3 [bookmark: _Toc411938093]Aeration grid and Oscillator set up
The test tank for this experiment was a converted disused centrate tank the location of which in relation to the rest of the operational site can be seen in figure 50.  For the experiments, the tank roof was removed to allow easier access, the internal pumps were removed, and the inside of the tank cleaned by high pressure hose and all debris was cleared from the floor of the tank.  The tank had an access hatch at the bottom which was level with the tank floor, this enabled the tank to be completely drained down which was unlike the tank used in the Harrogate test.
As previous lab scale testing had continued since the Harrogate trial in 2008/9 the promising transfer results from lab testing of the Supratec™ MT300 type diffusers meant that they were the obvious choice for this test.  Similarly they were also used in the Harrogate trial, however since that trial had subsequently become discontinued so were sourced direct from the manufacturers in Germany through Suprafilt™ Ltd which were carried as discontinued stock.  A bespoke aeration grid was designed with the help of Suprafilt™ to incorporate 20No. MT300 diffusers mounted on 50.8mm ID (2”) ABS pipe work.  The grid was split into two halves to make it hydraulically balanced for the oscillator to work, into two pockets of 10 diffusers.  It was ensured that the aeration grid was level as the floor of the centrate tank sloped toward the existing concrete plinths that located the removed pumps that were part of the centrate system.  The finished aeration grid was connected via 2 short 90º bends to the air droppers that were approximately 6m in length that went up to the top of the tank and had 2 swept 90º bends mounted on them.  A short section of ABS pipe on each of these elbows allowed connection via 2” ID flexible braided PVC pipe from the overhead gantry above.
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[bookmark: _Toc411938173]Figure 51 - Setting out of the aeration grid within the test tank
Top water line of test water
Existing Pipe work and plinths 
Entry hatch, level with tank floor
MT300 Diffusers

[image: ]Air Droppers 

[bookmark: _Toc411938174]Figure 52 - Completed aeration grid fixed to the tank floor and air droppers connected
At the gantry level, over the test tank the oscillator was mounted above the safety side boards so that the exit ports could be connected via a short piece of flexible 2” PVC braided hose to the air droppers leading into the tank.  The air feed was routed along the scaffold work and secured by zip ties.  The feedback loop of the oscillator was shortened further than the original0.4m length by using a pipe bender and a short piece of copper pipe.  By using copper pipe the bend would not pinch like the braided PVC hose that was originally used and therefore a short feedback loop could be achieved, the length of which was 20cm.  This meant that the oscillation frequency was increased

[image: ]

[bookmark: _Toc411938175]Figure 53 - The oscillator mounted to the air droppers on the scaffold gantry over the test tank

Similar to the Harrogate trial a control condition was required to compare the oscillated flow condition with a base transfer rate to examine the potential improvement.  Unlike the Harrogate trial where 2 control conditions were required by the host water company, this trial with UU had no such stipulation and therefore a single T junction control was selected.  In fact it was the same T junction used in the Harrogate trial that was used at Birkenhead.  
[image: ]

[bookmark: _Toc411938176]Figure 54 - The CS instruments VA420 Air flow meter.

Upstream of the oscillator a CS instruments 1 ½” OD VA420 hotwire type anemometer air flow meter was located.  Previously the Harrogate trial relied on a dial type air flow meter which was less accurate than the air flow meter used for this trial.  

Air flow accuracy was to be essential in testing between the control and oscillated experiments.  The power supply of the air flow meter was fed from the compressor shed which in turn was supplied from one of the existing 415v supplies from the removed centrate pumps. 
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[bookmark: _Toc411938177]Figure 55 - The control T junction connected to the droppers and the air source



 The 20mA output signal was not used on the air flow meter as the software required was an additional extra to the flow meter and was not required for the purpose of this test.  Instead the air flow was recorded by the LCD display on the air flow meter itself.   The air flow was controlled by a 1 ½” ABS isolation valve upstream of the instrument. 
The air source for the trial was provided by an air compressor housed within a wooden shed specially made to keep the compressor from the elements.  It was housed outside as the decibel output of the compressor was above the permitted limit that UU’s health and safety levels stipulated.  It was originally planned that the compressor would be housed in the nearby MCC room which was of sound construction; however the potential noise from the compressor meant that this would not be possible.  However the compressor chosen for the trial was able to withstand the harshest of conditions, mainly very heavy rain, so was more than suitable being used outside with the aid of the felt roofed wooden shed.  The compressor shed also house the electrical isolator and the feed supply for the air flow meter. 
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[bookmark: _Toc411938178]Figure 56 - The Hydrovane air compressor and compressor shed

The compressor selected was a Hydrovane HV15RS ACER with a 272ltr receiver.  The compressor was capable of delivering 2.28m3/min at 8bar, which coupled with the receiver gave the desired air flow rate of ~130m3/h which was the air flow used for the experiment.  The air flow was selected with consultation with SupraFilt™ was at the upper end of the diffusers required air flow rate.  Oxygen transfer efficiency (OTE) decreases with increasing air flow rate and therefore a more optimal air flow rate increases the speed of the experiment and data acquisition.  The air flow rate of 130m3/h was sustainable by the compressor without continual shutdowns – when the receiver is full, and nor was it too high that the compressor could not maintain the air flow rate.  The weather over the three days of testing was extremely hot and the temperature within the compressor shed was high, the doors to the shed had to be left open to dissipate the heat, and also to allow free air around the compressor where the air intake was positioned.  The approximate air flow rate to each individual diffuser was ~6.5m3/h which from the product information of the diffuser manufacturer gave an OTE rate of ~18% and a headloss of ~40mbar Three days were allocated for aeration testing of the fluidic oscillator so the time of the re-aeration of the test water and the deoxygenation time were a factor in selecting the air flow rate.  Power draw of the compressor was recorded by wastewater management using an Elcontrol Microvip3 portable energy and harmonic analyser as a request from UU to monitor power consumption of the aeration system, and to compare it with the Triplox system.
2.3.4 [bookmark: _Toc411938094]Testing methodology
The elevation of the test tank was 5m above sea level and the tank geometry was 7.546m diameter, with a total height of water of 4.2m, meaning that the test volume of water was 187.86m3.  For the experiment potable water was available which meant that final effluent (FE) was not relied upon for use.  This was beneficial as potable water is much better used for aeration testing than final effluent as it may contain residual BOD/COD and suspended solids which may affect the results.  The requirements from both the ASCE and the additional parameters from the YWS asset standard stipulate that; Total dissolved solids <2000mg/l, Total suspended solids <10mg/l, BOD-5 <10mg/l and Anionic surfactants (MBAS) <0.25mg/l.  Further to these parameters an oxygen uptake rate test was taken to ensure that it met the YWS asset standard level of <0.5mg/l/h.  It was requested by UU that the test tank be aerated for 48 hours prior to testing of the microbubble trial in order to remove any residual BOD and also to flex the diffusers fully as they were new.
A total of six DO probes were used to record the DO levels of the experiment in the re-aeration phase, and were positioned at varying depths within the tank. The probes were calibrated each day and the loggers down loaded each night to allow for space for the logging of the next day’s results.  The probes used were WTW CellOx 325 probes with Oxi340i handsets, and were zero tested in laboratory before use onsite.  The probes were in two pairs of three, at varying depths and were suspended from a small buoy, the probe head was turned through 90º so that air bubbles would not collect at the membrane surface and cause error in the results. 
[image: ]

[bookmark: _Toc411938179]Figure 57 - Three of the six DO probes mounted off the gantry, the support buoy can be seen in the tank below the life ring.
The six DO probes were in two pairs of three, and the locations of them can be seen in figure 58. Each probe was at a measured depth and the two sets of probes were at least 1m away from the wall of the tank. The depth of the probes were as follows; Probe 1,2 and 3 were at 1.0m, 2.0m and 3.0m respectively, and probes 4,5, and 6 were at 1.0m, 2.0m and 3.0, respectively. The DO loggers were set to record a data point at every minute and the probes were allowed to stabilise and log for 5 minutes before commencing re-aeration 
For deoxygenation nitrogen was used once again to purge the oxygen out of the test tank water to a level below 0.5mg/l.  This was a stipulation of wastewater management in their testing methodology, and ensured that all DO probes at each depth variation were below the point (<20% saturation) where by the data is omitted from the KLa transfer equation.  For the Triplox system testing chemical deoxygenation was employed to remove the lower levels of DO concentration to 0.5mg/l which meant that there was a satisfactory amount of nitrogen remaining for testing of fluidic oscillation.  As the test water had been removed after testing of the Triplox system and then replaced after the aeration grid was installed there was no chance for contamination from salt build up when using chemicals.  
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[bookmark: _Toc411938180]Figure 58 - The location of the DO probe sets hanging from the gantry


As previously mentioned in the literature, chemical deoxygenation is not without its problems and either chemical lag in the re-aeration of the test water or the build-up of salt can affect results.  Nitrogen was fed directly into the aeration grid via a 15mm OD PTFE pipe fed directly from the regulator. 
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[bookmark: _Toc411938181]Figure 59 - Bottle banks of nitrogen cylinders used for deoxygenation 







2.3.5 [bookmark: _Toc411938095]Results
The results from the DO profiles of the re-aeration of the test tank water from each DO probe was calculated using the following equations.
The standard oxygen transfer rate (SOTR)
	KLa20 x Csat20 x Volume = SOTR (kgO2/h)
The standard aeration efficiency (SAE)
	SOTR / power consumption = SAE (kgO2/kWh
The standard oxygen transfer efficiency (SOTE)
	SOTR/WO2 = SOTE (WO2 = Mass flow of oxygen in the air supply)

	
	Oscillator
	Flow Rate m3/h
	KLa20 h-1
	SOTR kgO2/h
	SOTE
%  
	Power kWh
	SAE kgO2/kwh

	Test 1
	On
	130
	2.7
	14.89
	5.58
	18.9
	0.3

	Test 2
	On
	130
	2.85
	15.62
	5.85
	18.9
	0.31

	Test 3
	On
	130
	2.8
	15.32
	5.73
	18.9
	0.3

	Average
	
	
	2.783
	15.277
	5.720
	18.900
	0.303

	Test 4
	Off
	130
	2.92
	15.95
	5.97
	18.75
	0.32

	Test 5
	Off
	130
	2.91
	15.59
	5.84
	18.6
	0.31

	Test 6
	Off
	130
	2.97
	15.78
	5.91
	18.7
	0.32

	Average
	
	
	2.933
	15.773
	5.907
	18.683
	0.317



[bookmark: _Toc411938182]Figure 60 - Table of Results showing KLa20, SOTR, SOTE, SAE and power consumption figures 

From the table of results in figure 60 it can be seen that under oscillated flow an average KLa20 of 2.783 h-1, an SOTR of 15.277 kgO2/h, and SOTE of 5.720% was achieved compared with an average KLa20 of 2.933h-1, an SOTR of 15.773 kgO2/h and an SOTE of 5.907% under control conditions.   The power consumption figures show the oscillated condition drew 18.90 kWh compared with control conditions of 18.68 kWh.  SAE figures showed that 0.303 kgO2/kWh was recorded for oscillated flow, and 0.317 kgO2/kWh for control.

	
	Flow Rate m3/h
	KLa20
	SOTE %
	SOTR kgO2/h
	Power kWh
	SAE kgO2/kwh

	Improvement % over control
	130
	-5.11
	-3.15
	-3.16
	1.16
	-4.21




[bookmark: _Toc411938183]Figure 61 - Table showing the percentage improvement using fluidic oscillation compared with the control condition.

From figure 61 the improvement over the control condition can be seem for each calculation of performance.  The KLa20 figure shows that the fluidic oscillator was -5.11% worse than that of the control condition in transfer coefficient. 
Because the subsequent calculations are based upon the initial KLa20 result, apart from the power consumption figures, all of the results show a negative improvement.  The SOTE and SOTR improvement was -3.15% and -3.16% respectively.  Power consumption showed that in fact the oscillator drew 1.16% more power than the control experiment. SAE results showed a -4.21% decrease in performance.

2.3.6 [bookmark: _Toc411938096]Discussion 
From the results gathered it is clear that the control condition performed better than the fluidic oscillator in all respects and figure 61 above is conclusive that there was no improvement in any of the calculations.  The disappointing results can be attributed to a lack of optimisation of the oscillator on-site.  There was no scope in the testing for any kind of research into the experiment and only six tests were carried out, three control tests and three oscillated.  All oscillated tests had to be under the same conditions for repeatability and to ensure that the results generated a mean average result.
Power consumption showed that more power was used using the fluidic oscillator than the control experiment, this however is ambiguous as a compressor was used and not a blower.  The compressor was used in conjunction with a receiver and therefore the air supply was not directly fed by the compressor.  Unlike the Harrogate trial where a blower was used as the air source the 12% energy reduction using the fluidic oscillator was not seen.  It would have been better to have used a blower in a similar manner in this trial however the cost of the trial meant a blower would have been far more expensive than the packaged unit of the compressor selected.  Also, with regards to health and safety blowers are generally much louder and therefore acoustic hoods/buildings are used to suppress the noise, which was far outside the scope for this trial.
The lower KLa value observed under oscillated airflow indicates that yet again the potential for leaking around the oscillator, from the inlet pipe work and connecting pipes, could explain the reduction in transfer efficiencies.  Although all attempts to remove potential leaks were made the plate design of the oscillator was subject to heat from the very hot weather experienced during the three days of testing.  As the oscillator had been the same one at Harrogate which was subjected to at least one full year on site, it was deemed that any future pilot/full scale testing into fluidic oscillation for wastewater treatment would require a more substantially built device, that could be certain of being leak free.
2.3.7 [bookmark: _Toc411938097]Conclusions 
The purpose of the Birkenhead trial was to demonstrate the concept of fluidic oscillation and microbubbles to United Utilities.  The conclusions from this trial are summarised below.
· More onsite testing would have generated some more useful results and the ability to optimise the oscillator was not available.  Only 6 tests were conducted during the experiment.  For repeatability and accuracy three control tests and three oscillated test were conducted, but all three oscillated and control experiments had to be the same conditions and this meant that no feedback loop changes could be made to explore various frequencies of oscillation.
· Power figures indicated that there was a decrease in performance using the oscillator, this did not compare with the Harrogate trial, but because of the air source used at Birkenhead it is not comparable.  Consideration should be given to the type of air supply for future trials and the potential to monitor power consumption to replicate the energy savings seen in the Harrogate trial.
· The oscillator is likely to have leaked and a more robust design is needed.
· Lab scale testing of the MT300 diffusers yielded some very good transfer efficiencies but it did not replicate in the field, more investigation into the scale up from lab bench size to pilot scale is needed.



2.3.8 [bookmark: _Toc411938098]Future work and recommendations 
An improved design and manufacture of the fluidic oscillator is needed to be able to deliver like for like air flows when using the control condition under testing of the aeration system.  An air compressor is not a good indication of power savings that fluidic oscillation can give compared to a blower.  However regardless of the type of air source, if the air flow rate is the same between oscillated and control conditions then the KLa improvement is the indicator of performance efficiency.  Again, more onsite testing is required to investigate various lengths of feedback loop, however there remains the limitation in deoxygenation and therefore cost in repeating many experiments at full scale.
2.4 [bookmark: _Toc411938099]Rosslare SBR Full Scale Trial
2.4.1 [bookmark: _Toc411938100]Introduction 
Located in Southern Ireland Rosslare SBR treatment works, grid reference SM 02625 70233, is a wholly owned treatment plant by AECOM Ireland.  AECOM design and build were interested in a microbubble project for wastewater since the end of the Harrogate trial in 2009 and were influential in providing this site for the first full scale investigation into fluidic oscillation for wastewater treatment. 



[image: ]

[bookmark: _Toc411938184]Figure 62 - Satellite view of the Rosslare plant
https://maps.google.co.uk/maps?q=spofforth&oe=UTF-8&ie=UTF-8&ei=775SUuX-Hqqg0wX5m4DgBw&ved=0CAoQ_AUoAg
The site at Rosslare was unique in that it was highly under loaded in treatment capacity, giving much headroom in the discharge consent, so that modifications to either of the two SBR basins could be made without a process risk, and a consent failure. The treatment plant had undergone a significant upgrade from previous capacity in order to accommodate the then (>2007) rapidly expanding housing boom. However the 2008 financial crisis meant that planned housing was scrapped, but the treatment plant had already been developed.  Rosslare was also a popular holiday destination but as financial difficulties put pressure on tourism, the plant also suffered from being under loaded even during the holiday season.




	Parameter
	Unit
	Existing
	Phase 1
	Phase 2

	Equivalent population 
	
	
	
	

	Total
	p.e.#
	2150
	9383
	18316

	Hydraulic Load
	
	
	
	

	Dry weather flow
	m3/d
	1437
	1687
	2980

	Raw sewage Load
	
	
	
	

	BOD
	Kg/d
	129
	563
	1099

	COD
	Kg/d
	315
	1088
	2192

	SS
	Kg/d
	174
	600
	1209



[bookmark: _Toc411938185]Figure 63 - Rosslare load data taken from the SOM (site operating manual) showing the design loads for the various phases of plant development. (#p.e based on 60g BOD/day) 
Figure 63 above shows the loading values for the Rosslare plant under existing conditions and the two further phases of upgrade to account for increased population equivalent (p.e).  The plant infrastructure had been upgraded to phase one levels of development shown in figure 63.  However due to rapid downturn in housing development the plant was grossly under loaded as population increase failed to materialise.  Therefore the plant was running at phase 1 capacity but with only the existing figures of load on the works as no increase in population occurred.  This left the site running with large capacity which was discovered to be both beneficial and detrimental in using the site for experimentation.  
Firstly the under loaded nature meant that treatment over capacity existed so that the plant could quite easily be run on one single SBR basin, under dry weather conditions. This meant that the grid modifications that would be required to retro fit the fluidic oscillators could be conducted without a process risk. 
 As with all ‘live’ plant the ability to stop the incoming wastewater is virtually impossible, and in most cases using the storm tanks as a temporary buffer whilst the plant is worked on is illegal and can end up in a regulatory fine.  As Rosslare was to be the first full scale and ‘in-process’ trial to fluidic oscillation this over capacity, as mentioned, was beneficial.  As will be mentioned further in this chapter, the SBR tank that would be used to receive the oscillated air flow would need to be drained down, cleaned, the aeration grid modified and then refilled and put back into service.  Whilst this work was being conducted the second SBR tank would take all the flow and process the wastewater to remain in consent.  The timing of the tank drain down was the end of August 2012 which saw the last of any of the holiday load onto the works. Rosslare is a busy sea port for the south east corner of Ireland and therefore receives a higher number of boats during the summer months.
As previously mentioned the over capacity of the site actually caused a few problems to the trial.  Although the site had been upgraded to accommodate the Phase 1 loadings predicated (figure 63) which incorporated the addition of 2 SBR basins, the blowers that had been installed had been sized accordingly to accommodate the Phase 2 loadings that would have seen a further 2 SBR basins built, meaning four SBR’s in total.  This overcapacity in air supply meant that estimated airflows to a single basin were wildly inaccurate.  It was only discovered upon installation of the oscillators that the air flow to them was over three times that of predication.   However as will be discussed later, this problem was overcome.
A further reason to select Rosslare as a test site was that a SCADA (supervisory control and data acquisition) system was installed at the site.  Because of the nature of investigating the effects of fluidic oscillation on the test basin was unlike previous pilot scale tests, remote access to the data acquisition and logging of the data was essential. The SCADA system installed also had sufficient capacity for storing historic trends in data, which was to prove vital in assessing the performance of fluidic oscillation.
2.4.2 [bookmark: _Toc411938101]Methodology -  Installation
Air flows to the individual SBR basins were predicted as not exceeding 300m3/h per basin and therefore two 2” inlet (50.8mm) oscillators were selected to be installed.  Air flow testing of the oscillators prior to installation indicated that a single 2” oscillator would be able to accommodate 150m3/h airflow without significant headloss over the device.  The discharge pressure of the blowers at Rosslare was a maximum of 1.1Bar and although these pressures were unlikely to be used, the overall increase in headloss of the aeration system using fluidic oscillation was a consideration.  Any improvements in oxygen transfer efficiency needed to occur at similar energetics as control conditions.  As blower power consumption is expressed as a curve, increases in headloss over the aeration system were likely to increase power demand significantly.  
[image: ]
[bookmark: _Toc411938186]Figure 64 - Two 50mm (2”) inlet fluidic oscillators with 1” master units, ready for installation.
Figure 64 shows the fluidic oscillator units ready for installation, the masters were shipped along with connecting pipework at AECOM’s request, however testing of the 2” oscillators prior to installation showed that the device was much more stable when used without the master units.  With a variable air flow that would be encountered at Rosslare using master and slave formation of the fluidic oscillators would have caused problems in operation.  As prior testing of master and slave formation under various air flow rates, it proved that varying speeds of air flow would cause the master and slave device to stall.  To mitigate against stalling the supply valve would need to be adjusted every time the air flow rate changed, this would have introduced an element of maintenance to the fluidic oscillators on a near constant basis, as the air speed changed throughout the process.  It had already been proven from large scale testing at the laboratories in Buxton that a 2” oscillator would work as a standalone device, and once oscillation threshold had been reached, would still oscillate with varying air speeds.
Originally the oscillators were to be installed into SBR tank No. 1 however they were installed into SBR No 2 basin as the concrete plinth to place the oscillators on was easier to construct around the ground of SBR No. 2 as much of the ground work was already level from construction of the nearby centrate tank.  
[image: ]Position of concrete plinth and Oscillator installation 


[image: ]
[bookmark: _Toc411938187]Figure 65 - above showing a plan drawing of the SBR tanks and a photo of the area selected for installation of the oscillators 
Aside from the installation of two oscillators the aeration grid needed to be adapted for fluidic oscillation.  From lab trials the fluidic oscillator needed to be balanced both in number of oscillators and also hydraulic resistance, i.e. length of pipe. Imbalances in either of the two parameters would lead to a poor oscillation being transmitted to the diffuser head.  In order to balance the aeration grid at Rosslare the diffusers and the pipework grid were split up into four sections.  The aeration grid comprised of existing 200mm (8”) dropper pipe which reduced down to 80mm (3”) and then 50mm (2”) laterals within the tank. The site used 211 EDI FlexAir™ diffusers per SBR basin.  The grid was split up according to figure 66 below whereby one oscillator was connected to area 1 and 3 of the modified grid, comprising of 58 and 54 diffusers on each of the respective outlet ports of the left hand oscillator.  The right hand oscillator was connected to area 2 and 4 and comprised of 55 and 56 diffusers on each of the exit ports.  This configuration was the best balance that could be made with the initial odd number of diffusers and length of pipe work. Not all of the pipe work was replaced, and new 100mm (4”) droppers were connected to the existing pipe work within the tank.  This wasn’t ideal as the sudden increase in pipe diameter could dampen the oscillation pulse.  
Ideally the grid would have been totally bespoke and made to fit the correct upstream 100mm (4”) supplying each quarter of the modified grid.  The mismatch of pipework diameters and the reducing down to the oscillators and back up again after the exit ports were all taken into account of potential detriment to the performance efficiencies that could be encountered during the trial.  The cost of completely rebuilding the aeration grid wasn’t feasible for the trial, plus the SBR tank could only be taken out of service for a short period of time.  

[image: ]

[bookmark: _Toc411938188]Figure 66 - Grid plan of the modified aeration grid to as close to equal sections
[image: ]

[bookmark: _Toc411938189]Figure 67 - The aeration grid modifications showing the mismatch in pipework diameters from using the existing 8” dropper pipe.
High sewerage flows would have been an operational problem for the site as it could not run on one SBR tank and didn’t have the storm capacity to cope with prolonged periods of high flow. Therefore the grid modifications had to be undertaken in as shorter time as possible, lasting one week, and was timed to coincide when historically the site receives low volume of wastewater.  The tank was drained down, cleaned and the grid modified in the spring of 2013 during a period of warm weather with little rain fall.  
The testing was carried out shortly after the grid modifications. As part of the refurbishment and modification of the aeration grid diffusers that were deemed to be broken, torn, or leaking were replaced with new ones, however only the very badly damaged diffusers were replaced.  Improvements in transfer efficiencies needed to be attributed to the impact of the fluidic oscillators increasing the interfacial boundary between the gas and the liquid phase, not due to the replacement of old diffusers.  Over time diffusers lose their oxygen transfer efficiency and therefore the repair work needed to be mindful of only replacing the very worst diffusers as to not introduce error into the results.  This effect was less important when the test basin, SBR No. 2 was used in the clean water test as the same diffusers were used in both the control and the oscillated experiments.  However where the test basin was compared with the control basin, SBR No.1, any improvements in transfer efficiency needed to not be biased toward the repairing of the grid. 
[image: ]
[bookmark: _Toc411938190]Figure 68 – Bubble pattern testing in the commissioning phase of the repaired aeration grid – damaged and broken diffusers being repaired
In total <10% of diffusers were replaced in the grid repair and modification work.  Figure 69 shows some of the broken and damaged diffusers that were replaced prior to the trials.
[image: ]
[bookmark: _Toc411938191]Figure 69 - Broken diffusers which were replaced prior to testing

The installation of the fluidic oscillators into the air supply also incorporated a bypass system which once in operation effectively put the SBR tank into a steady state aeration regime. This was a stipulation of AECOM so that if the oscillators were deemed to be causing an operational problem they could be by passed.  Also the bypass arrangement meant that during testing of SBR No.2 the tank could be switched between oscillated and control conditions.


[image: ]

[bookmark: _Toc411938192]Figure 70 - Installation of the 2” (50mm) inlet oscillators into the air supply to SBR tank No.2 
[image: ]Bypass valve arrangement 
New main air supply 
Bypass pipework 
New 100mm (4”) air droppers 


[bookmark: _Toc411938193]Figure 71 - new pipework layout for the air supply to the oscillators incorporating the bypass pipe and valves
The fluidic oscillators were delivered with four different lengths of feedback loop made from hydraulic pipe and connected to the oscillator by a 1”x1” male x male threaded connector which attached to the 1” (25mm) STF female threaded adaptor flange on the feedback loop ports of the oscillators.  Initially the oscillators were fitted with 75cm long feedback loops each which was the second shortest loop of the set.
[image: C:\Users\Gareth\Desktop\Rosslare Pics\045.JPG]
[bookmark: _Toc411938194]Figure 72 - One set of feedback loops of various lengths for one of the oscillators used.
Other feedback loops consisted of the longer 115cm, 95cm and the shortest 55cm loops.  The remaining loops were left on site for AECOM to fit to the oscillators once sufficient data from each loop had been obtained and analysed.  In-process pressure figures were recorded, particularly the headloss values across the oscillators when in use.  For these figures a pressure gauge was installed to both the upstream air main and one of the air droppers directly off one of the outlet ports of one of the oscillators.  It was assumed the pressure in one of the outlet ports would be similar to the other 3 outlets as essentially the aeration grid and pipe work was as close to identical as possible in each quarter.  The pressure gauges installed showed immediately that there was significant over aeration of SBR tank No.2 in the aeration phase of the process.  It was discovered that during the flash mix stage of the SBR process the air flow rate was as high as 1000m3/h way in excess of what was the design airflow capacity that the oscillators would be placed under. 


[image: ]

[bookmark: _Toc411938195]Figure 73 - The installed pressure gauges up and down stream of the oscillators 

The restrictions that the oscillators gave from the internal geometry coupled with the reduction in pipe work diameter meant that the over pressure was causing the air to be discharged at the blower.  The blowers are designed to waste excess air when the pressure in the air manifold reaches a certain set point as to prevent damage to them.  It was a this point that it was discovered that the process was significantly over aerating and was more that the oscillators could handle, without serious air wastage.  
During the flash mix cycle the blower speed was seen to be reaching 50 Hz which equated to ~1000m3/h.  The blowers would then ramp back to 25 Hz but this was also a much higher than expected air flow of 500m3/h.  With the site so under loaded from a sewerage strength view, the plant had obviously been over aerating for some time.  It was discovered that in fact the blowers were sized to take into account the 2 future SBR tank installations and therefore had the air capacity to cope with four SBR basins.  With only 2 SBR’s built the air supply was significantly higher than the design specification for one basin.  The blower speed was therefore reduced to 25 Hz on the flash mix cycle and 20 Hz in the aeration phase, this meant that the basin was not over aerating and no air was being blown off from the blowers.  The blower speed of 20 Hz during the aeration phase gave an air flow rate of ~300m3/h over the oscillators which was originally the air flow rate expected.
Air flow was measure upstream of the oscillators via a Weber™ vent captor type 3205.30/5 S102 which was fed back to the SCADA system via a 20mA signal.  The air flow was logged on the SCADA system as well as giving a real time read out on the site computer.  The air flows used in the clean water tests were measured using this system and air flow didn’t deviate more than ~5% during the experiments.	
2.4.3 [bookmark: _Toc411938102]In-process KLa testing
Testing at Rosslare was conducted in two parts.  Initially the DO data from the surface DO probes would be logged on the SCADA system and converted to .xls format analysis.  Each SBR tank had its own DO probe, which was calibrated and cleaned regularly as part of the maintenance schedule of the site.  The logging time interval was 46 seconds for each of the probes, which was ideal for use in the KLa mass transfer equation.  The ASCE standard for clean water testing into oxygen transfer efficiency is recommended at 30 second intervals, longer time intervals are less accurate and less data points on the re-aeration curve are captured.  The control SBR basin, SBR No. 1, would be compared to the test basin, SBR No.2 which was the basin that was retrofitted with the fluidic oscillators. It was deemed that initial results would be exported for mass transfer analysis on a monthly basis.  This meant that remote analysis of results was conducted in order to assess the improvement in transfer efficiencies and would not require onsite DO logging.  This meant that data resolution was vastly increased and each basin could be carefully monitored remotely.  Process changes, and any high/low DO periods could be spotted on the DO trends and therefore data could be selected away from these periods.  Indeed the process did suffer some problems where DO levels dropped to zero for a number of days following a suspected chemical attack on the site.  Within the catchment many manholes are present in roads and pavements and it is not uncommon for illegal dumping of waste direct into them which ultimately feeds to sewerage treatment works. Such periods should be noted and the site allowed to return to ‘normal’ operation, giving the mixed liquor a chance to recover.  Periods where this happed clearly showed the DO levels return to normal in both basins, and therefore data could once again be used and analysed.
The nature of the process of SBR tanks means that during the decant phase the mixed liquor is in anaerobic conditions which starves the DO within the tank and in some cycles drops the DO level to zero.  In the re-aerate phase of the process the DO rises and in most cases reached over 8mg/l.  This allowed data to be selected for the KLa equation as the DO level between 2 and 8mg/l is selected for the straight line equation to give the transfer rate coefficient.  This method of investigation into the transfer rate efficiency improvement was slightly ambiguous as the wastewater characteristics of the incoming sewerage were assumed to be the same.  However the site benefited from an inlet sump where by incoming sewerage is stored before being pumped over into the operating SBR basin.  Therefore, it was assumed that any variation in sewerage strength was homogenised in the inlet sump and therefore each comparison between both SBR tanks carried as little variation as possible.  The diurnal nature of wastewater strength was also noted and ‘paired’ DO re-aeration profiles were matched according to time, i.e. if a DO profile from the test basin, SBR No 2, was taken in the morning, the adjacent DO re-aeration profile was also extracted and analysed.  This was to try and avoid wild variation in incoming sewerage strength that is commonly found in the wastewater treatment process.  Variations in sewerage strength not only can change the interfacial boundary properties between the gas and the liquid phase, but also effect the DO concentration which is the driving force in the transfer reaction.  Lower DO levels have a higher driving force than high DO levels, affecting transfer rates.
[image: ]
[bookmark: _Toc411938196]Figure 74 - The surface DO probe used in SBR tank No 2 to obtain the DO profiles of the process


2.4.4 [bookmark: _Toc411938103]In-process KLa Results 
	75cm Feedback loops – Oscillators On
	SBR 1 KLa h-1
	Date
	SBR 2 KLa h-1

	
	0.898
	20/11/2012
	0.958

	
	0.602
	21/11/2012
	1.089

	
	0.476
	22/11/2012
	1.016

	
	0.673
	23/11/2012
	0.934

	
	1.071
	24/11/2012
	0.912

	
	0.542
	25/11/2012
	0.928

	
	0.618
	26/11/2012
	0.796

	
	0.515
	27/11/2012
	0.755

	
	
	
	

	Average KLa h-1
	0.674
	
	0.924

	
	
	
	

	Improvement over SBR Tank 1
	36.94%





[bookmark: _Toc411938197]Figure 75 - Table of KLa h-1 results using fluidic oscillation with 75cm feedback loops fitted.  SBR 2 is the basin fitted with the Oscillators 




	55cm Feedback loops- Oscillators On
	SBR 1 KLa h-1
	Date
	SBR 2 KLa h-1

	
	0.383
	13/03/2013
	0.549

	
	0.344
	14/03/2013
	0.391

	
	0.295
	15/03/2013
	0.398

	
	0.358
	16/03/2013
	0.411

	
	0.349
	17/03/2013
	0.476

	
	0.464
	18/03/2013
	0.459

	
	0.38
	19/03/2013
	0.52

	
	0.314
	20/03/2013
	0.374

	
	0.275
	21/03/2013
	0.361

	
	N/D
	22/03/2013
	N/D

	
	N/D
	23/03/2013
	N/D

	
	0.381
	24/03/2013
	0.468

	
	
	
	

	Average
	
	0.354
	
	0.441

	
	
	
	
	

	Percentage Improvement over SBR No. 1
	24.39%



N/D=No Data

[bookmark: _Toc411938198]Figure 76 - Table of KLa h-1 results using fluidic oscillation with 55cm feedback loops fitted. SBR 2 is the basin fitted with the Oscillators  




			Oscillators Off
	
	SBR 1 KLa h-1
	Date
	SBR 2 KLa h-1

	
	
	0.677
	27/12/2012
	0.625

	
	
	0.52
	28/12/2012
	0.808

	
	
	0.614
	29/12/2012
	0.539

	
	
	0.641
	30/12/2012
	N/D

	
	
	0.524
	31/12/2012
	N/D

	
	
	N/D
	01/01/2013
	N/D

	
	
	N/D
	02/01/2013
	N/D

	
	
	N/D
	03/01/2013
	0.598

	
	
	0.359
	04/01/2013
	0.526

	
	
	0.399
	05/01/2013
	0.535

	
	
	0.555
	06/01/2013
	0.492

	
	
	0.42
	07/01/2013
	0.461

	
	
	0.442
	08/01/2013
	0.683

	
	
	0.742
	09/01/2013
	0.333

	
	
	0.723
	10/01/2013
	0.672

	
	
	0.681
	11/01/2013
	0.57

	
	
	0.691
	12/01/2013
	0.29

	
	
	1.071
	13/01/2013
	0.629

	
	
	0.588
	14/01/2013
	0.508

	
	
	0.875
	15/01/2013
	0.383

	
	
	0.712
	16/01/2013
	0.448

	
	
	0.594
	17/01/2013
	2.583

	
	
	0.912
	18/01/2013
	N/D

	
	
	0.49
	19/01/2013
	0.32

	
	
	N/D
	20/01/2013
	0.94

	
	
	N/D
	21/01/2013
	0.615

	
	
	N/D
	22/01/2013
	0.568

	
	
	0.7
	23/01/2013
	0.509

	
	
	0.551
	24/01/2013
	0.485

	
	
	0.347
	25/01/2013
	0.472

	
	
	N/D
	26/01/2013
	N/D

	
	
	N/D
	27/01/2013
	0.389

	
	
	0.662
	28/01/2013
	0.604

	
	
	0.554
	29/01/2013
	0.517

	
	
	0.457
	30/01/2013
	0.296

	
	
	0.309
	31/01/2013
	0.528

	
	
	0.521
	01/02/2013
	0.456

	
	
	0.886
	02/02/2013
	0.642

	
	
	0.386
	03/02/2013
	0.499

	
	
	0.67
	04/02/2013
	0.392

	Average
	0.602
	
	0.586

	Percentage Improvement over SBR No. 1
	-2.82%






[bookmark: _Toc411938199]Figure 77 Table of KLa h-1 results with the fluidic oscillators bypassed 
	Loop length
	Month
	Mean KLa
	Number of Days Data
	Average KLa 
	Total Number of Days

	
	
	
	
	
	

	95cm
	February 
	13.78
	19
	
	

	95cm
	October
	10.87
	11
	
	

	95cm
	November
	0.77
	10
	
	

	95cm
	December
	24.18
	9
	12.40
	49

	
	
	
	
	
	

	55cm
	June
	56.01
	6
	
	

	55cm
	September
	28.97
	5
	42.49
	11

	
	
	
	
	
	

	35cm
	July
	37.18
	21
	37.18
	21



[bookmark: _Toc411938200]Figure 78 – Data from 2013 in-process KLa measurement into performance of various loop lengths
2.4.5 [bookmark: _Toc411938104]Discussion  - In-process KLa results 
From figure 75 it can be seen that the initial results of using fluidic oscillation on SBR tank No.2 at Rosslare gave an overall improvement in KLa of 36.94% when compared with the non-oscillated control basin, SBR No. 1.  This figure is based upon 8 days of comparative data with the control basin.  The oscillators were fitted with 75cm feedback loops, and caused no operational problems on the initial trial.  No periods of high flow were experienced, and therefore the aeration period of each basin was 4 hours.  The results are based upon the KLa transfer coefficient being averaged for each basin over the 8 day period, and then compared as a percentage improvement, with the non-oscillated control basin.
Figure 76 shows 12 days of data with a 55cm feedback loop fitted to both oscillators, A lower KLa transfer improvement was observed at 24.39% improvement when compared with SBR basin No. 1, however an improvement was seen none the less when compared with the control basin.
Figure 77 shows a prolonged period of data where the oscillators were bypassed and the test basin; SBR No.2 was put back into original operation i.e. steady state air flow. In total 40 days of data were analysed over this bypass period.  The oscillators were bypassed to essentially investigate if the initial improvement seen in the first 8 day period of oscillation would continue, or as seen in the results, would not continue.  With a -2.82% improvement it can be seen that the basins are performing similarly over the 40 day sample period when each basin’s average KLa transfer rate is compared.  The under performance of the test basin compared with the control is likely to be highlighting the errors in using ‘in-process’ DO figures.  The use of the surface DO probes as a measure of the improvement in transfer efficiency was never intended to be a definitive measure of performance.  Many assumptions must be factored into using this data as a method of analysis, mainly that the sewerage strength i.e. COD and BOD are similar at the time of the aeration period between the basins.  As the basin react in a batch process, the closest time period of the basins reacting together is 90 minutes when on high flow operation.  In normal operation the time between the aeration phase’s increases to 4 hours, and therefore the assumption is that the sewerage strength and constituents are the same.  
The diurnal nature of wastewater means that over a 24 period the strength of the incoming sewerage is constantly changing, and thus affecting the potential for the comparison between the aeration phases to be the same.  However the unique situation at Rosslare was that the inlet sump is able to hold a certain volume of sewerage before it is pumped into the SBR basins, therefore an element of homogenisation could be assumed between cycles, and thus reducing wide variation in sewerage consistency between batches.  

Figure 78 shows a selection of different feedback loop lengths that were tested throughout 2013.  Only usable data has been included, i.e. periods of high flow mode has been omitted and erroneous data relating to the DO probes has also been left out.  However the usable data is shown in figure 78 and the total number of days relating to each feedback loop length as well as the associated average KLa transfer improvement.  For the 95cm feedback loop 49 days spanning 4 months showed an average transfer improvement between SBR 2, the oscillated basin, and SBR 1, the control, of 12.4%.  The 55cm loop length with 11 days over 2 months, showed a 42.49% improvement and 21 days in the month of July using a feedback loop of 35cm, returned a 37.18% increase in KLa transfer improvement.












2.4.6 [bookmark: _Toc411938105]Clean water KLa testing 
A clean water oxygen transfer test was carried out at Rosslare according to the ASCE 1992 guidelines.  A week before the test the tank was drained down and cleaned of mixed liquor to satisfy the requirement that residual BOD was <10mg/l, the test was carried out over two days spanning 17th and 18th April 2013.  A feedback loop of 75cm was selected for testing in clean water.
[image: ]

[bookmark: _Toc411938201]Figure 79 - 75cm length feedback loops fitted to the oscillators for the clean water test
Deoxygenation of the test water at the beginning of each experiment was conducted using chemical deoxygenation.  There was no availability for the use of nitrogen for deoxygenation which would have been ideal, due to the constraints in the budget for the experiment because of the size of the tank being used, and the number of deoxygenation cycles needed for the test.  Nitrogen deoxygenation can be used at full scale and in large volumes of water, but generally it is only used for one test at the commissioning phase of an aeration plant to measure the transfer efficiency.  This figure then becomes the base transfer rate, and its degradation over time can be monitored for planning refurbishment of the aeration grid. Six tests were planned for the experiment, three control experiments and three variables, that being using fluidic oscillation.  In accordance with the ASCE guidelines the tests were paired so that after one control experiment one oscillation experiment was conducted, rather than all three control experiments occur sequentially and the same for the variable experiment.   This is so that the effect of conductivity increase in the tank doesn’t skew the results in reusing the test water.  As the same test water was to be used for all the experiments, salt build up, which occurs as the sodium sulphite is converted to sodium sulphate, is detrimental to results as the conductivity increase between tests can affect the results.
The volume of the test water in the SBR basin was calculated to be approximately 800m3 based upon tank geometry of 20m x 8m x 5m this volume of water would require approximately 100kg of Sodium Sulphite and 200g of Cobalt Chloride catalyst.  The catalyst was added in two doses at the beginning of each day, therefore in total ~400g of catalyst was used.  It was discovered that 100kg of sodium sulphite was not enough to totally deoxygenate the test water; therefore the dose was increased to 125kg.    For a homogenised mix of deoxygenation chemicals, a small tank fitted with a recirculation pump was used which was filled with ~2m3 of clean water.  The sodium sulphite was added to the tank and mixed with the pump until it was dissolved; a three way valve attached to the pump meant that the contents of the tank could be pumped into the test basin, which would empty the chemicals into the basin in a few minutes.  The chemicals were injected into the tank via a 50mm ABS plastic pipe which ran along the length of the tank and has a series of droppers into the basin which introduced the chemicals to the test water at approximately 2.5m depth, which was half the total tank depth.  This ensured that the chemicals began mixing in the tank from the moment they were injected.  To aid in mixing the aeration of the tank was kept on, however the blower speed was turned to 17Hz, the lowest they would operate without stalling,   The very low air flow rate which was approximately 100m3/h meant that the chemicals were mixed but the reaction was subdued to allow the oxygen level to reach as close to 0.00mg/l before the test was started.  The following two figures show how the chemical deoxygenation equipment was set up.
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[bookmark: _Toc411938202]Figure 80 - Chemical deoxygenation equipment used to deoxygenate the test basin 
[image: ]8 (50mm) ABS plastic droppers into the test basin (three highlighted) 
50mm supply pipe running the full length of the tank 


[bookmark: _Toc411938203]Figure 81 - Chemical deoxygenation supply pipe with 8 droppers into the test basin
Once the test basin had been deoxygenated the re-aeration experiment could commence, and in accordance with the ASCE the first aeration test was conducted and then the data discarded as it states that the first results when using chemical deoxygenation can give spurious data.  The re-aeration of the test basin was logged using 7 DO probes.  To maximise the number of DO probes, the surface DO probe from SBR tank No. 1 was switched to tank No.2, which meant that SBR No 1 was running without DO control, however the onsite operator was on hand to ensure that the process was no compromised because of this.  The surface DO probes were logged on the SCADA system and downloaded at a later date after the experiments had been completed. Hach Lange HQ30 D Oxygen probes

 At a depth of 1.5m a YSI 556 MPS DO probe was positioned in between the two surface probes, the automatic data logger was set to record a data point every 30seconds.  Four Hach Lange HQ30 D optical dissolved oxygen probes were used at the other locations around the tank, one being positioned along the same side as the surface probes and the YSI 556, and the other 3 on the opposite wall.  The four Hach Lange HQ30 D probes did not have automatic loggers so each data point was written down at 30 second intervals using clipboards.  The optical DO probes were attached to temporary wooden mounts to keep the probes stable during the test and also to keep them at the correct depth, the YSI 556 MPS has a protective case which is weighted to keep the probe at the correct position during testing. The two following figures show the layout of the DO probes around the test basin. 
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[bookmark: _Toc411938204]Figure 82 - Location of the DO probes

Hach Lange HQ30 D probe
YSI 556 MPS
SBR No 1 and 2 Surface Probes
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[bookmark: _Toc411938205]Figure 83 - Image showing the location of all the DO probes within the test basin

Setting up the experiment on day one, and coupled with a test run of the experiment led to the loss of data on the first day.  The test run data was to be discarded, in accordance with the ASCE methodology and therefore the only usable data was from the following days testing, leading to just two pairs of tests.  The air flow rate used for the experiment was controlled by two methods.  The airflow had to be as close to identical for both the control and oscillated experiments, which took some adjustment in both blower speed and an element of wasting some of the air.  The air flow rate selected was 100m3/h which was maintained to +/- 10%.  Under control conditions the blowers were not able to turn down low enough to produce the require air flow, therefore some of the air was bleed of from the air main downstream of the blowers by way of a valve.  The blowers were maintained at 17Hz which was the lowest they could be turned down.  

Under oscillated conditions the bleed off valve was closed and the blowers were increased to 22Hz, this reflected the increased restrictions in the pipework manifold that the oscillators gave, mainly the reduction in pipework diameter.  At 22Hz and under oscillation the air flow was able to be maintained at 100m3/h.
The DO data was analysed using the KLa transfer coefficient equation for both the control and oscillated experiments.  Each DO probe result for both the control and oscillated experiment was averaged for both sets of results.  The result was the expressed as a percentage improvement over the control experiment.
A further experiment was conducted on the oscillators to investigate the pressure over the oscillators, At  the Harrogate trial a reduction in power draw on the blowers was observed and at Rosslare the result was keen to been repeated.  However the blowers at Rosslare do not have direct ampage readings, indeed the site power consumption is measured by just one incoming meter, therefore individually selecting the blowers from this figure is challenging.  To investigate the headloss that the oscillators were giving the air flow was reduced to virtually zero by running the blowers with the valve open in the air main.  The valve was gradually closed which increased the air flow rate through the oscillators which was recorded on the SCADA system, the upstream and downstream pressure was recorded at various points as the valve was increasingly closed.  The downstream pressure from the oscillators remained the same, as this was the static head of the water in the basin ~5m depth, combined with the aeration grid and pipe work. The upstream pressure increased as the air flow rate increased, and this figure was subtracted from the downstream pressure figure to give the overall headloss across the oscillators.

2.4.7 [bookmark: _Toc411938106]Results – Clean water 
	
	Control
	Average KLa h-1
	Oscillated
	Average KLa h-1
	Improvement

	
	1
	2
	
	1
	2
	
	%

	Probe
	
	
	
	
	
	
	

	Logger
	2.32
	1.80
	2.06
	2.37
	2.49
	2.43
	18.07

	DO 1
	3.60
	2.64
	3.12
	3.60
	3.54
	3.57
	14.46

	DO 2
	3.68
	2.68
	3.18
	3.60
	3.58
	3.59
	12.86

	1
	2.88
	2.23
	2.56
	2.82
	3.22
	3.02
	18.04

	2
	3.89
	2.82
	3.35
	4.00
	3.77
	3.89
	15.93

	3
	3.73
	2.95
	3.34
	3.91
	3.77
	3.84
	15.02

	4
	1.96
	1.69
	1.82
	2.03
	2.32
	2.18
	19.24

	
	
	
	
	
	
	
	

	Overall Average KLa h-1 % Improvement
	
	
	
	16.23



[bookmark: _Toc411938206]Figure 84 - Table of KLa h-1 results from the clean water test conducted 17th -18th April 2013, Improvement in KLa h-1 based upon SBR tank No. 1.
	Q m3/h
	p1 (psi)
	p2 (psi)
	∆P (psi)

	15
	2
	7.25
	-5.25

	40
	3.2
	7.25
	-4.05

	55
	5
	7.25
	-2.25

	70
	4.8
	7.25
	-2.45

	90
	5.3
	7.25
	-1.95

	100
	5.75
	7.25
	-1.5

	113
	6.5
	7.25
	-0.75

	118
	6.5
	7.25
	-0.75

	122
	6.75
	7.25
	-0.5

	128
	7.75
	7.25
	0.5

	130
	7.75
	7.25
	0.5

	137
	9
	7.25
	1.75

	140
	9
	7.25
	1.75

	145
	9.35
	7.25
	2.1

	150
	9.65
	7.25
	2.4

	155
	10.5
	7.25
	3.25



[bookmark: _Toc411938207]Figure 85 - Table of pressure readings taken upstream (p1) of the oscillators and downstream (p2) and the subsequent ∆P of the oscillators.

[bookmark: _Toc411938208]Figure 86 - Graph showing the ∆P effect of the oscillators in the aeration system of SBR tank No.2
2.4.8 [bookmark: _Toc411938107]Discussion
Figure 84 shows the results of the clean water trial conducted in accordance with the ASCE guidelines in the measurement of oxygen transfer in clean water (1992) which after the initial encouraging results of the in-process improvements using the surface DO probes was requested by AECOM to validate the results in clean water.  Most if not all tests into aeration efficiencies are conducted in clean water, this provides a definitive result that in normal industrial situations forms the base oxygen transfer efficiency of a system at the beginning of its operation.  In this instance the clean water test was used to assess the improvement of the use of fluidic oscillation on the test basin, and to use a control experiment in the same basin as the base KLa.  This experiment compared the basin like for like with the only variable being the use of fluidic oscillation, and therefore would eliminate error in comparing the basins.  Approximately 625kg of sodium sulphite was used to deoxygenate the test tank over the two day period of the experiment and 400g of cobalt chloride catalyst.  Seven DO probes in total were used at various locations around the tank, and every care was taken to follow the ASCE guidelines and therefore the results generated are a fair reflection of the over improvement in oxygen transfer efficiency.  The temperature of the test water was 11oC which was just one degree above the minimum level stated by the ASCE guidelines which indicated that oxygen transfer tests can only be carried out on test water between 10 and 30oC, hence why the experiment was conducted in spring once the incoming wastewater from the catchment had warmed up to above this minimum level. 
 From the data extracted from the SCADA historical temperatures within the SBR basins had dropped to below 8oC in the previous months spanning winter before the clean water test, making the test water too cold to be within the limits set out the ASCE guidelines.
The results from the clean water test show an average improvement in KLa transfer coefficient of 16.23% compared with the control experiment.  An improvement as high as 19.24% was observed at DO probe No. 4 and a lower value of 12.86% at surface DO probe No. 2 was recorded. 
 All DO stations recorded an improvement in in KLa transfer coefficient.  The results are based upon 2 sets of control data and 2 variables, of which the variable experiment both used the same length of feedback loop which was 75cm.  Ideally the experiment would have consisted of 3 control experiments and 3 oscillated, however due to the nature of doing a full scale aeration test on a live water treatment plant, time and man power were we the limiting factor, as well as chemical constraints. 
The improvement in transfer coefficient was lower in the clean water test than the direct DO profiles from the in-process logging using the surface DO probes.  The clean water results highlight the assumptions that are made when using the data from the in-process method, however the results from the clean water test are conclusive that there is a significant increase in transfer efficiency when using fluidic oscillation at full scale.  The result is likely to have been higher had a new aeration grid been used rather than one that was a repaired 6 year old grid.  As not all the diffusers had been replaced, and a significant amount of existing pipework of various diameters had been used, the oscillatory pulse could have been effected downstream of the oscillators.  This would have meant the potentially the oscillation pulse was effective on some of the diffusers on part of the grid, as speculated due to the use of larger than 50mm pipework on some sections of the aeration grid, downstream of the oscillators. Ideally all pipework would have been uniform to the aeration grid so that there could be equal downstream pressure to the diffuser heads and no potential loss of transmission of the pulses.
Figure 85 combined with Figure 86 show the effect of pressure over the oscillators as air flow is increased.  The results are interesting as they give a suggestion of the similar results that were found at the Harrogate trial which showed a reduction in power consumption of the blowers.  At Rosslare this experiment and the results indicate that initially there is a ‘negative headloss’ scenario, whereby the upstream pressure is lower than the downstream pressure with air flow clearly being recorded as flowing through the aeration system, as logged by the air flow meter.  The results would indicate that the same scenario is occurring at Rosslare, albeit at the lower air flow rates between 0-120m3/h however the actual power consumption could not be directly recorded as there is no direct read out of ampage draw.  The air flow where the negative headloss occurs is below the air flow that the oscillators were operating, as each one was installed to provide half of the 300m3/h for the test basin.  However this discovery indicates that potentially either a larger oscillator which is able to receive a higher air flow whilst maintaining within the negative ∆P region, or more 2” inlet oscillators to distribute the air flow across more devices, could maintain this positive effect.  The latter suggestion however of more smaller (2” inlet) oscillators may not be as cost effective as one single large oscillator as this would require even more pipe work modification and aeration grid segmentation which could affect the overall cost saving of the technology. 
The aeration pipework to SBR tank No.2 was made to receive a larger 4” inlet oscillator deliberately to investigate the performance of a larger device, when compared with the two smaller oscillators.  This not only would mean less interference with the downstream pipe work, but also would alleviate the need to restrict downwards in pipe diameter before the oscillators, and indeed then enlarge once again, post oscillator. Potentially the planned installation and testing of a single larger oscillator may prove that operational air flow rates can be used whilst maintaining within the negative headloss region. 
2.4.9 [bookmark: _Toc411938108]Conclusions
· A clean water oxygen transfer test in accordance with the ASCE 1992 guidelines produced an average result of 16.23% KLa transfer coefficient improvement over the control experiment based upon the data from 7 DO probes.  A maximum KLa transfer coefficient improvement of 19.24% was observed from a single DO probe, along with a minimum KLa transfer coefficient improvement of 12.80% at a different DO probe location.
· Rosslare proved that fluidic oscillation of the air supply to the test basin increased the oxygen transfer coefficient. In-process results showed an increase of ~36% in KLa transfer coefficient over the first initial test period using a 75cm length feedback loop on both oscillators.
· The method of using the surface DO probes is by no means a conclusive experiment but the ability of high data acquisition and storage on the SCADA system made the test highly valuable in the development of the technology, particularly optimisation of the feedback loop lengths.  Assumptions must be made when using this method of data collection that the variance of the incoming sewerage strength is as close to zero as possible.  It was assumed that changes in wastewater characteristics at Rosslare were kept to a minimum between the test and control SBR basin as the incoming sewerage is mixed within the inlet sump before being pumped in the SBR basins.
· The positive initial results from the surface DO probes propagated the request for validation from the clean water ASCE 1992 guideline test from AECOM design and build.  The results of which no doubt contributed to the positive step of AECOM to sign a licence agreement of the technology which covers most the developed world.
· The lower ∆P results from the pressure testing of the oscillators gave some indication of the replication of the Harrogate results whereby less power draw was observed from the blowers.  Although no direct measurement of the blower’s power consumption was able to be conducted the negative headloss in operation with the air flow tests indicated that a similar scenario was occurring at Rosslare.
· Consideration must be given to the fact that pipe work was downsized to 50mm DN which potentially gave a higher headloss across the oscillators at higher air flow rates, and also the increase in pipework diameter post oscillator may have had a detrimental effect to the oscillation pulse being felt at the diffuser head.  Future installation should give consideration to keeping all pipework as homogeneous as possible.
· The oscillators are still in operation and a new 4” oscillator is built and awaiting testing at the time of writing, it is hoped that the larger oscillator will perform equally as well if not better than the 2” units, potentially with higher air flow rates and lower headloss.
2.5 [bookmark: _Toc411938109]Sale WWTP United Utilities PLC 
2.5.1 [bookmark: _Toc411938110]Introduction 
Located within the UK, grid reference SJ 76878 93031, the Sale WWTP is owned and operated by United Utilities PLC (UU) and the trial was conducted for one year spanning October 2012 – October 2013.  The trial ran alongside the Rosslare trial although both were inherently different both in size and the nature of the process, and also by two different operating companies. 
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[bookmark: _Toc411938209]Figure 87 -  Aerial picture of Sale WWTP (https://maps.google.co.uk/maps?oe=UTF-8&q=sale&ie=UTF-8&ei=UMFSUtbIHYf80QWM9ICgBw&ved=0CAoQ_AUoAg)



The Sale trial with UU offered the unique opportunity to test fluidic oscillation on a full scale continuous aeration plant.  Unlike Rosslare which trialled the technology on an SBR plant, Sale was a three lane continuous activated sludge plant (ASP) which had the potential to show positive results on a plant that is of medium size within a water company’s wastewater treatment portfolio within the UK.  Similar to the Rosslare site, Sale was again under loaded in terms of BOD/COD to design capacity, having again like Rosslare, been upgraded to cope with future growth that has yet to materialise.  
The Birkenhead trial, as already reported earlier, appeared to show no detectable improvement in using fluidic oscillation, however it was used to demonstrate the potential of the technology if correctly optimised.   United Utilities were able to see the benefit of the retrofit nature of the technology and therefore decided to retro fit Sale with fluidic oscillators as a continuation of the research project and also use research budgets on developing potential energy saving technologies from the governing watchdog OWFAT which meant that R+D funding could be spent.  Although this was attractive to developing the technology it was not without its problems, not least the manner in testing regime which had to be independent, but it also limited the amount of optimisation that could be done as the testing regime was to be regimented and in accordance with the ASCE off-gas testing method.   To maintain unbiased results, UU employed wastewater management (WWM) again to test the technology, and although some input into the testing regime was allowed, a final report needed to be produced that was independent, unbiased and handed to OFWAT to justify the financial spend on the trial.  However, regardless of the constraints of testing a positive outcome was to be obtained, and much valuable information and data was gained from this trial.


2.5.2 [bookmark: _Toc411938111]Methodology Installation 
Sale comprises  three aeration lanes with de-nitrification provided upstream by virtue of anoxic zones upstream of  the aerated section of the lane which is tapered by way of the lane having more diffusers at the head of the lane, directly after the anoxic zone compared with the tail end of the lane where less diffusers are found.  This is a common formation of diffuser array within a tapered aeration lane under normal operation.  The air flow is regulated by AUMA™ actuated valves that are DO controlled from three DO probes placed within three separate zones per basin.  Each zone within the taped aeration basin is controlled by a single DO probe which in turn controls the actuator valve which regulates air flow, therefore the aeration lane is constantly responding to changes in the incoming wastewater characteristics.  Unlike the SBR process the ASP method of biological treatment is continuous and at no point does flow into the lanes stop unless for planned maintenance. The flow to each individual lane is controlled by a distribution chamber upstream whereby each lane’s flow is controlled by a penstock, the level of which controlling and distributing the flow over the three lanes.
The air was supplied by three Aerzen™ blowers within the blower house which situates the MCC room for controlling the ASP lanes. Air was supplied to a common air header which then branched to each of the three lanes upstream of the AUMA™ actuated valves.  One single mass air flow meter was situated on the common air header to all three lanes.  The was no SCADA system present at the Sale WWTP which proved to be extremely detrimental in data acquisition as little or no data logging was available on site.  Memory within the PLC (programmable logic controller) was very limited and DO values could only be logged at 15 minute intervals which meant that any form of in-process DO analysis was virtually impossible without errors.
The project was undertaken on the understanding that the site could operate on just two ASP lanes as there was significant over treatment capacity which could have given a direct comparison with a control lane and a test lane.  However after installation it was determined that this was not to be the case and that the site would continue to operate on three lanes.  The over capacity was proven as lane three consistently recorded DO levels of close to saturation of >8mg/l in the last pocket nearest the outfall of the lane.   Furthermore it was discovered  that the blowers had a speed clamp which meant that they could not be turned down to reduce the air flow, this was to protect the air blowers from heat damage, however the air flows where way in excess of what was required as evident from the over aeration in parts of the aeration lanes.  These factors, the lack of data acquisition, over aeration, running on three lanes instead of two, and the blower low level clamp were to be restrictions on the overall testing methodology of the trial.  However the trial did continue and seven fluidic oscillators were installed into the upstream and mid pocket of lane number one of the ASP plant as can be seen in figure 88 
[image: ]
[bookmark: _Toc411938210]Figure 88 - Location of the selected test basin at Sale WWTP
 [image: ]
[bookmark: _Toc411938211]Figure 89 - Location of the seven installed oscillators, four in the upstream pocket and three in the mid-section pocket of lane one of the ASP plant, directional arrows indicate flow through the ASP lane.
Figure 88 above shows the location of the oscillators installed at Sale on the test lane.  The last pocket of lane one was installed with oscillators.  This was due to the last pocket only receiving suitable air flows at peak times.  Vertically installed oscillators 
50mm DN air droppers to the aeration laterals  
Air laterals on the diffuser mat housing the AFD350 diffusers with SSi PTFE membranes   
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[bookmark: _Toc411938212]Figure 90 - The upstream pocket (pocket No. 1) of the ASP lane No. 1 with the 4 oscillators installed

Blower house  
Common air header to all 3 ASP lanes  
Oscillators  
Air header to the 3 oscillators (150mm DN)
50mm DN air droppers to the aeration laterals  













[bookmark: _Toc411938213]Figure 91 - Midway aeration pocket (No. 2) of ASP lane No. 1 with 3 oscillators installed
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[bookmark: _Toc411938214]Figure 92 - Single oscillator from Pocket 1 showing the bypass valve arrangement and pipework







2.5.3 [bookmark: _Toc411938112]Testing regime Off-gas method 
The testing at Sale into the performance of the oscillators used the in-process off-gas method as described in ASCE ‘Standard Guidelines for In-Process Oxygen Transfer Testing’ ASCE-18-96.  Testing took place between May – September 2013 and the purpose of the tests were to investigate the oxygen transfer efficiency in-process (OTEf) using the fluidic oscillators based against control conditions where there were bypassed in the aeration circuitry. The principals of off-gas testing comprises of a floating gas collection hood within the aerated basin connected via a pipe to an off-gas analyser upstream with air flow meter measuring the off-gas air flow rate.  The off-gas analyser comprised of two cabinets connected to a 6” pipe which allowed air flow measuring and fine control of the gas hood level within the tank via a ball valve.  The first cabinet allowed switching between ambient gas stream and off-gas stream and conditioned air before passing to the second cabinet, conditioning of the both streams of gas source included a water trap, heat exchanger, moisture stripping column CO2 stripping column and a variable flow meter.
The second cabinet contained a Rapidox 1100EP Cambridge sensotec calibrated oxygen analyser (electrochemical sensor with pressure sensor) and calibrated sample air temperature probe.  The oxygen content of the both gas streams, the ambient and the off-gas, were displayed on an LCD display on the cabinet, as well as atmospheric pressure and temperature.  Off-gas hood flow rate was measured by a TSI Velocicalc Plus Air Velocity meter inserted into a ¾” threaded cable gland located in the 6” diameter pipe.  



[image: C:\Users\Gareth\Desktop\UU Pics\859.JPG]
[bookmark: _Toc411938215]Figure 93 - The off-gas analyser comprising of two cabinets and a laptop PC allowing online monitoring and logging.
The sample air from the off-gas hood was supplied by a 4mm ID plastic pipe that fed from the 6” pipe to cabinet number one and then subsequently cabinet number two. This pipe had a T piece attached at the 6” pipe with a valve so that Tedlar gas sampling bags could be used to take a sample of the off-gas for accredited testing.  This method of testing was used not only to validate the oxygen content of the off-gas but also the CO2 content as it was speculated that with an increase in oxygen transfer efficiency, the mixed liquor which are aerobic, would be encouraged to perform better by increased respiration and therefore produce more CO2.  Although this hypothesis is ambiguous as the use of fluidic oscillation is primarily to reduce the CO2 output of treating wastewater by reduced air consumption, the improvement in respiration seeks to increase process efficiency so therefore the whole CO2 lifecycle of treating wastewater must be observed. 
[image: C:\Users\Gareth\Desktop\UU Pics\869.JPG]

[bookmark: _Toc411938216]Figure 94 - Off-gas hood positioned over pocket No. 1 of ASP lane No.1 downstream of the oscillators 
Although air flow was measured as part of the process by the flow totalizer on the common air header from the blower house there was no accurate measurement of the air flow to each pocket during testing.  The Endress and Hauser air flow meters that were used as part of the air measurement of the ASP process to each pocket of each lane were found to give too much variation in air flow recording.  High air flow variation (+/-100m3/h) was observed in operation and therefore the handheld TSI Velocicalc Plus Air Velocity Meter was used in place of the Endress and Hauser meters.
The air flow across all three ASP lanes was constantly changing due to the DO probes in each pocket of each lane constantly relaying back to the PLC system and therefore responding to the incoming sewerage strength with varying air flow.  It was intended, as mentioned previously, that the plant would be run on just two ASP lanes as the plant was under loaded and therefore over aerating on three lanes. However this did not materialise and the site continued to operate on three lanes which meant that controlling a consistent airflow to the test lane was challenging.  As an example of the over aeration that was being delivered to the ASP lanes, lane No. 3 was observed to be consistently reading over 8mg/l in pocket 3 and in excess of 4mg/l in the mid pocket No.2, normal operational levels of DO are targeted at between 1.5 and 3.0mg/l for optimisation purposes and energy consumption/oxygen transfer efficiency.
Therefore whilst the tests were conducted the site was run on one blower at 80% capacity which meant that at a fixed speed air flows were as constant as possible. To aid n air flow and pressure variance being kept as close to minimal as possible all the AUMA™ automated actuated air valves were set to ‘off’ position at the start of each day.  This meant that the air flow remained constant throughout all three ASP lanes.  


[image: C:\Users\Gareth\Desktop\UU Pics\857.JPG]
[bookmark: _Toc411938217]Figure 95 - The handheld TSI air flow in place of the Endress and Hauser meters
Discharge pressure of the Aerzen blowers was maintained at 0.631Bar as set by the PLC system throughout the test period.  As an aside from being essential to the testing methodology, the sheer fact that the plant could be maintained within discharge consent whilst only operating on one blower at 80% for nearly 12 hours during the height of summer, was testament to the over aeration that the plant was enduring.  
Nevertheless by fixing a single blower at 80% a constant air flow and pressure was obtained in the test basin as with some adjustment of the AUMA™ valve between oscillated and non-oscillated experiments an air flow of ~650m3/h was maintained with a satisfactory deviation of no more than 10% during the experiment.
Testing was to be in close ‘paired’ experiments as to keep variation in incoming sewerage characteristics as low as possible between pairs.  With a continuous aeration lane the process never stops, therefore it remains dynamic and no two experiments can be classed as identical with total confidence.  Therefore time between each paired experiment was kept to roughly 10 minutes between them.  Although many more tests  were conducted on both pockets of oscillators, various problems as described in the full Wastewater management report, the best results concentrated on pocket one, and therefore test air flow was 650m3/h for both oscillated and control experiments.  
To monitor DO within the mixed liquor a dissolved oxygen probe type WTW CellOx 325 probe with Oxi340i handset logger was used.  This monitored DO at the off-gas hood which ultimately measured the driving force of the reaction within the test lane, which changed throughout the day whilst testing.
The main outcome of the test from UU’s perspective was to trial the technology at full scale, however, as proved at Rosslare there was an element of optimisation needed with the oscillators.   The off-gas method provided almost instant results in-process and therefore quickly highlighted its virtues in being a method in rapidly experimenting with various feedback loop lengths to optimise the fluidic oscillators.  Although this gave rise to a conflict of interest with Wastewater Management it was clear that in-process off-gas testing alleviated the need for expensive, time consuming clean water testing, as investigated at Rosslare.
As initial results using the shortest feedback loop had shown little or no improvement in oxygen transfer the decision was taken to test a wider range of feedback loop lengths. Feedback loops of 0.5, 1, 1.5,2, 3, 4, and 5 meter lengths were used to investigate performance.  Although it was later discovered that the off-gas hood may not have been in the optimum position a feedback loop length of between 1 and 2 meters, particularly 1.5m seemed to give the best initial results. Indeed it was only toward the end of the experiments that a clean significance between the control experiment and the oscillated test was seen. This was potentially due to the gas hood being in an area of bad bubble pattern rising up from the diffuser grid below and giving erroneous results between test sets.
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[bookmark: _Toc411938218]Figure 96 - feedback loops of various lengths used for testing

2.5.4 [bookmark: _Toc411938113]KLa method using biological activity
As a way of further analysis into the oscillator’s performance a method similar to the SBR batch process that occurs at Rosslare was employed, which was then calculated using the non-linear regression as used in all the clean water tests and in accordance with the ASCE 1992 guidelines. By using the off-gas hood and oxygen analyser the mixed liquor could be held in a low steady state by reducing the air flow to the test pocket via the actuated valve.  This air flow ~100m3/h allowed sufficient mixing and minimal oxygen availability as to put the biological organisms into a low steady state condition.  The air flow was then increased rapidly up to the test air flow rates, 650m3/h and 850m3/h under both steady state and oscillated conditions.  The re-aeration profiles were logged using 4 WTW CellOx 325 probes with Oxi340i handset loggers at 3m depth and plotted using the nonlinear regression model. The penstock to the aeration lane was fully closed as to stop incoming flow to the lane; the experiment was run initially with the penstock completely closed.  However with no incoming flow the first experiment would ‘burn out’ the load within the test basin meaning that the subsequent ‘paired’ experiment was  biased and it was obvious during testing that the DO was rising very quickly compared with the first test.  Therefore to combat this some flow was allowed into the test lane whilst the experiment was running.  This gave some load into the aeration basin so that there was some driving force in the reaction, the penstock was opened approximately 5% which didn’t flood the aeration lane with incoming load.
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[bookmark: _Toc411938219]Figure 97 - Lane 1 (foreground) anoxic zone showing reduced flow into the aeration lane compared with Lane 2 still in full flow. 
The upstream DO probes were monitored closely whilst the pen stock was adjusted to limit the flow to the aeration lane.  The air flow was reduced also so that a DO of below 2mg/l could be maintained consistently for approximately 30 minutes as to hold the mixed liquor at a low steady state condition before the experiment was started.
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[bookmark: _Toc411938220]Figure 98 - The two upstream DO probes just downstream from the anoxic zone
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[bookmark: _Toc411938221]Figure 99 - The downstream DO probes near the oscillators and off-gas hood

The downstream DO probes which were located near to the oscillators were monitored much like the upstream DO probes so that the DO was below 2mg/l before the commencement of the test.  The downstream DO probes consistently read ~1mg/l over the upstream probes, therefore the upstream DO probes were below 1mg/l before the downstream DO probes were ~2mg/l and the test could start.
The off-gas hood was repositioned as close to the oscillators as possible so that the sample gas was representative of the reaction where the DO probes were logging.  The bubble pattern closer to the oscillators was better than further down the laterals away from the oscillators.  Concern was raised over the accumulation of condensate within the air laterals as no drain lines had be installed in the new grid.  Condensate occurs where moisture in the inlet air to the compressors accumulates in the air grid.  In normal operation there are condensate lines at each of the pockets within the lanes which can be opened to drain the collected condensate out.  These lines had not been replaced when the grid modifications had occurred to accommodate the fluidic oscillators. 
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[bookmark: _Toc411938222]Figure 100 - The repositioned off-gas hood
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[bookmark: _Toc411938223]Figure 101 - Panoramic view of the ASP lanes taken from the ASP distribution chamber
2.5.5 [bookmark: _Toc411938114]Results - Off-gas results 
	Date
	Test set
	Oscillators
	OG (%O2)
	AA (% O2)
	OTEf (%)
	% Improvement

	10/09/2013
	1
	On
	17.34
	20.44
	18.35
	

	10/09/2013
	1
	Off
	17.33
	20.46
	18.51
	-0.86

	10/09/2013
	2
	Off
	17.02
	20.44
	20.16
	

	10/09/2013
	2
	On
	17.15
	20.42
	19.33
	4.12

	10/09/2013
	3
	On
	16.95
	20.4
	20.36
	

	10/09/2013
	3
	Off
	17.09
	20.41
	19.62
	3.77

	10/09/2013
	4
	Off
	17.27
	20.42
	18.65
	

	10/09/2013
	4
	On
	16.81
	20.39
	21.11
	13.19

	11/09/2013
	1
	On
	15.32
	20.47
	29.71
	

	11/09/2013
	1
	Off
	15.41
	20.48
	29.27
	1.50

	11/09/2013
	2
	Off
	15.22
	20.48
	30.29
	

	11/09/2013
	2
	On
	15.17
	20.48
	30.56
	0.89

	11/09/2013
	3
	On
	15.7
	20.5
	27.78
	

	11/09/2013
	3
	Off
	15.98
	20.5
	26.24
	5.87

	11/09/2013
	4
	Off
	15.93
	20.49
	26.47
	

	11/09/2013
	4
	On
	15.73
	20.49
	27.57
	4.16

	11/09/2013
	5
	On
	15.86
	20.49
	26.86
	

	11/09/2013
	5
	Off
	16.34
	20.48
	24.16
	11.18


[bookmark: _Toc411938224]Figure 102 - Off-gas results from 2 days testing using 1.5m feedback loops showing % improvement over control conditions
	Gas
	Unit
	Osc Off
	Osc On
	Osc On
	Osc Off

	Methane
	%
	<0.1
	<0.1
	<0.1
	<0.1

	Carbon Dioxide
	%
	2.3
	2.2
	2.2
	1.8

	Nitrogen
	%
	81.5
	82
	82
	81.4

	Oxygen
	%
	16.2
	15.7
	15.8
	16.8

	Hydrogen
	ppm
	<20
	<20
	<20
	<20

	Ethylene
	ppm
	<5
	<5
	<5
	<5

	Ethane
	ppm
	<5
	<5
	<5
	<5

	Acetylene
	ppm
	<5
	<5
	<5
	<5




[bookmark: _Toc411938225]Figure 103 - UKAS Accredited Gas results from CERAM Ltd from off-gas at Sale

	Gas
	Unit
	Osc On
	Osc On
	Average

	Carbon Dioxide
	%
	2.2
	2.2
	2.2

	Nitrogen
	%
	82
	82
	82

	Oxygen
	%
	15.7
	15.8
	15.75


	

	Gas
	Unit
	Osc Off
	Osc Off
	Average

	Carbon Dioxide
	%
	1.8
	2.3
	2.05

	Nitrogen
	%
	81.4
	81.5
	81.45

	Oxygen
	%
	16.8
	16.2
	16.5




	
	
	Oxygen
	Nitrogen
	Carbon Dioxide

	% Improvement
	4.76
	0.68
	7.32



[bookmark: _Toc411938226]Figure 104 - Average gas figures and % improvement in CO2 removal and O2 transfer

2.5.6 [bookmark: _Toc411938115] KLa results
	
	Test 1
	Test 2
	Test 1
	Test 2

	Oscillators
	On
	Off
	Off
	On

	Probe
	KLah-1
	KLah-1
	KLah-1
	KLah-1

	1
	4.026
	4.873
	1.087
	5.958

	2
	3.781
	3.998
	2.061
	4.802

	3
	4.688
	4.304
	0.742
	6.157

	4
	4.549
	
	
	4.222

	Average
	4.261
	4.392
	1.297
	5.285



[bookmark: _Toc411938227]Figure 105 - KLah-1 Results from Pocket 1 Lane 1 at air flow 650m3/h

	
	Test 1
	Test 2
	Test 1
	Test 2
	Test 1
	Test 2

	Oscillators
	On
	Off
	Off
	On
	On
	Off

	Probe
	KLah-1
	KLah-1
	KLah-1
	KLah-1
	KLah-1
	KLah-1

	1
	2.613
	4.763
	3.474
	1.874
	3.172
	2.598

	2
	3.5
	4.315
	2.9
	2.935
	1.547
	5.05

	3
	3.351
	6.148
	8.273
	3.956
	2.89
	6.064

	4
	3.259
	6.505
	7.897
	2.75
	2.414
	6.996

	Average
	3.181
	5.433
	5.636
	2.879
	2.506
	5.177



[bookmark: _Toc411938228]Figure 106 - KLah-1 Results from Pocket 1 Lane 1 at air flow 850m3/h

2.5.7 [bookmark: _Toc411938116]  Discussion
From figure 101 the off-gas results spanning 10-11 September 2013 shows that overall an improvement in OTEf occurred using the fluidic oscillators compared with the control conditions, oscillators off/bypassed. The highest OTEf improvement on day one of testing was a 13.2% increase over control, with an average over the whole 4 tests on day one of 5.12%.  Day 2 testing included 5 sets of tests with the highest OTEf improvement of 11.1% over base and an average improvement of 4.1% from the whole days testing.
 The only test which did not show an improvement was the first test on the first day (10/09/2013) where the oscillators underperformed by -0.86% compared with the control.  Over both days of testing improvements increased as the day continued from the morning results.  This can be explained by the driving force of the reaction, in this case concentration gradient, increasing over the day as the wastewater BOD/COD strength fluctuates throughout a 24 hour period.  The diurnal nature of wastewater and the length of sewerage catchment all contribute to a fluctuating load coming into the treatment works, therefore in general, sewerage strength increases in the afternoon from the morning activities within the catchment e.g. washing machines, showers etc.  Potentially if the dissolved oxygen level had remained at a low level e.g. 2mg/l and was able to be maintained, the higher OTEf results may have been replicated.  Again this is an effect of the treatment plant being under loaded compared with design capacity, and a main reason why, had the ASP system been allowed to run on just two lanes, the DO would have been lower and beneficial for experiment purposes.  The length of the experiment and the need to run the experiment a minimum of 3 times for statistical purposes, meant that only a maximum of 5 paired tests per day were carried out, and only 4 on the first day.  However each days testing took over 12 hours to complete, so the data obtained was the highest possible in the time frame, and therefore given the limited amount of testing available, no further feedback loop changes could be explored. 
A feedback length of 1.5m was selected as being the most optimum from previous experiments.  The off-gas analyser had been used to sweep through the wide variety of feedback loops in order to select the best loop length.  The gas analyser cabinet in conjunction with the online display on the laptop PC gave real time O2 values, therefore it was relatively quick to obtain data on all the feedback loops to select the best performing.  The shortest (0.5m) and the longer loops (3, 4 and 5m) showed little improvement if any compared with loops of lengths 1, 1.5 and 2m.  
However it was later discovered that the bubble pattern under the off-gas hood at the time of most of the loop optimisation testing was insufficient, it was only until the hood was repositioned nearer to the oscillators that any significant improvement in OTEf was observed.  Therefore potentially the oscillators were not fully optimised for the off-gas experiment; however given the number of factors that appeared to be detrimental to the experiment, a positive result occurred nonetheless.
The Tedlar gas bag results, figure 102, validate the improvement seen by using the off-gas analyser.  Only carbon dioxide and oxygen were of importance in the gas samples, and therefore as expected, results for methane, hydrogen, ethylene, ethane and acetylene are ignored and of no interest.  Figure103 shows the average for three of the gases that showed a change between the oscillated and non-oscillated experiments and also the improvement as a percentage in removal, or in the case of oxygen, its transfer. Averaging the results from both sets of data, an increase of 7.32% in CO2 content was observed when using the oscillators.  This result was encouraging in potentially proving that the hypothesis into increased biological activity due to an increase in respiration rate through greater transfer of oxygen to the microorganisms was being achieved.  The hypothesis is further validated when looking at the oxygen content of the gas samples which clearly shows a reduction in content (-4.76%) when using the oscillators compared with the control. 
Both positive results can be further validated as being a cause of an increased interfacial boundary between the gas and liquid phase brought about by smaller bubbles being produced under oscillated conditions by the slight increase in N2 content.  Although very inert, the nitrogen in the off-gas in the oscillated sample is higher than the control experiment by 0.68%.  Although small, this extra removal of N2 maybe an added benefit of using microbubbles for wastewater treatment, as the upstream process in a normal ASP plant is designed to remove N2 and occurs in the anoxic zone prior to aeration.  The anoxic zone as part of the aeration process allows N2 to be degassed to atmosphere as the respiration of the microorganisms becomes anoxic as the dissolved oxygen is allowed to reduce to zero and the returned activated sludge (RAS) is mixed with incoming settled sewerage.  If the N2 is not degassed from the system the C:N:P ratio can become imbalanced and therefore performance of the ASP can diminish.  Although the result is small, and not the primary function of producing microbubbles in the aeration process, with further optimisation of bubble size to increase oxygen transfer rates, the removal rates of both CO2 and N2 may occur.
The results from the KLa test at an air flow rate of 650m3/h in figure104 show that potentially there was an improvement in KLa when using the oscillators of 67.8% when the results are averaged and compared as a performance improvement over control.  However the result contains potentially a rogue result of 1.297 KLah-1 on one of the control experiments.  This gives a standard deviation of +/-2.188 KLah-1 on the control experiment (+/-0.724 KLah-1 oscillated) this is potentially an erroneous result, and therefore the results overall are inconclusive.
Figure105 shows the same experiment repeated but at a higher air flow rate of 850m3/h and again, with the results from both sets of experiments averaged and expressed as a percentage improvement a negative result of -47.27% occurred.  Although less deviation occurs in both sets of data (+/-0.338 KLah-1 control, 0.230 KLah-1 oscillated) the in-process off-gas results from the O2 analyser combined with the accredited gas samples showed an improvement when the oscillators were on.  The method of testing was by no means meant to be conclusive and was a further investigation into using the ‘KLa method’ similar to clean water testing but using the mixed liquor to deoxygenate the test water.  However with the penstock fully closed the BOD/COD was not comparable between both sets of experiments and with the penstock open 5%, the time (~30mins) between experiments meant that there was still variables between experiments that could be affecting results.  Also with ever changing incoming sewerage strength maintaining a similar low level steady state condition between tests was difficult to achieve.  To be comparable each low level steady state was attempted to be started at a DO level of below 2mg/l on all 4 DO probes, before aerating to a higher level steady state >8mg/l.  Again the inability to run the ASP on 2 lanes meant that getting an equal hydraulic flow split and indeed a uniform flow into the test basin was difficult, had only two lanes been in operation, the test lane and a control, the hydraulic flow split at the ASP distribution chamber may have been easier.
Power figures were unable to be obtained as limits on the PLC system on site meant that the blowers could not be turned down low enough to reflect any improvement in oxygen transfer being created by the oscillators.  As a safety precaution to prevent damage to the blowers a lower limit clamp on the speed of the blowers prevented turn down, aiding to the further over aeration experienced on site.   Even though the ASP process was DO controlled the blowers would only ramp down to this pre-set lowest speed which was still over aerating the process.  Further, the air split between 3 lanes made any form of comparison very difficult, ideally the site should have been operated on just 2 ASP lanes which it was more than capable of achieving.  This would have meant a direct comparison between the test lane and the non-oscillated ‘control’ lane could be investigated.
2.5.8 [bookmark: _Toc411938117]Conclusions 
· The trial at Sale treatment works proved a positive result, proving that fluidic oscillation can make improvements in oxygen transfer in a continuous activated sludge plant.  An average improvement in OTEf on day one of the final test gave and average improvement of 5.1% and on day 2 and average of 4.7%.
· Gas samples were taken using Tedlar gas sample bags independently tested by UKAS accredited company CERAM Ltd and further validated an improvement in oxygen transfer.  Oxygen levels in the samples when the oscillators were on was less than when they were off, meaning the more oxygen had been transferred to the liquid phase rather compared to control conditions.  As a percentage improvement this figure was a 4.76% increase. 
· The carbon dioxide level in the off-gas was also measured using the Tedlar gas sample bags.  Analysis indicated that a 7.23% increase in CO2 level was present in the off-gas using fluidic oscillation which potentially proves that the aeration process can be improved by increasing the transfer of oxygen to the respiring microorganisms within the aeration lane.  Removal of CO2 is potentially beneficial in further increasing process efficiency as CO2 in an environment of aerobic microorganisms is a limiting factor. 
· It was observed that an increase in nitrogen occurred whilst using fluidic oscillation; this further suggests that an increase in transfer efficiency is potentially occurring due to a reduction in bubble size.  Increased N2 removal from the aeration side of the process may have added benefits in the treatment process.  However the level of improvement was low (0.68%) but further optimisation to reduce bubble size could increase this figure.
· Using off-gas analysis as a method of testing fluidic oscillation in-process proved a viable technique and was used for the first time to test such technology.  The rapid nature of data acquisition and the ability to run the O2 analyser makes the method of testing highly valuable in future optimisation of feedback loop length.
· By using the off-gas hood and O2 analyser, switching between control and oscillated experiments could occur much quicker and therefore variability could be kept to a minimum increasing confidence in the results.
· A reduced improvement in OTEf is likely to have occurred due to the diffuser type.  PTFE membranes where used at Sale which in laboratory tests proved to show some of the lowest KLa improvements over control conditions.  PTFE as a material for diffusers is used for non-fouling properties; however it is hydrophobic, adding a further repelling force in the production of microbubbles.  As the membrane of the diffuser is oscillating when being supplied with air from the fluidic oscillator the membrane could be self-cleaning and not allow the deposition of biofilms on the surface of it, which is detrimental over time, to the oxygen transfer efficiency.  Further test should avoid hydrophobic membranes and also investigation into the self-cleaning effects of an oscillated membrane in mixed liquor would be beneficial to see the longer term degradation or indeed the prevention of, a reduction in oxygen transfer efficiency through bio-fouling.












3.0 [bookmark: _Toc411938118]Chapter 3  - Conclusions 
This thesis shows the findings from various experiments into the full scale use of fluidic oscillation for wastewater treatment The hypothesis that smaller bubbles could be produced from common place diffusers that are widely available within the industry has been proved correct through the improvement in transfer efficiencies seen both in the laboratory and the field.  The originality of this thesis is shown by the full scale application and methods of data acquisition within a fully operational wastewater treatment plant.  The original concept of fluidic oscillation has been up-scaled, and the device made more robust for use within industry.  The testing methodology, particularly the in-process KLa method has been explored during testing.  The overall findings of this thesis can be summarised as follows. 
Lab scale use of fluidic oscillation on a number of wastewater diffusers has been proven to show an overall improvement in KLa transfer coefficient, in all but one type of industrial diffuser the HydroK Aquaconsult™ Aerostrip™.  A moderate performance both in the lab of the Suprafilt™ SSI PTFE AFD350/270’s and in the UU Sale trial, indicated that PTFE membranes could be limiting the production of smaller bubbles due to the hydrophobicity of the surface when oscillated air flow is used.
No improvement in oxygen transfer was seen when using the HydroK Aquaconsult™ Aerostrip™ in the pilot scale test at Harrogate.  However the test was only a replication of the previous test conducted by others but using the Supratec™ MT300 disk diffusers.  Therefore the frequency of oscillation may not have been correct to stimulate the surface of the diffuser to open and close and thus break smaller bubbles of and in increase the transfer rate.  However a further explanation of lack of performance based on the comparison of other diffusers are their internal components being different from the better performing disk diffusers.  As mentioned the potential dampening of the oscillatory pulse caused by the diffuser itself may have caused the detrimental result.  However as only one feedback loop length was experimented with both in the field and the lab, potentially the frequency by which the diffuser membrane becomes active may have yet to be witnessed.
The best performing diffusers in the lab the Supratec™ MT300, which gave an overall transfer coefficient improvement of 35.6% from 7 air flow rates ranging from 40-100L/m where validated using acoustic bubble size methods to show a clear distribution in bubble size shift to the left, the smaller size classes, and indeed under oscillated air flow, the smallest bubbles were seen compared with steady state flow.
The two pilot scale trials at Harrogate and Birkenhead, showed mixed results.  Birkenhead, although using the best performing lab diffusers, Supratec™ MT300, failed to show any improvement in oxygen transfer. The likely cause is potentially down to the oscillator leaking causing air to escape, therefore the subsequent trials after Birkenhead used a more robust oscillator that was constructed from steel, and used sealing gasket materials to avoid air leaks.  The volume of water used in the trial also limited the amount of optimisation that was available during the test, as only 3 control experiments and 3 variable tests were allowed within both the time and the constraints of the nitrogen available for deoxygenation.  As each variable experiment had to be the same, i.e. not differing in terms of air flow rate/frequency of oscillation, potentially the conditions at which oxygen transfer showed and improvement may have been missed.  In the Harrogate trial, the HydroK Aquaconsult™ Aerostrip™ diffusers were used but again showed no improvement in oxygen transfer.  However the reduction in power consumption was observed as 12.5% less power was consumed compared with the control experiment.
It was clear that in order to get the greatest amount of data acquisition for both statistical repetition and also for optimisation, new methods of testing were going to be required other than solely relying on clean water testing.  Therefore the Rosslare, and then subsequently the Sale trial generated the required test sites for the investigation, and required new methods of testing.
The Rosslare and Sale trial ran concurrently with each other, although the Rosslare trial was focused on in the first instance, and then later the Sale site.  From Rosslare, an initial 36% improvement in oxygen transfer was observed from the in-process data acquired from the DO probes.  The results gathered from the data stored on the SCADA system was processed in the same manner at clean water data; however the results generated were based on the assumption that the wastewater characteristics were the same for both the control and the oscillated basin.  However in reality, at best the wastewater characteristics were not entirely identical due to the SBR process.  The mixing that occurred in the inlet sump meant that large differences between the batches of wastewater were kept to a minimum.  However DO data obtain from the SCADA system was invaluable in large amounts of data that could be gathered between the control and the oscillated basin.   Proof that the oscillators were showing an improvement in oxygen transfer occurred when a period of approximately 3 weeks of data was gathered between both basins, whilst the oscillators were on bypass.  The comparative data indicated that no improvement between each basin occurred and therefore furthered validated that fluidic oscillation was showing an improvement in the test basin.  To conclusively investigate the improvement the effect of the oscillators in the test basin, a clean water transfer test in accordance with the ASCE guidelines was conducted which proved a 16.23% improvement in transfer in the test basin, compared with control conditions.  The control experiment was conducted within the same basin by using steady state air flow with the oscillators on bypass.  This further suggested that the improvement shown was due to the fluidic oscillators as the non-oscillated basin was not used as reference data, and thus further error was removed from the experiment.  Indeed the only difference between the two experiments was the use of the oscillators verses the control condition.  Further to the clean water transfer tests and the in-process data gathered a pressure test across the oscillators was conducted which showed that a lower headloss condition existed when in use.  Although not a direct indication of a reduction in power consumption like the Harrogate trial whereby a power meter was linked directly to the ampage use of the blower, the effect of negative headloss indicated that similar results were being observed whilst using oscillated flow at the Rosslare test site, albeit in the lower air flow rates.
The Sale trial did not have the data acquisition capabilities that the Rosslare test site had, having no SCADA system and no means of logging any useful DO data of the test lanes. Instead this test relied upon off-gas results whereby the performance of the oscillators would be a function of the reduced level of oxygen detected in the off-gas.  After much optimisation of the feedback loop length of the oscillators the highest oxygen transfer improvement of 13.2% compared with the control experiment was observed using a 1.5m feedback loop on the four oscillators in pocket 1 of lane 1.  A KLa in-process method was experimented with to attempt to use the continued load of the ASP lane to suppress DO within the lane and re-aerate the lane to a higher steady state.  However, even restricting the penstock flow to ~5% of normal flow, the variability of the incoming wastewater was clearly affecting results as shown in the DO profiles recorded. 
Coupled with the off-gas results, Tedlar bag grab samples were taken from the off-gas hood and analysed by an independent body, the results of which indicate that 4.76% more O2 was present within the control experiment compared with the oscillated test, and therefore more oxygen had been transferred to the liquid compared to the control.  Interestingly more CO2 was present in the sample gas from the test lane under oscillated gas flow than control, suggesting an improvement in microbial activity as a result of more oxygen being transferred to the bulk liquid as a function of an increase in transfer rate due to fluidic oscillation. The average increase in CO2 level between the oscillated and control experiment was 7.23%.  As shown in lab scale results, the use of hydrophobic PTFE membranes at the Sale trial potentially limited a much larger improvement in oxygen transfer and consideration should be given to the type of diffuser used in further investigations into fluidic oscillation for wastewater.
3.1 [bookmark: _Toc411938119]Minimum Site Requirements for Testing
.A general conclusion as a direct outcome of rigorous on site experimentation using both clean water and in-process KLa methodology is the minimum requirements for onsite testing of fluidic oscillation and perhaps any technology that is investigating an improvement in oxygen transfer efficiency in biological reactors. The following points are a basis of ideas that would form a good primary investigation into site selection and indeed due diligence before a site was selected for testing of a technology that is similar to that described within this thesis.  It is important to note, although the Sale trial with UU appears disappointing, the knowledge gained of what is not required in order to obtain a fair trial was just as important, if not more so, than that was is required for a successful trial going forward.  
High resolution data acquisition is key, not least a DO sample rate as close to the ASCE standard of 30secs but also further data into the BOD/COD load onto the site.  As the concentration gradient is key, an under loaded site, as seen at the Sale trial with UU, can cause problems in obtaining performance indicators as the driving force of the KLa reaction, the DO concentration gradient,  was lost due to over aeration.  

A data acquisition system like SCADA is imperative in collecting on-site data, otherwise a series of loggers could possibly suffice as a replacement if in suitable numbers. However a SCADA system can log multiple data levels and time intervals passively and sometimes with remote access allowing the export of data without the need for labour intensive onsite sampling.  More importantly in the case of monitoring diurnal fluctuations on a sewage treatment plant, 24 hour data is very useful to capture the full temporal changes that occur.  To monitor such variation by hand, albeit using labour intensive on-site logging would be very unfeasible, leading to a lack of data and the means to average the data during a 24 hour period.  Therefore a suitable SCADA system with sufficient memory capabilities and the means to export the data in a usable format e.g. Excel or otherwise is imperative.  At the Sale trial, the lack of memory within the SCADA system meant that data points for DO logging had to be widened to 15min intervals and even then, only a few hours of data could be logged, insufficient to be of use as a means of collecting data.  Conversely at Rosslare a DO data point could be recorded every 46 seconds and the data capacity was large enough that a months’ worth of data could be stored without any problems.  Indeed for each basin, approximately 1800 DO data points were logged each day, providing accurate information in to the basin performance.   If further experiments are to be conducted in this manner, it is highly recommended that a suitable SCADA and logging system is employed.
Consideration needs to be given to the control experiment and/or conditions when comparing one aeration tank to another.  For the most simple of situations a site such as Rosslare which had 2 SBR basins is obviously ideal as one basin could be used for experimentation and the other for a control.  However, primary investigative work needs to be carried out to show that both basins perform in the same manner i.e. there is equal flow split with both air, and incoming sewage so that assumptions can be made that the control condition is receiving similar, if not the same, process conditions as the experimentation tank.  At Sale, the use of 3 aeration tanks with one acting as the test lane, showed that it was difficult to manage the process whilst running the site ‘in hand’ or manual mode, It would have been better to have had one of the three lanes shut down, causing an equal spilt in both load and air distribution to the test lane and the control. Further this would have increased the load to the biological treatment process and perhaps given a greater concentration gradient within the basins, by way of lowering the DO concentration.
Therefore if testing in-process, it is a trade-off between running the DO level low as to maintain concentration gradient for the KLa but still maintaining confidence that the process is removing the COD/BOD and remaining in discharge consent.  However, it is not recommended that the DO is allowed to be sufficiently high, >5mg/l as to lose the driving force of the reaction and thus add error into the results. 
As fluidic oscillation is presented as a retrofit technology, it is imperative to investigate the aeration grid and pipework that it is being installed into.  It is by no means a ‘cure-all’ system and to install the technology onto an aeration grid that has surpassed its asset life is potentially an experiment that may fail.  At the Sale trial the technology was installed on a new aeration grid specifically designed for fluidic oscillation so that there was an equal number of diffusers and length of pipework to each oscillator.  At Rosslare the opposite occurred, and a mix of length of pipework and indeed condition of diffuser was encountered.  However if the technology is to saturate the water industry market at a pace which will be profitable, many sites need to be able to receive the technology without the need for new aeration grids.  


3.2 [bookmark: _Toc411938120]Market size, costs and economics
The replacement of aeration grids may only occur once every 10 years at a single site, and only then when it is deemed to have reached the end of its asset life and the benefit of replacement outweighs the cost of installation.  Therefore if the technology focuses purely on the new build market the pace of saturation could be very low, effectively the only market being when sites have new aeration grids installed. The retrofit market is therefore the installation solution to focus on if the technology is to make a serious impact in making a change, as well and being profitable in a short time frame.   As the water industry works within set boundaries of capital expenditure the technology could very much be a ‘slow burner’ into the market if the new build market is the only focus.  The AMP (asset management plan) periods that water companies work towards means that investment in new technology can sometimes have to wait until the next AMP period to be available before investment can be made.  AMP periods are 5 years long, and potentially if new technology is presented in year 1 of the AMP period, 4 more years would have to run before the next AMP period, and installation could start.  Although there are some funding channels available during AMP periods, the largest steps forward are made during the beginning of the AMP, having been designed and tendered for in the previous period.   Fluidic oscillation for wastewater treatment has been developing since 2008, and currently has spanned 3 AMP periods, albeit the 2015 AMP has just started, the technology is only just beginning to get some traction within the market.  It is likely that the AMP 2020 will have to be worked towards with a view to penetrating the market place with a number of full scale installations, across multiple water companies within the UK.


	Company
	p/e (millions)
	Number of WWTW

	 
	
	

	Anglian 
	5.8
	1106

	Northern Ireland
	1.5
	1124

	Northumbrian Water
	1.42
	418

	Scottish Water
	4.71
	1847

	Severn Trent
	8.5
	1050

	South West Water
	1.59
	631

	Southern Water
	4.3
	370

	Thames
	13.6
	349

	United Utilities
	7
	582

	Welsh Water
	3.14
	833

	Wessex
	2.6
	405

	Yorkshire
	4.9
	631

	
	
	

	Totals
	59.06
	9346



[bookmark: _Toc411938229]Figure 107 – List of all UK water companies, population (p/e) served and number of treatment works in company portfolio (Who’s who in the water industry 2011)
Figure 108 above shows all twelve UK water companies, their population served p/e and the number of treatment works as correct of 2011.  The total UK population is 59.06million and the total number of WWTP is 9346, however a large proportion of these will not be aeration works and will use biological filters for the secondary treatment process, as opposed to aeration.  Further, the sites that are aeration sites, may not have diffused air systems and may still rely on expensive and inefficient surface or mechanical aerators.  Without knowing exactly how many diffused aeration sites there are in the UK, assumptions must be made as to the size of the UK market, however these figures are invaluable in gauging the impact of what fluidic oscillation could have on the UK water sector  in terms of savings.
 

From personal communication with Yorkshire Water and later with Aquafin, the Belgian national water company some idea of costs have been gathered in terms of spend on both electricity and the percentage of how that electricity is used within the wastewater treatment process.  Yorkshire water have suggested that an approximate figure of spend per annum on electricity is £50million across the whole company, of which there is a 50/50 split between clean and wastewater treatment.  Therefore approximately £25million is the current spend for wastewater treatment.  Aquafin have suggested that an approximate percentage of their electricity usage of between 65-70% of their total consumption within the wastewater sector, is on the aeration process.  If this figure is applied to Yorkshire Water’s £25million then £16.25million is spent on aeration of wastewater per year at Yorkshire Water if the lower estimate of 65% is applied.  The size of the UK’s population is 59million (as of 2011), and as a percentage Yorkshire Water treat 8.2% of the UK’s population, therefore a crude measurement  if their p/e is multiplied by 12 the figure stands at 58.8million, very close to the overall p/e of the UK.  If the same is applied to Yorkshire Water’s spend on aeration of £16.25million, then the overall UK annual spend on aeration is £195million per annum.   As UK water companies work to 5 year AMP periods, capital project’s ‘payback’ periods are of 5 years or less.  Anything over this, and the capital expenditure is deemed to be less economically viable, this is due to the regulatory body OFWAT setting price tariffs to the user, for the AMP period. If the annual spend on aeration is extrapolated to the full AMP period then the size of the aeration market becomes £975million for the 5 years.
With this figure the savings that microbubbles generated by fluidic oscillation could give can be worked out with a few assumptions and conservative estimates.   The Harrogate trial showed that approximately 12-18% power reduction can be saved by using fluidic oscillation. Assuming that the reduction in power is a linear relationship in terms of power draw, then a yearly saving to the water sector of £29.25 million can be achieved if an average of a 15% reduction in consumption is used.  This does not take into account the effect of microbubbles increasing the oxygen transfer efficiencies that would require less volumes of air pumped and would therefore increase this figure further.  The question as to how much an affect the increase in transfer coefficient from using microbubbles has on the reduction of air flow has yet to been seen.  This would require process set point changes that are outside the scope of this work, and would require fundamental changes to operating methodologies and protocols.  However this would be where a ‘step change’ in the treatment process would occur, and the greatest savings be witnessed.
[bookmark: _GoBack]It should be noted that monetary savings affect only those that own water companies and their assets, regulatory bodies attempt to pass savings onto the customer, however the customer is richer if the technology is making an environmental impact through a reduction in CO2 output, as a direct need for less electricity, produced from the burning of fossil fuels.  It may be a holistic view, but energy saving technologies should perhaps be viewed through the environmental impact rather than the monetary gain that can be had.  However it would be churlish to think that a better environment can be created through energy saving technology that doesn’t make money, for it is that that appears to be the driving force for all such inventions.
3.3 [bookmark: _Toc411938121]Future Recommendations 
During the writing of this thesis a 4” (DN100) type oscillator has been built and will be tested at the Rosslare site which was modified during the testing of the 2” (DN 50) phase to accept the larger oscillator.  It is speculated that the larger oscillator will be able to handle larger air flows showing the same lower headloss result, and still show similar improvements in oxygen transfer.  The bonus of using a larger single oscillator is likely to be that less modifications to the air grid is required, reducing installation costs of the technology, which for the retrofit market is key.  
The highest transfer rates of wastewater diffusers were seen in the laboratory suggesting that there is scope for a new build market of the technology whereby fluidic oscillators are embedded to pairs or multiple pairs of diffusers, sunk within the aeration basin.  The implications for this are that once the aeration grid is sunk within the tank, it is highly unlikely that there would be any scope to optimise the oscillators in terms of frequency.  Once an aeration grid is built within a wastewater basin it is a huge task in draining down that basin, and indeed poses a process risk on the plant as the biological treatment capacity is reduced during the down time.  Therefore until such time as wastewater treatment sites are due for aeration grid modifications, the above water line retrofit market is the most attractive for fluidic oscillation installation.
Consideration should be given to the size of test tank and the requirements for deoxygenation particularly if optimisation is required as statistically more than one experiment is needed for each condition. The biological activity within the basin can be useful when considering the SBR process however it has proven to be difficult to be of use when attempting to use the method in a continuous aeration basin. 
Data acquisition is paramount in full scale testing and therefore site selection is very important.  The Sale site only gave the opportunity to log a DO data point every 15 minutes which was virtually useless for any form of transfer rate instigation.  At Rosslare a DO data point was recorded off of each SBR basin every 46 seconds and therefore rich data could be obtained from the site for comparative investigation between the two basins. 
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Oxygen transfer efficiency improvement using microbubbles produced by fluidic oscillation.
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Abstract
Lab bench trials have been conducted using a pair of membrane disk diffusers found commonly in wastewater treatment to investigate the effect of oscillated air flow on oxygen transfer efficiency.  Flow rates ranging from 40-100L/min, an average improvement in KLa20 transfer coefficient of ~35% was found, compared with steady state flow.  At 40L/min the improvement in transfer coefficient was 67% compared with steady state flow. Oscillated flow was produced by a no moving part diverter valve based on the Coanda effect.  Bubbles were pinched off from the diffuser surface at an early stage of bubble formation due to instability caused by oscillated air.  Bubble size distribution has been investigated using acoustic methods to validate increased surface to volume ratio.  The findings in this paper represent significant potential savings in the water treatment sector, for both retrofit and new build plants.  Significant savings in CO2e can be made using oscillated air flow to treat wastewater.
Keywords
Oxygen transfer, KLa, wastewater, aeration, energy savings, oscillated flow.
1.0 Introduction

1.1 Wastewater Treatment
The rising cost of energy and subsequent concerns about the growing output of CO2 into the atmosphere make energy savings and subsequent lowering of GHG production in industry increasingly important.  The UK’s wastewater industry treats approximately 10billion litres of wastewater per day accounting for 1% of the overall UK power demand, consuming 6.34GWh of electricity[1] and in 2006/7 exceeded 5 million tonnes of CO2e[2]. With increasing global population now estimated at having exceeded 7billion in 2010[3], it is sufficient to suggest that wastewater treatment will have to increase in line with population, or in excess, where developing nations are rapidly industrialising.  
The wastewater sector is beginning to receive increasing focus from science and engineering into the potential of this forgotten industry.  Potential energy savings are significant particularly from the anaerobic digestion process as a viable renewable energy from waste.  Many wastewater treatment works are running at near capacity [4] as original design overhead has been met by wastewater production through increasing population.  Investment into the sector is likely to be very large in upgrading existing plant, so new technology that can prove a viable addition to existing plant that may increase the life span of such plant, or postpone the need for capital investment in the short term is beneficial.
This highly regulated industry has vested interest from stakeholders on both sides.  On one, the regulatory bodies, the environment and the need to protect potable water sources, and shareholders on the other.  Improvements to energy savings and the reduction in GHG emissions are beneficial for both parties.  The improvement in water quality and the greater efficiency in meeting discharge consents without sacrificing costs.
1.2 Aeration Process
The aeration process forms one of the most energy intensive parts of the treatment of wastewater.  Diffused aeration is the main focus of this paper however other forms of aeration are available e.g. Mechanical aeration; however these types of aeration methods are generally more energy intensive, have lower transfer efficiency and have high operational costs, giving rise to a shift toward diffused aeration [5].  Key processes that cause the high energy demand include satisfactory removal of Chemical and Biological Oxygen Demand (COD/BOD), respiration of the biomass, Dissolved Oxygen demand, suitable mixing and maintenance of a minimum oxygen concentration [6].  All these factors create a need for constant aeration and thus at the very least a minimum constant base load power demand. 
Diffused aeration is growing increasingly more common as a means to aerate bacterial suspensions termed mixed liquor or activated sludge, that treat wastewater.  Existing plant included trickling filters which required no forced air flow, relying on gravity falling of the liquid over a surface area of biofilm that removed COD/BOD and ammonia.  Trickling filters have a large footprint compared with activated sludge plants (ASP).  ASP’s can treat a significantly larger amount of wastewater volume with a much smaller footprint, compared with the number of trickling filters that would be required for the same population equivalent (PE) loading.  The increased concentration of bacteria propagates an increased oxygen demand along with greater mixing regimes to keep the process aerobic.  The use of bubbles is therefore two-fold, the supply of oxygen to the bacterial flocs, and to keep the bulk liquid well mixed. Rising bubbles through the liquid form a two phase mass transfer between the gas and the liquid.  Indeed the rising bubbles will also have some function of stripping CO2 out from the aerobic bacteria culture.
1.3 Bubble Generation
Small apertures on porous surfaces do not generally mean smaller bubbles.  When a bubble is formed there are two forces at play, the anchoring effect of the liquid at the perimeter of the aperture and the buoyancy force of the bubble coupled with the inertial force of the gas.  The growing bubble will increase in size until the rising force overcomes the anchoring force and the bubble breaks free from the surface. 
The rising (buoyancy) force of the bubble is proportional to its volume and the bubble will usually break off an order of magnitude larger than the diameter of the aperture. Anchoring force may be increased if the surface of the porous material is hydrophobic.  The bubble on the surface of a hydrophobic material will form a contact area larger than the size of the aperture thus creating an even larger anchoring force.  In situations where the material is hydrophilic, this increased anchoring force is less prominent, or non-existent. Channelling, where larger bubbles form less resistance across a surface, causes preferential formation at a localised point growing against other apertures.  Coalescence also leads to larger bubbles as rising bubbles from the surface of the porous material can be irregularly spaced and small bubbles, if formed, quickly increase in size, through coalescence [7]
Microbubbles may be formed from air delivered under low offset pressure with an additional force aiming to break the bubble off at the required size, that of the microbubble size.  The principal behind fluidic oscillation is that microbubbles can be produced from porous surfaces, but without the hindrance or the tendency for bubbles to coalesce immediately after formation.  Secondly, formation of microbubbles by fluidic oscillation is suggested to break off bubbles at the critical point at which the bubble can occur.  At this crucial point a bubble can continue to grow if no external force is present to break the bubble off, other than its subsequent increasing buoyancy, or the bubble may collapse as the point in which a bubble forms has not been reach and thus the air is sucked back into the generating surface [7].

The surfaces of the diffusers used in this investigation aid in the bubble breakoff mechanism further.  Being constructed from a flexible membrane and having small (~600µm) punched holes oscillated air flow could cause the opening and closing of the pore serving to pinch the bubble off at a size smaller than when the air flow is constant and the only break off mechanism is the buoyancy force.  Such is the simplicity of the oscillator the installation of its use to industry is highly attractive for a wide range of mass transfer limited processes.

1.4 The Fluidic Oscillator
Described in [7] the formation of microbubbles using fluidic oscillation to break off bubbles at the critical minimum point at which the bubble can occur from an aperture. With no external force to disrupt its growth, the bubble will continue to grow beyond this critical point until its buoyant force is greater than the anchoring force, as previously described, leading to a production of large and grossly inefficient bubbles. 
Previous methods of fluidic oscillation depended on mechanical vibrations in order to induce oscillation. However [7] states that this method of fluidic oscillating has no moving parts, while being able to handle and alternate the flow direction of input to the two output channels. This method is currently being explored for nanobubble generation [8]Figure 1.0 - The Fluidic oscillator.  In (a) the amplifier is made up from a number of CNC machined Perspex plates to form the oscillator in (b) whereby the attachment of the feedback loop causes the flow switching between the two outlet ports
(a)
(b)




The fluidic oscillator as described in [9] has two basic components: 
(i) The amplifier (shown in Figure 1.0 above): This component has an input terminal, S; 2 output terminals, Y1 & Y2; and 2 control terminals, X1 & X2 built into it.
(ii) The feedback loop: This is usually a flexible piece of tubing connected across the control terminals X1 and X2. 
Air is supplied to the supply terminal and goes out through one of the output terminals, Y1 or Y2. Flow control is applied to the control terminals, X1 & X2 through deflections in the stream of air by the Coanda effect. Due to this deflection, air flow paths in the region of the control nozzles are curved, thereby creating a radial pressure difference across the stream [9]. This situation results in a decrease in pressure at the control port X1. This decrease in pressure draws air through the feedback loop from the control terminal, X2, where the pressure is higher. The switch of flow from X1 to X2 and back using the mechanism described above results in pulsating air supply through the output terminals, Y1 & Y2. 
2.0 Methods – lab bench scale trials

2.1 Lab Scale set up
Using a pair of Suprafilt™ 30cm disk diffusers with Ethylene Propylene Diene Monomer (EPDM) membranes, oxygen transfer tests were carried out under lab bench scale conditions.  Using an experimental set up similar to Fig 2.0 the method of investigation followed similar practices as described in [10]. However instead of deoxygenation by Sodium Sulphite with a Cobalt Chloride catalyst, nitrogen gas was used to deoxygenate the water.  Tests using chemical scavengers are inconsistent and therefore its use is discouraged as higher KLa values are produced [11,12].

[image: ]
Fig 2.0 - Experimental lab set up using a pair of 30cm Suprafilt™ membrane diffusers.  A pair of ceramic diffusers using nitrogen was used to deoxygenate the test water for each experiment.  For control experiments, the oscillator was replaced with a Y junction for steady state flow.
2.1 – KLa transfer coefficient measurements transfer efficiencies
Results from three data sets of steady state (control) flow ranging from 40-100 L/min rising in 10 L/min increments were plotted against three data sets of the same flow range for the oscillated flow condition.  Using a handheld YSI 556 DO probe the re-oxygenation profile was sampled at 30s intervals between 20-80% DO saturation similar to [13].  Using Equation 1.0 and 2.0 the linear plots of KLa were found using the straight line equation 3.0 which was then temperature adjusted (KLa20) using equation 4.0
Eq. 2.0
Eq.1.0


Where: Ct = DO Concentration (mg/L) at time t
	C*= Saturation concentration of water at test temperature
	C0 = Initial DO Concentration (mg/L)
Eq. 3.0


Eq. 4.0

Where: T = Average temperature of the reaction
	 = Temperature correction factor for oxygen transfer coefficient commonly taken as 1.024
Further investigation into Standard Oxygen Transfer Rate (SOTR) and Standard Oxygen Transfer Efficiency (SOTE) were also calculated using equation 5.0 and 6.0 respectively below.
Eq.5.0

Where: V = Volume of liquid used (for this experiment 0.35m3)
Cs = Concentration saturation of test water at temperature TEq.6.0



Where Wo = Mass flow rate of oxygen, calculated using Eq7.0 below.
Eq.7.0



Where:  = volumetric flow rate of air supply (m3h-1)
 = The density of air (kgm-3)

	2.2 – Initial DO aeration performance analysis
As most activated sludge plants operate between 1-3mg/L investigation into any improvement of DO at these levels was experimentally carried out.   By deoxygenating to a lower level ~1mg/L (~10%) and re-oxygenating until approximately 3 minutes had passed which was the time to reach over 3mg/L.  The DO profiles were plotted to show any improvement of oscillated flow compared with steady state.
2.2 – Acoustic Bubble size Analysis
Using an acoustic bubble spectrometer (ABS) produced by Dynaflow INC bubble size analysis was investigated to determine any reduction in the size of bubbles produced and therefore validation of any improvement in oxygen transfer rate using methods described in 2.1.  The ABS is an acoustics based device that measures bubble size distributions and void fractions in liquids. The under lying acoustic technique is able to detect bubbles but is practically insensitive to particulate matter within the liquid phase, unlike optical methods.  The instrument can provide data in near real time and is able to capture bubble population and void fraction in either continuous or single capture mode.  The instrument extracts bubble population from acoustic measurements made at several frequencies, consisting of a pair of hydrophones connected to a data acquisition system on a personal computer.  The hydrophones are placed in the liquid over the diffusers with the rising bubbles passing freely between the two hydrophones.  Short bursts of sound are generated by the first hydrophone and received by the second, the data from which is analysed using algorithms developed by Dynaflow INC.  For this experiment size analysis between 150-450µm radius was used, which was part of the overall bubble distribution produced by the diffusers.
3.0 Results
From Table 1.0 below the average KLa20h-1 has been calculated from 3 data sets for both control and oscillated flow.  An average 35.68% improvement using oscillated flow at flow rates 40-100L/min was found.  The highest improvement was 67.47% at 40L/min. Standard deviation and standard error have also been calculated.








	Table 1.0 - KLa20 results from lab scale aeration experiments
	Flow rate 
	     Control
	
	
	Oscillated
	
	
	Improvement 

	L/Min
	Average (h-1) 
	Standard 
	Standard
	Average (h-1) 
	Standard
	Standard
	%

	
	
	Dev.
	Error
	
	Dev.
	Error
	

	
	
	
	
	
	
	
	

	40
	8.26
	0.365
	0.211
	13.84
	0.554
	0.320
	67.47

	50
	12.14
	0.237
	0.137
	16.10
	0.200
	0.116
	32.60

	60
	14.01
	1.749
	1.010
	17.75
	0.253
	0.146
	26.72

	70
	16.76
	0.405
	0.234
	18.92
	0.766
	0.442
	12.92

	80
	17.45
	0.393
	0.227
	20.66
	0.209
	0.121
	18.38

	90
	18.97
	0.226
	0.130
	28.63
	2.202
	1.271
	50.88

	100
	20.09
	0.434
	0.251
	28.28
	0.007
	0.004
	40.78



Figure 1.1 – Graph showing KLa20 improvement using oscillated flow
Figure 1.1 above shows the improvement in KLa20 using oscillated flow compared with steady state control air flow.  Associated error is also shown calculated from the standard deviation of three data sets.




Figure 1.2 – Table of SOTR and SOTE results
	
	Control
	
	Oscillated
	

	Flow rate
	SOTR
	SOTE
	SOTR
	SOTE

	( L/min )
	(Kgh-1)
	%
	(Kgh-1)
	%

	40
	0.026
	0.037
	0.044
	0.062

	50
	0.039
	0.044
	0.051
	0.058

	60
	0.045
	0.042
	0.056
	0.053

	70
	0.053
	0.043
	0.060
	0.048

	80
	0.055
	0.039
	0.066
	0.046

	90
	0.060
	0.038
	0.091
	0.057

	100
	0.064
	0.036
	0.090
	0.051



Figure 1.2 above shows the improvement in SOTR and SOTE results using oscillated flow compared with steady state control.  
Investigation into improvements in transfer coefficients at lower DO concentrations in line with DO set points of activated sludge plants yielded encouraging results.  At each flow rate a higher DO concentration was obtained for the same time period, thus in reality, compressor turn down could be achieved; an example flow rate (90L/min) is shown in figure 2.0.
Figure 2.0 – Graph showing the improvement in initial DO level 
□ Control
○ Oscillated

Figure 2.0 above shows that using oscillated flow in the initial aeration period a higher DO level was achieved compared with the steady state control flow regime.  Initial DO concentration was measured for the first three minutes of the re-aeration period from a saturation concentration of ~10%.  This graph shows the results for 90L/min flow rate as an example of similar results at other flow rates.

Figure 3.0 - Bubble size distributions at 80L/min

Figure 3.0 above shows the variation in bubble size distribution at 80L/min flow rate using oscillated flow and steady state control.  80L/min flow rate is selected as certain findings at this flow rate generate interesting discussion.  However other flow rate comparisons were investigated showing similar improvement in bubble distributions using oscillated flow compared with control.
3.0 Discussion
This investigation has found significant benefits in using oscillated flow when compared with steady state control.  Using Fig 1.1 there is a clear improvement in KLa transfer coefficient at each flow rate.  The trend is a steady rise in transfer rate which is in line with increasing flow rate and therefore increased volume of gas.  However the highest improvement in transfer rate using oscillated flow was at the lowest flow rate of 40L/min. It is likely that the bubble size under oscillated conditions at this flow rate had lower rising velocity and thus smaller volume than when compared with steady state flow.  At increasing flow rates the improvement in oscillated flow diminishes as bubble volume increases and thus so does bubble size, even under oscillated flow.  However even the lowest recorded improvement of 12.92% is significant when scale up to an industrial level is considered.  KLa transfer improvements rise much greater in the highest recorded flow rates (90-100L/min).  Frequency of oscillation is controlled by feedback loop length, fixed at the shortest size for this experiment, and also flow rate.  Therefore at the highest flow rates the greatest frequencies are generated aiding in the pinching off of bubbles from the surface of the diffuser membrane at a smaller size.  Secondly there is potentially a further breakoff mechanism that of resonant mode, whereby the diffuser membrane is further excited by the higher frequencies and thus breakoff occurs much more efficiently. 
Investigation into the initial period of aeration has shown significant improvements in aeration efficiency using oscillated flow.  Fig 2.0 shows that in the initial three minutes of aeration, oscillated conditions yielded a higher DO concentration than control conditions.  As most municipal wastewater aeration plants operate at DO controlled set points of 1-3mg/L, the findings here show that using oscillated flow, blower turndown and/or process intensification is possible, as a higher DO level reached in a shorter period of time.  Blower turndown will give front end energy savings coupled with higher mass transfer rates and therefore potentially process intensification, leading to a higher rate of BOD/COD removal, per unit volume. 
The effect of the increased interfacial area and thus improvements in oxygen transfer rate has been validated using acoustic bubble sizing methods. Fig 3.0 shows clearly the effect on bubble size.  At 80L/min more bubbles are produced in the smaller size range and included an individual peak at 151-200µm which when using steady state flow did not yield bubbles of this size.  Results indicate that the higher transfer rates found in standard oxygen transfer experiments are due to higher interfacial area between the two phases brought about by smaller bubbles due to oscillated flow.
Overall an average KLa transfer of ~35% was found at flow rates ranging from 40-100L/min.  As an example, to take a very conservative 25% transfer coefficient improvement, if an existing wastewater treatment works is running at 100% capacity with four aeration lanes, fluidic oscillated flow is in effect offering 25% extra capacity.  Until now, to add more transfer interface and thus increase treatment capacity, extra lanes would have to be constructed to increase diffuser numbers and thus interfacial area between the two phases, liquid and gas.  Oscillated flow provides a solution to processes that have become mass transfer limited through the inability of being able to increase interfacial area. 
SOTR and SOTE results show improvements between oscillated and steady state flow are relatively the same as calculations are based upon KLa results.  SOTR and SOTE decreases with increasing flow rate as bubble volume and thus rise velocity increase there is less contact time between the two phases and efficiency drops with increased flow rate.  

4.0 Conclusions
Oscillated flow in aeration systems provides a step-change in energy efficiency.  Oscillated flow using no-moving part fluidic oscillators can significantly improve mass transfer of oxygen into the liquid phase in the biological treatment of wastewater.  Secondly, front end energy savings through blower turn down further add to the efficiency savings.   CO2 emissions can therefore be lowered as reduced loading on air blowers draws less power, and saves front end emissions in treating wastewater.  
The successful scale up from these bench scale findings into pilot and even full scale plant will act to provide new capacity overhead to existing plant. Fluidic oscillation is providing this extra over head from a purely retro-fit basis to existing plant.  It may be the case that investment into plant expansion, adding more aeration lanes, can be delayed until capacity is reached once more.  This conclusion doesn’t even factor in the CO2e through the life cycle analysis that would be saved in the creation of the lane itself i.e. concrete production, civil construction etc.  After retro-fit of fluidic oscillators to aid in midterm over capacity, efforts can be made in the meantime toward smaller bubbles through oscillated flow to increase interfacial area and improve capacity in diffused aeration basins even further.  This will be through the improved development of fluidic oscillation capacity and a strive toward to the optimum bubble size.
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