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ABSTRACT 

An extended aeration activated sludge plant treati ng dairy factory wastewater was 

studied. The effectiveness of organic and nutri ent removal was inHstigated in 

conjunction with the causes of existing foaming and bulking problems. 

Excellent removal efficiencies of 99.7% BODS. 98 .8 % COD. and 96.9% TKN were 

achieved thoughout the period studied. The remo\'al of total phosphorus however. 

was only 33.8% and this may become an issue that requires attention in the future. 

The dominant filamentous organisms in the sludge were identified as Type 0914, Type 

0092, Nocardia pinensis, Nocardia amarae-like organisms, and Nostocoida limicola 

III. 

It was determined that these organisms were the major cause of the bulking and 

foaming conditions at the Waste Treatment Plant, although the use of surfactants in 

the factories and nitrogen and iron deficiencies were probably also contributing. 

All of the dominant filaments identified have been previously found to exist in large 

numbers in low food to organism ratio/high sludge age conditions. It was therefore 

recommended that the sludge age be reduced and the F/M ratio increased by 

increasing the amount of sludge wasted from the treatment plant. 

Existing kinetic coefficients were used, together with the Activated Sludge 

SIMulation programme utilising Activated sludge Model No. l, to successfully model 
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the existing system. This model can now be used by treatment plant employees (with 

some training required) to predict the results of alterations to plant operation and/or 

configuration. 
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INTRODUCTION 

In the New Zealand dairy industry the wastewater treatment emphasis has been 

towards land irrigation and biological treatment of factory discharges. Biological 

treatment, and in particular Activated Sludge systems, have been used extensively 

worldwide to treat wastewaters from manufacturing dairy factories. In a conventional 

Activated Sludge system (Figure 1 ). wastewater is fed into an aerated basin, followed 

by a clarifier in which the biomass settles out. and from which a clear effluent is 

discharged. Some of the settled biomass is recycled to the aeration basins to maintain 

the population of microorganisms. 

Figure 1. 

Conventional Activated sludge system 

Air is used to provide 
oxygen needed for 
aerobic biolog;cal 
metabolism + 

Plug-flow biological reactor in which a 
suspended culture of aerobic 
microorganisms (activated sludge) is 
used to treat (metabolize) the incoming 
wastewater. 

ent 

recycle flow 

Settled activated sludge is recycled to 
the entrance of the biological reactor 
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Plant effluent 

Sedimentation tank used to 
separate the suspended 
activated sludge solids from 
the treated wastewater 

Waste sludge flow 

The waste flow is used to remove 
the excess cell growth produced 



The Activated Sludge process is widely known to reduce the concentration of 

dissolved, particulate, and colloidal organic pollutants in wastewater. The process uses 

the metabolic rates of microorganisms to produce an acceptable effluent quality by 

removing substances that have an oxygen demand . The basic design parameters are 

fairly well known and adequate conservative designs based on empirical data have 

evolved over the years . Poor operation. however. poses continuing problems for 

many plants. 

Wastewaters generated by the processing of wholemilk vary according to the 

products being manufactured, but are generally characterized by high organic matter. 

high nutrients and varying pH. These wastewaters require substantial treatment in 

order not to have adverse effects on the environment. Discharge standards often 

require removal efficiencies of more than 95% of BOD and 90% of COD. Discharges 

are also often regulated by the BOD of the wastewater, as opposed to the COD (an 

analysis time of 5 days compared to two hours). The COD parameter is the most 

appropriate parameter to use to control the Waste Treatment Plant provided that a 

reproducable relationship can be determined between BOD and COD. 

Anchor Products - Waitoa Site. 

This site is located adjacent to the Waitoa River, in the Waikato region of New 

Zealand. The Waitoa River is currently used as the main source of potable water, and 

receives clean and treated water discharges from the site. 

2 



Biological Treatment Plant Description 

The biological treatment plant at Anchor Products Waitoa has had a chequered history 

of bad performance and odour problems. The treatment plant under the current layout 

is now performing satisfactorily and is meeting the site· s Resource Consent. There 

have been concerns however, about several issues. including the concentration of 

phosphorus being discharged to the river. the amount of foam on the surface of both 

ponds. and the lack of solids settling in the sludge volume index test. The Anchor 

Products Waitoa site has been eam1arked for further expansion, and hence the 

treatment plant must be optimised to its fu ll potential. 

The plant to be studied in thi s report treats dairy fac tory wastewater from four 

factories on site. These factories manufacture the fo llowing dairy products: 

1. Milk powder (up to three million li tres of raw milk per day) 

2. Cheese (up to 1.5 million litres of raw milk per day) 

3. Nutritional Products, including baby foods (up to 0.5 million litres ofraw 

milk per day) 

4. Powder Development Center producing experimental products and specialist 

products only requiring small runs (cheese powders, goats' milk powder) - up 

to 0.2 million litres ofraw milk per day. 

A demineralization plant processes some of the whey from the cheese factory using 

ion exchange and electrodialysis processes, for use in the Nutritional Products factory. 

This process discharges high loadings to the waste treatment plant. The initial rinses 

from each plant that contain strong milk wastes and no chemicals, are fed to pigs and 

are not treated at the treatment plant. Extra whey is fed to cows or irrigated onto 

pasture. 
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The sewage from site is reticulated separately and treated with a small package 

treatment plant, hence the larger plant contains on ly waste dairy produce. water and 

cleaning chemicals. 

Due to the nature of the product mix and the fact that whey demineralization is carried 

out o n site, the wastewater handling systems fo r the s ite are of a significant size 

(Figure 2). Two aerated lagoons with a total aeration volume of 44,000 cubic meters 

are o perated in seri es. using up to I. I 00 kW of aeration, controlled by Zullig 

di sso lved oxygen probes from a PLC. From the second pond. wastewater passes 

through two clarifiers operated in para llel. Efnuent from the clarifiers passes through 

a sandfilter and is then discharged into the Waitoa Ri ver. Separated sludge is either 

returned to the pond system, or is thickened and irrigated onto maize or pasture. The 

influent and return Activated Sludge can be directed either to pond one or to pond 

two, however, both the influent and the return sludge w ill normally discharge into 

pond 1. 

Figure 2. Anchor Products Waitoa Waste Treatment Pl 
Sl11dge to anr. . 
imgation 
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A large proportion of Activated Sludge process problems involve poor solids' 

separation in the clarifier, which can be attributed to the development of a sludge with 

poor settling characteristics. Settling characteristics are in tum determined by the 

conditions provided for the microorganisms in the aeration basin. Bulking is one of 

the most common and widespread sludge separation problems. It is characterized by a 

high sludge volume index(> 150 ml/g). The sludge settles slowly and thickens poorly. 

but produces a clear supernatant (good clarification). Effluent quality typically is high 

unless the sludge blanket begins to escape over the weirs. Bulking is associated with 

the excessive growth of filamentous microorganisms of which there have been more 

than 20 different types found in Activated Sludge. The particular set of conditions 

leading to the excessive growth of one type of filamentous microorganism may be 

completely different from those favoring another type. Another, less common, form 

of bulking sludge is caused by bound water, in which the bacterial cells composing 

the floe swell through the addition of water to the extent that their density is reduced 

and they will not settle. 

Once the cause of the settling problems is determined, steps can be taken to change 

the conditions in the treatment plant that encourage the particular organisms or 

behavior, and minimise the effect on the plant. 

Foam on the Waste Treatment Plant surface is also an issue and may in fact result 

from the same cause as the filamentous bulking. There are a number of reasons to 

reduce the amount of foam on the aeration basins: 

1. Aesthetics. 
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2. May overflow onto walkways etc. and become a health and safety hazard. 

3. Makes cleaning and maintainance of the plant more difficult. 

4. Foam may carry a high percentage of the plants so lids. that aren't being included in 

sludge calculations. 

5. Foam may be responsible for a reduction of oxygen transfer at the surface of 

mechanicall y aerated aeration basins. 

6. Foam may putrefy in warmer climates. 

7. Aerosols of foam producing organisms may be potential health hazards (some 

organisms in foam arc opportunistic pathogens). 

The emphasis of this work was to investigate an existing Activated Sludge plant 

treating dairy factory wastewater and determine its effectiveness m several areas 

including carbon. nitrogen and phosphorus removal , secondary clarification, 

filamentous bulking, scum/foam reduction, BOD:COD ratios. The system was then 

modeled with ASIM (Activated Sludge SIMulation programme) in order to provide a 

predictive environment for future operation. The ASIM programme allows for the 

simulation of a variety of different biological wastewater treatment systems: Activated 

Sludge systems with up to six different (aerobic, anoxic, anaerobic) reactors in series, 

including return Activated Sludge and an internal recycle, batch reactors, thermostat 

reactors etc. The software allows for the introduction of process control strategies 

(simple proportional controllers) and dynamic simulation (variable loading, 
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temperature, aeration, sludge removal etc.). The biokinetic model may be freely 

defined, stored and edited enabling the use of a site specific model. 
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LITERATURE REVIEW 

Dairy Processing Industry Wastewaters 

Dairy industry wastes are generally dilutions of milk or milk products, together with 

detergents, sanitisers, lubricants, chemicals from boiler and water treatment, washings 

from transport tankers and domestic wastes (Marshall and Harper, 1984). The dairy 

industry generates strong wastewaters characterized by high BOD and COD 

concentrations reflecting their organic matter. and these predominantly soluble 

carbohydrate type wastewaters (except for some lubricants, cleaners and sanitisers) 

have historically been regarded as difficult to treat by activated sludge processes 

(Goronszy, 1990). A simple ratio for industrial wastewater treatability is the ratio of 

COD to BOD. Below a ratio of 2.5 , the wastewater is readily degradable in an 

activated sludge process. A ratio above 2.5 indicates that there are molecules that are 

refractory to biodegradation, therefore a longer residence time will be required (Capps 

et al., I ?95). 

A variety of treatment methods for dairy factory wastewater have been used by the 

dairy industry throughout the world, and these methods have been summarized by 

Barnett et al. 1994. These methods include membrane systems, the reuse of 

condensate and cleaning solutions, pretreatment, land treatment, biological treatment 

and tertiary treatment. In the past the extended aeration activated sludge form of 

biological treatment has been used in the New Zealand dairy industry. Donkin (1996) 

is currently investigating the use of sequencing batch reactor technology to reduce the 
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tendency of these systems towards filamentous bulking, and inadequate nitrogen and 

phosphorus removal. 

The principal organic constituents in milk are fat , lactose and protein. The lactose in 

milk wastes easi ly converts to lactic acid under oxygen limited conditions. The 

soluble BOD fraction of dairy wastes is generally more than 80%. One percent of 

milk in a wastewater produces about 12 mg/ I of phosphorus and about 55 mg/I of 

nitrogen. (Goronszy, 1990). Whey and associated wastes are known for their 

resistance to biodegradation and treatment, however when consisting of only a minute 

fraction of the total plant effluent, it has proved to be quite biodegradable with almost 

the same characteristics as the general discharge (Orhon et al., 1993). 

While the total contribution of cleaning agents to the total organic load is quite small , 

they can have a significant effect on a biological system. Quaternary ammonium 

cationic surfactants are widely used in milk processing facilities as antiseptics and 

germicides, as well as for their detergent action. Alkyl ethoxylates, a class of 

nonionic synthetic surfactants, are used widely in industrial cleaning operations. Long 

acclimatization periods are required for their breakdown, and breakdown products 

from the ethoxy chains can support the growth of Nocardia. Alkyl phenol 

hydrophobes with either linear or branched alkyl groups can markedly retard 

biodegradation. Highly branched hydrophobes increase biodegradation resistance. 

(Goronszy, 1990). 
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Activated Sludge Modeling 

The two major units involved in the activated sludge process are a biological reactor 

where pollutants are degraded by bacteria. and a clarifier. to thicken the biomass for 

recycling to the aeration basin and to clarify the effluent. 

Earlier modeling of the activated sludge processes began in the 1940s when Monod 

( 1949) proposed the empirical biological reaction equation for the microbial mass 

growth. Many rate equations have been published since and Orhon and Soybay 

(1989) presented a summary of these models. Most of the mathematical models for 

activated sludge processes consider two major variables, the limiting substrate and the 

microbial mass. 

Biscogni and Lawrence (1971) developed a relationship between biological solids 

retention time and the settling characteristic of non filamentous activated sludge. This 

includes the issues of non filamentous bulking, deflocculation, and dispersed growth 

or the presence of pin point floe. They discovered that for minimum solids to be lost 

to efflu~nt the sludge age value should be between 4 and 9 days and predict that 

extended aeration units operating at 6-30 days sludge age will experience pin-point 

floe , deflocculated particles and SVI about I 00. At longer values of sludge age, 

settling and bioflocculation is accompanied by an accumulation of polysaccharide 

material. 

Busby and Andrews (1975) modeled the activated sludge process by including more 

than one complete-mix reactor, the contribution of the biomass to the effluent BOD 

concentration, the performance of the clarifier, time varying inputs, and the Monod 

expression instead of first order kinetics with respect to substrate concentration. 
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Manickam and Gaudy (1979) modeled the effect of recycle sludge concentration on 

the ability of the system to accommodate shock loadings. They determined that shock 

loadings (qualitative and quantitative) will have less effect on the effluent BOD if the 

recycle solids concentration is increased. 

Therien and Perdrieux ( 1981) characterized the carbon stream by utilising SOC 

(soluble organic carbon) and SSOC (suspended solid organic carbon) instead of the 

more conventional BOD, COD, and ML VSS. They discovered that SOC and SSOC 

described the dynamic behavior of activated sludge adequately. 

Clifft and Andrews (1981) modeled the dynamics of oxygen utilization in the 

activated sludge process. They separated the removal of particulate and soluble 

substrates and incorporated the concept of substrate storage by the floe to create a 

model that predicted lag and dampening in oxygen utilization. 

Benefield and Molz ( 1983) developed a model describing substrate removal , oxygen 

utilisation, and biomass production. This work showed that floe behavior is an 

important parameter to consider as well as microbial growth and storage. This model 

was then extended (Benefield and Molz, 1984), a mathematical model that describes 

organics removal, oxygen utilisation, ammonia-nitrogen removal, ortho-phosphate 

removal, and biomass production. It successfully described the competition between 

autotrophic nitrifying bacteria and heterotrophic bacteria for oxygen and ammonia

nitrogen in activated sludge processes. 

The IA WPRC Task Group published a general model for single sludge systems, 

described in an abbreviated paper (Henze et al. 1987). This task force was set up to 

review all existing models and to publish the simplest one to describe the realistic 

11 



performance of carbon oxidation, nitrification and denitrification m single sludge 

systems. 

Andrews ( 1991) provided a complete overview of historic and modem model 

development of aerobic biological treatment processes. The model proposed by the 

IA WPRC task group was described. 

The ASIM programme (Activated Sludge simulation programme) allows for the 

simulation of a variety of different biological wastewater treatment systems: activated 

sl udge systems with up to 6 different (aerobic, anoxic. anaerobic) reactors in series, 

including return activated sludge and an intern?! recycle; batch reactors, thermostat 

reactors etc. The software allows for the introduction of process control strategies 

(simple proportional controllers) and dynamic simulation (variable loading, 

temperature, aeration ' s, sludge removal etc .). Examples of the applications of ASIM 

are documented in the publication by Gujer and Henze, 1991 . 

ASIM was used in conjunction with Activated sludge Model No. 1 to effectively 

model a New Zealand Dairy processing site extended aeration activated sludge plant 

(Donkin and Kerridge, 1997). The results from that study fom1 the basis of the 

modeling reported in this thesis. 

The IA WQ Task Group's Activated Sludge Model No.2 (ASM2) was introduced by 

Gujer et al. 1995. This improved on the Activated Sludge Model No. I (ASMI) by 

including a term for phosphorus accumulating organisms in the biological phosphorus 

removal processes. Application of the model with and without biological phosphorus 

removal at thirteen full-scale wastewater treatment plants highlighted the ability of the 

model to predict accurately nitrogen removal (Daigger and Nolasco, 1995). Results 

suggest that more work is required for the effects of bioreactor configuration and 
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oxygen transfer system as well as the dynamic aspects of biological phosphorus 

removal. Henze et al. ( 1995) described the characterization of biomass and 

wastewater for use in the Activated Sludge Model No.2 and emphasized the need to 

include phosphate accumulating organisms and storage compounds in the biomass 

characterization. 

Reichert et al. ( 1995) described the use of AQUAS IM to estimate the parameters for 

activated sludge models. The flexibility of the program to assess parameters and 

combine several experiments with universal or experiment-specific parameters was 

demonstrated. 

The growth of lloc forming and filamentous bacteria within activated sludge floe 

particles was simulated under diffusion limited conditions (Takacs and Fleit, 1995). 

This model successfully predicted the onset of bulking conditions while other models 

that neglected diffusion limitations did not. Food to microorganism ratio bulking and 

scumming in activated sludge plants with anoxic or anaerobic selectors was simulated 

using a model incorporating surfactant and hydrophobic substrate concentrations 

(Kappeler and Brodmann, 1995). The model predicted proliferation of low F/M 

filaments during incomplete nitrification and that episodes with extended sludge 

blankets in the secondary clarifiers negatively influence completely aerobic systems 

but positively influence systems with predenitrification zones. 

Don.kin et al. described a non-linear least squares fit of data from a laboratory scale 

activated sludge plant treating dairy factory wastewater. The coefficients obtained 

were yield coefficients of b=0.074 (s.e.=0.013) per day, and Yh=0.45 (s.e.=0.05) 

mgVSS/mgCOD. The coefficients µmax and Ks were unable to be obtained due to 

errors in the effluent COD concentrations. Leonard (1995) has also determined 
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kinetics for a similar synthetic dairy factory wastewater and obtained a Y H of 0.68 

mgCOD/mgCOD. µmax of 1.15 per day. and Ks of 17g/m3. Orhon et al. 1993 

measured the kinetic coefficients of an integrated dairy factory wastewater, and 

collected other studies of dairy factory waste kinetic coefficients. The results are 

shown in Table I. 

Table 1. Studies of Dairy Factory Waste Kinetic Coefficients 

Source µ K, b YH Comments 

(day-I) (mg/I) (d-1) (mgYSS/mgCOD) 

Whcy-was hwater mi xture 3. 1 100 0 .22 0.44 Orh on et al. . 1993 

General d ischarge 3.3 74 0.32 0 .41 Orhon et al. 1993 

Whe y-process milk 3.74 257 0 . 19 0.538 Mayer ct al. 1983 

Dairy was te 0 .6-2 5-33 0 .4 8--0.68 Leonard . 

1993, 1996 

Process mi I k - 100 0.04 5 0.4 8 Archievala. 198 1 

Syntheti c Milk - - 0. 14 0 .4 83 Hung, 1984 

Clarifier Modeling 

Activated sludge clarifiers serve several functions including clarification, solids 

thickening and solids storage. Clarification is especially important because effluent 

quality is related directly to the separation of the biological solids from the effluent 

stream. 

A common approach is to relate the settling properties to the sludge volume index 

(SVI) and suspended solids concentration (Wahlberg and Keinarth, 1988; Takacs et 

al., 1991 ). Much research on the hydraulics of clarifiers has been conducted in both 

the field and laboratory by Price and Clements (1982), Ostendorf (1986), 
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McCorquodale et al. (1988), Godo and McCorquodale (1991 ), Bretscher et al. (1992) 

and Ji et al. (1996). Two dimensional numerical modeling of the flow pattern and 

sedimentation in clarifiers has made it possible to predict the effluent concentration of 

suspended solids as well as the return sludge concentration from a wide range of 

hydraulic conditions (Iman et al. , 1983: Abdel-Gawad and McCorquodale, 1984: 

Celik et al. , 1985; Devantier and Larock. 1986: Devantier and Larock, 1987; 

McCorquodale et al. , 1991 a; Zhou and McCorquodale, l 992a; Zhou and 

McCorquodale, I 992b; Ji et al. , 1996). 

Activated Sludge Process Optimization 

Influent 

Because wastewaters of all types are encountered in the plant's influent, in most cases 

it is necessary to characterise them by their impact on the plant processes. Typically 

pH, BOD, COD, TSS, and VSS are measured to assess influent strength. Phosphorus, 

nitrogen, and alkalinity may also be measured to ensure that nutrients are present in 

the proper amounts. Other substances such as iron (necessary in trace amounts as a 

nutrient) or toxic organic materials are often overlooked until a problem is apparent 

(Task Force on activated sludge, 1987). While milk wastes consist of multi

component substrates a major fraction of the soluble component in the wastes can be 

removed by enzymatic transfer mechanisms and converted to intracellular bio-storage 

compounds. Typical soluble substrate removal by enzymatic mechanisms is shown in 

Figures 3 and 4 (Goronszy, 1990) 
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Floe-loading has been shown to be effective to describe the prevention of filamentous 

sludge bulking for nutrient-balanced, readily degradable, carbohydrate-type 

wastewater under conditions simulating a compartmentalized fed-batch reactor 

(Goronszy, 1990). 

Food to microorganism ratio is a key variable for process control. Low food to 

microorganism ratios (BOD < 0.2) indicate a system in which the microorganisms are 

food limited and therefore exist in an endogenous respiration state. Cells that die and 

deteriorate provide food for the remaining microorganisms. At high food to 

microorganism ratios (BOD > 0.5), the microorganisms are undergoing rapid growth 

and reproduction because of the abundance of food. Rapidly growing and 

reproducing bacteria do not flocculate or settle rapidly. Typically a maximum F/M 

ratio of 0.18 to 0.25 should apply for industrial wastewaters, however the design 

should provide for between 0.15 and 0.5 day-l. Refinery plants often maintain F/M 

(COD) ratios below 0.2 to control minimum sludge age and to provide reserve 



biological oxidation capacity for sudden increases in load, such as from spills (Capps 

et al. , 1995). 

Aeration basin 

Dissolved Oxygen 

The dissolved oxygen concentration in the aeration tank must be sufficient to sustain 

at ALL times the desirable microorganisms in the aeration tank, clarifier, and return 

activated sludge lines back to the aeration tank. When oxygen is limited, the growth 

of filamentous microorganisms may predominate and the settlabilty and quality of the 

activated sludge may be poor. On the other hand, over-aeration can create excess 

turbulence and may result in the breakup of the biological floe and waste energy (poor 

settling and/or high effluent solids). The di ssolved oxygen levels should normally be 

maintained at about 1.5 to 4 mg/I in the aeration tank for adequate microorganism 

activity (Task Force on activated sludge, 1987). 

Good sampling procedures for mixed liquor suspended solids concentrations are 

essential. Mixed liquor samples must be taken usmg consistent technique, grab 

samples at consistent times and locations (Task Force on Activated Sludge, 1987). 

Nutrient requirements 

With nitrogen limiting conditions, the amount of cellular material synthesised per unit 

of organic matter removed increases due to the accumulation of polysaccharide, 

restricts the rate of BOD removal, and stimulates filamentous growth that can lead to 
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poor floe formation and bulking problems. Nitrogen is available to the biomass as 

ammonium (NH4 +) and nitrate (N03} Ammonia is preferred as the organic removal 

rate is substantially higher than with nitrate (nitrate needs to be reduced to ammonia 

first). When organ ic nitrogen is present in the wastewater as protein or amino acid, it 

must first be bio logically hydrolysed to re lease ammonium (Eckenfe lder and Grau, 

1992). 

In order for the biomass to assimilate phosphorus it must be in the form of soluble 

orthophosphate (P04 ). Complex and inorganically bound phosphorus must first be 

bio-hydrolysed to orthophosphate to be available to the biomass. 

The ratio of 8005 to nitrogen. phosphorus and iron changes with sludge age. Higher 

sludge ages produce less sludge and result in lower nitrogen and phosphorus 

requirements. Nitrogen and phosphorus must be available in the BOD:N:P ratio of 

I 00:(3-5): I for complete BOD removal. Where the COD test is used, the ratio of 

COD concentration to nitrogen concentration (with nitrogen added as ammonium ion) 

of 25/I to 20/ 1 is needed to ensure that carbon is the nutrient that li mits the growth 

rate (Gaudy and Gaudy, 1984). TKN should be used as the measure of nitrogen. If 

nitrification is occurring ammonia residuals will be low which could lead to large 

increases in nitrogen feed rates for purposes other than as a nutrient. 

Goronszy (I 990) showed the importance of nitrogen availability for the maintenance 

of balanced biological growth. He demonstrated that an effluent ammonia nitrogen 

concentration of around two mg/I was enough to prevent sludge bulking at the studied 

facility. Eckenfelder (1989) stated that all the minor elements essential for organic 

matter metabolism are usually present in sufficient quantities in carrier waters, except 

process water generated from deionised water where iron and other nutrients may be 
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deficient. Trace elements are required in the following quantities: Mn 1Ox10-5
, Cu 

14.6xl0-5, Zn 16xlff5
, Mo 43xl0-5

• Se 14xl0- 10
• Mg 30x10-4, Co 13xlff5

, Ca 62x10-4, 

Na 5x10-5
• K 45x10-4

• Fe 12xl0-3
, C03 27xl0-4

. 

The operation of activated sludge facilities treating dairy wastes under high organic 

loads (in excess of 2.000 mg/I BOD) has been reported to affect the ability of the 

biomass to use amino acids as a nitrogen source. which can impact on process 

performance through sludge bulking. 

If nutrients are not available then they must be added. Commonly used forms of 

nitrogen include urea and anhydrous ammonia. Phosphoric acid and trisodium 

phosphate are often used as a source of phosphorus. Ferric chloride is used to add 

iron. Another option is a liquid fertilizer that contains both nitrogen and phosphorus. 

One way to determine if sufficient nutrients have been added is to measure the 

residuals in the aeration basin effluent (ortho-P (P04
-), ammonia and nitrate) 

(Marshall, 1992, Task Force on Activated sludge, I 987). 

Protozoa 

Normally encountered indicator microorganisms in activated sludge samples are of 

the phyla: Protozoa (protozoans); Rotaforia (rotifers); and Nematoda (roundworms). 

Wanner (1994) reviewed population dynamics in activated sludge and its role in the 

treatment process and treatment efficiency. The relationship between Protozoa and 

effluent quality was investigated, and ciliates found to be good indicators of effluent 

quality when the BOD5 concentration was between 4 and 18 mg/l. The presence of 

Actineta tuberosa, Euplotes sp., and Zoothamniun sp. were found to be an indicator of 
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high effluent quality, while presence of the most common species such as Uronema 

nigricans. Vorticella microstoma. and Opercularia coarctata. were found to be an 

indicator of worse effluent quality (Salvado et al., 1995). The microorganisms that 

appear most frequently and the activity of these microorganisms enables the operator 

to decipher occurrences in the process. These microorganisms and their relative 

numbers are shown in Figure 5 (APHA 1992. Task Force 1987). 

Figure 5. 
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Relative Predominance of Microorganisms versus F/M and MCRT. 

The most commonly observed protozoans are Sarcodina (amoeboid forms); 

Mastigophora (flagellates); and ciliata (free swimming ciliates and stalked ciliates). 

Amoeboids predominate during plant start-up or when the plant is recovering from an 

upset. Flagellates predominate in light or dispersed mixed liquors at high food to 

microorganism ratios (low sludge ages). Because they are excellent swimmers they 

compete readily, and have more of an opportunity to develop and multiply within the 

short lifespan of the process. During this low sludge age condition effluent quality is 
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usually poor due to the loss of dispersed, nonflocculant (straggler) sludge particles. 

Free swimming and crawling ciliates predominate as their bacterial food increases 

(food to microorganism ratio decreases). Stalked ciliates predominate when there is 

an abundance of bacteria (large floes) . When these microorganisms dominate (normal 

sludge age), effluent and sludge quality are usually best . As the food supply decreases 

(old sludge) rotifers and worms, higher forms of life, normally compete and 

predominate. In most cases this indicates worsening effluent quality and overoxidised 

sludge (pin floe). However some plants (extended aeration activated sludge plants) 

are designed to operate under these conditions and it may be common to see rotifers 

and worms predominate and still have excellent effluent quality (Task Force on 

Activated Sludge, 1987). If the protozoa appear normal and active, but the effluent is 

cloudy, the activated sludge floe may be dispersed as a result of excessive turbulence 

(overaeration) (Task Force on Activated Sludge, 1987). 

Reactor_ Configuration 

An approach for developing industrial wastewater treatment plant design 

specifications was presented by Capps et al. 1995. The method takes into 

consideration variations in the wastewater and targets for the design. A step feed was 

trialed during high flow conditions. In a four reactor system, influent feed into 

reactors 1 (60%) and 2 (40%) was compared with influent feed into reactors 2 (50%) 

and 3 (50%) and the normal situation of 100% into reactor 1. Return activated sludge 

was set at 44% of the inflow rate. The two step feed operations reduced the effluent 

suspended solids, hence improving the systems performance. The lowest effluent 
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suspended solids were achieved by the second scenario. This was due to reactor one 

holding a greater mass of so lids than for under nom1al conditions, and hence keeping 

solids from flushing out of the system during peak flows. This scenario however will 

also reduce the contact period for wastewater treatment, increasing the BOD/COD in 

the di scharge. Optimal control of the system would be achieved by adjusting the 

return activated sludge flow rate and the step feed system during high flow events to 

minimize the combination of the suspended sol ids and the soluble substrate 

concentration in the efnuent (Ji et al). 

Recycled flow streams within wastewater treatment plants are another factor affecting 

performance. Sludge treatment processes particularly can contribute significantly to 

operational problems. Centrate, filtrates, thickener overflows, and heat treatment 

decants, which are usually recycles to the head of the plant, arc normally high in BOD 

and TSS. This can be up to 10-15% of the loadings. Some guidelines to reduce the 

effects of recycled flows include: 

add recycle flows continuously to minimise shock loads. 

Improve efficiency of sludge handling processes. 

A void pumping excess water to sludge handling processes 

Aerate or pretreat recycled flows to reduce oxygen demands. 

Keep an accurate accounting of recycle loads on the activated sludge process. 

(Task Force on Activated Sludge, 1987).). 

Mixed liquor suspended solids represents all the solids in the aeration basin, whereas 

mixed liquor volatile suspended solids represents the combustible solids, and hence 

better represents the living organisms in suspension. ML VSS is typically 70-80% of 

MLSS (Capps et al., 1995). 

22 



Secondary Clarifier 

Conventional clarifiers are large round tanks with a circular overfiow weir at the top 

and a conical. rake swept secti on at the bottom fo r co llecting sol ids. A conservative 

design loading rate is 6.000 l/d/m2
. however operation at 8.150 to 32.600 gal/d/m2 is 

typ ical for waste treatment. The des ign depth depends on achieving a hydraulic 

retention time of two to 4 hours. C larifier depth is typically 1.2 to 2.4 m (Capps et a l.. 

1995) 

There are fo ur reasons why an activated sludge clarifier will not proc~ss a low efnuent 

suspended so lids (I 0 mg/I): denitriti cation. thi ckening overloads, flocculation 

problems. and hydraul ic problems (Wahlberg. 1996). 

J\. distinction may be made between flocculation and hydraulic problems by using 

dispersed suspended solids (DSS) and flocculation suspended so lids (FSS) tests and 

comparing the results. Where floe breakup is occurring then the addition of a 

flocculation zone to the clarifier should be considered. Short circuiting can often be 

alleviated with baffling or improved so lids blanket management (Wahlberg, 1996). 

Hydraulics 

There are many hydraulic characteristics of clarifiers including turbulent dispersion 

and mixing, bottom density current, buoyant density current, short circuiting, 

recirculation, entrainment, and density waterfalls in the inlet mixing zone (Zhou and 

McCorquodale, 1992a). 

The flow pattern and suspended solids transport in a secondary clarifier is not only 

vertically distributed like a settling column but it also varies in the horizontal 

dimension (Ji et al., 1996). Clarifier hydraulics play an important role in the activated 
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sludge process. The density currents that usually exist in a clarifier as a result of solids 

laden water falling through relatively solids free water are difficult to avoid. When 

this density current strikes the clarifier· s end wall , it is deflected to the effluent weirs, 

often carrying solids into the effluent. This effect can be minimised with baffles 

placed either near the center of the tank to dissipate the currents momentum or placed 

on the end v.·all to deflect the rebounding current away from the effluent weirs . Some 

research has shown that higher mixed liquor suspended solids concentrations entering 

secondary clarifiers negatively affect the tank·s hydraulics by exaggerating unwanted 

density currents (Wahlberg, 1996). Wahlberg ( 1996) also found that baffles placed in 

a secondary clarifier reduced the effluent suspended solids to consistently 40-50% 

lower than before . 

Deeper secondary clarifiers ( 18-20 feet) have been known to produce effluents lower 

in suspended solids than do shallower clarifiers (9 to 14 ft). This is due to the storage 

capacity available (needed due to the variation in flow and solids settling 

characteristics typical of most activated sludge facilities) (Wahlberg, 1996). Taebi

Harandy and Schroeder ( 1995) evaluated the performance of secondary clarifiers with 

respect to structural features, inlet configuration, weir location, intermediate baffle 

existence, and sludge draw-off location. Moursi et al. ( 1995) examined the effect of 

density currents in circular clarifiers and determined that fluctuations in the influent 

temperature can cause moving hydraulic jumps within the clarifier that could lead to a 

deterioration in clarifier performance. 

One of the most common design or construction deficiencies that contributes to poor 

performance is the placement and leveling of the effluent weirs. A slight difference in 
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the weir levels can result in a large volume flow over the low side. Solids washout 

often occurs (Task Force on Activated Sludge. 1987). 

De11itrificatio11 

For denitrification to take place the mixed liquor temperature must be high and/or the 

sludge age long (food to microorganism ratio is Jovv). IJenitrification occurs in the 

settled sludge under anaerobic conditions (less than 0.5 mg/I dissolved oxygen) and in 

the presence of nitrates (more than 5 mg/I usually) and residual BOD5 (more than 10 

mg/I usually). Where possible alleviate the above causes and/or increase the sludge 

collection speed. reduce the number of clarifiers on line, or ch lorinate. Another way 

to avoid denitrification is to limit the amount of nitrogen going into the plant. Plants 

that do not have to nitrify can operate at a sludge age low enough to prevent 

nitrification from occurring. If this action does not reduce the nitrate concentration to 

the secondary clarifier, then the anoxic zone needs enlarging. Plants that only nitrify 

cannot reduce the amount of nitrate going to the secondary clarifier without a major 

process modification. Rapid solids removal at these plants (prevents solids blankets 

from fanning) helps to prevent problems with floating so lids (Siegrist et al., 1995; 

Task Force on Activated Sludge, 1987; Wahlberg, 1996). 

Thickening Overloads 

Higher mixed liquor suspended solids concentrations also result in lower mixed liquor 

settling velocities. Wahlberg (1996) therefore suggests operating at lower mixed 

liquor suspended solids concentrations. A solids balance (state point analysis) is 

useful for making process control decisions, troubleshooting secondary clarifier 

performance, and optimizing the activated sludge process. This should avoid 
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thickening overloads, where the storage capacity of the clarifier is smaller than the 

amount of solids in the blanket (Wahlberg, 1996). 

Solids washout can occur where good settling is observed in the Sludge Volume Index 

test however billowing homogeneous sludge is rising near the weirs in the clarifier 

(even though the sludge blanket is otherwise in the lower half of the clarifier). 

Probable causes of washout include: 

1. equipment malfunction (return activated sludge pumps, flow meter and lines, 

sludge collection equipment baffles and skirts, weir levels); 

2. hydraulic overload (even flow distribution, compare calculated surface 

overflow rate with the design rate) ; 

3. solids overload (if the return activated sludge rate is increased and the blanket 

rises and stays high, the solids loading rate is outside 7.08 and 9.28 kg/m2.h - peak 

flow and 6.1 kg/m2.h for average flow, reduce the mixed liquor suspended solids 

concentrations, use a temporary settling aid, build additional clarifiers); 

4. temperature currents (in large deep clarifiers and colder climates, if deeper 

temperatures are consistently cooler by 2°C or more), (Task Force on Activated 

sludge, 1987). 

Conversion from plug flow to step feed to contact stabilisation etc. can cause a 

redistribution of biomass from the clarifers to the aeration tanks. This type of process 

change can be very effective for dealing with excessive blanket depths in the 

clarifiers. The effect of this solids transfer is relatively short lived, but it can provide 

a breather while the long term benefits of the mode change take effect. A mode 

change towards contact stabilisation provides a short term mechanism for avoiding 

solids carryover resulting from excessive sludge blankets. This gives a sludge blanket 
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that is dense and deep, however effluent quality may degrade somewhat. Other control 

procedures such as the simultaneous increase in the waste rate to resolve the problem 

of excessive solids concentrations in the clarifiers must be taken to provide long term 

correction. A rapid move towards contact stabilisation at the onset of the high flow 

conditions can transfer most of the solids out of the clarifier at the peak flow and help 

to avoid excessive solids loss. Unless a permanent change in mode is required 

because of an anticipated long-term increase in the plant flows, the process should be 

returned back to the initial mode when the peak hydraulic episode is over (Task Force 

on Activated Sludge, 1987). 

The effects of configuration on aeration time can be significant. In general the 

doubling of the aeration time is said to allow the same quantity of bacteria to 

metabolise twice as much food (Task Force on Activated Sludge, 1987). 

The rake arm of a circular collection mechanism can affect performance. If the speed 

is too high, insufficient sludge may remain in the tank to form a desirable sludge 

blanket. This can lead to a turbid effluent, and can create gradients and cause a loss of 

solids due to turbulence. If the rake arm speed is too slow (or turned off) sludge can 

accumulate and be washed into the effluent or remain in the clarifier too long under a 

low dissolved oxygen environment (damaging microorganisms and causing rising 

sludge) (Task Force on activated sludge, 1987). 

Flocculation Problems 

These include bulking sludge, clumping/rising sludge, cloudy secondary effluent, 

ashing, pinpoint floe, and straggler floe. Some remedies include changes in aeration, 

balancing influent and return activated sludge flows, adjusting waste activated sludge 
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rates, chemical settling aids, supplemental nutrients, chlorination, controlling recycle 

flows. It can take two or three sludge ages before a positive change is apparent. (Task 

Force on Activated sludge. 1987). 

Pin floe is generally related to a s ludge that settles rapidly but lacks good flocculating 

characteristics hence small dense. pinpoint fl oe particles are observed suspended in 

the clarifier. This is caused by either an F/M near or in the extended aeration range 

(0.05-0.2), or by excessive turbulence (Task Force on Activated Sludge. 1987). 

The appearance of small ash- li ke particles floating on the surface of the clarifier is 

commonly re ferred to as ashing. The ash may he particles of dead cells. as well as 

normal sludge particles and grease. Some probable causes of ash ing are: 

denitrification is beginning or occurring in the clarifier 

the F/M is ex tremely low (<0.05) 

the mixed liquor has an unusually high grease content 

The floating solids from the sludge volume index test can be used to troubleshoot this 

problem. (Task Force on Activated Sludge, 1987). 

Filamentous Bulking 

The presence of a cloudy effluent above a poorly settling sludge indicates dispersed 

growth and either improper organic loading, overaeration, or toxins; however a clear 

supernatant above a poorly settling sludge is caused by the presence of filamentous 

microorganisms. (Task Force on Activated sludge, 1987). 

The causes of sludge-bulking that are most commonly cited in literature are related to 

1. Plant operation, 2. Treatment plant design limitations, and 3. Physical and chemical 
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characteristics of the wastewater. If bulking is caused by filamentous microorganisms, 

the types of microorganisms should be identified so that a proper solution can be 

undertaken (Seviour et al.. 1994: Jenkins et aL 1993 ; Strom and Jenkins, 1984). 

Operating causes of nonfilamentous bulking include widely varying organic loading, 

low food to microorganism ratio, insufficient soluble 8005 gradient, nutrient 

deficiency, low dissolved oxygen in the aeration tank, overaeration. or the presence of 

toxins (Marshall. 1992). 

Low food to microorganism ratios. particularly in completely mixed systems, may 

encourage the growth of certain types of filamentous organisms. High food to 

microorganism ratio may result in the presence of a small dispersed floe , remedied by 

increasing the waste activated sludge. 

The traditional sludge age is often used to control food to microorganism ratios . This 

calculation is susceptible to random noise and thus can indicate solids aging more 

than a day in one day. Also, an increase in BOD loading does not result in any change 

in traditional sludge age with time, although in a real system the average sludge age 

initially decreases because of an increased amount of new sludge being produced. 

Another parameter (dynamic sludge age) calculates the true average sludge age, 

without the problems of the traditional sludge age (Vaccari et al., 1988). 

Wastewater characteristics that can affect sludge bulking include fluctuations in flow 

and strength, pH, temperature, staleness, nutrient content, and the nature of the waste 

components. Filamentous organisms, unlike the floe forming ones, adapt easily to 

various culture conditions, and once dominant, it is hard for the process to recover 

(Nam et al., 1996). 
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The absence of certain components, or the nature of certain components especially 

those found in industrial wastewaters can lead to the development of a bulked 

activated sludge system. Floe forming microorganisms are vulnerable to high 8005, 

acidic wastes. depletion of nutrients etc. and cannot adapt well to sudden changes in 

culture conditions. Strom and Jenkins ( 1984) presented the results of a study creating 

a relationship between types of filaments and the control methods used. The growth 

requirements of 68 strains of filamentous bacteria were investigated by Kampfer er al. 

1995. Most of the filamentous organisms required at least 20 mg/I of Ca. 0.1 mg/I 

Mg. 1.0 mg/I NH4-N, and 2.5 mg/I P. The authors suggested the presence of a 

specific filamentous organism in a bu lk ing sludge could be assoc iated with the 

nutrient balance of the system. Nutri ent deficiencies have been discussed elsewhere 

in this chapter. 

Yamamoto-Ikemoto et a l. ( 1994) shown that removal of nitrate from the influent 

increased the concentration of filamentous Type 02 1 N along with the concentration of 

sulfate reducers. The authors suggested sulfate reducing conditions enhanced 

fi lamentous bulking due to Type 02 1 N. 

Wide fluctuations in pH are a lso known to be detrimental in plants of conventional 

design. A pH of less than 6.5 in the aeration tank many inhibit floe forming bacteria. 

The pH in the mixed liquor can be raised by adding sodium bicarbonate, caustic soda, 

or lime. The pH should not rise to above pH9 (Marshall, 1992, Task Force on 

Activated sludge, 1987). 

Design limitations include air supply capacity, clarifier design, return activated sludge 

pumping capacity limitations, short circuiting, or poor mixing. If the problem is due 
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to limited dissolved oxygen, it can usually be confirmed by operating the aeration 

equipment at full capaci ty. Under these conditions. the aeration equipment should 

have adequate capacity to maintain at least two mg/I of di ssolved oxygen in the 

aeration tank under normal loading conditions. To avoid plant overloading, recycle 

loads (filtrate from sludge dewatering) should not be returned to the plant flow during 

times of peak hydraulic and organic loading. Bulking is often a problem in center 

feed circular clarifiers w here sludge is removed from the tank directly under the point 

where the mixed liquor enters the tank. Examination of the sludge blanket may show 

that a large part of the s ludge is retained in the tank for many hours rather than the 

desired 30 minutes. l f this is the case then the design of the tank is at fault and 

changes must be made in the sludge withdrawal equipment. 

In an emergency situation or while investigating the problem, chlorine and hydrogen 

peroxide may be used to provide temporary help. Chlorination is effective in 

controlling some bulking caused by filamentous growths, however, it is ineffective 

when bulking is due to light floe containing bound water (nutrient deficiency) 

(Jenkins et al., 1989). Because filamentous microorganisms extend beyond the floe 

boundary into the bulk liquid and because they have a high surface area:volume ratio, 

they will be exposed to a toxicant to a greater degree than the floe-former bacteria. 

Toxicants usually result in a turbid effluent due to the death of nitrifying organisms 

(and floe breakup can occur if the dose is too high). Chlorine is usually used because 

of the low cost and availability at many plants. Hydrogen peroxide is used where 

chlorination is not usually practiced. 
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Chlorination of return activated sludge in the range of 2-3 mg/I of Cl2 per I 000 mg/I 

of ML VSS is suggested. with dosages of 8 to I 0 mg/I per 1000 mg/I in severe cases. 

The correct dose can be determined empirically or by using assay techniques -

assessing the physiological (dehydrogenase) activity of filamentous orgamsms in 

activated sludge. or tetrazoleum reduction (Koopman et al.. 1984). Frequency of 

toxicant exposure is important. The filamentous microorgan isms must be exposed to 

the tox ican t at a freq uency greater than their gro\\1h rate. greater than three times per 

day (Task Force on Wastewater Biology. 1990). The dosing point must be in an area 

of high turbulence to ensure thorough mixing Target values of SVI should be 

establi shed at which the plant can be operated sati sfactoril y without sludge settling 

problems. Dai ly SVI values should be plotted and doses adjusted accordingly. Cells 

of organisms \\·ill defom1 and gaps appear in the sheaths until only open and empty 

sheaths remain. Intracellular sulfur granules disappear also. Overdoses result in the 

complete disappearance of filaments and the presence of small, broken-up floes and 

fine particles. Other signs are the complete loss of protozoa and rotifers (if these are 

present and actiYe then there is no overdose). 

Although most conventional activated sludge plants will dose chlorine into the return 

activated sludge, this does not work for plants with hydraulic retention times greater 

than 8 hours where the ratio of return activated sludge to total basin volume is much 

lower. It is better to dose directly into the mixed liquor at a point distanced from the 

influent in these cases. 

Phosphorus removal can be reduced at 8gCl2/ 1 OOOgMLSS.d and prolonged Cl2 doses 

but recovers rapidly (within 5 days) when chlorination is stopped. Poor anaerobic 

zone phosphorus release has been observed (Jenkins et al., 1993). Lakay et al. 

32 



reported no change in nitrification-denitrification but biological phosphorus removal 

initially decreased from 20 mgP/l to l 4mgP/L recovering during chlorination to 19 

mgP/ l. This was when dosing 8 mgC12/gMLSS.d in a laboratory-scale biological 

nutrient removal system. Higher levels of chlorine may have to be investigated, 

especially when nitrite is present (HOCI + No2·-+ N03• + H + Cl). This reaction is 

rapid and consumes 5. 1 mg Cl2/mg NOrN. NH2Cl is formed when ammonia is 

present. This is not as potent a toxicant as I IOCl but remains for a longer period 

(Jenkins et al. 1984). lf the ratio of Cl2 to ammonia nitrogen at the chlorine dose point 

is such that the breakpoint reaction will occur (Cl2:N Hr N ratio of I 0: I) , chlorine will 

oxidize ammonia nitrogen to nitrogen gas. thereby preventing the anack of filaments. 

This can be overcome by increasing the dose. Lakay et al. demonstrated the reduction 

of Type 0092. Microthrix pan·icella and Type 091../ in a biological nutrient removal 

system. T;pe 091../ was the most and M. Parvicella the least susceptible to 

chlorination. There is always an increase in effluent soluble COD but not soluble 

BOD during chlorination. Nitrification, denitrification and phosphorus removal may 

not be affected. 

Hydrogen peroxide attacks the sheath, destroying the fi lamentous form, the filaments 

break up, become shorted and cells show signs of Jysis. Hydrogen peroxide also 

produces oxygen that is available to supplement dissolved oxygen (2H20 2 -+ 2H20 + 

0 2). It is not known whether treatment should be continuous or in periodic slugs and 

little guidance on doses is available. Hydrogen peroxide has a deflocculating action, 

increasing the concentrations of suspended solids in the final effluent (Shao and 

Jenkins, 1989). 
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The dosage of hydrogen peroxide and treatment time depend on the extent of the 

filamentous development. Effective doses may be somewhat higher than required for 

chlorine. The time required to reduce the SYI to 50% of the initial value is a function 

of the dose e.g. 0.34 kg H20 2/kg MLSS.d results in a 50% reduction in less than one 

day: 0.1 kg H20 2/kg MLSS.d results in a 50% reduction in 8 days. The minimum 

effecti ve dose is approx imate ly 0. 1 kgl-120 2/kg MLSS.d. 

Aerobic (high food to microorganism ratio and dissolved oxygen 2-5 mg/ I. sludge age 

less than 5 days). anoxic (d issolved oxygen ·s 0-0.5 mg/I. recycled nitrate-N, high 

sludge age). and anaerobic (inconsistent results unless se lector is achieving enhanced 

phosphorus removal) selectors have been shown to aid filamentous bacteria reduction 

(Bradley and Kharkar, 1996). 

Synthetic organic polymers or inorganic flocculating agents e.g. ferric chloride or 

alum can overcome filament interference with floe aggregation and formation. These 

agents do not affect the activity of the filamentous microorganisms but allow the 

formation of large floe that will settle in the secondary clarifier. Usually cationic, 

high molecular weight polymers are used, either alone or in conjunction with anionic 

polymers. This is short term control only (Task force on wastewater biology, 1990). 

In general the use of polymers for bulking control is expensive compared to return 

activated sludge chlorinating and filaments are not destroyed in the process (Pitman, 

1984). 

Chemical coagulation processes using metallic coagulants (Ca·, Fe·, or Al salts) 

smooth the surface of the bulking sludge floe without changing the floe density 
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(destabilize the filaments and protuberances) (Chao and Keinath, 1979; Adamse, 

1968). The best is commercial ferrous sulphate (Albertson, 1991; Echeveria et aL 

1993 ). and the polymers Zctag 63 and Ferric Chloride also produce goods results. 

The application point should be after the aeration tanks but prior to the second 

clarifier, or to the clarifier center well. to al low for Jloc formation. Disappointing 

results may be observed when conditioners arc added in solid form (Logue et al., 

I 983). 

When lime is added to wastewater, the calcium precipitates as a dense crystal line solid 

with a low and negatively charged surface area. Organic matter is removed by 

colloidal destabilization and precipitation, also by chemical reactors e.g. precipitation 

of phosphates. heavy metals and magnesium in addition to microorganism removal. 

Lime performs better than alum in removing phosphate and magnesium, but has the 

disadvantage of high pH in the treated water (more than 48 hours is needed to reduce 

the pH from 11 to 8. Precipitation with lime (calcium hydroxide) caused a significant 

reduction in the sludge volume index obtained in municipal wastewater. It almost 

completely repressed Type 021 N within I 0 days by adding 1 I g/m3 to the influent. 

The phosphorus concentration in the sludge also increased (Chambers and Tomlinson, 

1982). Pebble quicklime, CaO is used in larger facilities (WEF, 1992). 

Ferrous sulphate encourages the growth of psychrotropes and yeasts, removes a 

portion of the lactose, interferes in the binding of the surface active whey protein B

lactoglobulin with the biomass and is a possible biomass flocculation aid, but not for 

zoogloea species (Environmental Protection Agency, 1971 ). The best to use is 

commercial ferrous sulphate. A ferrous salt may lead to excess phosphorus removal 

due to ferric phosphate formation. This could unbalance the nutrient requirements in 
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the mixed liquor (Albertson, 1991 ). The addition of ferrous sulfate ( 10-14 mg as 

Fe/L) to the influent of an activated sludge plant treating canning wastes reduced the 

SVI and caused the disappearance of Type 021 N (Jenkins et al.. 1993 ). Type 0041 

was repressed within a few days by the addition of 26 g/m3 ferrous sulphate creating a 

coagulant effect and a high sludge phosphorus content. Other filamentous organisms 

affected by ferrous salts include: types 1701. 096 1. 1863. and Sphaerotilus natans. 

No reaction was observed for Micrvthrix parvicella, 11. J-lydrossis. Nocardia and Type 

0092 (Chambers and Tomlinson. 1982). 

Supplementing secondary treatment with folic acid has been reported to overcome 

sludge bulking. foaming. nitrification problems. and overloading problems. Folic acid 

creates shifts in the microorganism populations (flagellates are replaced with ciliates), 

increases the oxygen uptake rates (savings in aeration), reduces polymer use and 

avoids plant expansions. The effluent quality is improved and the sludge density is 

increased. The saving includes reduced aeration costs and reduced s ludge wasting 

costs. DOSFOLA T is a commercial product of complex tetrahydropholic acid and 

encourages a stable reactor perfomrnnce, increased biomass production. Sludge 

bulking is controlled (Eruglu, et a l., 1992). 

Dominant filamentous bacteria in a laboratory scale activated sludge plant treating 

dairy factory wastewater were identified as Type 0411 , 021 N and Sphaerotilus Nat ans. 

These could not be linked to any specific reactor or substrate conditions. (Donkin et 

al. 1995). Miller (1995) described a treatment plant in New York with dominant 

filament Type 1851 with smaller amounts of Type 0041, Type 067 5, and Microthrix 

parvicella. This was caused by low organic load into the aeration tank. Chlorination 
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had been utilized with some success for many years however there were concerns 

especially plant stability. cost and health and safety. The two other options considered 

were increased solids removal from the system. and a selector. It was found that the 

use of an aerobic se lector on an imcnnittent basis. was successful within one to three 

weeks. The selector was sized at 7000 gals for a 0.14-mgd treatment plant. 

Foam 

The presence of some foam on I 0 to 25% of the aeration tanks surface is normal for 

the activated sludge process. 

Three general types or problem foam are often seen: a stiff wh ite foam: brown foams 

(a greasy dark tan foam. and a thick scummy dark brown foam); and a very dark or 

black foam (Task Force on Activated sludge, 1987). 

Stiff white billowing foam, indicating a young sludge (low sludge age) is found either 

in a new plant or an overloaded plant. The foam may consist of detergents or proteins 

that cannot be converted to food by the bacteria that grow in the mixed liquor at a high 

food to microorganism ratio. Probable causes include: no return activated sludge; 

low mixed liquor suspended solids (plant start-up, excessive wasting, or high organic 

load); toxic or inhibiting materials, abnormal pH, insufficient dissolved oxygen, 

nutrient deficiencies or temperature changes. 

Under conditions of nutrient limitation, wastewater cultures can create an excessive 

amount of extracellular, polymer-like material with surfactant-like properties 

(facilities with chemical phosphorus removal and retrofitted post-nitrogen removal 
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systems may have these problems). The foam produced by this condition is thick and 

viscous (not soft and billowy as for limited process conditions) (Bradley and Kharkar, 

1996: Task Force on Activated sludge. 1987). Marshall (1992) investigated a food 

processing plant with severe foaming problems ( Thiothrix Type II. Nocardia and 

Thiothrix Type I and excess polysaccharide in the foam). The cause was associated 

with nutrient deficiency. 

Excessive brown foams are associated with plants operating at low loading ranges . A 

food processing facility was investigated . This plant was cycling between settling 

problems (Type 00-1 I or T_ipe I 70 I. H hydrossis. :::oog!oea fingers and S. Nat ans). 

Large organic fluctuations were causing the cycling between low food to 

microorganism ratio filaments and high food to 
. . 

m1croorgamsm ratio 

filaments/zoogloea fingers. The solution here was greater communication with the 

processing plant to enable shock loadings to be dealt with in the treatment plant 

(Marshall , 1992). Plants operating in nitrifying mode will normally have low to 

moderate amounts of rich chocolate brown foam. 

Plants with filamentous Nocardia like organisms (N. amarae, N. Asteroides, N. 

Pinensis, or Rhodococcus sp.) will have a strong greasy, stable, viscous dark tan foam 

that will carry over onto the clarifier surface. It may be associated with an odour. N. 

Amarae, the most frequently found organism in foaming activated sludge, is most 

likely not actually a member of the genus Nocardia; rather seems more appropriately 

placed in the genus Cardonia (Jenkins and Peirano. 1996). 

A non-actinomycete Microthrix parvicella has also been associated with filamentous 

foam. Other organisms can be associated with synergistic foaming and bulking and 
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include Nostocoida limicola and Type 0041 . These bacteria have hydrophobic cell 

walls that enable the attachment of microorganisms to air bubbles. causing them to 

rise to the surface. They also produce and store surface active materials (reducing the 

surface tension in the mixed liquor). degrade many complex hydrocarbons (including 

oil and grease) which would otherwise float on the aeration tanks surface. have a slow 

growth rate (enables microorganism wash-out at low s ludge ages). slower substrate 

uptake rate than floe formers at high food to microorganism ratios and faster uptake 

rates at low food to microorganism ratios (low food to microorganism ratios are 

therefore favourable to filaments). 

Filament populations have been shown to increase over a sludge age of 1.5 to 15 days. 

declining to nondetectable levels at sludge ages of 1.5 to 2.2 days. More highly 

concentrated filaments (higher mixed liquor suspended solids) have a greater tendency 

to foam, because the aeration rate per unit volume is higher, facilitating the transfer of 

filaments to the water surface. A minimum concentration of filaments has been 

shown to be required for foam production. Mixed liquor suspended solids should 

however never be reduced to the extent that noncompliance becomes a risk. 

The aeration rate also affects filamentous foam by the stripping of cells from the 

mixed liquor to the water surface, and directly influences the foam height. Nocardia 

growth rates are directly proportional to temperature, however research has also 

shown that foaming occurs most frequently during seasonal changes. Research 

indicates that a pH of 6.5 is optimum for Nocardia-like foam growth (nitrifying 

activated sludge operates at relatively low pH levels due to the consumption of 

alkalinity during nitrification). 
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Surfactants have the abi lity to lower the surface tension and thereby stabil ize the 

liquid fi lm surface bem:een air bubbles. resulting in increased retention and 

accumulation of foam in the aeration basin . While the hydrophilic group in a 

surfactant is more or less readi ly soluble in water. the hydrophobic group is repelled 

by water givi ng a tendency for that porti on or the molecu le to leave the aqueous 

phase. This lca.ds to a higher concentrati on at the surfaces than in the main body of 

the so lution with a net resulting greater tendency towards bubble and foam format ion. 

Blowing air through the solution results in foam formation that Jowers the surfactant 

concentrati on in the main body or water th rough foam fract ionation. Microbial so lids 

may. through surface adsorption. cause a strong attrac tion of either the hydrophobic or 

the hydrophili c group. Common hydrophilic groups include sulfonate. sulfate. 

carboxylate. quaternary ammonium. po lyoxycthylcne. sucrose. and polypeptide. 

Surfactants can be adsorbed on the biomass as feed. and then subsequently degraded, 

so that concentrations in the liquid phase and on the s ludge are kept below tox ic 

thresholds. 

Increased branching of the modular structure causes an increase in resistance to 

biodegradation v;ith most resistance occurring when quaternary branching occurs at 

all chain ends in the molecule. While structures with quaternary carbon atoms are 

more difficult to degrade, the presence of quaternary carbon does not interfere 

provided there is also present a sufficient length of open end chain. (Goronszy, 1990). 

Bacteriotoxicity also tends to increase with increased hydrophobe chain length. The 

chemical nature of the hydrophilic group is only of minor importance in affecting 

biodegradability. Biodegradation of surfactants require bacteria that are capable of 

synthesizing enzymes that are structurally matched to that chemical. In the absence of 

40 



such enzymes, degradation may proceed after a time lag if the appropriate enzymes 

can be synthesized by some of the species present. Alkaphenol ethoxylates (a class of 

surfactant) are degraded slowly during the activated sl udge process. 

Resistance to biodegradation of a detergen t component in a v.;astewater in a facility is 

evidenced by foaming persistence in both the reactor hasins and in the effluent 

collection/pump wel ls (Goronszy. 1990). Partial degradation of a surfac tant can 

produce byproducts that still mai ntain surface activity with an abi lity to stabili ze a 

Nocardia .\p. or any other type of foam. 

Knight et al. (I 995a) evaluated the microbial community during a start up peri od of a 

full scale nutrient removal activated sludge plant. The filamentous organisms 

Microthrix parv icella and Eikelboom Types 0092 were found in the foam. Nocardia 

amarae was identified as the microorganism associated with foaming in two activated 

sludge plants (Chua and Le, 1994). The authors suggested fatty ac ids in the 

wastewater may contribute to the growth of foaming organisms. 

Surface activity has been shown to contribute to the growth of fl oat ing scum through 

the surface fractionation of filamentous microorganisms of the long strand type such 

as Noslocoida limicola. Examination of the surface scum has shown it to consist of a 

viscous mass of minute bubbles containing Noslocoida limicola (external to the 

bubbles) and Nocardia sp. (within the internal bubble structure). Studies on pure 

cleaning agents mixed with biomass has shown that the use of a foam suppressant is 

impractical and has little effect on the stability of the foam scum, while the addition of 

a chlorine solution ( 40mg/I) showed immediate decolorisation contraction of the 

foam. (Goronszy, 1990). 
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If a stable foam has already formed then chlorination of the return activated sludge or 

mixed liquor suspended solids will have limited success due to the microorganisms 

already above the water surface. Direct foam chlorination is more effective in this 

situation. Periodic chlorination of return activated sludge or mixed liquor suspended 

solids can still be useful as a preventative measure ( 1-10 kg chlorine/day for each 

I 000 kg solids total ). Chlorine can be directly applied to the foam using a foam trap 

in the effluent channel or aeration tank. and spraying a highly concentrated chlorine 

spray directly to the foam. Selective foam \>.:asting has been used successfully, 

utilising foam pits or sumps (although there ha\'e been difficulties selecting a foam 

pump). Ozone addition of 2-6 mg/I to the aeration basin was used to control Nocardia 

foaming (Goi er al .. 1994 ). This treatment effectively stopped foam formation, did 

not negatively affect effluent quality. accelerated nitrification, and also improved 

sludge settleability. 

Biological treatment systems that operate at relatively high sludge ages are most 

susceptible to foaming. Plug flow systems are less susceptible than continuous 

systems (high food to microorganism ratio at head end of process), sludge reaeration 

systems are more susceptible (concentrated mixed liquor suspended solids being 

aerated), step feed configurations produce high mixed liquor suspended solids and low 

food to microorganism ratios over a significant tank volume. 

Scum containing filaments should be wasted from the system rather than be returned 

to the aeration tanks. Submerged aeration tank outlets or effluent baffles may prevent 

a significant portion of Nocardia-like filaments being wasted. This also traps the 

floating substrate required by the microorganisms. 
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Thick scummy dark brown foam indicates an old sludge and can result in additional 

problems in the clarifier by building up behind the influent baffles and creating a 

scum disposal problem. Probable causes include : low food to microorganism ratio 

possible due to nitrification; insufficient sludge wasting (Task Force on Activated 

sludge. 1987: Bradley and Kharkar. 1996). 

The presence of a very dark or black foam indicates that there is insufficient aeration 

or dyes and inks are present (Task Force on Activated sludge. 1987). 

Recycles from solids handling systems can cause excessive loading at biological 

nutrient removal plants and foaming caused by a carryover of polymer (and also 

affects solids settleability). Excessive recycling of fines can also produce a 'volcanic ' 

or 'pumice-like ' foam. 

Floating sludges caused by denitrification in settling tanks are also technically foam 

(looks like floating sludge and can be dispersed with a water spray). This can be 

reduced by reducing the solids and oxygenating the influent. 

Floating scum is an agglomeration of flotable materials e.g. fats, oils, and grease 

brought to the surface by air flotation. 

Nutrient Removal 

Nitrogen is a relatively inert element and does not combine easily with other elements. 

The important reactions by which nitrogen is transformed for use by living organisms 

are microbially regulated. 
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Ammonia Assimilation - All life forms require nitrogen for the synthesis of new cells. 

Most bacteria, especially those responsible for the aerobic decomposition of organic 

matter. prefer ammonia as their source of nitrogen . 

NH3 + bacteria => protein 

Aerobic biological treatment processes typicall y require that two to 5 kg of ammonia 

nitrogen be available for every I OOkg of BOD in the byproduct. 

Nitrate Assimilation - green plants and algae prefer nitrate as a source of nitrogen: 

N03- + C02 + green plants => protein 

Ammonification - occurs when organic nitrogen breaks down to release ammonia. 

Organic N + bacteria => NH3 

This is the reaction that is responsible for the release of ammonia when waste 

activated sludge is digested or when dead plant or animal matter decays. 

Nitrogen Fixation - Several species of bacteria, fungi , and blue-green algae are 

involved in the process of nitrogen fixation . These orgamsms convert orgamc 

nitrogen into ammoma which is used by higher plants to manufacture complex 

nitrogen-containing compounds. 

N2 +microorganisms ~ NH3 

Two common genera of soil bacteria, the anaerobic Clostridium and the aerobic 

Azotobacter, produce nitrites and nitrates from free nitrogen. Nitrogen fixation to 

produce either ammonia or nitrates is an energy consuming reaction, depending on 

organic matter or on sunlight for its energy source. 
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Nitrification - The soil bacteria that are responsible for the process of nitrification are 

fairly common. Nitrification is a two step process. Some bacteria convert ammonia 

to nitrites: 

2NH4+ + 302 + bacteria ~ 

Nitrobacter species convert nitrites to nitrates: 

Nitrates are the form in which green plants then use the production of amino acids. 

The nitrification reactions generally do not proceed in the presence of high 

concentrations of organic matter. 

Denitrification - Many bacteria can convert nitrogen-containing compounds into 

atmospheric nitrogen, a process known as denitrification . 

N03- +organic energy source 

These bacteria obtain energy by breaking down not only the nitrogen compounds urea 

and uric acid that are excreted by living animals, but also the carbon compounds 

produced by decaying organic matter. 

The basic feature that makes it possible to nitrify is the maintenance of a high MCRT 

(or low F/M) of sufficient duration to allow the more slowly growing nitrifiers to 

develop. The actual MCRT or F/M type that this is possible is temperature dependent. 

It lies in the 6-10 day range during the summer when the wastewater temperature is in 

the 20°C range, but may climb into the 12-20 day range as the temperature drops. 

When the wastewater temperature drops below 10°C it may not be possible to develop 
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a nitrifying culture if it has been lost, however it can generally be maintained once it is 

developed. (Task Force on Activated Sludge. 1987). Capps et al. state that a 

minimum sludge age of 40 days is recommended for effective COD and ammonia 

nitrogen treatment for industrial wastewater. 

The disso lved oxygen in nitrifying systems must be maintained at a higher 

concentration than in carbonaceous activated sludge systems. A dissolved oxygen 

above 4.0 mg/I should ensure that no inhibition is occurring. The nitrification process 

consumes alkalinity and may depress the mixed liquor pH to a level where inhibition 

of the nitrification occurs. If this begins to take place. it must be corrected by the 

application of a caustic chemical: such as sodium hydroxide or lime (Task Force on 

Activated Sludge, 1987). 

A single stage nitrification system is phased out by using the following steps: 

Increase the wasting rate to bring the MCRT below the minimum level needed 

to support nitrification. 

Reduce the dissolved oxygen concentration to 0.5 to 1.0 mg/l to inhibit the 

nitrifiers. The nitrifiers can be more quickly eliminated by chlorinating the return 

activated sludge during this period (2-3 kg Cl2/l OOOkg MLSS/day) . During the 

transition period from nitrification to carbonaceous oxidation, an effluent that does 

not meet permit standards may be produced (Task Force on Activated Sludge, 1987). 

In order to nitrify the following are required in the treatment plant (Schultz et al., 

1996): 

1. Adequate detention time to remove BOD and allow the nitrifying bacteria to 

convert ammonia to nitrate. 

2. Sludge age of at least 15 days at 10°C. 
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3. Alkalinity to keep process above pH of 7.2. 

4. 2kg of oxygen per lb of nitrified TKN and 0.5kg of oxygen per 0.45 kg BOD 

removed. 

Phosphorus can be bound into the activated sludge mainly b\· three mechanisms 

(Jardin and PopeL 1996): 

I. Physiological phosphorus (phosphorus for metabolism and growth as nucleic 

acids, phospholipids, and nucleotides) . 

2. Additional phosphorus can be stored as poly-P, Men+2P11 0 :;n- I (n = chain length 

,_ -
of poly-P, Me represents a metal cation). Usually Mg- and K are associated with 

poly-P synthesis. 

3. Physiochemical fixation of phosphate mainly by precipitation or adsorption 

can occur. 

During sludge treatment, these P-fractions will be released to a different extent and at 

different rates . The amount oxygen of possible feedback will normally be determined 

by the rate and extent of poly-P hydrolysis. A substantial P-feedback can be expected 

with gravity thickeners, which are usually operated at a sludge retention time of more 

than 0.5 days. 

Magnesium and potassium uptake usually accompany poly-P formation, however 

there is no correlation with phosphorus and calcium, iron or aluminum. A precipitate 

of magnesium in the form of MgNH4P04•6H20 (struvite) seems the most likely 

reaction to occur. Another important relationship was found between the phosphorus 

content and the amount of non volatile solids of the waste activated sludge. When 

operating a biological nutrient removal plant this can mean an additional dry solids 
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production of 3g TS/g phosphorus stored as poly-P. corresponding to an increase of 

solids producti vity o f approximately 4% based on total so lids production. In cases of 

high P-concentrations in sludge water. precipitation of phosphate in the centrate or 

filtrate of the dewatering fac ility can be necessary. In principal. all common 

chemicals for phosphate prec ipitation could be used. but in view of the relatively high 

ammonium concentrations and the high alkalinity of the process water. precipitation 

with calcium can require large amounts of li me. Using iron. the reduction of Fe3
' to 

Fe2
+ has to be considered (Jardin and Popel. 1996). 

Optimisation of return activated sludge 

The re turn acti vated sludge from the clarifier 1s a key control parameter o f the 

acti vated sludge process. and the rate of sludge return affects the solids balance 

between the clarifier and the aeration basin. In general lo\\.-· return activated sludge is 

benefic ial to the thickening function of the clarifier but not favorable to its clarifier 

function. When return acti vated s ludge is increased. the clarification function of the 

clarifier is improved while the thickening function may be deteriorating. The system 

performance reaches an optimum at a return activated sludge of 40% to 60% (Ji et al. , 

1996; Task Force on Activated Sludge, 1987). Return activated sludge rates should 

not be reduced to the level where thick sludge may block the sludge withdrawal pipes. 

It is critical for the operators at each plant to monitor and understand the 

interrelationship between the return activated sludge and mixed liquor suspended 

solids, and sludge blanket expansion (Task Force on Activated Sludge, 1987). 
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Operators have historically used several procedures to determine return sludge flow. 

Most of these procedures rely on determining the fixed flow rate. % of plant flow, 

clarifier sludge flow demand, or the fixed sludge volume index and mixed liquor 

suspended solids level. 

The return of sludge at a constant rate is simple. requiring less operator time, however 

means that the F /M and MRCT constantly changes. and that the sludge blanket may 

approach the clarifier surface during high flows promoting solids loss. If flow is 

paced at a percentage of influent flov.; the mixed liquor suspended so lids, F/M, sludge 

blanket and MCRT are more constant. however thi s system is complex. requiring 

more operator anention (Task Force on Activated Sludge. 1987). 

The return activated sludge can also be calculated using the direct sludge blanket 

control method where an optimum sludge blanket level is maintained in the clarifiers, 

this is low enough to permit efficient senling and high enough to store a sufficient 

quantity of return activated sludge and provide a properly thickened concentration. 

Generally a sludge blanket level of between 0.3 and 0.9 m in the clarifiers is 

appropriate. The blanket should never be allowed to rise above 25% of the nominal 

side water depth of the tank unless dictated by other control parameters. Deep circular 

clarifiers, however, may be able to handle relatively deep blankets and produce 

improved performance under these circumstances (rarely successful due to diurnal 

flow fluctuations and sludge quality). Generally any changes made should be small 

(no greater than 10% per day). Usually if the sludge blanket is rising then the return 

activated sludge should be increased and vice versa, however, an increase in the return 

rate with bulking sludge may cause the blanket to rise. Increased return rates will also 
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often increase the flow into the clarifier causing more turbulence. (Task Force on 

Activated Sludge, 1987). 

The settleablilty test can be used to estimate the desirable sludge return rate . This is 

less accurate than other methods and will not be described here . (Task Force on 

Activated Sludge. 1987). 

A mass balance can be used to calculate the return activated sludge rate, however. it 

assumes that the sludge blanket level in the clarifier is constant. This is based in the 

knowledge that the solids entering the clarifier must equal the solids leaving. ( (Task 

Force on Activated Sludge. 1987). 

Boe (1994) suggested that a sludge quality-based method is used to calculate return 

sludge flows. This is described in the methods section of this thesis . A sludge quality 

chart is shown to demonstrate typical ranges for return sludge control. Analyzing 

return activated sludge flow trends should lead to a stable operating period where 

sludge quality parameters are steady and a high quality effluent is produced . Slight 

changes in return activated sludge concentrations are not significant as long as 

concentrations generally remain between the SSC30 and SSC60 values. 

Another return activated sludge flow determination method utilises the sludge quality 

to optimize the detention time in the clarifier. The time is selected based on the mixed 

liquor settleability curve of settled sludge concentration vs. time. The curves for rapid 

and normal settling sludges level off after some time, showing that little additional 

concentration occurs with time. Thus an optimum settling time can be determined just 

before the leveling off period. For a slow settling sludge the optimum settling time 

occurs at the inflection point, after which the effluent quality may deteriorate. Short 

detention times are chosen for rapidly settling sludges ( 15-30 minutes), moderated 
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detention times for normal sludges (40- 60 minutes), and long detention times for 

slow settling sludges ( 100-140 minutes) (Task Force on Activated Sludge, 1987). 

In general the return activated sludge flow has been reduced too low if the return 

activated sludge concentration remains constant \\hile the clarifier sludge or 

wastewater flow changes dramatically (excessive sludge has reached maximum 

compaction in the clarifier). The return activated sludge ilow has also been reduced 

too low if the aeration tank concentration lowers substantially after the clarifier sludge 

flow has been reduced (with constant wastewater flow and sludge wasting) (Task 

Force on Activated Sludge, 1987). 

When DSS and FSS tests are used to troubleshoot poor secondary clarifier 

performance (high suspended solids), three samples are taken: DSS , FSS, and effluent 

suspended solids). Four situations can be identified in this way: 

1. High DSS, low FSS - either the mixed liquor does not have enough time for 

flocculation after it leaves the aeration basin, or a conveyance structure (pump, 

freefall , or pipework) is causing the floe breakup prior to the secondary clarifier. The 

DSS can be repeated at upstream locations to identify where breakup is occurring. 

2. High DSS , high FSS - The high DSS suggests a flocculation problem, but the 

high FSS concentration suggests the problem cannot be solved with a flocculation 

step. These results point to a biological problem in the aeration basin or the existence 

of a dispersant or toxicant in the plant influent. 

3. Low DSS, high FSS - This is rare, indicating the samples for the two tests 

were collected at different locations or times or both and the tests should be 

reconducted. 
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4. Low DSS, Low FSS - an indication that well-flocculated solids already exist, 

and there is a hydraulic problem in the clarifier. Operators should test the hydraulic 

characteristics of the clarifier. using the Crosby ( 1980) dye tests. to identify where the 

short circuiting is occurring. 

Waste activated sludge optimisation 

The wasting of sludge affects the process more than any other process control 

adjustment. The waste activated sludge removed from the process affects the effluent 

quality, the growth rate of the microorganisms. oxygen consumption. mixed liquor 

settleability, nutrient qualities needed, the occurrence of foaming/frothing , and the 

possibility of nitrifying. Waste activated sludge maintains a balance between the 

microorganisms and the F/M ratio . The objective of sludge wasting is to remove just 

that amount of microorganisms to maintain a constant F /M and M CRT. 

The four most common methods used to determine the amount of sludge to waste are: 

constant MCRT, constant F/M, constant Mixed liquor suspended solids, and sludge 

quality . If the operator consistently controls the system by the same method under 

normal conditions the process should approximate the same condition as if it were 

consistently controlled by another method. In general it will take a period equivalent 

to two to three MCRTs for the process to fully respond to even minor changes in 

mixed liquor suspended solids, F/M and MCRT (Task Force on Activated Sludge, 

1987). Whatever method utilised, the wasting rate should only be changed by 10% in 

one day, and 20% or less in one week (Task Force on Activated Sludge, 1987). 
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A precise solids inventory allows for accurate operational calculations such as food to 

microorganism ratio and sludge age. The solids held in the clarifier can be significant 

and should be included in the daily inventory. Sometimes it is necessary to account 

for the solids in return activated sludge channels. (Task Force on Activated Sludge. 

1987). 

Sludge wasting based on maintaining a normal settling sludge usually requires that 

sludge wasting be increased when: 

Mixed liquor settles too rapidly in the settleometer and SSC60 ri ses 

significantly above 20. 

Ash or clumps start rising to the clarifier surface 

A dark scummy brown foam appears on the aeration basin surface 

A sludge blanket. composed of good quality normally settling sludge, rises too 

closely to the clarifier surface. 

Sludge wasting should be decreased, if and when: 

Mixed liquor settles too slowly in the settleometer and the SSC60 values fall 

to I 0 or less (this will normally be accompanied by a rising clarifier sludge 

blanket). 

Large billows of white foam start forming on the aeration tank surface (Task 

Force, 1987) 
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MATERIALS AND METHODS 

Activated Sludge Plant 

The acti vated sludge plant investigated was located at the Anchor Products 

manufacturing site at Waitoa. Waikato. New Zealand (Figure 2). Tv;o aerated lagoons 

with a total aerat ion vo lume of approxi mately 46.500 cubic meters are operated in 

series. using up to LI 00 kW of aeration (controlled by Zullig dissoh ·ed oxygen 

probes from a PLC). 

From the second pond (25,750 m\ wastewater passes through two c ircu lar secondary 

clarifi ers operated in parallel. Clarifier one removes sludge from beneath a rotating 

bridge using 6 vertical tubes and hydraulic pressure. Clarifier l\';o · s rotating bridge 

directs sludge into the center of the vessel, where it is pumped from the clarifier. 

Separated sludge is either returned to the pond system, or thickened in an Ekotuotanto 

designed Gravity Belt thickener and irrigated onto maize or pasture paddocks as a 

fertiliser. Both the influent and the return sludge can be directed either into pond one 

or into pond 2, however, both will normally discharge into pond one. The average 

Return activated sludge flow was 949 lm3/d over the period studied. 

Effluent from the clarifiers passes through one of two AquaABF sandfilters and is 

then di scharged into the Waitoa River. 

Data was col lected from the operation of the Waste Treatment Plant over the period 

September to December 1996, although some historical data was also used. 

The quantities and organic characteristics of the Waste Treatment Plant influent and 

effluent streams based on the monitoring data for the 1995-97 seasons are summarised 

below (Tables 2 and 3). 
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Table 2. Composition of Influent from the Anchor Products Waitoa Site 

Parameter Volume COD BOD5 pH TKN Nitrate TP Phosphate TS 

(m3/d) (mg/I) (mg/I) (mg/I) (mg/I) (mg/ I) (mg/I) (mg/I) 

Average 7760 2340 1665 60 14 l 'Y _) 11 2 363 

Maximum 9200 3600 2340 I 1.8 8 1 r _) I - 1 )_ 138 443 

Table 3. Composition of wastewater discharged to Waitoa Rive r 

Parameter Volume COD BOD5 pH TKN Nitrate TP Phosphate TS 

(m3/d) (mg/I) (mg/I) (mg/I) (mg/I) (mg/I) (mg/ I) (mg/I) 

Average 6690 34 6.2 2. 1 0.3 I 95 91 326 

Maximum 7570 11 1 39 7.3 5 0.42 106 97 369 

Analytical Methods 

Soluble analysis was performed by filtering the sample through a Whatman GFC 

90mm filter paper before analysis by the appropriate method. 

Chemical Oxygen Demand (COD) 

The COD of the influent, effluent, ponds mixed liquor and sludge thickening plant 

filtrate was measured using the Reactor Digestion Method (Jirka and Carter, 1975), a 

Hach reactor Model 45600 and DR I 00 Colorimeter. 
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Solids Concentration 

Suspended solids of the influent. effluent. ponds mixed liquor and the filtrate from the 

sludge thickening plant were measured using the method described in Standard 

Methods (APHA, 1992). 

Total solids of the waste sludge to and from the thickening plant were measured by 

heating the sample in a microwave oven on medium power for 4 minutes. and 

measuring the weight remaining in the crucible. 

Biological Oxygen Demand (BOD5) 

The 8005 of the influent and the effluent was determined using the method described 

by Water and Soil Miscellaneous publications, No. 38; Physical and Chemical 

methods for water quality analysis, NW ASCO, 1981 . 

Nitrate, nitrite, ammonia, total phosphorus, DRP, TKN, total sulphur 

Nutrients in the influent and effluent were analysed by R.J. Hill Laboratories using the 

following methods: 

Sample filtration for general testing: sample filtration through 0.45µm membrane 

filter APHA 3030B. 

Ammonium-N. Phenol/hypochlorite colorimetry, Segmented flow analyser. EPA 

350.1 (Modified)- detection limit is 0.01 g/m-3. 

Total Kjeldahl Nitrogen. Kjeldahl digestion, phenol/hypochlorite colorimetry APHA 

4500-Norg - detection limit is 0.1 g/m-3. 
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Nitrate + nitrite-N: Cadmium reduction column, colorimetry, FIA. Low range 

method. APHA 4500-N03 F (Modified for FIA) -detection limit is 0.002 g/m-3 

Nitrate-N: Calculation: (Nitrate-N + Nitrite-N) - Nitrite-N. Low range method) -

detection limit is 0.002 g/m-3 . 

Nitrite-N: Azo dye colorimetry APHA 4500-N02 B (Modified for FIA) -detection 

limit is 0.002 g/m-3 . 

Dissolved Reactive Phosphorus: Molybdenum blue colorimetry APHA 4500-P -

detection limit is 0.004 g/m-3. 

Total phosphorus: Persulphate digestion, colorimetry NA WASCO Method 8 -

detection limit is 0.004 g/m-3 . 

Calcium: ICP-OES - detection limit is 0.02g/m-3. 

Magnesium : ICP-OES - detection limit is 0.005g/m-3 

Sodium: ICP-OES - detection limit is 0.5g/m-3 

Potassium: ICP-OES - detection limit is O. lg/m-3 

Total Sulphur: Boiling nitric/perchloric acid digestion. ICP-OES - detection limit is 

O.Sg/m-3 

Nitrates and nitrites in the influent, effluent and ponds mixed liquor were also tested 

daily using Merckoquant 10 020 nitrate test strips. 

pH 

pH of the influent, effluent and ponds mixed liquor was measured with a Radiometer 

Copenhagen PHM 61 laboratory meter and Schotte Gerate N61 pH probe. 
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Dissolved Oxygen 

Disso lved oxygen of the ponds mi xed liquor was measured with a YSI model 5739 

membrane e lectrode. and Zullig 0 094 di sso lved oxygen meter with an iron anode and 

sil ver amalgam cathode. 

Conductivity 

The conducti \·itY of the effluent was measured with a CDM83 meter and CDC 304 

probe. 

Temperature 

The temperature of the ponds mixed liquor was measured with the YSI dissolved 

oxygen meter. 

Volumes/Samples 

Influent 

The combined wastewater into the treatment plant was sampled using a Polysonics 

model MST Ultrasonic flowmeter and a twenty four hour flow proportional sampler. 

A PLC logs the continuous volumes pumped into the treatment plant. 

Mixed liquor 

The mixed liquor was grab sampled in both ponds. 

58 



Effluent 

The treated wastewater discharged from the treatment plant was measured with an 

EMC flowmeter and peristaltic pump sampler. A PLC continuously logs these 

volumes. 

Return activated sludge 

A Polysonics UFM 91 flow meter contiguously measures the return activated sludge 

flow from clarifier 2. however the return activated sludge from clarifier one was not 

accurately measured. 

Waste activated sludge 

The volume of sludge into the sludge thickening plant was measured using an ABB 

Kent Magflowmeter Magmaster 80NP, IP65 flow meter. This was continuously 

logged onto a PLC. The volume of sludge out of the sludge thickening plant, sent to 

the silo for wasting was measured using a Kent Magflowmeter Magmaster 80NP, 

IP65 flowmeter that was also continuously logged onto a PLC. This was double

checked by logging the number of truckloads of sludge to leave the Waste Treatment 

Plant. 

Sludge Age 

Sludge age is calculated according to the method described by Vaccari et al. (1988). 

Food to microorganism ratio 

The food to microorganism ratio is calculated by the following equation: 
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F /M = Pond influent COD Ck2) x I 000 
3 

average Pond one and two MLSS (mg/I) x total ponds volume(m ) 

Microbiology 

Samples of mixed liquor from Lhe aeration basin were examined microscopical ly and 

filamentous bacteria identified by reference to standard texts in conjunction with 

vari ous staining methods (Jenkins et al.. 1993; Seviour el al.. 1995). 

Other microorganisms were identified using Task Force on Wastewater biology 

( 1990). 

Plant Control 

Sludge Volume Index 

The Sludge vo lume index was calculated as given in Standard Methods (APHA, 

1992). One liter of the mixed liquor was placed in an Imhoff Cone and the sludge 

volume read after 30 minutes. The SY! was then calculated by using the following 

equation: 

SYI = Settled Sludge volume (mixed liquor. 30 minutes)(ml/I) x 1 OOO(mg/g) 

Suspended solids (mg/l) 

Stirred sludge volume index/Settled Sludge Volume 

The Stirred Sludge volume index was calculated as given m Standard Methods 

(APHA, 1992). 
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Aeration Time 

Aeration time was calculated by using the following calculation (Task Force, 1987): 

Aeration time. hr = (V)(24 hr/day) 

Q + R 

Where: V = tank volume. m3 

Q =wastewater flow rate, m3/d 

R = return activated sludge flow rate. m3 Id 

Determination of nutrient deficiency 

Suggested ratios by weight in the influent are (Task force. 1987): 

BOD/ N = I 00/5 = 20 

BOD/ P = 10011 = I 00 

8005/Fe = I 00/0.5 = 200 

Determination of potential foaming properties of wastewater. (Goronszy 1990) 

I. Conduct shake tests using various concentrations of the major foam producing 

cleaning agents. 

2. Measure foaming persistence by measuring the relative time of foam height 

collapse using a graduated 11 measuring cylinder filled to the 500 mixed liquor 

graduation with the liquid in question and two alka Selzer tablets introduced to 

standardize gasification conditions. 
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3. Establishment of a foam that persists for 30 seconds after the completion of 

gasification indicates a potential for problems associated with detergent foaming. 

Determining phosphorus release in sludge thickening plant (Jardin and Pope!, 

1996) 

I. Take samples of WAS, filtrate return and Pond two outlet sludge and soluble 

filtrate. 

2. Analyze for TP, P04, Mg. 

Depending on the retention time and temperature. gravity thickening results 111 a 

substantial P-release within the sludge layer. 

ASIM Simulation Programme 

ASIM was written as a teaching program, however it is sufficiently large and 

powerful enough to be used for practical applications. The original programme was 

designed to demonstrate to the student the time and space dependent behaviour of 

biological treatment systems (especially of modem activated sludge systems). 

Activated sludge systems with up to six different (aerobic, anoxic, anaerobic) reactors 

in series may be modeled, including return activated sludge and an internal 

recirculation; batch reactors; chemostat reactors, etc. The software allows for the 

introduction of process control strategies and dynamic simulation (variable loading, 

temperature, aeration, sludge removal, etc.). 
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ASIM has several models that may be chosen, or altered. The model used in this 

simulation was based on the IA WPRC "Activated Sludge Model No. I" (Henze et al. , 

1987). Model o. I a llows for the dynamic simulation of nitrification/denitrification 

in a variety of activated sludge flow schemes (Gujer and Henze. 1991 ). The model is 

in the form of a matrix notation (Table 4). relating changes of concentrations 

throughout the system to transport (reactor configuration, mixing. \\·aste activated 

sludge) and transformat ion processes (aerobic growth of heterotrophic biomass and 

lysis of hctcrotrophic biomass). Model No. 2 adds the process of biological 

phosphorus removal. and involves a highly complex model. The coefficients for this 

model are very difficult to determine. 

The Activated sludge model No. 1 utilised by Version III of ASIM has been improved 

from that initially published. Hydrolysis of organic nitrogen is not considered 

because all particulate organic fractions are assumed to contain a constant fraction of 

nitrogen. Ammonification is not considered because all soluble organic fractions are 

assumed to contain a constant fraction of organic nitrogen. A Monod switching 

function was introduced for ammonium as a nutrient, in order to prevent negative 

concentrations occurring in the simulation (Gujer, 1995). 

The following processes were modeled in this study: 

• aerobic growth of heterotrophs 

• Anoxic growth of heterotrophs (denitrification) 

• Decay and lysis of heterotrophs 

• aerobic growth of autotrophs (nitrification) 

• Decay and lysis of autotrophs 
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• Aerobic hydrolysis of organic matter 

• Anoxic hydrolysis of organic matter 

The following five soluble fractions and four particulate fractions were determined: 

dissolved oxygen - taken from DO readings in the 

aeration basins. Assumed to be zero in the influent to 

the plant. 

gCOD.m -.i readil y biodegradable substrate - assumed to be the 

COD soluble less the calculated S1 in the influent. 

Initial aeration basin conditions were assumed to be 

gN .m-3 

equal to the final mean effluent soluble COD for the 

period studied 

ammoniacal nitrogen - assumed to be TKN. Some 

TKN data had to be estimated from the equation 

TKN = 0.03036*COD-24. 75. (determined by linear 

regression of the available data, R 2=0. 7). Initial 

aeration basin conditions are assumed to be equal to the 

final mean effluent for the period studied. 

gN.m-3 nitrate and nitrite - Some data substituted with the mean 

gCOD.m-3 

nitrate+nitrite value . No significant correlation could 

be obtained with other influent data. Initial conditions 

assumed to equal the mean final effluent nitrate plus 

nitrite for the period studied. 

inert soluble substrate - related to the soluble fraction of 

the COD that remains after extended batch aeration. 

Found to be 1.067% in similar laboratory scale system, 

therefore assumed to be 1.067% of the influent COD. 

Initial conditions are assumed to be 1.067 of final mean 

effluent COD. 
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• Xs.H gCOD.m-3 active heterotrophic biomass - assumed to be zero in the 

influent. Initial conditions assumed to be the initial 

ML VSS recorded in each basin. 

gCOD.m-3 active autotrophic biomass - assumed to be zero in the 

influent. Initial conditions assumed to be 2% of the 

MLSS based on the mean BOD5:TKN ratio for the 

influent (Orhon & Artan, 1994_ p370) 

gCOD.m-3 

gCOD. m-3 

enmeshed slowly biodegradable substrate - calculated as 

COD - soluble COD - X 1 in the influent. Initial 

condi ti ons assumed to equal mean Suspended so lids in 

the final effluent over the period stud ied. 

inert particulate substrate - Leonard ( 1996) states that 

thi s is neg ligible. Assumed to be I% of COD in 

influent. 

Also utilised where possible were stoichiometric coefficients from the dairy 

processing industry (Table 5). Where dairy-related information could not be obtained, 

estimates from the literature relating to general activated sludge modeling were used . 

The inert fraction of the biomass in the system. f E' was calculated from the non-

volatile proportion (ML VSS) . While the volatile proportion (MLVSS) consistently 

consisted of 80% of MLSS at Anchor Products Waitoa, the recycling of the biomass 

means that the fraction of inert products actually formed is lower (Henze et al., 1987), 

and is calculated from the equation: 

f d observed) = _fi;;(model) 
1-Y H( 1-fE(model)) 
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Table 5. Stoicheometric coefficients from the Dairy Processing Industry. 

Parameter Value Origin 

Heterotrophic yield, Y 11 0.68 gcell COD.gcoo· 1 Leonard ( 1996) 

J\utotrophic yield , YA 0.24 gCell COD.gN-1 Gujer & Henze ( 199 1) 

lnerl fraction of biomass. fr: 0.08 Calculated from Waitoa 

sludge 

The kinetic parameters used to formulate the process rate equations are shown m 

Table 6. Correction facto rs app lied to the aerobic equivalents were used to 

approx imate the anoxic heterotrophic growth rate and anoxic hydrolysis rate. The 

half-saturation constants are used primarily as switchi ng func tions for the various 

process reactions. The impact of temperature changes on the kinetic coefficients is 

incorporated into the ASIM model , however the default coefficients chosen by the 

model were utili sed due to the absence of rel iable in formation for dairy processing 

wastewaters. 

Daily parameters monitored for the Anchor Products Waitoa Waste Treatment Plant 

included influent flows, return activated sludge flows, waste sludge volumes, 

temperatures and influent characteri stics over a three month period. These results are 

summarised in Appendix II . Mean values for all influent parameters were calculated 

over the study period, and daily variation files were constructed in which daily values, 

as a ratio of their mean values, were used (Appendix IV). These variation files for 

each day were then run against the model, with the initial conditions for each run 

being those simulated from the end of the previous days run. 
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Table 6. Kinetic Parameters used to Formulate the Process Rate Equations. 

Parameter 

Hctcrotroph ic growth and decav 

Max. Specific growth rate. µ 11 

Decay coefficient, b11 

Half-saturation constants: 
K5 (carbon source) 
K0 .1 1 (di sso lved oxygen) 
K~0 (n itratc-N) 

J\utotrophic growth and decay: 
Max. Specific growth rate, µ A 
Decay coefficient bA 
Hydrolysis rate, k 11 

Half-saturation constants: 
K NII (ammonia-N) 
Ko.A (di ssolved oxygen. anox1c 
biomass) 
Kx (hydrolysis) 

Correction Factors 
Anoxic heterotrophic growth, rlo ., 
Anoxic hydrolysis, rlb 

Value 

3.31 dav·1 

0.14 da:/ 

l 7 gCOD.m-3 

0.2 g02.rn--' 
0.5 gNO,-N_ m-3 

0.8 dav- 1 

0.1 da~·- 1 

3.0 gCOD.day·1 

1.0 gNHrN.111·3 

0.4 g02m·3 

0.03 
gCOD.gCOD- 1 

0.58 

0.4 

Origin 

Mayer et al. ( 1982) 

Hung (1984) 

Leonard ( 1996) 
Henze et al. ( 1987) 
Henze et al. ( 1987) 

Henze ct al. (1987) 
Orhon & Artan 
( 1994) 
Henze et al. (1987) 

Henze et al. ( 1987) 
Henze et al. (1987) 

Henze et al. ( 1987) 

Orhon ct al. ( 1996) 

Henze et al. (1987) 

A variation file, including daily temperature changes for each day was run against the 

model. The system conditions were then integrated forward in time over 24 hours, 

without requiring that a steady state be reached within 24 hours. The model output 

consisted of four hours final effluent data and aeration basin data. This data was then 

utilised as the initial conditions for the subsequent day' s run. All modeled parameters 

were then compared with the actual data gathered. 
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RESULTS AND DISCUSSION 

PERFORMANCE OF THE BIOLOGICAL TREATMENT PLANT 

Removal efficiencies 

The overall performance of the Waste Treatment Plant over the period studied was 

very good. The removal of carbon compounds in the Waste Treatment Plant was 

excellent. with a BOD:; removal of 99.7%. This was more than enough to comply 

with the current resource consent for discharge to the Waitoa River. As the treatment 

plant was nitrogen limited (see later this chapter), the nitrogen removal was also very 

good . This data has been summarised in Table 7. 

Table 7. Removal Efficiencies for the Waste Treatment Plant during the period 

Studied. 

COD CO Os BOD SS Fat TKN N03 N02 NH4 TP DRP s 

98.8 98.2 99.7 96.6 58.7 96.9 98.1 95.6 96.6 33.8 29.0 26.7 

10val 

BOD:COD ratio in influent 

The average COD to BOD ratios in the influent and effluent during the trial period 

(calculated from data shown in Appendix II) are summarised in Table 8. 
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Table 8. COD to BOD Ratios 

Average Minimum Maximum 

Influent 1.5 1.2 2.2 

Effluent 0. 18 0.05 0.68 

While these ratios can be highl y vari able due to the changing chemical composition of 

the wastewater over the dairy season. average ratios can still be used to predict the 

BO D in the effluent di scharge (fo r compliance purposes) and in the influent (for 

design purposes). Rati os less than 2.5 have been desc ribed as read il y degradable 

(Capps et al.. 1995). indicating a shorter retention time req uired fo r treatment. 

Nutrient Studies 

Ejjluent nutrient characteristics 

Influent phosphorus concentrations averaged 120 mg/I (600 kg/day) during September 

1996 and di ssolved reactive phosphorus was elevated in the discharge from the Waste 

Treatment Plant (Appendix II). The oxygen limiting conditions required to control 

denitrification to within the treatment plant, rather than in the secondary clarifiers, 

reduces most luxury biological phosphorus uptake that may otherwise occur. Only 30 

percent of the phosphorus (Table 9) is removed as biomass, with minimal luxury 

uptake of phosphorus occurring, or phosphorus later being lost elsewhere in the 

treatment plant (Jardin and Popel, 1996). 
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Table 9. Phosphorus Balance around the Biological Treatment Plant. (Results 

are from average data listed in Appendix 11). 

Volume. Total phosphorus TP removed with TP into Waste TP removed 

Sludge (g/m3 s ludge) sludge (kg) Treatment (33% removal) 

removed Plant (kg/d) (kg/d) 

(m3 /d) 

360 765 280 970 320 

Analysis of dissolved reactive phosphorus was undertaken at several points around the 

treatment process. The sample taken just prior to the clarifier inlet was 83.4 mg/I 

compared to that from the sludge thickening plant supernatant (97.2 mg/l). It was 

therefore determined that phosphorus was being released in the treatment process 

between the last aeration basin and the thickened sludge silo. It was estimated that 30 

kg of dissolved reactive phosphorus per day was being pumped back into the second 

aeration basin from the sludge thickening process. 

Chemical dosing, or reconfiguring the Waste Treatment Plant specifically for 

biological phosphorus removal will be required to increase the efficiency of 

phosphorus removal in this treatment plant (Jardin and Pope!, 1996). 
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Nutrient source studies 

Many tonnes of carbon, nitrogen and phosphorus compounds entered the site with 

milk during the processing. Significant amounts of nitrogen, phosphorus, sodium and 

sulphur are also used as c leaning chemicals on si te. Ammonia is used in the 

refrigeration machinery that services the plant however normal maintenance 

procedures prevent a significant loss of ammonia to the wastewater. 

Approximate ly 1.6. 2.2, 24. 7. and 4 1.0 tonnes of nitrogen, phosphorus, sulphur and 

sodium respec ti vely. and an insigni ficant amount of carbon was transported to site as 

bul k cleaning chemicals duri ng the 70 days investigated. Table 10 summarizes a 

nutrient balanc~ around the site. Raw data is shown in Appendix Ill. 

Table 10. Nutrient Balance Around the Waitoa Production Site 

nitrogen phosphorus sulphur sodium chlorine 

Onto site as bulk 1606 2 155 24688 40983 169 

chemicals (kg) 

Into Waste Treatment 8667 141 50 40837 62258 COD 262889 

Plant (kg) (BOD= 131445) 

Ratios into WTP 3.3 5.4 15 .5 23 .7 100 

Difference (will include 7061 11995 16149 2 1275 

product losses) (kg) 
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Treatment Plant Nutrient Requirements 

The nutrient composition of the Waste Treatment Plant influent was monitored for 

fourteen days during September 1996. The influent was analysed for COD, BOD, 

Suspended solids, Fat. TKN. Nitrate, Nitrite. Ammonia, Total phosphorus. dissolved 

reactive phosphorus, sulphur and iron. These results were used to calculate the actual 

nutrient requirements of the treatment plant at that time (shown in Appendix 1 ). The 

Waste Treatment Plant was found to be deficient in two nutrients, nitrogen and iron 

(Eckenfelder and Grau.1992; Gaudy and Gaudy. 1984; Goronszy, 1990). 

The weight of chemical required to be added to the influent to prevent nutrient 

deficiency was then calculated and costed (Appendix f) . It was decided that the cost 

to dose the required chemicals was excessive, and that ways would be sought to 

decrease phosphorus usage and increase nitrogen usage (in proportion to the carbon 

discharged) within the production units. The present nutrient deficiencies did not 

seem to be effecting treatment efficiencies, although the foam on the surface of the 

ponds was a nuisance for maintenance staff. 

Two factories were prepared to change from using triplex (predominantly phosphoric 

acid) to nitric acid, to improve the cleaning efficiencies. It was calculated that 

nitrogen loading to the ponds would increase by 530 kg/d, and the phosphorus loading 

would decrease by 80 kg/d, if this were to occur. The extra nitrogen (500 kg/d) is 

enough to eliminate the nitrogen deficient conditions (required 150 kg/d), although the 

removal of 80 kg of phosphorus per day from the discharge will not greatly decrease 

the phosphorus loading on the river. Iron deficiency may still be an issue and the 
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effect of this will need to be determined when the nitrogen deficient conditions are 

eliminated. 

BULKING AND FOAM FORMATION 

Filamentous Bulking Determination 

Five types of filamentous bacteria were consistently identified in both Ponds. These 

bacteria are shown in Table 11 in decreasing order of abundance (Seviour et al , 1994; 

Jenkins et al. 1993 ; Strom and Jenkins, 1984 ). The characteristics and operating 

parameters for treatment plants where these organisms have been previously found are 

also included in Table 11 (Seviour et al , 1993) 

Low F /M ratios and high sludge ages are common characteristics for all of the 

filaments identified, and are known to have caused bulking conditions at other waste 

treatment plants (Marshall, 1992; Nam et al, 1996; Strom and Jenkins, 1984; Kampfer 

et al, 1995). It was also noted that the Nocardia species were more abundant in the 

second Pond than the first. 

The sludge age during the period studied is calculated in Appendix II and ranges 

between 30 and 24 days. The FIM ratio is significantly lower in the second pond due 

to the readily degradable nature of the influent and in fact that there is little change in 

the soluble COD between Pond one, Pond two and the effluent composite (most if not 

all of the organic substrate degradation is occurring in Pond 1 ). It is therefore possible 

that the filamentous bulking condition may be significantly improved by reducing the 
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solids (increasing the F/M ratio, and decreasing the sludge age), and perhaps by 

investigating the diversion of some influent into Pond 2. 

Table 11. Fi lamentous Bacteria Dominant in the Waste Treatment Plant. 

Favoured Operation Characteristics 
Parameters * 

Type 0914 Low f/M. May be gliding motile. 
Long sludge ages. Frequent ly seen in 

biologica l phosphorus 
removal plants. 
Not often the dominant 
fil ament. 

Type 0092 Low F/M. Grows poorly on sugars. 
Long sludge ages. capable o f degrading some 
Slowly degradable or proteins. 
particulate substrates. Capable of aerobic and 

anaerobic metabo lism. 

N. pinensis Low F/M. Diverse 
Long sludge ages. carbon/nitrogen/sulphur 

sources. 

Nocardia amarae like Low F/M. Diverse 
organisms Wide carbon/nitrogen/sulphur 

range of sludge ages. sources. 
Denitrifies to nitrite rather 
than nitrate . 
Fast growers. 
Strict aerobes. 

Nostocoida limicola III Readily degradable soluble Diverse 
substrates. carbon/nitrogen/sulphur 
Moderate to high sludge sources. 
age. Grows in absence of both 
LowF/M. 0 2 and N03- . 

Sheathless. 
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Foam Cause Identification 

After re\·iewing the literature (Task Force on Activated sludge, 1987; Jenkins and 

Peirano. 1996: Goronszy. 1990; Chua and Le. 1994: Knight et al. l 995a). the possible 

causes for foam production at this particular plant were narrowed down to : 

I. nutrient deficiency (nitrogen and iron see Appendix I). 

2. filamentous organisms associated with plants operating at low loading (see Table 

I I ). 

surfactants in the influent (many cleaning chemicals are used in large quantities on the 

factory si te ). 

The causes of foam referenced in the literature search that could be discarded 

included: 

1. young sludge (foam was not white and billowing), 

2. insufficient aeration (dissolved oxygen was continuously monitored, and foam was 

not dark). 

3. dyes or inks (none of these were present). 

Nutrients in the influent and effluent were measured throughout the trial (Appendix 

1 ). The nutrients of concern were shown to be nitrogen which had a BOD5:TKN ratio 

of 27:1 (a BOD5:TKN ratio of20:1 - 25/1 is recommended) and iron with a BOD5:Fe 

ratio of 880: 1 (a BOD5:Fe ratio of< 200: 1 is recommended). Aerobic biological 

processes require 2-5 mg/l of ammonia for every 100 kg of BOD. At the Waitoa plant 
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the ratio averaged 0.3 mg/l. However, of the filamentous organisms identified, only 

one (Type 00-11) is typically found in nutrient deficient plants. Type 00-11 was only 

seen in small numbers. and not on every occasion. Other typically nutrient deficient 

filaments ( 1:1pe 06-5. Type 021.\". ThiOlhrix I and// and S. natans) were not 

observed (Bradley and Kharkar. 1996: Task Force on Activated sludge. 1987: 

Marshall. 1992). 

It was calculated that 730 kg of urea and 430 kg of ferric chloride should be added per 

day in order to treat 12750 kg of BOD5 (Appendix 1 ). however. at $620/day, this was 

considered to be uneconomic. /\t the time that this report was written. the foam was 

causing nuisance value only, and there were other causes more strongly linked to the 

fil ament identifi ed (see below). It was also possible that a change of cleaning 

chemical in some of the factories would increase the amount of nitrogen discharged to 

the Waste Treatment Plant, and decrease the amount of phosphorus. 

Of the fi I amen to us organisms observed, all have been previously shown by Seviour et 

al 1993 to be associated with low F:M conditions in the plant. Table 12 summarizes 

the dominant filaments found in the Waste Treatment Plant and their foaming 

abilities. 

The raw results and calculated F:M ratio and sludge age are shown in Appendix II. 

The calculated F:M ratios throughout the trial ranged between 0.05 and 0 .1, averaging 

0.07. The sludge age was shown to be 38 days at the beginning of the trial, decreasing 

to 27 days at the end of the three months (Appendix II). As discussed in the bulking 

studies, low F:M conditions did therefore exist in the plant, encouraging the growth of 
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the bulking and foaming organisms dominant in the Waste Treatment Plant (Task 

Force on Activated sludge, 1987; Bradley and Kharkar. 1996). In order to increase 

the F/M, sludge wasting needs to be increased. 

Table 12 Foaming Associations of the Dominant Filaments 

Favoured Operation F oarning Characteristics 
Parameters 

Type 0914 Low F/M. Has been reported as the 
Long sludge ages. dominant organism in 

foam. (Task Force on 
Activated sludge, 1987) 

Type 0092 Low F/M. Hydrophobic - produce 
Long sludge ages. and stabilize foams. (Chua 
Slowly degradable or and Le, 1 994) 
particulate substrates. 

N. pinensis Low F/M. Hydrophobic - produce 
Long sludge ages . and stabilize foams. 

(Sevior et al, 1993; Jenkins 
and Peirano, 1996). 

Nocardia amarae like Low F/M. Hydrophobic - produce 
orgarnsms Wide and stabilize foams. 

range of sludge ages. (Seviour et al , 1993; 
Jenkins and Peirano, 1996; 
Goronszy, 1990) 

Nostocoida limicola III Readily degradable soluble Has been reported as the 
substrates. dominant organism in 
Moderate to high sludge foam. (Goronszy, 1990) 
age. 
LowF/M. 
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Ten of the major chemicals and products discharged to the Waste Treatment Plant 

were investigated for their foaming characteristics using the method of Goronszy 

( 1990). The results are summarised in Table 13. 

Table 13. Investigation into Chemical Causes of Foaming 

Substance Formed foam Stability after 30 secs 

Whole milk 240 ml 270 ml -

Skim milk 350 ml 190 ml 

Cream 20 ml 40 ml 

Influent (13/ 11 /96) 40 ml 10 ml 

Solgon 150 ml 100 ml 

Sterbac 500 ml 210 ml 

Microquat B 500ml 600 ml 

Supersan 250 ml 300 ml 

First Degree 500 ml 650 ml 

Influent 14/11/96 30 ml 30 ml 

From these results the cleaning chemicals Microquot B and First degree were shown 

to form a highly stable foam, and skim milk and Supersan forming a moderately 

stable foam. From the foaming tests performed on the influent samples, it is not likely 

that surfactants alone are the dominant cause of the foaming on the surface of the 
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treatment plant. The usage of Microquot B was sho\\11 to be relatively minor (0.44 m3 

per year). hovvever the usage of First degree at 70 m3/year could be a minor factor, 

increasing the stability of the foam produced by the filamentous bacteria. 

Ultimatel y it was shown that the major cause of the excessive foam production at this 

Waste Treatment Plant was likely due to foam forming filamentous bacteria, 

encouraged by the low F IM and high sludge age. Minor additional influences 

included the use of surfactants on the processing site. and a nitrogen and iron 

deficiency in the inlet feed . 

APPL/CAT/ON OF ASIM 

The modeling presented in this thesis was completed in close collaboration with the 

New Zealand Dairy Research Institute, Resource Management section, and is also 

discussed in a Technical Report by Donkin and Kerridge, 1997. 

To verify any complete model for an activated sludge process, the influent, effluent, 

return and waste flow conditions such as flow rate, chemical oxygen demand COD 

concentration, and the suspended solids concentration have to be given in respect to 

time (Appendix II). These actual results must then be compared to the predicted 

results. Variation files which include the data used for all modeling are shown in 

Appendix IV. 



The model chosen (ASM No.1) was one out of thirteen models available with ASIM 

(Activated Sludge SIMulation Program) Version 3.0 (Gujer, 1995). It was considered 

that the major process occurring in Waitoa's waste treatment system was the removal 

of organic carbon (biomass utilizes organic substrates in order to grow and multiply), 

with nitrification and denitrification secondary. The following processes therefore 

were required to be included in any model required to accurately simulate the Waitoa 

system: growth of biomass; lysis and hydrolysis (loss of biomass) using organic 

substrates; inert particulate solids in influent; nitrification and denitrification. 

COD Removal 

The modeled COD of the effluent was compared to the actual COD in the discharge to 

the river (Figure 6) . The actual COD removal rate was 98% compared with an 

estimated removal efficiency of 99%, showing that the model predicts the final 

effluent COD concentrations well. This indicates that for this treatment plant, the 

kinetic and stoicheometric coefficients and equations used in this model adequately 

predicted organic carbon removal. Included in Waitoa's treatment system is 

sandfiltration for a portion of the discharge. Much of the final suspended material in 

the wastewater is removed in this manner, enabling a closer prediction of final 

effluent characteristics than might otherwise have been the case (ASM No.1 assumes 

that there is no carry-over of suspended solids from the clarifier i.e perfectly 

operating). Previous experience indicates that a substantial proportion of the 

remaining suspended solids in the discharge from the clarifiers are removed in the 

sandfilters. The only noticeable exception is when significant numbers of single cells 



are present in the discharge due to a toxic dose in the Waste Treatment Plant. Single 

cells are not as effectively removed by the sand filters, however no event of this nature 

occuned during the period investigated. 

It was found that the prediction of final effluent COD was fairly insensitive to changes 

in the kinetics and stoicheometric coefficients due to the extended aeration 

configuration of the plant (low F:M). which enables maximum COD metabolisation 

(Donkin and Kerridge, 1997) 

The inert fraction of the influent averaged 25mg/l throughout the trial. This indicates 

a very low proportion of the total influent is non-degradable (1.1 %). The slowly 

biodegradable substrate concentration in the influent averaged 1090 mg/I ( 46.6 %). 

This fraction must first be hydrolyzed in order to become available for degradation 

and is assumed to be associated with the solids 

phase of the activated sludge (adsorbed, entrapped) instantaneously. It therefore does 

not appear as soluble COD. If either nitrate or oxygen is present, this fraction will be 

converted and used, otherwise (anaerobic conditions) this fraction will accumulate. 

As the total COD in the discharge is usually proportional to the suspended solids 

concentration, and not continually increasing, then it is understood that degradation of 

this fraction is taking place. 

The readily degradable fraction of the influent causes a rapid usage of oxygen in a 

short time frame. The concentration of this fraction averaged 810 mg/l or 34.7 % of 

the total influent. 



ASM model No. I does not include phosphorus removal as a treatment process but 

even so has been proven adequate for Waitoa ' s system. The loss of COD during the 

small amount of phosphorus removal in this treatment system (33%) does not affect 

the accuracy of the model as removal is due to that utilized by the sludge cells for cell 

synthesis and energy transport only. Other initial assumptions \:vhich have been 

proven accurate are: 

1. initial aeration basin conditions equal final mean effluent soluble COD 

2. inert soluble substrate same as for similar lab scale system therefore lab scale 

system shown to be an accurate approximation of the full scale system in this area. 

3. Inert particulate substrate of this particular wastewater negligible. Average COD 

to BODS ratio of 1.5 indicates a readily degradable influent (less than 2.5 is 

considered readily degradable). 

Nitrogen Removal 

The predicted concentrations of nitrogen in the effluent were also compared to the 

actual concentration of nitrogen in the final discharge to the river (Figure 6). A 

predicted value of 99% compared with an actual removal rate of97% indicates that 

the chosen model was able to predict the final concentration of nitrogen in the effluent 

within acceptable analytical error limits. 

In order for denitrification to be modeled accurately, the kinetics of heterotrophic 

growth must be corrected for anoxic conditions (organisms have the enzymatic ability 



to use nitrate as an electron acceptor in the absence of di ssolved oxygen). There are 

hence some issues to overcome when attempting to model denitrification: 

I. not all the biomass will adapt itself to anoxic conditions (some microorganisms 

will be incapable of utili zing nitrate as an e lectron acceptor). 

2. The maximum specific growth rate of heterotrophs may be reduced under anoxic 

conditions and a correction factor is requi red. 

Usually the nitrogen fractions in influent do not need to be characterized in as much 

detail as the organic fractions because most of the nitrogen is present as ammonia, 

which has no coupling to the organic compounds (Henze et al., 1995). Jn Anchor's 

influent however. a significant proportion of the nitrogen is present as nitrate 

(Appendix II). Fixed nitrogen fractions for the various COD components were used 

with the assumption that all particulate and soluble organic fractions contain a 

constant fraction of organic nitrogen. 

While the Waitoa plant was origina lly designed with the prime intention of removing 

carbon from the wastewater, it is also currently achieving high levels of nitrogen 

removal, mostly due to denitrification (the aeration basins are operated at a dissolved 

oxygen range of 0.7-1.5 mg/I encouraging simultaneous nitrification/denitrification). 

Solids Removal 

Unfortunately a combination of suspended solids and total solid's analysis was used at 

the Waste Treatment Plant, and the return activated sludge volume from one of the 

clarifiers was also not accurately measured and had to be estimated. This meant that it 



was difficult to compare the suspended solids in the ponds mixed liquor, return 

activated sludge and discharge to the total solids measured in the waste sludge. 

Consequently the correlation between the predicted solids and the actual solids 

throughout the system was not as good as was expected. 

Dissolved Oxygen 

The model was also used to estimate the effect of varying the dissolved oxygen set 

points in the aeration basins (Figure 6). This indicated an optimum aeration set point 

range of 0.5 to 1.5 mg/I di ssolved oxygen. At levels above 2.0 mg/I the nitrate levels 

were predicted to increase. while at levels below 0.5 mg/I the soluble COD and 

ammonia concentrations were predicted to increase dramatically due to incomplete 

oxidation occuITing. These trends are substantiated by previous operator experi ence at 

the Waitoa Waste Treatment Plant and plant already operates within this dissolved 

oxygen range. 
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Figure 6. COD, nitrogen and Dissolved Oxygen Modeling (Donkin and 

Kerridge, 1997) 
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CONCLUSIONS 

Filamentous bulking in the sludge was determined to be due predominantly to low 

F/M. high sludge age ti lamentous bacteria. It is expected that a reduction in these 

organisms could be achieved by increasing the F/M. and reducing the sludge age i.e. 

by increas ing the waste sludge removal from the system. 

The dominant bulking organisms in the Waste Treatment Plant were also shown to 

have been assoc iated with foam. or known foam formers. It is therefore expected that 

the foam will also reduce with the reduction in sludge age. Two addi tional conditions 

that may be enhancing the foam production and stability include a nitrogen and iron 

deficiency in the influent. and the use of surfactants for cleaning on the processing 

site. Several other methods of foam control are kno\\·n. including the spraying of the 

foam with chlorine (Jenkins et al. 1989; Koopman et al. 1984: Task Force on 

Activated sludge. 1987). The reduction in foam could be enhanced by foam 

chlorination, a foam wasting program, correction of the nitrogen and iron deficiency, 

and an investigation into the usage of the detergent First Degree. 

Nitrogen deficient conditions in the Waste Treatment Plant could be improved if not 

eliminated by altering the cleaning regime in some of the factories to include nitric 

acid instead of triplex. Iron deficiency may still effect the bulking and foaming 

conditions in the plant. Replacing triplex with nitric acid would not eliminate the high 

total phosphorus discharges into the Waitoa River from the Waste Treatment Plant, 

although these would be reduced by a small amount. 
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The concentration of phosphorus in the discharge from the Waste Treatment Plant is 

unlikel y to be acceptable to the local authorities or the genera l publ ic in the longer 

term. It is recommended that a study is completed to determine the most cost 

effective method of phosphorus removal. Possible options are chemical dosing prior 

to discharge. luxury uptake of phosphorus by the biomass (requiring plant 

reconfiguration). or spray irrigation of the current \\.astc Treatment Plant discharge. 

As higher dissolved oxygen levels in the aeration basins encourages denitrilication in 

the clarifiers (conditions of low· oxygen. more than 5 mg/ I nitrates). it is 

recommended a dissolved oxygen leve l Jess than two mg/I is maintained in order to 

complete any denitrification within the aeration basins. 

The ASIM model with the kinetic and stoicheometric coefficients and equations 

described in this thesis proved to ab ly model the Anchor Products Waitoa biological 

Waste Treatment Plant. It was able to predict wel l the final effluent COD and 

nitrogen concentrations in the discharge into the ri ver. The model will be able to be 

utilised to predict the likely effects of large changes in influent characteristics on the 

discharge to the Waitoa River. The effects of future changes in the configuration of 

the wastewater treatment plant will also be able to be modeled. 
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LIST OF SYMBOLS 

APHA American Public Health Association 

ASIM Activated Sludge SIMulation programme 

ASMl Activated sludge Model Number one 

ASM2 Activated sludge Model Number two 

b Yield Coefficient per day 

BOD5 Biochemical Oxygen Demand mg/I or kg/d 

Ca calcium 

Cl2 chlorine mg/I 

Co Cobalt 

C03 Bicarbonate 

COD Chemical Oxygen Demand mg/I or kg/d 

Cu Copper 

DSS Dispersed Suspended Solids mg/I 

Fe Iron 

F/M Food to microorganism ratio per day 

FSS Flocculated Suspended Solids mg/I 

H202 Hydrogen Peroxide 

K Potassium 

Ks Coefficient mg/I 

MCRT Mean Cell Retention Time days 

Mg Magnesium mg/l 

MLSS mixed liquor suspended solids mg/l 
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MLVSS Mixed Liquor Volatile Suspended Solids mg/I 

Mn Manganese 

Mo Molybdenum 

Na Sodium 

NH~~ Ammonium 

N0
3

- Nitrate 

0 2 Oxygen 

p phosphorus mg/I 

P04 Orthophosphate 

Q Wastevvater Flow Rate m3/d 

R Return activated sludge flow 3 m Id 

RAS Return activated sludge 

soc Soluble Organic Carbon mg/I 

SSC Suspended Sludge Concentration mg/I 

ssoc Suspended solids Organic Carbon mg/I 

SVI Sludge Volume Index 

TKN Total Kjeldahl Nitrogen mg/I 

TP Total phosphorus mg/I 

TS Total Solids mg/I 

TSS Total Suspended Solids mg/I 

v Tank Volume 3 m 

vss Volatile Suspended Solids mg/I 

WAS Waste Activated Sludge 

WTP Waste Treatment Plant 
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Yield Coefficient mgVSS/mgCOD 

Zinc 

Coefficient per day 
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APPENDIX I. Nutrient Requirements of the Anchor Waitoa Waste Treatment Plant. 

(Marshall, 1992: Task Force on Activated sludge. 1987) 

Influent Nutrient needed rngn l'iutrient shortage mg/I 

Date 801>/N 801>/P BOD/Fe BOD/COD N p Fe ,,.; I' 

17/09/96 24 10 703 0.6 71 14 7 13 -108 
18/09/96 25 12 1941 0.6 83 17 8 16 -99 
19109196 23 13 2338 0.7 87 17 9 12 -113 
20/09/96 37 21 235 0.8 55 11 6 25 -34 
21 /09196 24 12 389 0.5 56 11 6 10 -77 
22/09196 24 13 1031 0.6 83 17 8 15 -96 
23/09/96 36 15 577 0.7 101 20 10 45 -90 
24/09196 30 10 739 0.6 78 16 8 27 -1 15 
25/09196 27 12 563 0.7 85 17 9 23 -102 
26/09196 27 14 1064 0.7 92 18 9 25 -98 
27/09196 27 17 888 0.9 111 22 11 30 -110 
28/09/96 24 16 957 0.7 89 18 9 16 -72 
29/09/96 23 11 491 0.5 71 14 7 10 -96 
30/09/96 27 11 440 0.6 73 15 7 19 -105 

avg. 27 13 883 1 81 16 8 20 -94 

103 

Wl'ight of nulrirnls to he added . Amount of che mica l lo he added . kg 
kg 

Fe :-; I' l· e l'rea Ferric chloride 

kgld $/day kg/d $/day 
5 80 33 374 175 329 207 
7 110 51 510 238 510 320 
8 98 65 458 214 653 410 
1 207 7 964 450 68 43 
3 77 21 358 167 209 131 
7 123 55 572 267 552 346 
7 370 55 1721 804 553 347 
6 199 42 924 431 425 266 
5 195 47 909 424 475 298 
7 175 53 813 380 537 336 
9 246 70 1144 534 708 444 
7 115 52 536 250 524 328 
4 71 30 328 153 297 186 
4 129 27 601 281 267 168 

6 157 43 729 341 436 274 
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Waste Activated sludge Trucking Over the Period Studied. 
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460 

455 

450 

475 

490 

530 

475 

480 

47 5 

455 

475 

525 

525 

375 

525 

455 

47 5 

628 

361 

IOJ24 

10212 

9919 

9990 

9945 

9990 

13973 

6500 

4360 

Q3 l 5 

10755 

11685 

12065 

11163 

11956 

I Q-l03 

11 970 

10780 

10735 

11 073 

11925 

9880 

10848 

107J5 

9237 

9548 

10290 

10815 

7988 

13178 

11239 

10023 

0 

IJ97J 

8997 



Sludge Trucking to Irrigation 

6 48 1050 29022 26 526 7 195.5 40 1 33.3 1730 787 4 <0.04 162 8 06 

19/08/ff 6 59 21 40 28702 26 644 191 6 185 33 2 1790 827 7 <0.34 1664 06 

2/091'96 6 73 2160 23400 2 3 598 211 1 48 1 32 3 677.4 <O 04 116 8 06 

18/09196 6.6 1530 2 4 692 254 60 2 36 8 1630 777 <O 03 191.2 0.6 

30/09/'96 69 1760 2081 4 22 624 223 52 1 26 2 1430 741 0 138 1 06 

1~10196 6 92 1320 21920 22 

29/10/96 6 96 2710 24545 25 531 313 45 9 21 7 1130 777 0 161 

11111196 6 75 3080 20909 2.2 

8112196 68 2300 19886 2 1 626 303 57 3 26 9 780 684 0 1 131 67 

average 6 74 1969 24187 24 603 231 72 31 1542 764 6 0 03 156.1 06 
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NZOG - WI.Ito.I Sttt EtnU41nt tHtlng LIMS RHutt• 

Dynamic 
Sludge Age 

Report 
Pnnted. 02/03117 For 0•1• R•nge; 191091'6 to 251111'6 

S.ample 

D•te 

19/09/96 

20/09196 

21/0Q/96 

22/09/96 

23/09196 

2•!09196 

27/0919t> 

30/09196 

01110/96 

02/I0/116 

03110196 

0./10/96 

05110/96 

06/10/96 

07110/96 

08110/96 

09/ 10t9G 

10/ 10/g6 

11/1()/g6 

12110/96 

13./10198 

14/ 10/96 

15110/96 

16110/96 

17110/96 

19110/96 

20/10!9t> 

21110196 

22/10/96 

23110/96 

25110/96 

26/10/i6 

27110/96 

28110/96 

29110/96 

30/10/96 

3 1/10/9e 

0 11111'96 

02/11/9e 

03111196 

0./1119t> 

0511119t> 

06/11/Qe 

07111/96 

OS/11196 

09/1119t> 

10/11/QG 

11/ 11198 

12111198 

13/1119t> 

1'111/96 

1511119t> 

16111M 

17/ 11/90 

18/11/9e 

1911119t> 

20/11196 

21111/96 

22/1119t> 

2"'1119t> 

25111/96 

Ponds One 

Volume 

ml 

• 3000 

• 5500 

45500 

• 6500 

•6500 

4(1000 

• s500 

• 5500 

• 6500 

4S500 

• 6000 

• 6500 

47000 

.,500 

• 3500 

43500 

42000 

« 000 

• SOOO 
44500 

4S500 

• S500 

•7500 

46500 

44000 

45000 

Ponds One 

Su1p 
Sohds 

g/ml 

5905 

5295 

S170 

:.680 

S270 

5485 

S.6S 

5170 

5700 

S860 

60.S 

5985 

609S 

6190 

6615 

6 125 

5950 

6230 

5825 

S9'5 

5850 

623S 

569S 

ss~s 

567S 

S3'0 

5'10 

SSIO 

S.70 

S750 

5'1S 

6SIS 

seas 

SS1 S 

S370 

5600 
S90S 

560S 

S700 

se.s 
S91S 

587S 

6100 

5850 

583S 

6000 

5820 

sa.s 
5630 

61S5 

S7•0 

5870 

S730 

S500 

609S 

56SO 

eoas 
S935 

467S 

S3'S 

Ponds Two 

Susp 
Solids 

g/m3 

6000 

5070 

S230 

SJ70 

5320 

5:.60 

S58S 

6025 

5680 

S905 

6185 

5&00 
5930 

602S 

5890 

6255 

5960 

5880 

55'5 

SS90 

605S 

S710 

5570 

5'2S 

S720 

S:.60 

ss.o 
5630 

5680 

S.30 

S790 

SSIS 

S500 

S.90 

S500 

5690 

5740 

582S 

SS70 

568S 

seos 
S170 

588S 
S79S 

583S 

5910 

eoas 
597S 

se.s 
S170 

5820 

S390 

S16S 

S54S 

S810 

S5SS 

se.s 
5850 

6130 

532S 
S135 

Trucking 
Sludge 

ml 

350 

300 

325 

350 

355 

3'S 

350 

350 

JSO 

JSO 

375 

325 

355 

300 

•oo 
500 

37S 

•Jo 
• OS 

37S 

•o5 
• OO 
'1 S 

450 

• 7S 

•25 

• 50 

•so 
• 70 

500 

• SS 

• SO 

450 

57S 

325 

4SO 

OS 

475 

475 

• 90 

OS 

OS 

S1S 

S30 

475 

480 

4 75 

47S 

525 

S2S 

37S 

S2S 

<SS 
47S 

Trudung 

Total Solids 

'.4 

2 • 2 

2 20 

2 30 

225 

2 2• 

2 29 

I 80 

1 99 

2 OS 

199 

1 99 

2.08 

20S 

2 10 

2'3 
2 16 

282 

2 12 

2 13 

2 2• 

266 

2 32 

2 18 

2 10 

2 23 

2 08 

2 33 

2 JS 

2 23 

2 17 

2 16 

2 2• 
0.00 

2-'2 

2 26 

2 .32 

2 .22 

2 18 

2 .22 

2 21 

2 22 

2 • 3 
200 

208 

2.01 

2.39 

2.54 

2.JS 

2.6' 

2 ... 
2 19 

2 .S2 

2 20 

2 26 

2 .15 

2 .2S 

2.oe 
2 26 

2.26 

2 01 

196 

2.06 

2.13 

2.S1 

2.47 

211 

103 

Mau 
Sludge 1n 

Sys1em 

1000s kgs 

25• 

2• 9 

241 

2SO 

2• 7 

262 

2 ... 

25' 

243 

2S9 

2SO 

259 

280 

291 

285 

277 

282 

26S 

262 

217 

2S9 

2S9 

2• S 

2S7 

2S8 

263 

2•7 

283 

2S8 

256 

2S2 

258 

2S2 

2S2 

251 

253 

263 

256 

2S7 

250 

262 

2SI 

272 

2S1 

262 

271 

263 

271 

27S 

213 

M•ss 
Wa~te 

Rate 

1000s 
kgstd.ay 

13 

11 

11 

10 

10 

10 

10 

11 

11 

10 

10 

10 

10 

10 

10 

11 

12 

12 

11 

13 

12 

10 

12 

11 

11 

11 

12 

10 

11 

11 

10 

10 

11 

13 
11 

10 

M•ss 
Sludge in 

Sys tem 

10001 lbs 

:.60 

550 

579 

531 

5S2 

54S 

549 

S17 

537 

560 

S36 

572 

552 

571 

593 

S85 

616 

626 

628 

810 

621 

583 

sas 

517 

610 

S77 

S71 

S70 

540 

S74 

Seo 

56S 

SS7 

S7S 

569 

5S7 

S56 

547 

S50 

SS2 

S58 

seo 
ses 

SS1 

S77 

SSJ 

58S 

601 

540 

SSJ 

S78 

582 

S97 
S73 

579 

MJSS 

W•sle 

Rate 

1000s 
lbstd•y 

10 

15 

16 

18 

17 

18 ,. 
16 

16 

IS 

16 

16 

17 

17 

17 

28 

19 

25 

25 

19 

21 

19 

18 

19 

21 

22 
22 

23 

20 

22 

2S 

25 

23 

23 

22 

22 

22 

22 

31 

21 

21 

2• 

27 

2S 

28 

26 

23 

26 

2• 
2• 

2• 

26 

22 

24 

20 

21 

23 

18 

29 

2S 

22 

R•te of 

Ch•nge 

in Mass 
K 

-S 13 

29 10 

·31 04 

· 16 79 

20 •2 
-7 02 

27 33 

-39 SS 

23 07 

-24 11 

38 13 

·20 13 

18 67 

-8 S9 

31 79 

9 7• 
,. 86 

-13 23 

-17 27 

10 25 

. 37 03 

2 10 

33 10 

-32 49 

-S 9' 

· 1 01 

-30 27 

963 

-160 

2 56 

10 62 

-356' 

80 01 

-56 03 

-3 )1 

.7 94 

18 42 

~31 

-12 26 

-0 19 

-9 70 

2 91 

2.87 

21 .9' 

-IS S2 

121 

· " .62 
2601 

891 

.33 2S 

31 .99 

IS.SS 

~.78 

13.64 

24.47 

3.79 

1S.43 

-24.42 

6.14 

19.60 

1 ao 
17.5S 

Sludge 

Produc11on 

Rate 

9 •2 

-13 18 

0 50 

667 

2009 

-2• 20 

.a.oe 
51 9S 

-217 

36 08 

39 48 

19 38 

45 81 

2852 

39 :.6 

11 69 

191 

30 92 

-UI 18 

20 54 

10 21 

S3 6S 

-10 99 

16 19 

21 71 

-1003 

963 

17 47 

27.•8 

33 38 

. 13 13 

101 88 

· 3' 0 1 

1882 
,. 08 

•9 22 

802 

8 37 

20 JS 

1' 01 

2887 

29.4(1 

30.60 

•• 58 

10 8' 

24.15 

11 77 

32 SJ 

·8.64 

58.28 

37.33 

-36.87 

37.30 

.... 83 

24.8' 

38.12 

-0.58 

23.7S 

32 58 

39114 

Oyn•m1c 
Sludge 

Age 

OSA 

30 00 

30 97 

31 24 

32 21 

30.99 

3HS1 

31 4S 

30 10 

324(1 

31 23 

32 70 

30 73 

3188 

30 86 

29 81 

2983 

2860 

28 29 

27 SS 

28 °' 
2395 

28 St 
30 ,4 5 

30 38 

30 8' 

29 13 

3068 

30 8 1 

30 6S 

32.21 

30S8 

31 °' 
31 09 

3060 

29 8' 

31 56 

2742 

3006 

30 0 7 

30 31 

28 74 

29 3' 

29 90 

29 80 

28.93 

28.JS 

2743 

27.26 

2 7 68 

2630 

25.84 

27.25 

2S SS 

24.96 

27.66 

26.80 

2S 72 
25.62 

24.99 

26.01 

25.9' 

2• 84 

24 51 

23.95 

Tr•dmonal 
Sludge 

Age 

TSA 

30 00 

37 go 
35 ,. 

3069 

30 7• 
31 22 

l9 79 

JS 26 

3698 

3' 97 

33 39 

36 17 

31.79 

3217 

35 09 

2090 

• 3 96 

33 33 

2S 95 

25 19 

31 83 

30 °' 
31 08 

31 73 

31 °' 
29 67 

26 8' 

2S 82 

2S 09 

26 68 

2S • O 

.OIV/0 1 

22 S9 

22 8' 

24 16 

2853 

2S 79 

2S 7S 

2S 27 

1867 

39.69 

26 9 7 

27 09 

23 OS 

21 .33 

20 11 

22.69 

2099 

21.43 

20 89 

2'.30 

24 77 

22.86 

22 2S 

27.S7 

22.S7 

23 .39 

28 38 

27 .6' 

26.32 

24.02 

32.87 

2060 

2447 

28.23 



APPENDIX Ill. Cleaning Chemical Balance 

Sit<" C htm1ral USAl:C' · (bulk) 

O~lf lh pochlor11e ·\mmon1a C.au~11c T11plc'f( c o \hlorQsoh 'LlflC (ausuc l 11plc'< '\ulphunc 

fhcr.~c fJc1or\ ChtC'~C' (actorv ~1ill rC"cepuon \till.. reception \ta1n compJ \fa in compd M,11n compd \fain compd ~b.1n compd ~1am com pd 

Sodium ~·I :1 •r 8 119 •17 
chlorine g.I , I 6 

OlllOJ.?.C'O !d 117 :n 
')ulphur gil j89 

Phosphorus ~ I 'I J I 

Acuul uui~t (lilrtsl 
17,Q,Qo. l l/9/% 1000 r-Q<C\O iSfMl •).1(1') <CIO"- ~ O ... o ()(I .'700 ., , ~ 1 <, <j(}46() • l?<O 

I JQ.;9(,.J 1/ 10/96 7900 1.i:'n J(}o.)( ) IJ'<i.0 10.i.i : o I If''' "~00 :-no:' 1:::-1;060 10 76)0 

I I 1196-2\ 11 '% :ooo ~)ft{)l l nQ<.f1 I ~ti:o -::oo ... J 70 110(1 ,-,.q, ~&:60 -so.c;< 

,'l\u1ritnU co Ph1111S 
rvvr..Jtvvr. 

'iod1um I..~ 81 78() , 1q • Ol lo 
chlorine Ii.~ 1:-1 " 
n11rngcn lr.g 8 11• 7')(l 

Sulphu1 L,~ :i.ioxs 
Phosphorus lg ::o.i 1861 

t tn yo .JI Jn yr. 

Sud1urn L.K :11 :180 866 J O J lt1 

chlonnC' lg ;~8 7• 
n11rogC"n l.g 11\'-t> I :Ji 
\11/phur kg n 11.an 

PhosphC1rus Li.: .s <;;. 19 1• 
I II 9ft.._' ... II Yf. 

'\odium Lg '" lfl •:' '°" M'IO ".'Ni.a,:'. 

.. :hlunnc ~~ 81 •• 
n11ro~en kg 11<1 : .,-:-
SulphuJ litg .J \()';~ 

Phosphorus kg ·Ct• :100 

1 o la l to Plants 17/'l/'16.Jl"l/96 1/ 10/96- 111 1/96- Toi al 
Jl/10/96 2~ 111'16 

Sodium lg • t•o: .a)J 7 ~ s 1:'1 16~9QS 

chlorine kg 169 •O: 131 702 

n1t1ogc::n kK 1606 :11: 14:8 5806 
~ulphur kg :?•688 6JJ•O 4<931 IJJ96J 
Phosphorus l g :!I'< • 370 J 1:6 9651 

l oul ro \\'TP 
Sodium l g o::~s 6156-' 0:626 1904•9 

chlorine k8 
nitrogen kg 8667 oO'lo s:J5 :?2998 
Sulphur kg • 08)7 197• " • 71"" 127781 

Phosphorus lg 141<0 13310 16:87 J J766 
To1al to \\'T P/d •H·ragf' 

Sodium kg/d 4111 J J71 -11 7<. 4:!)2 
chlorine kg/d 

nitrogen kg/d 578 • 06 qq 511 
Sulphur kg/d :?722 ,650 JIH :?8-10 

Phosphorus kg/d 941 889 1086 973 
Unknown tource to WTP 
Sodium kgtd 20856 ::!190 - IS~Q~ :?-1-15 1 
chlorine lgld 

nitrogen kg/d 7061 JJ2J 6807 17192 

Sulphur kg/d 16150 -2JS9J 126-' -6 180 

Phosphorus kg/d 11994 8959 IJ 16 1 ) 411 5 
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APPENDIX IV. ASIM Variation Data 

Variation data for INFLUENT for the ASIM model: Waitoa 

Mean 
S.E. 

Date 
17-Sep-96 

18-Sep-96 

19-Sep-96 

20-Sep-96 

21-Sep-96 

22-Sep-96 

23-Sep-96 

24-Sep-96 

25-Sep-96 

26-Sep-96 

27-Sep-96 

28-Sep-96 

29-Sep-96 

30-Sep-96 

01-0ct-96 

02-0ct-96 

03-0ct-96 

04-0ct-96 

O!>-Oct-96 

Ol>-Oct-96 

07-0ct-96 

1.00 1 00 1.00 1.00 1.00 

0.09 0.04 0.17 0.15 0.19 

lnfluen RAS 

Vol vol Ox 

m3/day m3/day day-1 

0.845 0.910 0.745 

0.899 0.919 0.667 

1.076 

1.092 

1.010 

1.076 

1.091 

0.973 

1.130 

0.936 

1.073 

0.969 

0.927 

0.875 

1.076 

0.933 

0.924 

0.922 

0.920 

0.925 

0.918 

0.923 

0.934 

0.941 

0.932 

0.919 

0.918 

0.943 

0.924 

0.937 

0.842 

0.791 

0.740 

0.905 

0.888 

0.851 

0.869 

0.697 

0.713 

0.800 

0.745 

0.778 

0.762 

0.834 

1.073 0.939 0.716 

1.208 0.965 0.871 

1.115 0.979 0.996 

1. 198 0.962 0.676 

1. 1 S3 0.956 0.811 

SI 

mg!\ 

0.994 

1.076 

1.068 

0.570 

0.978 

1.059 

1.141 

1.002 

0.986 

1.019 

1.051 

1.068 

1.149 

0.962 

0.921 

1.051 

1.149 

1.206 

1.239 

1.059 

1.076 

Ss 

mg/1 

08-0ct-96 0. 97 4 

09-0ct-96 0.921 

0.981 0.995 0.696 

0.994 0.906 0.888 

0.915 

0.944 

1.110 

0.562 

0.705 

0.959 

1.184 

0.734 

0.885 

0.685 

1.171 

1.1 55 

1.048 

0.916 

1.173 

1.337 

1.169 

1.183 

1.333 

1.065 

1.170 

1.036 

0.797 

0.689 

1.097 

1.050 

1.216 

1.036 

1.067 

0.902 

0.753 

1.036 

1.157 

0.872 

0.859 

0.932 

0.755 

0.889 

10-0ct-96 

11-0ct-96 

12-0ct-96 

13-0ct-96 

14-0ct-96 

15-0ct-96 

16-0ct-96 

17-0ct-96 

18-0ct-96 

19-0ct-96 

20-Qct-96 

21-0d-96 

22-0ct-96 

23-0ct-96 

24-0ct-96 

25-0ct-96 

26-0ct-96 

27-0d-96 

28-0ct-96 

29-0ct-96 

30-0ct-96 

31-0d-96 

01-Nov-96 

02-Nov-96 

03-Nov-96 

1.104 

1.084 

1.021 

1.043 

1.046 

0.995 

1.099 

1.110 

1.145 

1.147 

1.044 

1.021 

1.086 

0.981 

0.962 

1.001 

1.033 

0.978 

1.112 

1.059 

0.971 

0.860 

1.026 

1.005 

1.078 

0.987 0.979 

0.990 0.963 

1.001 0.907 

1.009 0.808 

1.015 0.938 

1.009 0.817 

0.815 

0.978 

1.059 

1.068 

0.978 

0.962 

1.003 0.913 

1.109 0.799 

1.113 1.002 

1.023 0.978 

1.032 0.896 

1.052 0.815 

1.153 0.921 

1.274 0.733 

1.039 0.831 

1.004 

0.995 

1.003 

1.015 

1.003 

1.005 

1.004 

1.000 

1.013 

1.013 

1.014 

0.999 

0.993 

1.006 

1.019 

1.175 0.888 0.737 

0.970 1.076 0.808 

1.035 0.880 0.903 

1.060 0.799 

1.070 1.076 

1.330 1.002 

1.010 0.832 0.905 

1.020 0.969 0.815 

1.037 1.008 0.815 

1.030 1.021 0.978 

0.874 

0.899 

0.991 

0.706 

0.738 

0.783 

1.021 

1.00 1.00 1.00 1.00 1.62 

0.23 0.19 0.24 0.15 1.31 

Snh 

mg/1 

1.130 

1.284 

1.439 

0.581 

0.879 

1.313 

1.091 

0.989 

1.203 

1.303 

1.562 

1.417 

1.554 

1.035 

0.847 

1.035 

1.175 

1.257 

1.304 

1.046 

1.070 

0.812 

0.800 

0 .695 

0 .929 

1.046 

1.058 

0.929 

0.906 

0.835 

0.671 

0.964 

0.929 

0.612 

0 .695 

0.847 

0.577 

0.718 

0.800 

1.070 

0.768 

Sno 

mg/I 

1.409 

1.228 

1.820 

0.711 

0.999 

1.099 

1.243 

1.278 

1.003 

0.851 

Xs 
mgll 

1.091 

1.238 

1.015 

0.581 

1.314 

1.182 

1.088 

1.332 

1.110 

1.183 

1.746 0.904 

0.643 0.959 

0.874 1.273 

0.925 1.018 

1.000 0.610 

1.000 0.700 

1.000 1.125 

1.000 1.235 

1.000 1.123 

1.000 1.052 

1.000 0.959 

1.000 0 .722 

1.000 1.001 

1.000 0.724 

1.000 0.832 

1.000 1.071 

1.000 0.885 

1.000 0.906 

1.000 0.832 

1.000 0.926 

1.000 0.854 

1.000 0.961 

1.000 0.757 

1.000 0.926 

1.000 0.761 

1.000 0.907 

1.000 0.707 

1.000 0.761 

1.000 1.075 

1.000 1.405 

1.000 0.852 

0.979 0.005 0.706 

1.070 1.000 1.293 

0.964 1.000 1.017 

0.824 1.000 1.149 

0.695 1.000 0.910 

0.695 1.000 0.854 

0.929 1.000 0.924 

XI Tem 

mg/I "C 

0.994 1.6 

1.076 1.6 

1.068 --0.2 

0.570 -1 .6 

0.978 -1.3 

1.059 0.1 

1.1 41 1.6 

1.002 1.9 

0.986 1.2 

1.019 0.1 

1.051 

1.068 

1.149 

0.962 

0.921 

1.051 

1.149 

1.206 

1.239 

1.059 

1.076 

1.4 

1.7 

0.1 

0.1 

0.9 

1.6 

1.5 

1.3 

1.3 

1.0 

1.1 

0.896 --0.2 

0.888 0.2 

0.815 

0.978 

1.059 

1.068 

0.978 

0.962 

0.913 

0.799 

1.002 

0.978 

0.896 

0.815 

0.921 

0.733 

0.831 

0.888 

1.076 

0.880 

0.799 

1.076 

1.002 

0.905 

0.815 

0.815 

0.978 

0.8 

1.2 

2.3 

1.5 

0.4 

1.4 

0.9 

1.5 

1.7 

1.7 

1.9 

2.7 

2.9 

2.2 

2.0 

1.5 

2.9 

2.7 

3.1 

3.6 

2.7 

0.4 

1.0 

1.8 

1.2 
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04-Nov-96 

05-Nov-96 

06-Nov-96 

07-Nov-96 

08-Nov-96 

09-Nov-96 

10-Nov-96 

11 -Nov-96 

12-Nov-96 

13-Nov-96 

14-Nov-96 

15-Nov-96 

16-Nov-96 

17-Nov-96 

16-Nov-96 

19-Nov-96 

20-Nov-96 

21-Nov-96 

22-Nov-96 

23-Nov-96 

24-Nov-96 

25-Nov-96 

26-Nov-96 

27-Nov-96 

28-Nov-96 

29-Nov-96 

30-Nov-96 

01-Dec-96 

02-Dec-96 

03-Dec-96 

04-Dec-96 

05-Dec-96 

06-0ec-96 

07-Dec-96 

08-Dec-96 

09-Dec-96 

10-Dec-96 

11-0ec-96 

12-Dec-96 

13-Dec-96 

14-Dec-96 

15-Dec-96 

16-Dec-96 

17-Dec-96 

18-Dec-96 

0.949 

0.947 

0.921 

0.978 

1 001 

0.917 

0 918 

1.057 

1.032 

1.023 

1.067 

0.954 

1.021 

0.959 

0.959 

0.959 

0.989 

0.966 
0.941 

1.116 

1.117 

0 .959 

1.020 

0 .934 

0 .677 

0 .788 

1 .050 

1 049 

0.800 

1.038 

0 .899 

0 .866 

0 .887 

0.932 

0 .805 

0 .867 

0 .935 

0.946 

0.640 

0.666 

1.224 

0.924 

0.997 

1.013 

1.031 

1.027 

1.035 

1.032 

1.006 

1.032 

1.023 

1.035 

1.041 

1.030 

1.034 

1.032 

1.030 

1.033 

1.024 

1 .032 

1.034 

1.024 

1.028 

1.032 

1.027 

1 023 

1.024 

1.022 

1 009 

0.994 

1.009 

1.025 

1 .029 

1.039 

1.033 

1.020 

1.027 

1.023 

1.033 

1.041 

1.028 

1.029 

1.025 

1.028 

1.029 

1.030 

1.0<41 

1.019 

1.028 

1.020 

1.237 

1.267 

1.294 

1.152 

1.372 

1.226 

1 130 

1.261 

1.066 

1.254 

1.167 

1.066 

1.106 

1.162 

1.068 
0.993 

1.0 15 

1.076 

0807 

1.120 

1.171 

1.085 

0.961 

1.062 

0.933 

1. 173 

1.250 

0 .883 

1.003 

1.029 

0.72<4 

0.799 

1.128 

0 .946 

0.931 

1 .036 

1 .315 

0.969 

1 .137 

1.139 

0.860 

1.179 

0.946 

1.019 

1.1<41 

0 .994 

1.467 

0.896 

1.206 

1.051 

0.896 

0 .733 

0 .896 

0.896 

1.068 

0.815 

1.214 

1.1<41 

0.815 

1.059 

1.059 

1.059 

1.059 

1.076 

1. 173 

0.750 

1.051 

0.978 

1.059 

1.157 

1.027 

1.059 

0.807 

1.059 

0.970 

1.059 

0.823 

0.978 

0.962 

0.896 

0.856 

1.059 

0.896 

0.962 

1. 100 

1.263 

1.141 

1 .230 

1.308 

1.385 

1.036 

0.861 

1.053 

1. 168 

0.929 

0 .963 

0 .830 

0 .782 

0.736 

1.035 

1.009 

1.0-47 

0 .867 

0.738 

1.005 

1.005 

0.914 

1.035 

1 072 

1.183 

0.890 

1.186 

1.036 

1.020 

1.259 

0.946 
1 .352 

0 .738 

1.261 

1.052 

0 899 

0.798 

0 .720 

0 .931 

1.023 

0.873 

1.035 

1 .023 

0.961 

1.0<49 

1.5+4 
1.486 

1.<46" 

1.415 

1.345 

103 

0.953 

1.020 

0.812 

1.257 

1.035 

0.812 

0.577 

0.812 

0.812 

1.197 

0.695 

1.269 

1.164 

0.695 

1.046 

1.334 

1.046 

1.046 

1.070 

1.210 

0.601 

1.035 

1 .346 

1.046 

1.167 

0 .999 

1.046 

0 .683 

1.046 

0 .942 

1.046 

0.706 

0.929 

0.906 

0 .612 

0 .753 

0.965 

0.812 

0.906 

1 .105 

1.339 

1.164 

1.293 

1.404 

1.515 

1.000 

0.806 

1.000 

1.000 

1 000 

1 000 

1.000 

1.000 

1.000 

1 330 

1 000 

1.000 

1.000 

1.000 

1.000 

0.531 

1 .000 

1.000 

1.000 

1.000 

1 .000 

1.000 

0 .578 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.948 

1.000 

1 .000 

1.000 

1.000 

1 .000 

1.000 

0.975 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

0.943 

2.213 

0.703 

1.253 

1.201 

0 .615 

0.614 

1.038 

1.093 

1.108 

0.575 

1.420 

1.477 

0.910 

1. 127 

1.127 

1.238 

1.090 

1.080 

1.161 

0.577 

0.886 

0.906 

1.106 

1.032 

1.127 

0.700 

0.891 

0.811 

0.869 

1.257 

0.654 

1.296 

0.999 

0 .741 

0 .834 

1.090 

0.741 

0.962 

1.163 

0.918 

0.716 

0.919 

1.177 

1.435 

0 .994 

1.467 

0 .696 

1.5 

0.2 

1.0 

1.206 0.3 

1.051 --0.3 

0 .896 --0.3 

0 .733 -0.5 

0 .896 0.3 

0.896 0.7 

1.068 

0 .815 

1.214 

1.1<41 

0.815 

1.059 

1.059 

1.059 

1.059 

1.076 

1.173 

0.750 

1.051 

0.978 

1.059 

1.157 

1.027 

1.059 

0.807 

1.059 

0.970 

1.059 

0.823 

0.978 

0.962 

0.896 

0.856 

1.059 

0.896 

0.962 

1.100 

1.263 

1.141 

1.230 

1.308 

1.385 

0.0 

1.1 

1.8 

1.5 

1 .5 

2.3 

0.8 

0.9 

1.2 

1.0 

0.2 

0.8 

1.4 

1.9 

0 .8 

1.9 

0.3 

3 .1 

2 .8 

3.0 

3 .1 

3.2 

3.3 

3.4 

3 .5 

3 .7 

3.9 

4.4 

5.0 

4.0 

4 .1 

3.8 

3.9 

2.7 

2.5 

2.1 


