1
Introduction

1.1
Motivation

Dissolved air flotation (DAF) is a process for separating suspended, floatable material from a liquid.  In water and wastewater engineering the separation of suspended solids from the aqueous phase is conventionally achieved by sedimentation.  The efficiency of sedimentation, however, is severely impaired if the solids have a low density and/or a high organic content.  In this regard DAF proved itself as a successful, more robust and faster process.  

DAF was introduced to the drinking-water field about 30 years ago.  Initially, the emphasis was mainly on empirical development of the process.  South Africa, in particular, played a leading role during these years, which was documented in the WRC-sponsored A South African Guide for Dissolved Air Flotation, published in 1993.  During the past few years, there has again been renewed interest in this field, but now more directed towards the development of a solid theoretical, rational basis.  This resurgence of interest and its more fundamental nature is evident, amongst others, by an outstanding international conference during 1994 in Orlando and a specialised international conference on DAF during 1997 in London.

The lack of information regarding the underlying principles of the process is especially true for the bubble production system.  Bubbles are generated in the DAF process when water, supersaturated with air under pressure, is released at atmospheric conditions.  The efficiency of air dissolution and precipitation determines the quantity of air available for flotation.  Thus it also determines to a large extent the success of the whole DAF process.

A number of systems have been devised for dissolving air into water.  The two most common systems used in DAF are packed and unpacked saturators.  Packed saturators generally have the highest transfer efficiency and are used in most modern DAF applications for drinking-water treatment.  Though the saturator contributes only about 12% of the capital cost of a DAF plant, it is responsible for about 50% of the operating cost.  The high operating costs stem mainly from pumping the recycle stream (i.e. clean water which is abstracted from the treated water and pumped back into the system) through the saturation system before the supersaturated water is injected into the flotation unit.  The air transfer efficiency of the saturator plays an important role since it determines the recycle ratio and thus the operating cost.  The more inefficient a saturator operates, the more water has to be recycled to deliver the same amount of air to the flotation unit and the higher the operating costs will be.  It is therefore a priority for designers and operators alike to achieve and maintain high air transfer efficiency.

The saturator efficiency is difficult to estimate since it is a function of many variables and not constant for a given saturator.  Current design models are mainly based on empirical observations and suggestions, which relate to key parameters such as hydraulic loading, packing depth and saturation pressure.  These guidelines neither give the sensitivity of the saturation efficiency to the key parameters, nor do they give an indication of exactly how efficient the saturator is when designed to comply with these empirical guidelines.

The modelling of air saturators was one of the main projects of the Water Research Group at RAU over the past few years.  This project was part of their attempt of placing the DAF process on a more solid, theoretical basis.  The modelling of air saturators was approached at two levels – at a fundamental level by considering factors previously ignored by others as well as at a practical level by developing standardised test and calculation procedures.  Though most of the information is already available in fragmented form, a single, comprehensive source, which puts all that knowledge across in a user-friendly way, has been missing to date.

1.2
Objectives

This report emanates from a WRC-funded study entitled “A design and analysis package for air saturation systems used in dissolved air flotation” (WRC Project No. K5/872).  The study was aimed at consolidating all fundamental findings and latest developments on air saturation systems into one single, authoritative source.  The report is limited to packed saturator systems used in DAF and the objectives are to:

· Integrate the latest research results into a comprehensive design methodology for packed air saturators used in DAF.

· Make this methodology available in user-friendly electronic format to the local and international consulting and academic community.

In realising these objectives the following has been achieved:

· A software package was developed which will guide the designer through the multi-step design process.  It will take care of cumbersome calculations and design documentation.  Moreover it will enable operators to quickly and accurately determine the saturator efficiency from field measurements.

· An electronic “hypertext” document was developed which can be read as a stand-alone document.  Due to its integration into the software package it also serves as a comprehensive help facility.

1.3
Target groups

The software package is aimed at the following four groups:

· Design engineers, who have to design packed saturators with laborious and error prone manual methods.  Often they also have to do without the benefit of the latest knowledge on the subject.

· Operators, who have to verify saturator efficiency periodically by practical measurement and calculation.

· Academics and students, for whom a consolidated text on the subject is not available yet.

· Researchers, who focus their attention on those aspects of air saturation systems which require further research and guidelines.

1.4
Scope of DESDAF

The developed software package DESDAF provides a design and analysis tool for packed air saturators used in DAF.  It furthermore provides comprehensive background information on air dissolution and packed saturator systems.  It does not include any other air saturation systems such as unpacked saturators or air spargers.  

With the help of DESDAF the user can predict the air transfer efficiency of packed saturators and hence the amount of air delivered to the flotation unit.  The user has the option of either designing a new saturator system from scratch or of analysing an existing system.  Certain input parameters are required for both options such as water temperature and saturator pressure.  These have to be entered by the user.  For the design of a new system additional information has to be provided regarding the packing material inside the saturator.  This also applies to the analysis option if the saturator efficiency is determined on a theoretical basis and not on the basis of measurements.  

Once the air transfer efficiency of the saturator has been determined, the program predicts the maximum amount of excess air being delivered to the flotation unit per litre of raw water.  In this way it is possible to check if an existing system meets the air requirements, i.e. if the saturator delivers enough air for flotation.  When designing a new system the user has the choice between designing for a fixed recycle ratio or for a fixed air requirement.  If he/she sets the recycle ratio up front, the program will calculate the amount of air supplied to the flotation unit.  If, on the other hand, the air requirement is fixed the program will determine the recycle ratio required to deliver this amount of air.

The program only predicts the maximum amount of air, which could theoretically be delivered to the flotation unit.  Inefficient air release and the nature of the generated bubble suspension (bubble size and bubble size distribution) are not taken into account.  The important role of the injection nozzle in this context has been acknowledged by most researchers in this field.  However, there are still no definite rules on how to achieve the best precipitation.  Most of the supersaturated air is released within the first second after pressure reduction (Bratby and Marais, 1974; Edzwald, 1994; Lixin and Fan, 1994; Rykaart and Haarhoff, 1995) but not all the air is released from solution.  Some air leaves the water slowly and it may take a long time for the precipitation to run to full completion.  The efficiency of air release is mainly a function of the nozzle design.  Even though the saturator may supply the required amount of excess air less air will be available for flotation if the nozzle releases the air inefficiently.

Furthermore, the bubble size is very important for successful flotation.  Small bubbles not larger than 150 (m are required.  The injection nozzle therefore has to reduce the recycle pressure in such a way that not only all the excess air precipitates but also that this air precipitates in the form of microbubbles of uniform size.  Since all the research which has been carried out on this subject to date, does not provide any quantitative measures for the efficiency of injection nozzles, these factors could not be included in the program.

Apart from the analysis and design tool, the program offers a very comprehensive help component.  Though the program is self explanatory, help can be accessed at every stage in the program.  The help component provides information about the actual screen the user has been working on.  By the means of keywords he/she can scroll to other sections in the help component, reading about related topics.  It is also possible to use the help tool as a stand-alone component without actually carrying out a design or an analysis at the same time.  In this way the user can just inform himself/herself about the underlying principles of air dissolution and packed saturators.

2
Fundamentals of air dissolution

This chapter gives a brief introduction into the fundamentals of air dissolution and into the use of packed saturators in DAF.  Most of the topics discussed in this chapter can also be found in the help component of the program.  This short overview will help people to get started with the program if they have had no or very little experience with the DAF process before. 

2.1
Air solubility and Henry’s law

Atmospheric air composition

Atmospheric air is a multi-component gas mixture consisting primarily of oxygen and nitrogen which make up more than 99% of the air volume (see Table 2-1).  Other gases like argon and carbon dioxide contribute less than 1% and are therefore disregarded for practical purposes in most cases.  In the software package atmospheric air is considered to consist only of nitrogen and oxygen.

Table 2-1. Atmospheric air composition (CRC Handbook, 1985)

Component
Volumetric/Molar fraction

[%]

Nitrogen

Oxygen

Argon

Carbon dioxide

Other gases
78.084 ( 0.004

20.946 ( 0.002

0.934 ( 0.001

0.033 ( 0.001

0.003

Henry’s law

The solubility of air in water is determined by three factors: applied pressure, temperature and absolute air composition.  The solubility is directly proportional to the applied pressure but inversely proportional to the water temperature.  In other words, with increasing pressure the solubility of air rises, whereas it decreases with increasing water temperature.  The solubility of air in water is increased by almost 100% if the pressure is raised 100 kPa above atmospheric pressure, but is reduced by 45% if the temperature is raised from 0 to 30(C.  Due to the different solubilities of the different air components in water, the total air solubility also depends on the absolute air composition above the gas/liquid interface.  Oxygen, for example, is two times more soluble than nitrogen; therefore, the overall air solubility will rise as the oxygen fraction in the air mixture increases.

All these facts are embodied into Henry’s law, which is applicable to aqueous, non-reacting solutions of low concentration (Perry’s, 1984).  The law predicts a linear relationship between the partial pressure of the gas in the atmosphere above the water to the quantity of gas dissolved in the water for a given volume of liquid at a constant temperature:
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where pi = partial pressure of gas i [kPa]; yi = molar/volumetric fraction of gas i in the gas phase [-]; ptotal = absolute applied pressure [kPa]; Hp,i = Henry’s constant for gas i [kPa]; xi = molar fraction of gas i in the liquid phase [-].  Henry’s law can also be expressed in terms of mass concentrations with a dimensionless Henry’s constant:
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where Gi = mass concentration of gas i in the gas phase [mg/L]; Ci = mass concentration of gas i in the liquid phase [mg/L]; Hi = Henry’s constant [-].  The relation between Hp,i and Hi for the temperature range between 0 and 30(C is approximately given by:
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where T = absolute temperature [K].

Usually, the amount of air dissolved in water is referred to as mass concentration rather than molar fraction.  Therefore, it is more convenient to use Eq. (2-2) when applying Henry’s law.  Knowing that 1 m3 of dry air contains 44.6 moles at a temperature of 0(C and a pressure of 101.3 kPa, the mass concentration Gi of a gas in air can be calculated by the following equation:
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where Mi = molecular weight of gas i [g/mol].

Henry’s constants for oxygen and nitrogen are a function of temperature and increase with increasing temperature.  The temperature dependence is mathematically described by the following equations, which were compiled from experimental data reported in the literature (Landolt-Boernstein, 1969; Perry, 1984; CRC Handbook, 1985; Metcalf and Eddy, 1991):
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where HO = Henry’s constant for oxygen [-]; HN = Henry’s constant for nitrogen [-]; ( = temperature [(C].

Henry’s law was experimentally validated for the temperature and pressure ranges used in DAF (0 to 30(C; 200 to 800 kPa) (Bratby and Marais, 1975; Lovett and Travers, 1986), even for temperatures up to 80(C (Shannon and Buisson, 1980) as well as for pure water and wastewater containing suspended solids up to 1 000 mg/L (Lovett and Travers, 1986).

Role of water vapour

The contribution of water vapour may become important at high temperatures.  At lower temperatures up to about 20(C, the vapour pressure is very low and normally ignored.  It becomes significant at higher temperatures as the vapour pressure increases exponentially with temperature.  If the water vapour is added to the amount of air dissolved in the water to obtain the gas volume available for bubble formation, the gas volume increases sharply above 65(C (Shannon and Buisson, 1980) due to the contribution of the water vapour.  At the normal temperature range encountered in water treatment, however, water vapour is negligible and the amount of air available decreases with rising temperature.

2.2
Air transfer systems

A number of systems have been devised for dissolving air into water.  The saturation system usually consists of a saturation vessel, a recycle pump, an air compressor and the associated control system.  To avoid a separate air compressor, two systems have been developed where the air is directly introduced into the recycle water; either on the suction side of the recycle pump, or by means of ejectors, before the recycle enters the saturation vessel.

· Introducing the air into the suction side of the recycle pump (Fig. 2-1a) takes very little energy as the air is injected into the low pressure side of the pump.  The air is dissolved into the water by the shearing action of the impeller and the air-water mixture then passed on to a saturation vessel to allow sufficient time for dissolution.  This method, however, has certain disadvantages.  Due to the risk of cavitation only 2% (at 1 000 kPa) to 11% (at 170 kPa) of air by volume can be introduced before air binding occurs (Bratby and Marais, 1975).  Therefore only about 25% of the air required for saturation is dissolved into the water and full saturation cannot be achieved.  Air injection also tends to lower the discharge rate and pressure of the pump.

· A modification of this method has been developed (Batson, 1989) where a single-stage centrifugal pump is used first to pressurise the recycle stream.  Compressed air is then injected into a pipe leading from the outlet of the single-stage centrifugal to the inlet of a multi-stage pump where the air is dissolved into the water under conditions of high agitation and shear.  Using a single-stage pump to build up pressure before the multi-stage pump should prevent cavitation.

· Using ejectors (Fig. 2-1b), air is drawn into the water on its way from the recycle pump to the saturation vessel as it passes through the ejector, where the throat velocity is so high that the pressure drops below atmospheric.  The intimate mixture of air and water downstream of the ejector ensures saturation efficiency of about 80% (Vosloo and Langenegger, 1979).  The saturation vessel acts merely as a bubble separator where excess air is blown off.  This system also does not require a separate air compressor, but is extremely wasteful of power.  To obtain a pressure of 500 kPa in the saturation vessel, the pump has to deliver the water at about 950 kPa.

For the other saturation systems a separate air compressor is required:

· Air sparging (Fig. 2-1c) is accomplished by bubbling air through a pressurised vessel filled with water.  Air from above the water level in the saturation vessel is circulated by means of a blower to a diffuser in the bottom of the vessel.  The power consumption of the blower is relatively small, as the delivery pressure is only slightly higher than the suction pressure.  The degree of saturation depends on the flow rate of compressed air and the hydraulic retention time in the saturator.  The latter parameter is the limiting factor of this method, as it takes a long time to reach saturation conditions.  At a pressure of 760 kPa, full saturation is only achieved for air flow rates beyond 70 L/min and retention time of 40 minutes (Bratby and Marais, 1975).  The efficiency of the system can be improved by violent agitation of the saturator contents with high velocity impellers. 
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Fig. 2-1: Different air dissolution systems

· A novel method, called LEPTG (lower energy pressurised gas transfer system) (Fig. 
2-1d) was proposed to decrease the energy demand of the air saturation system (Speece et al., 1977).  Water is pumped into a reactor at ambient pressure till the reactor is totally filled.  The water is then recycled by a pump through a gas transfer chamber, which contains compressed air or gas at the desired pressure level.  As the whole cycle is completely filled with water, the water is instantaneously pressurised to the level maintained in the gas transfer chamber and the air is dissolved into the water.  The recycle pump requires very little energy, as it has the reactor pressure on both the suction and delivery side.  Once the air is dissolved the reactor content is emptied into the flotation zone and the cycle starts again.  To obtain a continuous recycle flow, two reactors are operated in turn.  Results from a small LEPGT prototype showed that the system is comparable to conventional saturators but only requires 33% of the energy demand of a conventional DAF system.  However, as far as known, this system has not been implemented at full scale. 

The two most common systems used for DAF are packed and unpacked saturators:

· Unpacked saturators (Fig. 2-2a and b) are cylindrical pressure vessels, which are partially filled with water and which are mounted either vertically or horizontally. 

Three zones of mass transfer can be distinguished in an unpacked saturator.  Firstly, mass transfer takes place while the incoming water drops through the air cushion until it reaches the pool of water.  Secondly, mass transfer occurs below the surface of the water due to entrainment of air bubbles by the falling liquid and thirdly, transfer takes place at the air/ water interface in the saturator. 

Mass transfer can be enhanced by deflecting the incoming water with a splash plate (to increase the contact time) or by spraying the water into the saturator as fine droplets (to increase the interfacial area).  Using a perforated plate to distribute the water evenly over the cross-sectional area of the saturator is not very efficient, as the droplets exist only for the short period of time while they fall through the saturator.  A comparison showed that the level of saturation for an unpacked saturator (with a height of 1 m between the distributor plate and the water level) was only 60 to 70% of a packed saturator (Zabel and Hyde, 1976; Rees et al., 1980).  To equal the air transfer rate of packed saturators, unpacked saturators have to be operated at pressures 100 to 200 kPa higher than packed saturators (Zabel, 1978). 

The mass transfer in an unpacked saturator can also be enhanced by adding an internal recycle circuit (Fig. 2-2b).  Water is pumped from the bottom of the saturator to the top, through an ejector that draws high pressure air from the air cushion above the water.  By supplying high pressure air instead of air at atmospheric pressure, the velocity in the ejector can be much lower and the head loss is therefore smaller, which results in less power consumption.  The ejector can be placed either outside the saturator or inside the saturator in the water.  Even with using ejectors it is doubtful whether the degree of saturation ever goes much above 80% (Vosloo and Langenegger, 1979). 

· A packed saturator (Fig. 2-2c) is a vertically mounted cylindrical pressure vessel, which is partially filled with packing material.  The water enters the saturator from the top through a flow distributor to ensure an even distribution of the liquid over the packing.  The air is also introduced at the top of the saturator at a rate sufficient to replace the amount of air dissolved.  By percolating the liquid down through the packed bed a large gas/liquid interface is created to provide good conditions for gas transfer.  After passing through the packing the air-saturated water is collected below or just above the packing support plate and passed to the flotation unit.
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Fig. 2-2: Different saturator types

Compared to all other methods the packed saturator is markedly superior in performance.  Values of 90% efficiency and higher are commonly reported.  Packed saturators are therefore used in most modern DAF applications where blockage of the packing is not a problem.  Even if some growth appears the hydraulic loading rates of packed saturators are far in excess of typical biological filters, so that any growth is likely to be sloughed off before blockage of the packing occurs (Zabel and Melbourne, 1985).  

2.3
Definition of air transfer efficiency

The air transfer or saturator efficiency, as referred to in the program, is defined as the ratio between the actual air mass transferred to the theoretical maximum air mass transferable:
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where Cs = actual mass concentration of air in water leaving the saturator [mg/L]; Ca = actual mass concentration of air in water entering the saturator [mg/L]; C*s = theoretical mass concentration of air in water that has attained equilibrium with saturator air at saturator pressure [mg/L].

Although the transfer efficiency is defined in terms of concentration differences, these differences are not excess air concentrations beyond atmospheric equilibrium.  The term Ca accounts for the actual concentration of dissolved air in the inlet which does not necessarily mean atmospheric equilibrium.  In cases where the recycle is not drawn from the treated water but from a natural surface water source, the water entering the saturator will often have less than the saturation concentration of oxygen.  

Based on the physical properties of nitrogen and oxygen it is assumed that both gases behave similarly.  Therefore, the saturation efficiency is considered to be the same for both nitrogen and oxygen.  In reality this may not be true due to the small differences in molecular diffusivity, but this is ignored for practical purposes.  By assuming the same transfer efficiency for nitrogen and oxygen, Eq. (2-7) can be written in terms of either oxygen or nitrogen:
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where Cs = actual mass concentration of oxygen/nitrogen in water leaving the saturator [mg/L]; Ca = actual mass concentration of oxygen/nitrogen in water entering the saturator [mg/L]; C*s = theoretical mass concentration of oxygen/nitrogen in water that has attained equilibrium with saturator air at saturator pressure [mg/L].  The index “O” always stands for oxygen and the index “N” for nitrogen.

2.4
Saturator air composition

It is important to note that, when dealing with the air transfer efficiency, the saturation concentration is defined in terms of saturator air.  As explained in the following paragraph this air is about 9% less soluble than atmospheric air (Haarhoff and Van Vuuren, 1993) and it will be impossible to attain 100% transfer efficiency if the saturation concentration is defined in terms of atmospheric air.

The composition of saturator air in a continuously operating saturator differs from that of atmospheric air since oxygen is more soluble in water than nitrogen.  After start-up, the oxygen will disappear faster at first until equilibrium is reached.  Since all the input air to the saturator emerges in solution in the outflow water, the relative amounts of the gases actually being dissolved must correspond to their proportions in the inflow air.  This leads to a saturator air composition, which, relative to atmospheric air, is enriched in nitrogen and depleted in oxygen.  This nitrogen-enriched air is less soluble than atmospheric air due to the lower solubility of nitrogen. 
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Fig. 2-3: Predicted effect of saturator pressure and hydraulic loading on time to reach equilibrium in saturator air composition

The air composition inside the saturator at equilibrium can be predicted with an equation derived from a mole balance across the saturator (Haarhoff and Steinbach, 1996):
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where ys,O = molar fraction of oxygen in saturator air; ya,O = molar fraction of oxygen in atmospheric air ( 0.209; ya,N = molar fraction of nitrogen in atmospheric air ( 0.791; pa = dry atmospheric pressure [kPa]; ps = total pressure of dry air inside the saturator [kPa]; f = oxygen saturation level of incoming water [-].

However, it takes a considerable time from saturator start-up to reach equilibrium, which is especially important for laboratory systems, which are usually only started up for experimental purposes.  The actual air composition inside the saturator, ys,O, can either be directly measured or determined by using a kinetic model (Haarhoff and Steinbach, 1996) which describes the change in saturator air composition from start-up to eventual equilibrium, as a function of time.  Fig. 2-3 demonstrates clearly how different operating parameters affect the rate of change and the equilibrium air concentration.

2.5
Prediction of air transfer efficiency

A mathematical model for predicting the air transfer efficiency of packed saturators was developed by RAU Water Research Group (Steinbach and Haarhoff, 1997; Haarhoff and Rykaart, 1995).  The model is based on concentration driven diffusion and the Lewis-Whitman two-film theory.  The interfacial mass transfer is described by a first order differential equation where the amount of gas transferred per infinitesimal packing element is directly proportional to the saturation deficit.  To model the mass transfer across the gas/liquid interface, the Lewis-Whitman assumption of two laminar layers adjacent to the interface is used.  The transfer rate across the laminar liquid film and the wetted packing area are estimated with the Onda correlations.  The model allows to predict the effect of key design parameters such as hydraulic loading and packing depth on the saturator efficiency.  For more detail information on the model and its application please refer to the above-mentioned references.

2.6
Measuring of air transfer efficiency

Different methods for measuring saturator performance have been described in the literature and are summarised in Table 2-2.  The methods can be classified into two broad categories, depending on whether they measure the amount of air precipitated upon pressure release or the total amount of gas dissolved under pressure.

The amount of air precipitating from a depressurised solution can be determined in two ways; continuous measurement with an air flow meter, or batch measurement by liquid displacement.  Only a few methods have been reported where the total amount of air dissolved under pressure is measured.

Table 2-2. Reported techniques for measuring saturation efficiency

Reference (date)
Continuous / batch
Operating conditions of saturation system
Remarks

Precipitated air measured with air meter

Bratby and Marais (1975)

Roberts et al. (1978)

Rees et al. (1980)

Shannon and Buisson (1980)
Continuous

Continuous and batch

Continuous

Continuous
( = 25-30(C

ps(gauge) = 140-965 kPa

ps(gauge) = 240-430 kPa

( = 5-18(C

ps(gauge) = 200-500 kPa

( = 50-80(C

ps(gauge) = 149-490 kPa


Precipitated air measured by liquid displacement

Conway et al. (1981)

Henry and Gehr (1981)

Lovett et al. (1984)

Vosloo et al. (1986)

Casey and Naoum (1986)

Smits (1990)

Rykaart (1991)
Batch

Batch

Batch

Batch

Batch

Batch

Batch
ps(gauge) = 414 kPa

( = 16(C

ps(gauge) = 386 kPa

ps(gauge) = 100-500 kPa

ps(gauge) = 300-475 kPa

( = 11-25(C

ps(gauge) = 200-500 kPa

( = 16.5-19.5(C

ps(gauge) = 430-790 kPa

( = 19(C

ps(gauge) = 155-405 kPa
Sampled under pressure

Sampled under pressure

Direct measurement of dissolved air

Leininger and Wall (1974)

Packham and Richards (1975)

Henry and Gehr (1981)
Batch

Batch

Batch
( = 20(C

ps(gauge) = 500 kPa

ps(gauge) = 345 kPa

( = 16(C

ps(gauge) = 386 kPa
Sampled under pressure

Sampled under pressure

The simplest method for measuring the saturator efficiency is based on the measurement of the precipitated air volume after depressurisation, as evidenced by the fact that 11 out of 14 references described variations of this method.  Batch tests, in addition, are simpler than continuous tests, as they require a simple calibrated air container rather than a more sophisticated air-flow meter.  For these reasons the method developed by the RAU Water Research Group is based on measuring the precipitated air volume with a batch system.  This relatively simple but comprehensive method was also developed in an attempt to standardise the measuring procedure to ensure comparable results.  In the program, the analysis of an existing saturation system from field measurements is based in this procedure.

For an easy to follow, step-by-step description of this procedure please refer to the publication “A simplified method for assessing the saturator efficiency at full-scale dissolved air flotation plants” included in Appendix B.  A comprehensive and more fundamental report on the whole measuring and calculation procedure can be found in Haarhoff and Steinbach (1997).

2.7
Design of the recycle system

The design of the recycle system can be based either on a fixed air requirement or a fixed recycle ratio.  In most cases a fixed air requirement is chosen to ensure that enough air will be supplied to the contact zone.  The air requirement is usually expressed in terms of excess air concentration beyond atmospheric equilibrium, as this is the useful air available for flotation.  It is also useful to deal with volumetric concentrations [ml/L] rather than with mass concentrations [mg/L] as the volume of air available is the important factor for flotation and is a constant requirement regardless of temperature.  A constant air mass will occupy a larger volume at higher temperatures.

In the case of clarification, the concern centres primarily around the clarity of the effluent and the influent normally has a low solid concentration.  Because of this very low solid concentration, the air requirement is a function of the water volume to be treated and therefore specified as an air mass or volume concentration, based on the influent flow.  For most clarification applications, the air requirements range from 5 to 10 mg/L and a concentration of 6 to 8 mg/L has been recommended (Haarhoff and Van Vuuren, 1993). 

In the case of thickening, the focus is placed on the float layer concentration and the influent has a high solid concentration.  Here the air requirement is a function of the particle concentration and the dimensionless mass ratio between air and solids is used to specify the quantity of air required.  The air/solids mass ratio for activated sludge thickening is generally taken as 0.02 to 0.04 (Haarhoff and Van Vuuren, 1993).

Once the air requirement has been set it can be determined what recycle ratio is needed to deliver the right amount of excess air.  The recycle ratio is therefore a direct function of the air requirement.  Secondly it depends on the saturation efficiency.  The more inefficient the saturator, the more water has to be recycled.  Thirdly, the oxygen saturation level in the raw water entering the flotation unit determines the recycle ratio.  If the raw water is not fully saturated with oxygen, which is often the case, the first air from the saturator goes towards making up for this oxygen deficit in the raw water.  This leaves less air to precipitate as bubbles.  The degree of oxygen saturation can make a significant difference to the required recycle flow rate.  To calculate the recycle ratio the following relationship has been derived from a mass balance across the flotation unit:
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(2-12)

where r = recycle ratio [-]; ap = required air concentration [mg/L]; Ca,O = mass concentration of oxygen in water at atmospheric equilibrium [mg/L]; fQ = oxygen saturation level in the raw water [-]; Cs = actual air concentration in the water leaving the saturation unit [mg/L]; Ca = mass concentration of air in water at atmospheric equilibrium [mg/L]; Cs,N = actual mass concentration of nitrogen in the water leaving the saturator [mg/L]; Ca,N = mass concentration of nitrogen at atmospheric equilibrium [mg/L].

The recycle ratio for clarification usually varies from 6 to 12% of the raw water flow rate.  For thickening, which requires substantially more air than clarification, the recycle rate becomes of the same order as the raw water flow rate.  Not only will the recycle stream have a significant influence on the hydraulic loading in the contact and flotation zones, but the designer will also have to provide an auxiliary water supply for the recycle during plant start-up if the recycle is taken directly from the subnatant stream.  

If a fixed recycle ratio is used instead of a fixed air requirement then the recycle ratio will determine how much excess air is supplied to the flotation unit.  Working on a fixed recycle ratio may become necessary if the hydraulics of the recycle system are a limiting factor and the recycle ratio is not allowed to exceed a certain value.  Equations (2-11) and (2-12) are used to determine the amount of excess air supplied by the recycle.  

3
DESDAF user guide

3.1
Minimum system requirements

The system specifications below are considered the minimum requirements for the program to run.  The program has been tested on a machine of this specification and will run, if somewhat slowly.  A faster machine and more RAM will significantly speed up the runtime of the program.

· An IBM compatible 486 or higher personal computer that is compatible with Microsoft Windows

· Microsoft Windows 95, with a properly installed mouse

· 8 MB of RAM

· Internet access to download the program

· At least 2 MB of free disk space on the hard drive

· A Windows supported printer

· VGA monitor and adapter (640 x 480 minimum) supported by Windows.

3.2
Software installation

DESDAF is available on the Internet and can be found on the website of the WRC at http://www.wrc.org.za/software/.  To download the program, follow the instructions on the web page.  Once the program has been downloaded, follow the installation instructions below: -

1. Unzip the files "DesDaf.zip" and "Figures.zip" and extract the zipped files into the folder, under which you wish to install the program.  Let us assume this folder is called "DesDaf".

2. Under the folder ("DesDaf"), into which you have extracted the files, create a new folder called "Figures".

3. Move the four Bitmap Image files ("DAF", "Henry", "MeasMeth", "PackSat") into the folder "Figures".

4. You should now see the following files/folders under "DesDaf": -

Figures
(Folder)

DesDaf_10.exe
(Application)

Help DesDaf_10.cnt
(CNT File)

Help DesDaf_10.hlp
(Help File)

To run the program you have two options:

· In Windows Explorer go into the folder, under which you have installed the program following the instructions above.  Double click on “DesDaf_10.exe” to run the program.  It may take a few seconds, depending on the specifications of your computer, before the Start screen of the program appears on the monitor.

· Left click the Windows95 Start button and select the option “Run…” (left click).  Via the Browse function enter the full path where the software has been installed on the hard drive.  Click on “DesDaf_10.exe”.  Once the path has been entered click the OK button and the program will start.  It may take a few seconds, depending on the specifications of your computer, before the Start screen of the program appears on the monitor.

4
Using desdaf

The program consists of the following three main components:

· Analysis of an existing packed saturation system;

· Design of a new packed saturation system;

· Information about packed saturator systems.

On opening the program the user will see the start window with which contains tabs regarding a notice to users and a disclaimer.  Clicking the START button will access the next window where the user can choose one of the program options listed above.  In this chapter it will be explained how to work with the different components and what the available options are within these components.  Working examples for all three components are given in the next chapter.

4.1
Design and Analysis component

The design and analysis components basically have the same appearance in terms of data entry, results output and available options.  Each window contains the four basic buttons QUIT, BACK, NEXT and HELP.

With the QUIT button the user can exit the program at any time though his job will not be saved.  All the data, which he/she has entered during that run, will be lost.

The BACK button enables the user to return to the previous screen.  In this way he/she can modify already entered data without having to start a new job and to begin all over again.  

The user steps through the program by clicking the NEXT button, which brings up the next window in the design or analysis procedure.  If data entries are required or selections to be made the user cannot leave the present screen before he/she has supplied all the information required.

Help can be accessed at any time in the program by clicking on the HELP button.  The first help screen coming up will contain information about the actual screen, from which help was called.  In this way the user can, for example, obtain help about data, which he/she is requested to enter by the program.  If the data entry is range controlled (see next paragraph) the user will not be able to call up help while the specific edit box has focus but no value has been entered yet.  

Data entries are indicated by black labels whereas results are marked by blue labels.  Some of the data entries are range controlled, i.e. if the user enters a value, which falls outside the range, he/she will be requested to re-enter the value.  In cases where the user clicks on the NEXT button without having entered all the data required, a message “Invalid floating point operation” may appear.  By clicking OK in this message box the user can return to the active screen and enter the missing values.  The user cannot overwrite any results, which have been calculated by the program.

To move between edit boxes (for data entries) use the mouse or the TAB and Shift + TAB keys.  To focus on an edit box, set the mouse pointer on that edit box and click the left mouse button or move around the screen with the TAB or Shift + TAB keys until the cursor appears in that edit box.  A blinking cursor indicates which edit box has focus.  The QUIT, NEXT etc. buttons are activated by setting the mouse pointer onto the respective button and clicking the left mouse button.  When using the keyboard there are two options: 1) move around the screen with the TAB and Shift + TAB keys until the respective button has focus (indicated by a dotted border) and then press ENTER; 2) press ALT + the underlined letter in the respective button (for example, press ALT + N to go to the next screen).  To choose an option from a selection box, click on the respective option with the left mouse button or move around with the TAB button till the selection box is active and then use the cursor keys to select an option.  
Once the user has finished the analysis or design, he/she has the option to print out a report, to do another analysis/design or to quit the program.  The report is automatically created by the program and the user can preview the document by clicking on the PREVIEW button in the “Print a report” window.  The user can set the printer properties from the preview window by clicking on “Printer setup”.  The report can be printed either from the preview window or by clicking on the PRINT button in the “Print a report” window.  If the user wants to continue with the program he/she has to go back one screen and choose one of the options listed there.

4.2
Help component

DesDaf comes equipped with context-sensitive on-line help.  The help features an expanding/collapsing table of contents and a full multi-level keyword index.  The format will be familiar to most users as it is the style of help that was introduced with Windows 95 and its accompanying applications.  The contents and index tabs are used as methods of locating and accessing help on specific topics.  Once the topic has been found and accessed, it will appear in its own window.  In some cases, it may be possible to jump from one topic to another, and it is always possible to return to the help contents or index from a topic. 

When the help system is opened, you will see either the Contents or Index tab.  Under the Contents tab DesDaf offers the facility of viewing the help system architecture using an expanding/collapsing outline.  This hierarchical outline allows the user to see the structure of the help system and to access different topics by expanding and collapsing different branches of the outline.  To find a topic with the Contents tab: -

1.
Click on the Contents tab if it is not already showing.

2.
To expand a level of the help outline, double-click on the level text or icon, or click on the level text or icon once and click the Open button.

3.
Continue this procedure until you have located the topic (viewable topics contain no other levels below them and are denoted by a question mark icon) that you wish to view.  When you have found the topic, double-click the topic text or its icon, or click the topic text or icon once and click the Display button.

The user may also print a topic without viewing it by clicking on the topic in the outline and then clicking the PRINT button.

DesDaf Help offers the facility of a keyword search utility that supports secondary index entries.  To find a topic with the Index tab: -

1.
Click on the Index tab if it is not already showing.

2.
Type the keyword that you are searching for.  Notice that as you type the keyword, the help engine attempts to match your typing with available keywords.

3.
When the help engine has located the keyword for you, you can display the topic associated with the keyword by double-clicking the keyword or clicking the Display button.  In some cases, the keyword you type in may have secondary keywords associated with it.  You can access the topics of these secondary keywords in the same way as you do for primary keywords.  Note that in some cases there are multiple topics associated with a top-level keyword.  If this is the case, attempting to access the top-level keyword will show you a list of topics that are associated with it.  

The user may also print a topic without viewing it by clicking on the keyword and then clicking the PRINT button.  

In DesDaf help topics, the user may encounter text that is green and underlined.  If the underlining is dashed, then clicking on the text will open a small "popup" window.  When the user is done viewing the contents of the popup, he/she simply positions the mouse cursor outside of the popup window and clicks once or presses any key on the keyboard to close it.

If the underlining is solid, then that text represents a hyperlink jump.  Clicking on that text will send the user to another location in the help system – usually a topic that contains material relevant to the text that denoted the jump.  To return to the topic that the user has jumped from, he/she clicks the Back button.  

5
Examples

5.1
Example for Design of a new saturator system

We want to design a new packed saturator system based on the following data:

· The average temperature of the recycle stream is 15(C and the water is 90% saturated with regard to oxygen.

· The plant is situated at an elevation of 900 m above sea level, which translates into a dry atmospheric pressure of 90 kPa.

· The saturator system shall be operated at a gauge pressure of 500 kPa.

· The raw water flow is 24 ML/day, which is equivalent to 1000 m3/h.

· The oxygen saturation level of the raw water is 80%.
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Fig. 5-1: Start window

We start off by clicking the START button in the start window (Fig. 5-1).  In the next window, we select the application “Design of a new saturation system” (Fig. 5-2) and press the NEXT button.

We now have to enter some of the input parameters, required for the design of the saturation system (see Fig. 5-3).  The temperature of the recycle stream is 15(C, the atmospheric pressure 90 kPa, the operating (gauge) pressure of the saturator 500 kPa, the oxygen saturation level of the recycle water 90%, the raw water flow 1 000 m3/h and the oxygen saturation level of the raw water 80%.  Once all the data have been entered we press NEXT again.
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Fig. 5-2: Choose an application
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Fig. 5-3: Input parameters for design of a new saturation system

The next window (Fig. 5-4) shows the maximum air solubility in water at atmospheric (oxygen saturation level of recycle stream = 100%) and saturator conditions (saturator efficiency = 100%).  To obtain the actual concentration of air in water at atmospheric conditions the oxygen saturation level of the recycle stream has to be taken into account.  The water temperature in degree Kelvin, the absolute pressure inside the saturator, Henry’s constants for oxygen and nitrogen and the saturator air composition are also given in this window.  Click NEXT to proceed.
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Fig. 5-4: Maximum air solubility at atmospheric and saturator conditions (Design)

We now have to decide on which parameters we want to base the design of the recycle and the saturator system (Fig 5-5).  In practise designs are usually based on a fixed air requirement to ensure that enough air is delivered to the flotation unit.  For the saturator, the packing depth and the diameter or the hydraulic loading are chosen up front since it is difficult to operate a saturator at a constant efficiency.  For our example we choose a fixed air requirement and a fixed packing depth and hydraulic loading.  Once the selection has been made, click NEXT to continue.
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Fig. 5-5: Design basis for recycle and saturation system

Most DAF systems for clarification are designed for an air concentration of 6 to 10 mg of air per litre raw water.  For our example, we choose an air requirement of 8 mg/L (Fig. 5-6).  This translates into a volumetric concentration of 7.3 mL/L.  A minimum packing depth of 800 mm is recommended in the literature (Rees et al., 1980, Haarhoff and Van Vuuren, 1993) to ensure a long enough retention time of the water on the packing for adequate mass transfer.  We therefore enter 1 000 mm as our effective packing depth.  With two saturators operating in parallel, we want to design our system for a hydraulic loading range of 10, 20 and 30 kg/(m2(s).  Click NEXT to continue.
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Fig. 5-6: Saturator design parameters

To complete the design we have to enter some information about the packing material (Fig.
5-7).  Plastic PALL rings of 25 to 50 mm nominal size are commonly used, since they provide a high voidage combined with a large specific surface area.  We enter the following data: Specific surface area = 200 m2/m3; nominal packing size = 50 mm; critical surface tension of packing material = 0.033 kg/s2.  Click NEXT to continue.

The following window (Fig. 5-8) shows the results for the saturator design and the actual concentration of air in water at saturator conditions.  This concentration refers to the amount of air dissolved in the water leaving the saturator and is a function of the saturator efficiency.  By clicking NEXT, the recycle ratio can be viewed (Fig. 5-9), which is needed to deliver the desired amount of excess air to the flotation unit as stated in the air requirements.  
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Fig. 5-7: Packing material parameters
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Fig. 5-8: Results for saturator design
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Fig. 5-9: Results for recycle ratio

This is the end of the design program and by going to the next screen (Fig. 5-10) we have the option to either print a report, which summarises the design, to do another design or to carry out an analysis of an existing saturator system.  The last option is to quit the program, what can also be done by clicking on the QUIT button.  To finalise our design we want to print a summary report and choose the respective option (see Fig. 5-10).  Click NEXT to continue.
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Fig. 5-10: End of design program

For record purposes, we can now enter the project name, project number and the name of the person who undertook the design (Fig. 5-11).  Instead of the NEXT button, we have a PREVIEW and a PRINT button.  The PREVIEW button enables us to preview the report (Fig. 5-12) before we print it.  To print the report click either on the printer button in the preview window or close the preview window to return to the previous window and click on the PRINT button.  In the preview window we have the option to change the printer settings by clicking on the printer set-up button.  Using the PRINT button in the “Print a report” window (Fig. 5-11) uses the default settings in the printer set-up.  
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Fig. 5-11: Print a design report
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Fig. 5-12: Preview of design report

Once the report has been previewed and/or printed click the BACK button in the “Print a report” window (Fig. 5-11) to return to the previous screen (Fig. 5-10), where we make a selection of what to do next.

5.2
Example for analysis of an existing saturator system

We want to analyse an existing packed saturator system based on the following data:

· The average temperature of the recycle stream is 20(C and the water is 100% saturated with regard to oxygen.

· The plant is situated at sea level, which translates into a dry atmospheric pressure of 100 kPa.

· The saturator system shall be operated at a gauge pressure of 600 kPa.

· The recycle ratio is 10%.

· The oxygen saturation level of the raw water is 60%.

· The saturator efficiency shall be determined from measurements.

We arrive at the first window for the analysis by selecting either the option “Analysis of an existing system” in the “Design or Analysis?” window (Fig. 5-2) or by choosing the analysis option in the “End of Design/Analysis” screen (Fig. 5-10 & 5-19), if we have already carried out another design or analysis before.  We now enter all the input parameters required as shown in Fig. 5-13.

[image: image31.png]Ente the follwing parameter

Temperature of the recyele stieam [n aC} 20
Atmaspheic pressure in kPal: [100

Operating (gauge) pressure of the salurator in kPa: 600

Orggen sturstion level of therecyce water
(L the waler enerig the saurto [n %] 100

Xout | <ngeck I Newt

7 Hep





Fig. 5-13. Input parameters for analysis of an existing saturator system -1

The next window (Fig. 5-14) shows, similar to the design component, the maximum air solubility in water at atmospheric and saturator conditions.  This is the air solubility if the oxygen saturation level of recycle stream and the saturator efficiency were 100%.  To arrive at the actual concentration of air in water at atmospheric conditions the oxygen saturation level of the recycle stream has to be taken into account.  The water temperature in degree Kelvin, the absolute pressure inside the saturator, Henry’s constants for oxygen and nitrogen and the saturator air composition are also given in this screen.  Click NEXT to proceed.
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Fig. 5-14: Maximum air solubility at atmospheric and saturator conditions (Analysis)

We now have to provide information about the recycle ratio and the oxygen saturation level of the raw water (Fig. 5-15).  To determine the saturator efficiency one of the three listed options has to be selected.  In our case it will be “Determine from measurements”.  Click NEXT to proceed.
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Fig. 5-15: Input parameters for analysis of an existing saturator system -2
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Fig. 5-16: Determining the saturator efficiency from measurements
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Fig. 5-17: Results for saturator efficiency

A detailed description of the measurement method employed to determine the saturator efficiency is given in the help component.  We have to enter the precipitated air volume and the dissolved oxygen concentration in the outflowing water from the measuring unit, which we measured in our case to be 80 mL/L and 10.5 mg/L respectively (Fig. 5-16).  Click NEXT to continue.

The next window (Fig. 5-17) gives the results for the saturator efficiency and the actual dissolved air concentration at saturator conditions.  This concentration refers to the amount of air dissolved in the water leaving the saturator and is a function of the saturator efficiency.  Clicking NEXT shows the result for the amount of excess air, which is supplied to the flotation unit by the recycle, based on the saturator performance (Fig. 5-18).  

[image: image36.png]The actual excess air mass supplied (per litre raw water] by the saturatorfs) is:

Actual excess aitmass suppled [nm/LL [ 7.7

Xoi | ek | [[iiion | Help





Fig. 5-18: Results for air mass supplied to flotation unit

This is the end of the analysis and by going to the next screen (Fig. 5-19) we have the same options as in the design component:  Print a report, analyse another system, carry out a design or quit the program.  For printing of a report see the example given for the design component.
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Fig. 5-19: End of analysis

5.3
Example for using the help screens

Help can be accessed at any time in the program by clicking on the HELP button, which appears in every window.  Let us assume for this example that the user is busy designing a new saturation system when he/she requires information about the packing material (see Fig. 5-20 and 5-7).
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Fig. 5-20: Window for entering packing material parameters
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Specific data of packing material ﬂ

Information about the packing material is required to determine the overall
mass transfer coefficients of oxygen and nitrogen. By means of these
coeficients the transfer of air into water within the saturator is modelled
and o the layout of the saturator can be defined

SPECIFIC SURFACE AREA:
Describes the surface area per unit volume of the packing material
Values for specific surface area of diferent packing types are given in the
table below.

Packing Specific area [mfm3]
Norminal size [mrm] %4 381 806 762 839
PLASTIC PACKING
Ballast fings 213 131 108 85
Ballast saddles 213 12 9
Super Intalox 07 08 89
Tellerettes 180 125

Flexirings 213 131 115 92
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(Reference: J Haarhoff & JL Cleashy (1980): "Evaluation of ai stripping for
the removal of organic drinking-water contaminants”. Water SA, Vol. 16,
No.1)

NOMINAL PAKING SIZE
The size of a packing element as specified by the manufacturer. Often
norminal packing sizes lie between 25 to 50 mm.

CRITICAL SURFACE TENSION OF PACKING MATERIAL:

Values for the critical surface tension of different packing materials are
niven in the tahle helnw
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given in the table below.

Packing material  Critical surface tension [k/s?]
Carbon 0058
Ceramic 0061
Glass 0073
Paraffin 0020
Polyethylene 0033
Polyvinylchloride 0.040
Steel 0075

This help fle was created with HelpScibble





Fig. 5-21: Help screen for packing material 

By clicking on the HELP button the support screen comes up, which provides information about different types of packing materials (Fig. 5-21).  The user can obtain all the information required to continue his/her design from this screen.

To return to the design program, we click on the button with the cross in the top right hand corner of the help screen, thus closing the help component and returning to the screen, from which we initially called up help (see Fig. 5-20 above).  If the user, however, wishes to venture further into the Help component, he/she can do that by either using the hyperlinks or the Contents and Index tabs.  

The use of the Contents or Index tab has been explained previously under Section 4.2.  The hyperlinks, which are the green and underlined words “packing material” and “saturator” in our example in Fig. 5-21, indicate topics, which are related to the information about packing material.  By clicking on one of these hyperlinks, for example “saturator”, we open the help screen, which gives us information about packed saturators (see Fig. 5-22).  
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Packed saturator ﬂ

A packed saturator is used in dissolved air fltation (DAF) to dissolve air
into water under pressure. The saturator is 4 vertically mourted
cylindrical pressure vessel, which is partially filed with packing material
The water enters the saturator from the top through a flow distributor to
ensure an even distribution of the liquid over the packing. The air is also
introduced at the top of the saturator at a rate suffcient to replace the
amount of air dissolved. By percolating the liquid down through the
packed bed a large gasfliquid interface is created to provide good
conditions for gas transfer. Afer passing through the packing the
saturated water flow is collected below o just above the packing support
plate and passed to the flotation unit. A Schematic diagram of a typical
packed saturator is shown below.
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Fig. 5-22: Help screen for packed saturators

6
summary and Conclusions

· The program DESDAF provides a comprehensive and easy-to-use design and analysis tool for packed saturators used in DAF.  With only a few inputs from the user, the program either designs a new saturation system from scratch or analyses an existing saturator in terms of air transfer efficiency.  The end result in both cases is the calculated amount of air supplied by the saturator to the flotation unit for formation of microbubbles.

· For successful use of DESDAF no understanding of the underlying calculations is required.  The program takes care of all laborious and cumbersome calculation procedures, which to date had to be carried out manually and were thus error prone.  Moreover, the information of how to carry out the calculations had to be gathered from various sources in the literature, while the program includes all the latest knowledge on the subject.  

· DESDAF contains a comprehensive help component, which not only serves as a support tool for the design and analysis part of the program but can also be read as a stand-alone document.  This is important for those users who are looking for a consolidated text on the subject, which has not been available in a single source to date.

· Due to its various application possibilities and its easy use it is believed that DESDAF will appeal to a variety of people in the water field, ranging from design engineers and operators to academics and students.
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