
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Evaluation of Baffles for Optimisation of Waste 
Stabilisation Pond Hydraulics 

A thesis presented in partial fulfilment of the requirements 
For the degree of 

Masters of Engineering 
in 

Environmental Engineering 

at Massey University, Palmerston North, New Zealand 

Jill Helen Harrison 

2003 



ABSTRACT 

Waste stabilisation ponds are a common form of treating wastewater throughout the 

world and they provide a reliable, low-cost, low-maintenance treatment system. A 

literature review undertaken highlighted the need for improved understanding of the 

hydraulics of such systems, and their upgrade . In particular, the application of baffles 

is not well understood beyond the use of longer, traditional baffles to increase the 

approximation to plug flow . The mechanisms and interactions behind baffles are not 

generally understood. 

The work involved the use of CFO modelling to assess various pond designs. In 

addition to this, traditional tracer studies were carried out on a physical laboratory 

model, and on a full-sca le field pond . These traditional studies highlighted the 

success of the computer mode II ing approach. 

CFO modelling was used to model twenty pond designs, utilising various baffle 

lengths, number and position . These cases also studied inlet type and outlet position. 

In the second phase of the work, six of the CFO designs were tested in the laboratory 

setting. The final phase of work involved two tracer studies carried out on a field 

pond, utilising a modified inlet, then a combination of a modified inlet and the 

inclusion of a short (stub) baffle. 

CFO modelling has shown to be an effective investigative and design tool. The 

addition of results from laboratory and field studies further emphasises the benefits 

of the CFD modelling. The work has also provided an understanding of key flow 

mechanisms and interactions that have previously been attributed to other factors . 

Single baffles are not generally effective, and a mmtmum of two batlles will 

generally be required to achieve significant treatment improvements. The potential 

of short (stub) baffies has been shown, however they are sensitive to design changes 

and should be further researched. 

Previous research has looked at the pond using a 'black-box ' approach, this work 

seeks to open and explain the flow patterns within that 'black-box ' . 
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INTRODUCTION 

1. INTRODUCTION 

This section will briefly introduce the need for the research, and the objectives and 

approach of the work. 

1.1 The Need for the Research 

Waste stabilisation ponds are a common technology used for treating domestic, 

agricultural and industrial wastewaters. They are common in New Zealand, but are 

also a low-cost, low-technology application for wastewater treatment in developing 

countries. 

The overall efficiency of these systems is dependent on a number of factors. Watters 

( 1971) cites biological factors as having been considered the most important, and 

hydraulic factors were given little attention. Over recent years, research has given 

more importance to hydraulic factors. 

Hydraulic flow characteristics such as bulk flow patterns, short-circuiting, inlet and 

outlet positioning, presence of 'dead spaces' and the use of baffles are of significant 

importance to the overall efficiency of a pond system. Baffles can offer such 

improvements if properly designed. They can direct flow in such a way as to reduce 

hydraulic short-circuiting and the presence of dead spaces. 

There are a great number of ponds used in New Zealand and throughout the world. 

These existing ponds are likely to be suffering from poor hydraulic, and therefore, 

treatment efficiency. This lack of efficiency can give ponds a bad reputation. 

Despite the popularity of waste stabilisation ponds in New Zealand, and throughout 

the world, there is a clear lack of guidelines for engineers on the improvement of 

their hydraulic, and therefore, treatment efficiency. As they are in common usage, an 

improvement method that is efficient, and cost-effective, needs to be available. 
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1.2 Objectives and Approach 

The aim of this research was to contribute to the improved understanding of baffle 

design and use in waste stabilisation ponds. The use of computational fluid dynamics 

(CFO) modelling as a design tool was also evaluated. The specific objectives of the 

thesis are given below: 

• To investigate the use of baffles in waste stabilisation ponds in terms of: 

o Length of baffles 

o Number ofbaffies 

o Position of baffles 

• To investigate the effect of inlet type, and outlet position 

• To evaluate the use of CFO as a design tool to investigate various baffle 

configurations 

• To apply the findings of the work into the field environment 

To achieve the given objectives, the work was completed in three phases. In the first 

phase of work , a range of pond configurations was tested within the CFO 

environment. This produced an idea of the hydraulic and treatment efficiency of each 

configuration and allowed a large range of designs to be tested in a timely manner. 

The time and cost involved with laboratory models and field studies can often be 

prohibitive. 

The second phase of the work involved taking some well-performing configurations 

from the CFD environment and testing them in a laboratory model pond. The use of 

CFD modelling as a design tool is relatively new to the field of waste stabilisation 

ponds, therefore the comparison between the CFO results and a traditional testing 

method was beneficial. 

The final phase of work involved the implementation of two pond configurations in a 

full-scale field pond. The results were compared with those obtained from the CFD 

and laboratory modelling. The ultimate test of any design is how it performs in the 

field situation and therefore the field studies performed for this work offered the 

final test of the CFD modelling tool. 
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2. LITERATURE REVIEW 

2.1 Waste Stabilisation Ponds 

Waste stabilisation ponds ( oxidation ponds, lagoons) are relatively shallow bodies of 

wastewater contained in an earthen basin (Metcalf & Eddy, 1991 ). The technology is 

well-used and the reasons for this are summarised by Shelef & Kanarek (1995), and 

Mara et al., ( 1992a): 

Advantages 

o Low capital investment, especially with regard to construction cost 

o Simple flow scheme, equipment and installation (minimum of p1pmg, 

pumping, aeration, and reduced need for pre-treatment) 

o Low energy and operating costs 

o Simplicity of operation 

o Relatively high and consistent level of treatment due to long retention time, 

biological competition and settling 

o Buffering of peak hydraulic loads 

o Relative resistance to shock organic loads, therefore suited to summer tourist 

locations with higher temperatures providing raised treatment efficiency and 

the ability to allow increased loading 

o Sludge digestion is incorporated into treatment, particularly with the use of 

anaerobic ponds 

o Some 'ultimate disposal' due to evaporation and seepage (unlined ponds) 

o Some nutrient removal 

o Algal harvesting (high-rate ponds) 

o Effluent storage for reuse by irrigation 

Disadvantages 

o High land area requirements 

o Effluent can contain high suspended algal concentrations, the disposal of 

which to receiving bodies is controversial 

o Performance is dependent to a large extent on climatic conditions such as 

wind, temperature, solar irradiance 

19 



LITERATURE REVIEW 

o Overloading or abrupt climatic changes can cause odour nuisances and 

deterioration of effiuent quality 

o Possibility of groundwater contamination by seepage from ponds 

o Water losses due to evaporation and seepage in situations where water for 

reuse is considered an important commodity 

These lists are comprehensive, although to some extent, the disadvantages listed 

above can be reduced. For example, by lining a pond the problem of seepage and the 

possibility of groundwater contamination can be removed . Also the use of anaerobic 

ponds at the front end of a pond system can reduce the land area required . 

Wood (1997) stated that the continued use of pond technology is being undermined 

by the inconsistent performance relati ve to current discharge requirements, 

particularly with respect to suspended solids, pathogen, and nutrien t removal. As the 

public grows more aware of the issues relating to the protection and sustainability of 

our natural environment , the regulations governing such issues become more 

stringent. Craggs ( I 998) al so commented on the declining popularity of pond 

systems due to the demand for consistent and high quality discharges. Fritz et al. , 

(1979) reports that waste stabilisation ponds have " fallen into disfavour" (pg. 2724) 

due to high land requirements, high orgamc concentrations in effiuent and 

dependence on environmental factors . 

Fritz et al. , ( 1979) noted that many of the problems, as mentioned above, result from 

a lack of understanding of the basic biomechanical mechanisms involved in ponds, 

improper operation and system overloading. Wood (1997) commented on the 

apparent simplicity of ponds and how it can be deceiving, " ... for their performance 

in removing pollutants is a complex function of fluid hydrodynamics, the contacting 

of biomass with pollutants, physico-chemical and biological mechanisms. "(pg. 2) . 

As has been shown, waste stabilisation ponds have a large number of advantages 

relevant for many small to medium size communities, and for developing areas. 

However, their sometimes low treatment efficiency can put them into disfavour. This 

can lead to the implementation of 'higher technology' treatment systems in 
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developing areas where the infrastructure and expertise is not available to support 

them. 

Research needs to be carried out into the reasons for poor performance of existing 

ponds and into the development of new pond designs. 

2.2 Types of Ponds 

The classification of ponds is usually based on the nature of the biological activity 

within the pond - aerobic, anaerobic, or facultative . An anaerobic pond when used, is 

the first pond in a series and is termed a primary pond. Aerobic ponds can be termed 

primary or secondary ponds depending on whether it follows an anaerobic pond. 

Facultative ponds have an anaerobic zone on the bottom, with the aerobic zone near 

the surface. Maturation ponds and high rate algal ponds are also discussed . 

2.2.1. Anaerobic 

Anaerobic ponds when used, are the first ponds in a series. They receive the highest 

organic loading and their purpose is to remove the bulk of this organic load. Their 

depth is in the range of 2-Sm in order to accommodate the accumulation of sludge. 

The depth also maintains anaerobic conditions by reducing the surface area to 

volume ratio (Mara et al. , 1992a). 

The treatment performance of an anaerobic pond is highly dependent on temperature, 

with the critical temperature for methanogenesis about 10°C. Below this temperature 

minimal sludge digestion occurs and the pond acts more as a settlement pond. In 

warmer climates therefore, anaerobic ponds are particularly effective. Mara et al. , 

(1992a) mention that in temperatures above 20°C, 60% of the BOD (biochemical 

oxygen demand) can be removed in a pond with a one day retention time. 

A typical problem with the existence and operation of anaerobic ponds is the 

potential for objectionable odours due to fermentation processes (hydrogen sulphide 

and other volatile by-products). Many district and regional councils in New Zealand 

make mention of "offensive or objectionable odours" within various rules and 

policies. Odour is therefore an important issue from an operator's point of view, as 
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that of the public. According to Meiring et al., 1968 (in Curtis and Mara, 1994), 

control of odour can be achieved by ensuring organic loads of less than 400g/m 3 d as 

long as the incoming sewage has a sulphate concentration of less than 500mg/L. 

Normal domestic or municipal wastewaters contain less than 300mg sulphate/L 

(Mara & Pearson 1998). 

A novel application of anaerobic pond technology is within the Advanced lntegrated 

Wastewater Pond System (AIWPS) developed during more than 35 years of pond 

research at the University of California at Berkley by Oswald and co-workers 

(Craggs et al., 1998). As part of the AIWPS system, Oswald et al., ( 1994) 

investigated the use of fermentation pits within a primary facultative pond. These 

pits are semi-enclosed in the anaerobic bottom layer of a deep facultative pond . The 

semi-enclosed nature prevents oxygenated water from the aerobic layer entering the 

pit and helps prevent odour escaping 

2.2.2. Facultative 

Facultative ponds are the most common type of pond in use throughout the world . 

There are two types : primary - which receive raw wastewater, and secondary -

which recei ve settled wastewater, often from a front end anaerobic pond. Pelczar et 

al. , ( 1993) define facultative anaerobes as organisms that do not require oxygen for 

growth (but may use it if available), which grow well under both aerobic and 

anaerobic conditions, and for which oxygen is not toxic . 

Facultative ponds are designed to remove BOD on a surface loading basis of 100-

400 kg BOD/ha.d (Mara et al., 1992a). The loading of a facultative pond is lower 

than that of an anaerobic pond . High removal of pathogens is also seen in facultative 

ponds (Mara et al., 1992b ) . 

The lower layer of a facultative pond acts in a manner similar to that of an anaerob ic 

pond, as shown in Figure 2-1 . It has a sludge layer below an anoxic water layer. The 

upper reaches of the pond are aerobic due to diffusion of oxygen from the 

atmosphere and the presence of oxygen-producing algae. The presence of the algae 

in the facultative ponds gives them a characteristic dark green colour, however when 
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the ponds become overloaded they may appear red or pink due to the presence of 

anaerobic purple sulphide-oxidising photosynthetic bacteria (Mara et al. , 1992a). 
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Figure 2-1 Facultative Pond (Tchobanoglous and Schroeder, 1985, pg 635) 

2.2.3. Maturation Ponds 

Maturation ponds are predominantly designed to achieve pathogen removal. They 

are typicall y aerobic throughout their depth ( I-I .Sm) . Their BOD removal is quite 

small , but their contribution to nitrogen and phosphorus removal can be significant 

(Mara et al. , 1992a). 

Pathogen die-off is promoted by the high pH levels generated in the ponds (Mara et 

al. , 1992b), with reductions of 4-6 log units of faecal coliforms, 2-4 log units for 

faecal viruses. Curtis and Mara ( 1994) categorises the mechanisms by which 

pathogens are removed from ponds : the dark mechanisms, pH, and light. Dark 

mechanisms are those of starvation (due to lack of nutrients), predation (by protozoa) 

and enteric bacteria binding to algae. In regard to pH, Escherichia coli are known to 

require a neutral pH, therefore an increase in pH can rapidly kill the bacterial cells. 

With respect to light - the energy in sunlight is transferred to bacterial and viral cells 

in such a manner as to cause parts of the cell or virus to be destroyed. Curtis and 

Mara ( 1994) discusses this mechanism in detail. 

23 



LITERATURE REVIEW 

2.2.4. High-Rate Algal Ponds 

High-rate algal ponds were developed at the University of California (USA) by 

Oswald and co-workers (Shelef and Azov, 1987). High-rate algal ponds are usually 

'race track' shaped and are mixed with a paddle wheel. High-rate algal ponds are 

shallower than conventional facultative ponds, but require a much shorter retention 

time and produce far more dissolved oxygen (Green et al., 1996). As reported by 

Green et al., (1996) a well-designed high-rate algal pond will generate high amounts 

of dissolved oxygen per unit area. 

Another advantage of such systems is the harvesting and processing of the algal

bacterial biomass to produce potentially valuable proteinaceous animal feed that may 

be needed where feed shortages may occur (Shelef and Azov 1987). This however is 

not an issue in New Zealand due to readily available protein sources. 

These systems have been researched extensively in recent times, with a number of 

papers presented at the 5th IW A Specialist Conference on Waste Stabilisation Ponds 

held in Auckland, New Zealand, 2002. They included Chen et al., (2002); Craggs et 

al., (2002a & 2002b); Cromar & Fallowfield (2002); da Costa et al., (2002); El 

Hamouri et al., (2002); and Jupsin et al., (2002). 

2.3 Pond Design 

There are a number of alternative approaches to the design of waste stabilisation 

ponds, these include: 

o Loading Rates 

o Empirical Design Equations 

o Rational Models 

o Mechanistic Modelling 

2.3.1. Loading Rates 

In the loading rate approach, parameters such as flow, population, or BOD loading 

are used to determine the volume or area of a pond required. This sim plified process 

design approach has been very commonly used throughout the world. For example, a 

design guideline produced in New Zealand in 1974 gave a figure of 84 kg 
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BOD5/ha.d as the design loading for raw sewage ponds and secondary ponds (MWD 

1974). This type of approach ignores the effects of pond shape, wastewater 

characteristics, temperature and so on. 

Recent design guidelines (Mara & Pearson 1998, Mara et al., 1992b) provide design 

equations based on loading rates which take into account the effect of temperature on 

the performance of various pond types (anaerobic, facultati ve and maturation) . 

With respect to maturation ponds, Mara & Pearson ( 1998) suggest a mm1mum 

acceptable retention time of 3 days (4-5 days for temperatures below 20°C). The 

reason for thi s is to minimize hydraulic short-circuiting and prevent algal washout. 

The basis for this arbitrary value and the reasoning is not given. 

The loading rate approach to pond design essentially treats a pond as a ' black box ' 

and while temperature effects are taken into account, many other aspects of pond 

performance - shape for example - are largely ignored . 

2.3.2. Empirical Design Equations 

Empiri cal design equations are deri ved from regression of experimental pond 

performance data . Design approaches include areal loading, the McGarry and Pescod 

relationship, Bucksteeg recommendations, Gloyna equation and the Larson Relation 

(Wood 1997). 

As this method involves the regression of data for one particular pond or a series of 

ponds the question is raised as to how applicable the equations will be in other 

locations. Prats and Llavador (1994) and Wood (1997) reported that as correlations 

are based on data collected from selected sites or locations, the validity of this 

method when applied to other different sites is debatable . 

2.3.3. Rational Models 

This design approach uses theory developed in the field of reactor engineering. First 

order reaction kinetics is typically assumed for removal rates. There are two flow 
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regimes ideal and non-ideal. Attempts have also been made to produce a combined 

model incorporating both flow regimes. 

2.3.3.1. Ideal Flow 

Ideal flow is a theoretical concept for which zero mixing (plug-flow) or infinite 

mixing ( completely mixed flow) is assumed. Both types of ideal flows have been 

used to describe waste stabilisation pond systems. 

Plug flow assumes no diffusion or mixing of the substrate occurs in the reactor, or 

pond in this application. Essentially, this means that the incoming wastewater travels 

as a slug from the inlet to the outlet. The integrated rate equation is as follows: 

C 'C e-kt i i 

where C~ = effiuent concentration (mg/L) 

C = influent concentration (mg/L) 

k first order reaction rate constant (1/d) 

t time (d) 

Middlebrooks ( 1987) conducted an investigation to evaluate the most frequently 

used design equations. He found that the first order plug flow model gave the best fit 

of all the rational models. As reported by Wood ( 1997), "while the plug flow is a 

simple model being applied to a complex system, it is often superior to a multi

parameter model with several undetermined coefficients." (pg. 25) 

At the other extreme, completely mixed flow assumes the substrate is 

instantaneously mixed upon entering the reactor. For this mixing regime the CSTR 

(completely stirred tank reactor) equation can be derived: 

Ce/C = 1/(1 +kt) 

The completely mixed model was used by Marais and Shaw ( 1961) using first order 

kinetics for the prediction of faecal bacteria reduction in ponds. Marais further 

expanded on this theory to incorporate the effect of anaerobic conditions on bacterial 

death rate and the influence of temperature (Marais 1966, 1970 and 1974, in Shilton 

2001 ). Marais (1974) proposed the general CSTR requation as a method for 

designing pond systems: 
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C/Ci 1/(l+ktt 

where n number of ponds in series 

There are limitations to assuming 'ideal' conditions with regard to the flow within 

waste stabilisation ponds. "The accuracy of these equations may vary substantially 

with actual pond conditions and therefore their application is limited" (Preul and 

Wagner 1987, pg. 206). 

2.3.3.2. Non-Ideal !·low 

In reality, flow through reactors and waste stabilisation ponds will exist somewhere 

between the two extremes of plug flow and completely mixed flow. This is termed 

non-ideal flow. 

Thirumurthi ( 1969) concluded from studies on design principles for waste 

stabilisation ponds, that the Wehner-Withem equation is a basic tool suitable for 

design. 

Wehner and Wilhelm ( 1956) presented an analysis of the boundary conditions for a 

steady-state flow reactor with first order reaction kinetics and axial diffusion The 

equation they derived is valid for reactors with any kind of entry or exit 

configurations. The common fom1 of the equation is given below: 

where d = O/uL (dispersion number) 

a= ,/1 + 4k1d 

Ce, Ci= effluent and influent substrate concentrations 

D = axial dispersion co-efficient (m2 /h) 

u = fluid velocity (m/h) 

L = characteristic length (m) 

k = first order reaction constant (1/h) 

t = detention time (h) 

[Levenspiel, 1972, pg. 286] 
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Thirumurthi (1969) further simplified the equation by neglecting the second term in 

the denominator: 

The error involved in neglecting the second term of the equation is not significant 

until the value of the dispersion number exceeds two. After this point the error may 

be significant, however Thirumurthi (1969) noted that due to the low hydraulic loads 

the value of the dispersion number is unlikely to exceed one in waste stabilisation 

ponds. 

In the conclusion to an investigation into the use of the Wehner-Wilhelm equation, 

Polpraset and Bhattarai ( 1985) stated "It was found that this equation could perform 

with a high degree of accuracy in the prediction of the total and faecal coliform die

off; and the results obtained had significantly higher correlation coefficient values 

than those of the completely mixed equations" (pg. 56 ). 

2.3.3.3. Comhined Pondlvfodels 

Models have been developed combining plug, completely mixed and dispersed flow. 

ln these models the pond is considered as a number of separate but interconnected 

flow regions with flow exchange between them. 

Watters et al., ( 1973) used one such method to model results of their field and 

laboratory experimental investigations. The model used was the Finite Stage Model. 

This model consists of a series of modules containing three flow units as shown in 

Figure 2-2 below: Completely Mixed Flow unit (Fa), Dead Flow unit (Fb), and a Plug 

Flow unit (F c)-
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Figure 2-2 Finite Stage Model (Watters et al. , 1973, pg 16) 

The use of combined pond model s has produced good model fit s, however, the 

method is not predicti ve. Parameters used in these model s need to be calculated 

using experimental data. Ferrara and Harleman ( 1981 ) noted that the input parameter 

values needed by these models cannot be reliably predicted at this time. 

2.3.4. Mechanistic Modelling 

According to Colomer and Rico (1993 ), the application of a mechanistic model for a 

pond system consists of "considering a biological reactor and applying a complete 

material balance, including terms for substances produced or consumed, inflow, 

outflow, and accumulation for each component. Resolving simultaneously the 

system differential equations for all components, the evolution of each one with the 

time is obtained." (pg. 679). Two of the significant investigations on mechanistic 

modelling were carried out by Fritz et al. , (1979) and Colomer and Rico (1993). 

Fritz et al., (1979) proposed a mechanistic model for waste stabilisation ponds. Upon 

reviewing existing models describing the behaviour of pond systems the following 

comment was made: "There are no comprehensive models that can predict 
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performance based on the variety of physical and biochemical factors that govern the 

quality of pond effluents." (pg. 2 725). The authors go on to say that non-steady-state 

simulations of biomass and biochemical species whose kinetics are dependent on 

environmental factors have not previously been performed . The model proposed by 

Fritz et al. , (1979) consisted of twelve mass balance equations for biochemical and 

biomass components. Figure 2-3 below shows a schematic diagram of the processes 

occurring in a pond ecosystem. 

- /!Ill ------ Solar Radiation 

Wind - I/I l l - ~ 
lntcrl ac i~I 

Figure 2-3 Schematic diagram of 11rocesscs in a tlond ecosystem (Fritz et al., 1993, pg 2725) 

The model as developed gave some reasonable results, however the authors listed a 

series of conclusions and recommendations highlighting areas for further 

development to improve the model. 

Colomer and Rico (1993) proposed a revision to the Fritz et al., (1979) model which 

was then tested against a set of field data. The authors concluded that the revised 

model "provides values in the same order of magnitude as real data, and it 

reproduces reasonably well the variaions registered." (Colomer and Rico, 1993, pg. 

683) They also concluded that the revised model was indeed an improvement on the 
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Fritz et al., (1979) model and that the calculated concentrations of effiuent depend 

significantly on the influent characteristics. The processes within the pond contribute 

less to the calculations. 

2.4 Importance of Pond Hydraulics 

The performance of ponds has been said to be largely dependent on climatic 

conditions. Kilani and Ogunrombi ( 1984) stated that hydraulic flow pattern rn 

stabilisation ponds is one of the major factors influencing pond performance. A 

thorough knowledge of the hydraulic characterisations in ponds would seem 

important for efficient and more appropriate pond design. 

Wood ( 1997) stated that the pond hydraulics is often the limiting factor in achieving 

high pond performance, while Thirumurthi ( 1969) outlined that little attention had 

been given to pond shape, presence of dead spaces, inlet/outlet flow patterns. 

Watters et al., ( 1973) stated that little attention had been given in the past to the 

hydraulic characteristics of waste stabilisation ponds. Particular reference was given 

to the gross flow patterns within ponds which are affected by the shape of the 

lagoon, presence of dead spaces, existence of density differences, and the positioning 

of inlets and outlets. They concluded from their research that the pond hydraulics are 

important in determining the treatment efficiency of that pond. Hydraulic factors 

should be considered to maximise economy of construction and operation for 

maximum treatment. 

Moreno ( 1990) made various conclusions relating to the hydraulics of a pond in her 

tracer study of the hydraulics of facultative stabilisation ponds. Hydraulics play a 

major role in the performance of ponds; dead volume within one pond studied was as 

high as 42%. This indicates the need for a thorough revision of the elements of 

design that influence the mixing of water inside ponds. Moreno (1990) proposed six 

factors that needed careful attention at the design stage of ponds to achieve good 

hydraulic performance: 
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o The mam axis of flow should not be aligned with the prevailing wind 

direction. 

o Ponds should be located a distance away from any element that may shield a 

pond from the mixing effect of wind. 

o The simplest measure to avoid short-circuiting in ponds is to avoid locating 

inlet and outlets close together. 

o Multiple inlets and outlets as well as the use of diffusers have proved useful 

in the prevention of short-circuiting. 

o The shape of the ponds should be rectangular with rounded comers. Other 

shapes (branching, kidney, circular) have been shown to result in a higher 

degree of short-circuiting. 

o The use of baffles improves performance. However, this measure results in a 

considerable increase in the cost of ponds. 

Moreno (1990) commented that the performance of stabilisation ponds can be 

improved substantially through simple and economical measures to correct 

circulation patterns inside ponds. Also, while it would be far better to consider 

hydraulic implications during the design process, it is feasible to improve the 

hydraulics of existing ponds. 

Wood (1997) in his doctorate thesis on the development of computational fluid 

dynamics models for the design of waste stabilisation ponds made some interesting 

comments. Mention was made that the factors which influence the hydraulics of 

ponds are well known, however the relative importance of these factors (wind, 

thermal energy, geometry, inlet design & baffles) is poorly quantified . This reduces 

pond design to an art form, relying more on experience than the application of the 

fundamental phenomena involved. Also, while small-scale experimental studies 

provide an economic evaluation of pond designs, scale-up issues are often a 

hindrance. 

Shilton (2001) concluded that despite the research he reviewed, the insight into pond 

hydraulic behaviour is poor in the majority of the studies consisting of stimulus 

response tests - a black-box approach. Also, that the lack of mechanistic research 
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has retarded efforts to improve and optimise hydraulic and treatment efficiency at a 

practical design level. 

Hydraulic efficiency is usually expressed in terms of the approximation to plug-flow, 

the amount of the pond that is utilised - or volume of dead space, the time taken for 

a peak of tracer to reach the outlet, or mean hydraulic residence time. As mentioned 

by many pieces of research, dead spaces usually occur in the corners of rectangular 

ponds, where the major water flow bypasses these areas and back-eddies are often 

formed . 

2.5 Factors Affecting Pond Hydraulics 

In this section, the factors affecting the hydraulics of ponds will be discussed, in 

particular: inlet/outlet configuration, wind, and stratification. Baffles are also a 

significant factor that can affect pond hydraulics and form a major part of the 

research for this thesis, and wi ll be discussed in detail in Section 2 .6 . 

2.5.1. Inlets/Outlet Configuration 

Mention has been made by several researchers about the influence of inlet/outlet 

configuration on the hydraulics of a pond, but there have been few significant bodies 

of work that have investigated different configurations. Mara and Pearson ( 1998) 

stated : " A single inlet and outlet are usually sufficient. These should be located in 

diagonally opposite comers of the pond (the inlet should not discharge centrally in 

the pond as this maximises hydraulic short-circuiting) . The use of complicated multi

inlet and multi-outlet designs is unnecessary and not recommended." (pg. 59). The 

statement above appears to have been based on available knowledge at the time. It 

has been seen since noted in further research that the inlet/outlet positions require 

careful thought on a site-by-site basis . 

Pearson et al., (1995) made the following conclusion : " ... the positioning and depths 

of the inlet and outlets may have a greater beneficial impact on treatment efficiency 

than pond shape." (pg. 137). Indeed the work of Watters et al., (1973) and Shilton 

(2001) also shows that the position and design of the inlet can have a significant 

impact on the hydraulic and treatment efficiency of a pond. 
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Watters et al. , (1973) used a scale model pond in a laboratory to investigate the 

effect of nine different inlet/outlet positions and designs (including various diffusers) 

on hydraulic and treatment efficiency. They are shown in Figure 2-4 below. 
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Figure 2-4 Inlet/Outlet Configuration tested b~· Watters et al., (1973, pg 41) 

Their research utilised tracer studies from which the concentration-versus-time 

curves could be used to calculate various hydraulic parameters. These curves were 

also combined with the first order reaction equation to determine treatment 

efficiency. 

In their conclusions, they stated that the inlet and outlet types and configurations had 

a significant effect on the hydraulic characteristics and subsequent treatment 

efficiency determinations . A change of as much of 42% was indicated by the data for 

the important hydraulic parameters, while a change of 19% in treatment efficiency 

was indicated for the two extreme conditions of inlets and outlets . 

The inlet/outlet configurations tested by Watters et al. , (1973) appear to have been 

arbitrarily chosen without taking into account the flow pattern that may form from 

the placing of the inlet. That is, they have not been chosen on the basis of what flow 

patterns may be created by the type and positioning of the inlet. For example, if the 
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configuration of an existing pond was known to produce a slow circulation pattern 

with a significant dead space in one corner then the best place for the outlet may be 

in that dead space. 

Persson (2000) conducted a study usrng two-dimensional, vertically integrated 

numerical models to simulate hydraulic performance in 13 different pond layouts, 

including 5 with the same basic layout but differing inlets and outlets. The 

configurations tested are shown in Figure 2-5. 
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Figure 2-5 Configurations tested b~ Persson (2000) 

Configuration 'E', with an inlet along the whole base of the pond, showed a close 

approximation to plug-flow and less short-circuiting. Persson (2000) concluded that 

the locations of inlets and outlets had a considerable impact on hydraulic 

performance. Configuration 'P', with an island placed in front of the inlet, showed an 

improved hydraulic performance. Figure 2-6 shows the HRT (hydraulic retention 

time) curves for the basic case (B), cases with either an island or sub-surface berm 

close to the inlet (P,Q), and the case with an inlet along the whole base (E). It can be 

seen that the addition of a blockage near the inlet, or type of inlet result in a 

significant improvement on the basic case. 
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Figure 2-6 RTD Curves for Configurations B, Q, P, E (Persson, 2000, p246) 

Shilton (2001) carried out investigations into the effect of outlet position, and into 

the effect of inlet type and position. With regard to the position of the outlet, it was 

observed that the outlet has minimal influence on the circulation pattern in the pond. 

The position of the outlet does change the overall flow pattern. 

From his inlet investigations, Shilton (2001) also found the flow patterns of large and 

small horizontal inlets to be similar - except for the time lag due to the relative 

velocities produced by a large diameter inlet compared with a small diameter inlet 

The most interesting result however was the investigation into an up-turned vertical 

inlet When the pond had a horizontal inlet, a swirling pattern was produced in the 

pond - this led to short-circuiting. When the pond had an up -turned inlet, there was 

no swirling flow pattern produced and therefore short-circuiting was subsequently 

reduced. 

Fares et al., ( 1996) studied, as part of their investigations into hydrodynamic effects 

on ponds, the effects of changing the inlet/outlet arrangement of a waste stabilisation 

pond system in the Cayman Islands, British West Indies. Figure 2-7 shows the 

configurations tested. 
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Figure 2-7 Inlet/Outlet Configurations tested by Fares et al., (1996, Fig.2) 

Fares et al., (1996) concluded that the effect of the inlet/outlet arrangement only 

became significant at low wind speeds. A more thorough review of wind and its 

correlation with inlet influences can be found in Section 2.5.2 of this thesis. 

Other authors have made mention of the importance of inlet/outlet position and 

design (Moreno, l 990) but have not specifically studied the effect of moving or 

redesigning inlets and outlets. This mention of the inlet/outlet importance is also 

often made without supporting data. 

2.5.2. Wind 

The effect of wind is often mentioned in literature as an influencing factor on pond 

hydraulics. For example, Thackston et al., ( 1987) concluded that wind is an 

uncontrollable variable so basins should be designed for the worst-case scenario for 

wind speed and direction and geometry designed to resist wind effects. In particular, 

the outlet should be oriented towards the prevailing wind, and baffies should be used 

to force several changes in flow and direction. However there is an absence of 

extensive study exclusively on the effect of wind. As stated by Shilton (2001), 

despite being regarded as the dominant driving force of flow in ponds, the influence 

of wind has been poorly researched. Indeed, Marecos do Monte ( 1985) commented 

that the effect of wind, which influences mixing in ponds, is impossible to fully take 

into account. 
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Shilton (2001) included wind as a variable in a CFD model of a field pond. The 

results of the model were not far removed from the model without wind, and indeed 

the actual field results closely matched both models. He also performed an analysis 

of the power input by wind versus the power input from the inlet. Shilt on (2001) 

concluded that the effect of wind may have been over-estimated and the effect of the 

inlet under-estimated and that under certain circumstances, the inlet could be sized to 

ensure that it dominates over wind as the driving factor for flow most of the time. 

Other research has attempted to add the effect of wind into mathematical models: 

Fares & Lloyd (1995), Fares et al., (1996) and Wood (1997). However this did not 

include extensive validation against field data. 

A study was performed on quantifying wind effects by Watters et al., (1973) at the 

Utah Water Research Laboratory. Their work involved the construction of a wind

water tunnel to simulate a wind over water situation, to evaluate diffusion 

coefficients as functions of wind shear for both stratified and un-stratified ponds. It is 

unclear from the work how the results found would then be applied to a field pond 

situation, with variable wind speed and direction. 

2.5.3. Stratification 

"Stratification is the temperature induced separation of the pond into layers.'' 

(Shilton 200 I, pg. 45). The layers of a stratified pond will differ in temperature, 

dissolved oxygen concentration and redox measurements. The different dissolved 

oxygen levels will typically mean that the top layer is aerobic and the bottom layer is 

anoxic. Therefore, the biological and chemical characteristics of the two layers will 

be quite different. 

Stratification in ponds may have a detrimental effect on the hydraulic behaviour of 

the system. An inflow to a pond could possibly travel in only the top or bottom layer 

of a stratified pond without mixing in to its full volume. 

Watters et al., ( 1973) carried out some work on the stratification of waste 

stabilisation ponds. Their work modelled three situations: 
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o Influent more dense than ambient fluid (summer time flows) 

o Influent of the same density as ambient fluid 

o Influent less dense than ambient fluid 

Their conclusions were that the degree of stratification had an influence on the 

hydraulic performance. "For an increase in the degree of stratification ... the influence 

on the hydraulic parameters and treatment efficiency depended on the type of 

stratification." (pg. 61 ). They found that when the density of the influent wa~reater 

than the density of the ambient fluid the hydraulic performance improved, when the 

density of the influent is less than the ambient fluid the hydraulic efficiency 

decreased. 

Cavalcanti et al., (2001) noted that the surprisingly high dead space volume in their 

polishing ponds was possibly due to a warmer and lighter upper layer on the surface 

over the cooler and denser bottom layer. Therefore, short-circuiting may have been 

occumng. 

From their tracer studies, MacDonald & Ernst (1986) concluded that stratification 

was responsible for short-circuiting. This conclusion however, was based on the 

tracer output rather than actual measurements of tracer within the pond. 

2.6 Baffles 

Baffles are essentially obstacles placed in a flow-path to achieve better hydraulic, 

and in some applications, treatment efficiency. They have been used successfully in 

the water industry chlorine contact tanks, water reservoirs, and stormwater 

detention ponds. Their benefits in nutrient removal and as attached growth systems is 

also recognised in the wastewater industry. 

The use of baffles for the improvement of hydraulic and treatment efficiency in 

waste stabilisation ponds has formed a major part of the research for this thesis, 

therefore it has been discussed separately and in detail from the other factors 

influencing hydraulics. 
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In this section the application and benefits of baffles will be discussed, with specific 

regard to waste stabilisation ponds. Baffie use in water reservoirs, chlorine contact 

tanks and other uses will be included. 

2.6.1. Hydraulic Investigations of Baffle Implementation 

Baffles are commonly used as an attempt to improve the hydraulic and treatment 

efficiency of a waste stabilisation pond. Studies have been performed on a number of 

different baffle configurations with the general consensus being that the more baffles 

there are, the closer the approximation to plug-flow and the better the pond 

performance. As said by Reynolds et al., (1975) : "Baffles would also (in addition to 

acting as attached growth .systems) affect the hydraulic flow pattern of the system 

and should reduce short circuiting and improve mixing conditions. Unfortunately, 

little research has been conducted in thi s area." (pg. I 005). 

Watters et al. , (1973) performed 17 different tests on selected evenly spaced baffle 

arrangements. Tests were performed using four different lateral spacings, which 

corresponded to 2, 4, 6 & 8 baffles. These four spacings were tested using three 

lengths of baflles; they were 50%, 70% and 90% of the width of the pond. An 

example is shown below in Figure 2-8 . This figure depicts a six-baffle case with the 

baffles extending 70% across the width of the pond . 

Figure 2-8 Bame configuration tested by Watters et al., 1973 

The configuration shown in Figure 2-8 was found to be one of the best configuration 

of baflles. Surprisingly, the cases where baffles extended 90% across the width of 

the pond were less efficient than those only extending 70% across the width. This 

was explained as being due to higher velocity jets being created in the narrow flow 

path at the end of the baffles thus quickening the flow towards the outlet. 
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When the baffles extended 50% across the width of the pond, short-circuiting was 

discovered shown in Figure 2-9. 
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Figure 2-9 Short-circuiting caused by 50% width baffles- Watters et al., 1973 

The conclusion made was that the intermediate baffle size (70% of the pond width) 

gave the best results. The following figure (Figure 2-10) shows a graphical 

representation of their findings. 
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Figure 2-10 Plot of number of baffles versus hydraulic 1>erformance (adapted from Watters et 
al., 1973, pg 4 7) 

Tests were also performed on vertical baffling, where the flow takes an over-under 

path. A plan of the vertical baffles set-up is shown in Figure 2-11 . It is probable that 

the vertical baffles were tested due to an expectation that fluid would mix well in 

each compartment prior to moving to the next. However, the results from these tests 

were not as good as for the horizontal lateral baflling. Reynolds et al., (1975) also 

found similar results when comparing the performance of vertical baffling with 
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horizontal baffling. The conclusion can be made that the short-circuiting due to the 

horizontal baffles also applies to the vertical baffling. 

Figure 2-11 Vertical Baftle Configuration -Watters etal., 1973 

Nemerow (1969) investigated the use of a vertically baffled biological basin for the 

treatment of poultry plant wastes. The treatment system involved screening followed 

by a two-stage oxidation pond system, with final treatment by chlorination. The first 

stage of the pond system was a baffled, high rate, deep pond. With this baffle 

arrangement, some frequent scum removal was required, however on the whole the 

system worked very well with BOD removals of 85% to 95%. The baffles also 

provided extra biological surface area for BOD reduction. Unfortunately, no 

information was given as to the degree of improvement from the existing situation, 

so the effect of the baffle cannot be assessed. 

Watters et al., ( 1973) also tested longitudinal horizontal baffies, these baffles are 

positioned lengthways down the pond, as shown in Figure 2-12. The probable 

intention of the longitudinal baflles is to allow a large mixing area for the fluid prior 

to moving to the next compartment of the pond. However, the longitudinal baffles 

were found to be as effective as the transverse horizontal baffles with a similar 

length of flow path. The conclusion to be drawn from these results is that the fluid 

path within each compartment of the pond is the same regardless of the compartment 

size. 
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Figure 2-12 Longitudinal baffle configuration - Watters et al., 1973 

The baffle configurations chosen to be tested in the work of Watters et al. , (1973) 

appear to have been systematically decided upon in terms of number and length. 

However, the flow patterns that may be set-up with the inclusion of baffies, do not 

appear to be taken into account. 

Shilton (200 I) tested the effect of adding a baffle to a pond combined with three 

different inlet types - small horizontal, large horizontal, and vertical upturned. With 

respect to the two horizontal inlets, an improvement on short-circuiting of a factor of 

approximately fi ve was found . However, in the case of the vertical upturned inlet, a 

similar, and significant improvement was found both with and without the use of the 

baffle. The observation made here was that in some cases the installation of a baffie 

does not necessaril y improve pond hydraulics by default . 

Reynolds et al. ,( 1975) tested the performance of three baffle configurations in scale

model ponds in a laboratory setting. The purpose of the investigation was to assess 

the use of the Marais-Shaw model for describing the reduction of soluble organic 

matter occurring in a waste stabilisation pond (assumed to be a completely mixed 

reactor) . The conclusions made in this study were : 

o The Marais-Shaw model indicates that the biological degradation rates were 

significantly higher in the baffied ponds than in the control pond; 

o If the kinetic constants determined for the Marais -Shaw model are applicable 

to full-scale systems, a conventional pond without baffies would require 

almost twice the land area as a longitudinally baffled pond to produce 

effluent of similar quality. 
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Bors and Robinson (1980) experimented with the addition of a baffie curtain 

extending the full width of a pulp and paper mill oxidation pond, which had one-foot 

square openings at two-foot intervals across the curtain. The tracer studies performed 

before and after the installation of the curtain showed hydraulic improvement. That 

is the volume of the pond utilized improved from 12% to 54% achieving a reduction 

in the amount of dead space. Also, the time taken for the first tracer peak to reach the 

outlet increased from 18 hours to 87 hours. Their conclusion was that the addition of 

one baffie curtain produced almost a five-fold increase in pond retention time. 

In a study on the influence of pond geometry and configuration on pond performance 

and efficiency, Pearson et al. , (1995) concluded that a baffled pond (baffie 

configuration not given) was the most efficient of the tertiary maturation ponds in 

terms of pathogen and organic removal. They also concluded that more work was 

needed in this area to determine the performance of baffled ponds when recei ving 

higher influent pathogen concentrations than in the tertiary maturation pond, that is 

in a primary or secondary treatment pond. The detail and discussion as to the 

reasoning for the better performance of the baffled pond are somewhat lacking. 

Interestingly, the comment was made that " the apparent lack of impact of pond shape 

on facultati ve pond performance within a realistic range of length :breadth ratios 

allows the designer more freedom in shaping the ponds." (pg. 13 7). 

Von Sperling et al., (2002) evaluated and modelled the removal of helminth eggs in 

baffled and un-baffled ponds treating anaerobic effluent. The work is focussed 

towards helminth eggs, rather than the benefits of baffles, however they concluded 

that helminth egg counts in the sludge decreased along the length of the baffled 

pond. 1 

Pena et al., (2002) studied the improvement of mixing patterns in pilot-scale 

anaerobic ponds. Their experiments involved the use of horizontal and vertical 

baffling, ponds fitted with cross-sectional nets (stretching across the width of the 

pond) and a pond with a mixing pit. They determined that all modifications made to 

1 Helminth eggs are from a parasite tJ1at can infect the intestinal tract of humans, known to settle 
easily. 
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the anaerobic ponds improved the performance. From their results, it appears that the 

horizontal baffles produced the greatest efficiencies in total suspended solids 

removal. 

Lloyd et al., (2002) investigated the use of channelling ( essentially long baffles), top 

baffles (vertical baffies), and the remo val of wind effects on the hydraulic short

circuiting and pathogen removal of maturation ponds. They found that the 

channelling improved the remo val efficiency from 90% to 96%. The addition of the 

top baffles actually reduced performance, and they were removed. The addition of 

wind-breaks to the channelled pond improved the removal to 98.13%. This work 

shows that while baffles can improve the performance of a pond system, they cannot 

be considered as the only option A range of modifications may produce the best 

improvement. 

Pedahzur et al. ,( 1993) investigated the effect of baffle installation on the 

perfo rmance of a single-cell stabilisation in the field . Contrary to other work carried 

out, the conclusion was made that the installation of up to four baffles did not 

improve pond hydraulic flow patterns nor the efficiency of remo ving 

microorgani sms or BOD reduction . The explanation proposed for this lack of 

improvement was due to the other studies having been limited to model ponds that 

are not exposed to solar radiation and remaining unstratified . The indication of this 

work is that any trials invol ving the field application of baffles needs to be carefully 

considered. 

2.6.2. Baffles & Wind 

Thackston et al., (1987) concluded that baffles reduce the influence of wind on short

circuiting. The wind is unable to establish surface currents that move directly from 

the inlet to outlet as it is forced to blow across or against the flow over a portion of 

the flow path. While wind-induced circulation patterns may still establish, they do 

not take the form of large currents over the entire pond. 
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2.6.3. Baffles & Attached Growth Systems 

Middlebrooks et al.,( 1982) made mention of the use of attached microbial growth in 

waste stabilisation ponds as an apparent practical solution for maintaining biological 

populations, while still obtaining desired treatment. While baffles are often 

considered useful in ensuring good mixing and to eliminate short-circuiting, they can 

also provide substrate on which bacteria, algae and other micro -organisms can grow. 

Experiments performed in the US showed that the presence of attached growth to the 

baffles gave higher efficiency of treatment than non-baffled cases (Middlebrooks et 

al., 1982). 

2.6.4. Nutrient Removal in Baffled WSP 

A study conducted by Muttamara & Puetpaiboon ( 1996) evaluated the removal of 

nitrogen in baffled waste stabilisation ponds comprising laboratory and pilot-scale 

ponds with different numbers of baffles. The conclusion was made that compared 

with normal waste stabilisation ponds, the inclusion of baffles gave higher nitrogen 

and organic carbon efficiencies. In thi s case the baffles served as part of the driving 

mechanism for ammonia removal due to the attached growth of bacteria and algae. 

Costa et al., (2002) analysed the efficiency of baffles in ponds in relation to nutrient 

removal through mathematical modelling. The study was undertaken in facultative 

ponds treating piggery wastes. They concluded that the introduction of baffles in 

facultative ponds resulted in an improved removal of total solids and consequently of 

COD (chemical oxygen demand) and total phosphorus. There is little discussion as 

to the removal efficiency of nitrogen. 

2.6.5. Baffles in Tanks & Reservoirs 

In an investigation into models to study a water reservoir, Grayman et al., (1996) 

looked at the addition of barriers (or baffles) to improve the performance of the 

reservotr. The purpose of the study was to compare different types of models 

(computational, physical etc), and the addition of baffles and inlet races (a curved 

baffle forming a channel from the inlet). Improvements in performance were found 

using inlet races combined with central outflows, and in the case of a dividing wall 
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extending across the tank. Figure 2- 13 be1ow shows the four experiments run on 

tanks with bailles or inlet races added to enhance performance. 
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Figure 2-13 Experimental Set-u11s for water resen·oir stud~· (Gra~·man et al. , 1996, pg. 66) 

Figure 2-14 shows the dye patterns for the run performed on the fu ll reservoir with a 

di viding barrier (Run 7 as shown in Figure 2-13). The fi gures show the fluid flo w 

that is formed by the addition of a baffle . This visual assessment of the fluid flow 

a llows the investigator to find the best position for an outlet. This set of fi gures 

suggests that to lengthen the time spent by the fluid in the tank, the outlet should be 

located next to the inlet but on the other side of the baffle. 
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This work combines the use of inlets, outlets and baffles to improve the hydraulic 

efficiency of the tank systems. It shows that the position and type of baffies can be 

used to channel fluid in a more appropriate direction suitable for the application in 

question. 

2.6.6. Chlorine Contact Tanks 

As mentioned in Middlebrooks et al. , (1982), a common practice for improving 

plug-flow conditions in a contact tank is to add baffles. The idea behind the addition 

of baflles is to increase the length-to-width ratio of the flow and therefore 

approximate plug-flow conditions and lengthen the time spent by the flow in the 

tank. The length- to-width ratio is considered to be the most important design 

consideration for chlorine contact tanks. Middlebrooks et al. , (1982) gives a length

to-width ratio of 40: 1 as being effective, although results have been obtained m 

similar experiments showing 25 : I as being very effective. 
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Hydraulic performance has also been improved by placing baffies near the inlet of 

tanks to dissipate the kinetic energy from inlet jetting. The use of 'T' shapes at baffle 

tips to reduce short-circuiting and flow separation, and corner fillers (rounded 

corners, or filling in corners) to eliminate dead spaces and to decrease solids build-up 

have been tried. The corner fillers have shown to have little impact on flow patterns, 

probably as they only fill in a dead space rather than affecting the major flow path. 

2.6. 7. Stormwater Detention Ponds 

A study by Van Buren et al., (1996) investigated the enhancement of removal of 

pollutants by an on-stream stormwater pond. On-stream ponds are located along 

existing urban areas and receive, as well as stormflow, a continuous baseflow of 

stormwater. 

In this investigation, the performance of the existing pond was assessed and its 

remediation discussed. The remediation method discussed and tested was the 

addition of internal pond baffles. Simulations at a variety of flows were performed 

using PHOENICS software to investigate the effect of adding three internal baffles 

on hydraulic residence time. The baffles used were made of plastic curtains attached 

to posts and driven into the pond bottom. The simulated time taken for tracer to 

reach the pond outlet with no baffles was approximately I hour. When the simulation 

was run with the baffles in place, this time was increased to 15 hours. The 

concentration of the peak when it reached the outlet was also greatly reduced (I. 5 

ppb to 0.15 ppb ). Figure 2-15 shows the results of the simulation both with and 

without baffies. 
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Figure 2-15 Simulation results of on-stream stormwater pond without and with bafnes (Van 
Buren et al., 1996, pg. 330) 

2.6.8. Barnes Summary 

In their journal article, Kilani and Ogunrumbi ( 1984) made a particularly relevant 

comment. "Since the installation of baffies in pond will involve additional 

construction cost, the expected improvement in the performance of large scale ponds 

has to be closely related to the additional cost involved." 

Previous work follows along similar lines; baffies are added and the performance of 

the system assessed. However, this approach does not advance the design of pond 

systems or attempt to investigate the possible mechanisms by which the 

improvement is achieved . In addition, previous work on the most optimum 

configuration for baffles appears to be fairly similar. Most of the work conducted has 

dealt with evenl y spaced baffles which extend the majority of the width of the pond . 

There appears to be a gap of information relating to innovative baffle arrangements -

that is, the possibility of un-even baffles i.e. not evenly spaced, curved baffles to 

follow and control flow patterns, and the possibility of very short baffies to deflect 

flow away from outlets. 

While the benefits of adding baffles to pond performance seem to be clear, the 

practicalities on a large-scale need to be considered. A compromise needs to be 

reached between cost and efficiency of a baffle configuration. Can a significantly 

improved level of performance be reached with a minimum number of flow-pattern 

based baffle designs? 
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2. 7 Techniques for Assessing Pond Hydraulics 

There are a number of techniques for assessing pond hydraulics. They include tracer 

studies, laboratory modelling, drogue tracking and CFO modelling. While tracer 

studies and laboratory studies have been used extensively, the fields of drogue 

tracking and CFO modelling are relatively new techniques in waste stabili sation 

pond research . 

2. 7. 1. Tracer Studies 

The tracer study is a st imulus-response technique. The most common form of this 

techn ique involves the pulse input of a tracer e.g. fluorescent dye, and the monitoring 

of the resulting tracer concentration at the outlet over time. 

The tracer can be monitored and its concentration plotted against time to produce a 

hydrau li c retention time distribution curve (HR T curve) . The shape of the HR T 

curve has been used to characterise flow regimes . For example, Figure 2-16 shows 

the HRT curves for plug, mixed and dispersed flow. Time and concentration are 

dimensionless in the plots . The HRT curve allows the time to short-circuiting to be 

seen, i.e. the time before the tracer is detected at the outlet. The mean retention time 

can also be determined from the tracer study data. 

2.0 ,------,----~~~--~---~ 

1.0 l<c-/'----.-=-+--+----tl--1 
Ca 

Figure 2-16 HRT curves for plug, mixed and dispersed flow (Levenspiel, 1972, pg. 277) 
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A large portion of hydraulic studies performed on waste stabilisation ponds, have 

been performed using tracer studies. They include: Watters et al. , (1973); 

MacDonald & Ernst (1986) ; Moreno (1990) ; Pedahzur et al. , (1993); Wood (1997) ; 

Salter (1999); Shilton et al. , (2000); Cavalcanti et al. , (2001); Barter (2002); Shilton 

& Harrison (2002); and Shilton (2001) . 

Watters et al. , ( 1973) conducted some of the earliest and most extensive previous 

work using tracer studies. Their work involved a series of tracer studies in field 

ponds and in a laboratory model. The work contributed significantly in the field of 

inlets, outlets, and baffles (as discussed in Section 2.5.1 & 2.6.1 ), but little 

discussion is made about the tracer technique. The tracer used was rhodamine WT 

dye. 

Salter ( 1999) carried out tracer studies on two field ponds using sodium fluoride as 

the tracer. Figure 2-17 shows the results of three tracer studies undertaken on the 

Chesham pond. It shows that despite three replicate studies being carried out on the 

same pond, variation between the three HRT curves is quite noticeable . This 

highlights the difficulties of field investigations where the conditions such as inlet 

and weather are variable. Salter ( 1999) also carried out investigations into the use of 

CFO modelling (see Section 2.7.2) and the addition of baffles (see Section 2.6.1) 

into the model. 
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Figure 2-17 Tracer Results on Chesham Pond (Salter, 1999) 

53 

- Test:". 

·· ··· · Test I 

--Tcst3 

"'-·······-·- ······ ...... - • J ------ · 

4.0 



LITERATURE REVIEW 

2. 7 .2. CFD Modelling 

"Computational fluid dynamics has moved from mainframes to PCs and laptops. 

Newer and better software lets you conduct analyses not possible before. Regular 

engineers, not just experts, can now carry out CFD" (Bakker et al., 2001 , pg. 45). 

CFO is a method of predicting processes such as fluid flow, heat transfer, mass 

transfer, chemical reactions, and related phenomena. It is a computer-based method 

of solving the partial-differential equations for energy, momentum and mass 

conservation within fluid flow. CFD programs were first developed in the 1960 ' s. 

But due to the limited access to computers that could handle the processing of such 

programs at that time, CFO technology was not widely used . The ad vances in 

computer technology have allowed CFO to be readily available to the average design 

engmeer. 

Many areas of CFO modelling have come together to enable the modelling of waste 

stabilisation ponds. Such areas include ri ver, lake and ocean modelling, modelling of 

settlers/clarifiers, and bioreactor modelling (Wood 1997). 

As reported by Wood ( 1997), modelling usmg CFO is an important tool where 

predictions are required where existing data does not exist, or where physical 

experiments cannot be performed due to their difficulty or cost factors. Wood ( 1997) 

goes on to discuss the potential for CFO modelling as a design tool for investigating 

alternative geometries for waste stabilisation ponds. Models once developed can be 

easily adapted to evaluate a number of situations. 

CFO modelling for pond systems has only been used by a few researchers in recent 

times. Wood (1997), Salter (1999), and Shilton (2001) have made preliminary 

investigations into the application of CFO modelling for pond systems. Ta (1999) 

carried out similar work on raw water reservoirs. However, its use is growing 

considerably. At the 5th IWA Specialist Conference on Waste Stabilisation Ponds 

2002, a number of papers were presented entailing work on CFD modelling. They 

include; Guganesharajah et al. , (2002); Lloyd et al. , (2002); Shilton & Harrison 
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(2002a); Shilton & Harrison (2002b); Vega et al., (2002) . This contrasts with two at 

the previous conference, and only one from all of the ones before that. 

The major focus of CFD modelling of waste stabilisation ponds to date is to assess 

the hydraulics of the pond. 

Sweeney et al. , (2002) made the following conclusion: "Non-ideal flow behaviour in 

ponds may occur through regions of varying biological efficiency. Current hydraulic 

modelling approaches are focussed on predicting the quantity of hydraulic deviation, 

but not the associated biological quality. Integrated physical and biological models 

will provide a method of considering this problem." (pg. 509). 

CFD modelling provides the ability to integrate reaction equations into every cell of 

a pond as it has been developed on a mass balance basis . Previously, an assessment 

of treatment efficiency of a pond involved the assumption of either plug-flow or 

completely mixed conditions, therefore applying the appropriate reaction rate 

equation to tracer curve data. The treatment efficiency of a pond modelled with CFD 

attempts to reflect the actual conditions within the pond without the need to make an 

overall assumption about the type of flow that may be occurring. Such work was first 

published by Shilton and Harrison (2002b) . 

2. 7. 2.1. CFD Modelling by Wood (199 7) 

The work of Wood (1997) can be considered the pioneering work for the application 

of CFO to waste stabilisation ponds. The objectives of his research were to: 

" ... improve current understanding of pond hydraulics ... validate hydraulic CFD 

models on appropriate systems ... demonstrate the models are capable of providing 

predictive information for novel pond designs." (pg. 179). 

Wood (1997) found that three-dimensional CFD could successfully predict 

experimental residence time distributions with a reasonable degree of success. He 

highlighted the potential of CFD models, in conjunction with pond reaction models 

to better understand pond flows and therefore provide a tool for overall pond 
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optimisation. The visual assessment of flow patterns predicted by CFD modelling 

also allow insight into improved design of pond element (eg. outlet position). 

2. 7.2.2. CFD Modelling by Salter (1999) 

Salter ( 1999) carried out CFD modelling of a pond system in Thailand and fotmd 

significant short-circuiting. The author also concluded that thermal stratification 

made the situation worse, and the inclusion of baffies into the model improved the 

situation. 

The grid density used in the modelling was quite low. This calls into question the 

accuracy of the solutions gained . Another concern regarding this work is that it was 

not validated against any experimental data from the pond modelled. 

2. 7.2.3. CJ.D Modelling by Shi/ton (200 1) 

The work of Shilton (200 I) undertook to investigate the hydraulics in a scale, 

physical model of a pond using a range of different pond configurations. The data 

obtained was then compared against mathematical simulations of the same ponds 

undertaken using a commercial CFO package (PHOE ICS). An evaluation was also 

made of a field pond using the same techniques. One of the more significant 

outcomes of the work, was the close match of the field data and the predictions of 

the CFO model. 

In his conclusions, Shi lton (200 I) states that " ... CFO modelling can not always be 

expected to provide an exact fit of experimental data . What is critical, however, is 

that CFD modelling appears to be effective at assessing ' step-changes ' in pond 

hydraulics ... ". (pg. 187) 

This work makes a significant contribution to the use of CFD as a design tool for the 

engineering profession. It does not aim to exactly model individual ponds and pond 

designs, but allows a timely assessment of designs that may be implemented in the 

field . 
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2.7.2.4. Other Work on CFDModellingofWSP's 

Vega et al., (2002) applied CFD modelling to determine improvements from a series 

of modifications to an anaerobic pond. The modifications included inlet-outlet 

positioning, baffling and pond geometry. They concluded that CFO is a powerful 

tool to predict the effects of modifications on waste stabilisation ponds. They also 

concluded that baffles and better inlet-outlet positioning are simple interventions to 

improve pond performance. 

Recently, a 3D computational hydraulic model was developed for assessing and 

designing waste stabilisation ponds by Guganesharajah et al. , (2002). The model 

(HYDR0-3D) was developed and calibrated to simulate field data from waste 

stabilisation ponds in Colombia and Mexico and simulates wind induced currents, 

inlet and outlet flows, and model faecal coliforms. However, as the model is 

calibrated against field data, its applicability is brought into question - can the model 

be successfully applied to other waste stabilisation ponds') 

2. 7.3. Laboratory Modelling 

The difficulty of performing field studies, with their inconsistent conditions and 

flow-rates , and high-cost, mean that the modelling of ponds on physical scale models 

in the laboratory is an attractive option. Antonini et al., (1983) noted that effective 

studies of retention time distributions could only be performed effectively under 

controlled conditions in the laboratory. 

Research using physical models varies due to confusion as to how the models should 

be built. A study by Thirumurthi and Nashashibi (1967) involved the use of a model 

in which the depth was equal to the actual pond depth - in a sense a large fish tank 

type arrangement. The dimensions of the model do not represent a typical waste 

stabilisation pond. 

To better represent full-scale systems, it has been suggested that dimensional 

analysis should be employed. It is generally accepted that the Froude number should 

be maintained in free surface systems although the effect this has on the Reynolds 

number should also be considered. 
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Watters et al., (1973) produced the first research using a well designed scale model. 

They emphasised that correct modelling of the inflow is important if the model is to 

represent full-scale behaviour. The work of Watters et al., (1973) used the scale 

model to investigate inlet and outlet types and arrangement, the effect ofbaffies, the 

degree of stratification, and the length-to-width ratio. 

The conclusions made by Watters et al., ( 1973) are still relevant today, and are a 

testament to the benefits of a well-designed investigation using a suitably designed 

laboratory model. 

2. 7 .4. Drogue Studies 

Drogue studies essentially involve placing an object in the pond, and tracking its 

movement to build up the velocity profile within a pond. They have been used before 

in oceanic studies, but are relatively new to the waste stabilisation pond arena. 

Two drogue studies that have been performed were by Shilton and Kerr ( I 999) and 

Barter (2002). 

The work by Shilt on and Kerr ( 1999) is the first published usmg techniques to 

determine the actual velocities within a waste stabilisation pond. They used drogues, 

as seen in Figure 2-18, that were of two different lengths. This gave an indication of 

the fluid velocities present at different depths. The drogues were tracked by two 

surveyors using theodolites, fixing the drogue position at pre-determined intervals. 

The angles were then triangulated and velocities could be determined. 
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Figure 2-18 Drogue used b) Shilton and Kerr (1999) 

The drogues were dropped at a position in the pond, tracked, then picked up and 

placed at another position manually. A boat was used to manoeuvre around the pond. 

Figure 2-19 shows the drogue used by Barter (2002) in his investigation into the 

hydraulics of the waste stabilisation pond in J\,;elson, New Zealand. The study 

involved the combined use of a tracer study using dye and drogue tracking. 
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Figure 2-19" Holey-sock" drogue (Barter 2002) 

A senes of drogues were placed near the inlet of the pond and tracked using a 

camera that was mounted in a blimp that took photos at a pre-determined interval , 

allowing the velocity to be determined. Barter (2002) concluded that the combination 

of tracer study and drogue tracking techniques provided a relati vel y low-cost and 

effective means of determining pond velocities. The use of the low-level 

photography is a particularly inventi ve method of determining the velocities. 

Drogue tracking is a very useful method of determining the actual velocities present 

in a pond. The techniques used by Shilton and Kerr (1999) and Barter (2002) provide 

practical and low-cost methods of measuring fluid velocities in a pond. 

2.8 Summary and Conclusions 

Waste stabilisation ponds provide a low-cost, low-technology method for treating 

wastewater. This relative simplicity hides what is recognised as both a hydraulically 

and biologicall y complex process. Traditional methods of assessing waste 

stabilisation pond performance rely on assumptions about the flow characteristics 

within a pond. 

The design manuals that are in use today, Mara and Pearson (1998) and Mara 

(1992a), provide engineers with a safe and reliable design methodology based on a 
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loading rate approach. While these form the basis for s1zmg waste stabilisation 

ponds, they take no account of the hydraulic design . 

As has been discussed in this review, the hydraulics of waste stabilisation ponds 

have a direct impact on treatment efficiency. However, the elements impacting on 

hydraulic efficiency, such as inlets, outlets and baffies, while previously researched, 

still require more investigation. As mentioned by Wood et al., (1995, pg. 112), "it is 

currently impossible to reliably predict how various modifications of pond design, 

such as placement and number of inlets, use of baffies, etc, might affect pond 

performance". 

Baffles offer the opportunity to achieve significant improvements in the hydraulic, 

and therefore treatment, efficiency of waste stabilisation ponds. However, research 

that goes beyond a simple performance assessment is lacking, as is the investigation 

of innovative baffle arrangements. In addition to this, there appears to be a lack of 

understanding of the flow mechanisms and interactions caused by baffles . 

The assessment of the hydraulics of waste stabilisation ponds can be undertaken 

using tracer studies on laboratory scale models or field ponds, drogue studies, and 

using computation fluid dynamics (CFO) modelling. CFD modelling has shown the 

potential to produce accurate predictions of pond hydraulic behaviour in a timel y 

manner, reducing the need for costly and time-consuming field trials . 

The integration of reaction kinetics within a CFO model of a waste stabilisation pond 

allows a prediction of the improvement in treatment efficiency of various pond 

designs . 

In summary, a significant amount of work is still required on the hydraulics of pond 

systems, and the influence of different elements within such systems. The work 

needs to use a combination of investigative methods to ensure a comprehensive 

understanding. These methods, CFD modelling, laboratory modelling and field 

studies are used in this thesis. The methodology of these processes is discussed in 

Section 3. 
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3. METHODOLOGY 

3.1 Experimental Overview 

The objectives of this work were to investigate baffles, inlets and outlets in waste 

stabilisation ponds, to evaluate the use of CFO as a design tool, and To apply the 

findings of the work into the field environment. The experimental work was carried 

out in three stages. 

1) Stage 1 - CFO Modelling 

A pond was sized according to modern design manuals and then modelled 

using the PHOENICS CFO software package. A range of baffle 

configurations were applied to the model pond and tested for their hydraulic 

and treatment efficiency. 

2) Stage 2 -- Laboratory Studies 

A range of the more efficient configurations modelled usmg CFO were 

investigated on a laboratory-scale model pond. 

3) Stage 3 -- Field Studies 

Two field trials were performed, one using a modified inlet, and the other a 

innovative baffle configuration to assess their influence on hydraulic and 

treatment efficiency under field conditions. 

3.2 CFD Modelling 

3.2.1. Introduction to PHOENICS 

The PHOENICS CFO software was developed by Concentration, Heat and 

Momentum Limited (CHAM), an engineering-consultancy and software company, 

founded in 1974, located in Wimbledon, England, and operating world-wide. 

"PHOENICS is a software embodiment of the laws of physics and chemistry which 

govern the motion of fluids, the stresses and strains in solids, and heat flow, 

diffusion and chemical reaction." 

(http://www.cham.co.uk/phoenics/d_po1is/d_docs/tr326/cadimprt.htm) 
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The generalised form of the equation solved by PHO ENI CS can be written as : 

d_p¢) +-a-[P U<p - r ~i = s at ax t ax t 
h: h: 

where: <I> - the variable in question 
p - density 
U - vector velocity 

r,t,_ the diffusive exchange coefficient for <I> 
~ 
•Jt- the source term 

The balance equation cannot be solved numerically m differential form. Hence, 

PHOENlCS solves a finite-volume formulation of the balance equation. The finite 

volume equations are obtained by integrating the differential equation over the cell 

volume. Therefore the di vision of the object in question into a grid of cells over 

which the equation is solved (the pond in this case) is very important. 

3.2.2. Development of the Computer Model 

A pond was developed w ithin the computer modelling software. The pond was 

designed in accordance with Mara & Pearson ( 1998), a well-used design manual for 

waste stabilisation ponds. 

The model design was based upon an average dail y flow (ADF) of I 0,000m3/day 

(0 . I I 6m3/s) . The pond was a primary facultative pond, i.e. the effluent has not 

undergone any form of treatment prior to entering the pond. The pond was 640 

metres long, 320 metres wide, 1.5 metres deep with sloped sides. The inlet and 

outlet were initially located in diagonally opposite corners in accordance with the 

recommendations made by Mara & Pearson (1998). The concentration of faecal 

coli forms at the inlet was set at 1 x 108 cfu/1 00mL as used by Mara & Pearson ( 198) 

in their design examples. The pond is depicted in Figure 3-1 . 

63 



METHODOLOGY 

t.5mdeep 

320m 7 
Outlet 

640m 

Inlet 

Figure 3-1 Schematic diagram of computer model 

The inlet was located IO metres away from the long side of the pond, and 4 metres 

out into the pond. The outlet was also located 10 metres from the long side of the 

pond and 4 metres out into the pond. 

3.2.3. Simulations Undertaken 

The simulations of different pond configurations using the computer model were 

undertaken in three parts a steady state simulation, followed by the addition of 

faecal coli forms for assessment of treatment efficiency, and finally a non-steady state 

(transient) simulation. 

3. 2. 3. 1. Obtaining a Solution 

Steady-State runs were performed on the pond. This involved setting up the model, 

setting up the grid within PHOENICS, and solving for momentum (which allows the 

calculation of velocity) throughout the pond. The following figure (Figure 3-2) 

depicts a typical output from such a simulation. The arrows indicate the size and 

direction of the velocity of the fluid. 
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Figure 3-2 Example Output from PHOENICS - Steady-state Simulation 

The accuracy of the output was checked by assessing the mass-balance and the 

residual s. For example, the following figure (Figure 3-3 ) is gained upon running a 

simulation. It shows the calculation performed to check the error value, and the mass 

balance check. 
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Figure 3-3 PHOENICS Result file from a steady-state simulation 

3. 2. 3. 2. Non-Steady State Runs 

After a solution had been obtained using the steady state simulation, a non-steady 

state simulation could be undertaken. This invol ves stopping the solvers for pressure, 

momentum and turbulence, while maintaining their stored steady state values. 

'Patches ' could then be added to simulate the insertion of a tracer in the inlet of the 

pond, and to monitor the concentration of the tracer at the outlet. Therefore 

simulating the experimental tracer studies. 
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3.2.4. Integrating Reaction Kinetics 

To integrate bacterial kinetics into the CFD model , first order kinetics have been 

assumed. This assumes a first order reaction rate constant (k) value for the whole 

pond. The k value incorporates temperature, substrate, biodegradability, algae etc. 

d7dT = -kC 

In most pond equations, a flow regime and therefore boundary conditions are 

assumed. The rate equation is integrated using these boundary conditions to give: 

If plug flow: ){+ kt 

If completely mixed: e-kt 

The coliform results that are produced by the model appear very accurate, however, 

they are still based on an assumption - that the kinetics is first order. Therefore, the 

results still need to be used with care. An assessment of the improvement in the pond 

can still be assessed by the log reduction of coliforms. 

Despite the exact conditions in each part of the pond being used to calculate decay, 

there are still limitations. The value of k is still based around some questionable 

assumptions. They are gained from back-calculating field data, plots and therefore 

equations that assume that the BOD going out of a pond is proportional to the BOD 

coming in . It also makes assumptions about temperature and time. 

The steady-state simulation, as discussed previously, will show the resulting flow 

patterns from a given pond configuration - thus, an indication of the hydraulic 

efficiency. To gain a measure of treatment efficiency, a scalar is added to the model 

incorporating reaction kinetics. This involves inserting a ' patch '. A patch is an area 

or volume over which a boundary condition or source is applied. In this instance, 

PHOENICS applies first order reaction kinetics to every cell in the pond. A source is 

the variable in question, for example, momentum, pressure or a quantity of 

coli forms . 

<I> is the source term in PHOENICS, all 'sources' in PHOENICS are defined 

by the following general equation: 

67 



q, = c(V-q,N) 
where c = coefficient 

V = value 
q,N = value at node N 

by defining c = k, q,N = C, V = 0 

q, = k(O - C) 
= -kC ~ 1st order reaction rate 

METHODOLOGY 

The first step in applying reaction kinetics to the PHOENICS model is inserting a 

new ' user-defined' object to which the "patch" is applied . This object 'volume' , has 

the same dimensions as the pond. A new 'decay ' patch is applied and values for the 

coefficient and value defined In this application the coefficient (or k value) was 

1.1 x10-5
, and the value = 0. There are a number of reaction rate determining 

equations in literature. For the purposes of this work , the equation proposed by 

Marais (1974) has been used (kT = 2.6 (1 . 19)T-20
) . 

In this instance, the value of 'k' is kept constant, and is influenced by temperature, 

which is also chosen as a single value that applies over the whole pond . While this 

work makes the jump in considering actual hydrauli c conditions in bacterial decay, 

further work is needed to improve on integrating appropriate equations and models 

for decay, once they are better understood. 

3.2.5. Grid Refinement 

When the model is formed , the pond is divided into a three-dimensional grid of cells. 

The density of this grid affects the accuracy of the solution. If a grid is too coarse, 

then it will produce errors in the solution. However, as the grid gets too fine, there 

are no further significant improvements in accuracy - the grid has reached 

independence. 

Therefore as a part of this work, two cases were run at varying grid densities and 

their results (velocity, and coliform concentration) from one slice of the pond were 

plotted. 
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The following two figures (Figure 3-4 and Figure 3-5) show the grid comparison for 

Case 1, the basic pond case with no baffies. A slice was taken through the pond and 

the velocities and coliform concentration compared for fi ve different grid densities . 
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Figure 3-4 Grid Comparison, Velocity Plot, Case 1 

The velocities all foll ow the same general pattern, however, the higher grid densities 

show the effect of the end wall , that is, the slowing of the fl ow in the cell s closest to 

the boundary. It is not present in the lower grid densities. 

1.00E+07 ~-----------------------------~ 

:g 8.00E+06 
0 
0 .... 
"3 
~6.00E+06 

C: 
0 

~ 4.00E+06 -t------
c: 
QI 

- Grid= 1330 

- Grid=6300 

Grid= 12500 

- Grid=23100 

Grid= 42240 

OuUet Values 

Grid 1330 = 7 956><106 

Grid 6300 = 7 248x106 

Grid 12500 = 6 198x106 

Grid 23100 = 6152x106 

Grid 42240 = 6 751x10' 

g ~ --- -=- -
8 2.00E+06 l~::::~=========s=;?:,:;;;,,,~~~====-:-E I~ 
g 
8 0.00E+OO 

100 200 300 400 

1----------1';, 

500 600 

-2.00E+06 ~-----------------------------~ 

Distance along length of pond (metres) 

Figure 3-5 Grid Comparison, Coliform Plot, Case 1 
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As can be seen in Figure 3 .5, all the grid densities give a coliform level at the outlet 

in the same order of magnitude. The plots show a general trend, with the lowest grid 

density showing the most inaccurate representation, as was expected. 

The next two figures show the same comparison for Case 2, the traditional two bafle 

(see Table 1) case as tested by Watters et al. , 1973 . 
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Figure 3-6 Grid Comparison, Vclocit~· Plot , Case 2 

As seen in Figure 3.6, the three denser grids show a very close relationship m the 

velocity profile. The lower grid density shows a very inaccurate solution . 
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Figure 3-7 Grid Comparison, Coliform Plot, Case 2 
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As seen in the above figure (Figure 3-7), the lowest grid density shows an inaccurate 

solution. The outlet coliform values however, show only the highest two grid 

densities giving the same order of magnitude concentration. The coliforms 

concentration at the outlet does not change in magnitude when increasing from 

20,000 cells to 40,000 cells, therefore the grid has reached independence. 

The plots presented above clearly show the effect of grid density on the accuracy of 

the solution. As a result of the above two cases, a minimum grid density of 20000 

cells was used for the CFO models. 

3.2.6. Turbulence 

"Turbulence is a fluid motion that is unsteady and irregular in both space and time." 

(Shilt on, 2001, p94) The resulting mass and momentum transfer within the fluid is 

different to that in laminar flow. This fluctuation is simplified by models that use 

average values of turbulence variables. 

Shilton (2001) conducted an investigation into the various recommended models, 

such as k-epsilon and Chen-Kim k-epsilon, and found there to be little or negligible 

effect on the resulting solution. 

3.3 Configurations tested using CFO 

The range of cases tested using the CFO model is shown in Table 1. Traditional pond 

designs were tested to show that the CFO model could predict similar improvements 

as found by previous researchers, and to improve on the understanding of the 

mechanisms behind their success. Innovative designs were also tested to expand on 

existing knowledge. 
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Table 1 - Configurations tested using CFD (diagrams not to scale) 
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3.4 Laboratory Studies 

3.4.1. Development of Lab Models 

Many previous researchers have used laboratory models, however the design of the 

models has varied widely. In thi s work, the pond was designed in the same manner 

as Watters et al. , ( 1973) and Shilton (200 I). 

The development of the scale models to accurately model the performance of the 

full -scale pond needs to be considered carefully. The flow-rates cannot be scaled 

straight down. The flow-rates used in the lab-scale pond need to retain the same fluid 

properties as in the field pond. 

The model used was a I : 12 model of a typical, theoretical pond, as shown in Figure 

3-8. 

Figure 3-8 Laboratory model 
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3 . ./.1.1. Reynold, Number versus J<i·oude Number Design 

Two fundamental expressions of the forces that govern flow behaviour are the 

Reynolds number and the Froude number. The Reynolds number and Froude number 

cannot both be satisfied when developing a scale model. The Reynolds number is 

generally used when dealing with closed pipe applications. The Froude number is 

widely used in open channel flow situations Therefore, it has been generally 

considered appropriate in developing scale models of waste stabilisation ponds to 

maintain the Froude number at the expense of the Reynolds number. 

Watters et al, ( 1973) made mention of the importance of the correct modelling of 

the inlet to ensure the model behaviour duplicates the prototype behaviour The:-1 also 

found that variations in the Reynolds number do not make much difference but 

turbulent inlet jets need to be maintained. 

The development of the scale model for this study used a retention time of I. 5 days, 

giving an inlet Reynolds number of 4050 which is just inside the turbulent region 

Therefore while the Froude number has been maintained in this work, care has also 

been taken to ensure that turbulent conditions exist in the inlet jets of both the scale 

model and the fu11-scale system 

3.4.2. Froude Number Based Design 

The Froude !\umber represents the ratio of inertial to gravitation forces 

u 
Fr= ~ 

lg)· ,J ~ 

where Fr~ Froude number 

u = fluid velocity (mis) 

g = gravity (m2/s) 

y = depth of fluid (m) 

To design the lab pond on the basis of Froude number it must be the same in the 

laboratory as it is in the field. Using the subscripts f for the field pond, and m for the 

model pond 
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Using the continuity equation for flow: 

=> 
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METHODOLOGY 

The same process can be followed through to give a scale factor for time. 

3.4.3. Laboratory Pond Set-up 

The laboratory pond model had physical dimensions as follows 

Length= 

Width = 

Depth 

2.715m 

1.75m 

125mm 

The pond was located in a temperature-controlled room, and the inflow was 

regulated via a variable speed pump from a water bath. The inflow was set at a field 

retention time of 1. 5 days, equating to 10.4 hours in the laboratory model. The inlet 

and outlet positions were adjustable (as seen in Figure 3-8). The experimental set-up is 

shown in Figure 3-9. 
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Cold water supply 
Speed controlled 

Sited in temperature peristaltic pump 
controlled room ... .... 

I ..., ~Vaterbath l ..., .... 
Overflow L ...... I I .... 

... ~ .. 

.... 2.715 m 
~ -~ ~ 

Model Pond 
Fluorometer 

Constructed from foam /metal 

1.750 m panels with mortar floor painted .... 
with marine pain't and 

sand.!gravel added for roughness 

~, 

[nlet and outlet positi ons are 
adjustable see later detail s 

Figure 3-9 Experimental Set-up - Laborator~- Pond (Shilton 2001 , pg 78) 

The set-up of the pond also included a camera mounted above the pond to allow 

photos to be taken at a pre-determined interval. These photos provided a visual 

record of the fl ow pattern occurring in the pond. 

3.4.4. Tracer Studies 

The stimulus response tracer technique was used in this work. A tracer was inserted 

into the system, and the outlet was monitored for the concentration of tracer exiting 

the system. A plot of the tracer concentration leaving the system over a period of 

time, after the pulse input of the tracer, characterised the retention of fluid within the 

system. This plot is commonly referred to as the hydraulic retention time di stribution 

(HR T) curve. 

The tracer used for this work was rhodamine WT. This dye is capable of being 

measured accurately at low concentrations. The concentration of tracer at the outlet 

was measured using a Sequoia-Turner 450 fluorometer, and a Shimadzu RF-1501 

Spectrofluorophotometer. The Sequoia-Turner fluorometer suffered some problems 

towards the end of the laboratory work and the Shimadzu was then used . The 

following figure (Figure 3-10) shows the set-up of the laboratory tracer study. 
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Figure 3-10 Set-up of Tracer Stud~-on Laborator~-pond 

As varying amounts of tracer were used for different runs, the results could not 

directly be compared unti l the tracer outputs were ' normalised '. This involves 

making the concentration dimensionless, so that the area under the hydrau lic 

retention time (HRT, concentration versus time) curve equal to I. By making the 

tracer concentration dimensionless then different tracer studies could be compared 

directly. It was not necessary to make the time scale dimensionless as the inflow to 

the pond was set at a constant rate. 

3.4.5. Configurations tested in the Laboratory 

The fo llowing table (Table 2) depic ts the configurations tested in the laboratory. Six 

cases that were tested on the CFO model were then tested in the laboratory model. 

The six cases were chosen based on the performance in the CFD model , they are 

numbered according to the number given to them at the CFO modelling stage. 

Table 2 - Configurations tested in the LaboratOQ' (diagrams not to scale) 

Case 2 Case 4 Case 11 

Case 14 Case 15 Case 17 
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3.5 Field Studies 

Two tracer studies were performed on the Ashhurst pond. Ashhurst is a small 

community with a population of approximately 3000 people, located some 20km east 

of Palmerston North, New Zealand. The tracer studies were undertaken in the same 

manner as for the laboratory modelling, however, the outlet was sampled by an auto

sampler, the samples collected and analysed back at the laboratory. The limiting 

factor when performing field studies is time. It can take over 2 months to complete 

one tracer study in the field . Therefore only 2 configurations were tested. The 

following figures show a map of the Ashhurst area (Figure 3-11 ), and the secondary 

pond at Ashhurst (Figure 3-12). 
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Figure 3-11 Ma11 of Ashhu rst showing 110nd location 
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position of inlet 

Figure J-12 Ashhurst secondarJ pond 

METHODOLOGY 

The existing pond is approximately 60 metres wide by 120 metres long , and is 

roughly rectangular in shape. The inlet is located approximately 18 metres along the 

partition that separates the primary and secondary ponds and is 300mm in diameter. 

The outlet is located in the opposite corner, and is via a submerged pipe exiting to a 

weir arrangement with final discharge to the Manawatu Ri ver. The figure below 

(Figure 3- 13) depicts the existing pond. 

concrete 
oioe inlet 

Ashhurst 
Sccondat) 

Pond 

outlet 

Figure 3-13 Schematic diagram of existing Ash burst secondary 1>ond 
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METHODOLOGY 

The purpose of the trials was to make modifications to the pond to allow evaluation 

of the improvements back against previous tracer studies performed on the existing 

pond by Shilton & Kerr (1999). 

The first trial performed was using a vertically up-turned inlet. A fabricated bend 

was placed in the existing inlet, this altered the flow to enter the pond verticall y 

heading toward the surface. The inlet diameter remained the same. Figure 3-14 

depicts the inlet structure for the first field trial. 

lifMtfrniifM 

\ \ 

I 
Fabricated 

inscn 

Figure J-U Fabricated insert for field trial - Ashhurst (diagram not to scale) 

The second field trial involved the installation of a short stubby baffie, combined 

with a right angle-bend on the inlet to change its direction This followed promising 

results from a process of CFD modelling on the Ashhurst pond. The following figure 

(Figure 3-15) shows the modified pond layout. 

Inlet turned to 
face wall 

40m (½ length) 

Ashhurst Secondary 
Pond 

* Modified with 
baffles 

14m 

Second monitoring point 

outlet 

discharge to 
river 

Figure 3-15 Schematic Layout - Ashhurst Field Trial 2 (diagram not to scale) 
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An inlet was fabricated as for the modified inlet trial, but with a bend facing 

horizontally into the side wall as shown in the diagram above. A photo showing the 

inlet is seen in Figure 3-16. The baffle was constructed out of 650gsm PVC, 

fabricated by Straitline Canvas, Palmerston North. A heavy chain was placed at the 

bottom of the baffle to hold it down, with I 00mm qi PVC pipes used as floats at the 

top of the baffle. A simplified schematic of the baf11e construction is shown in 

Figure 3-17. A wire rope was threaded through the top of the baf11e and secured on 

either side of the pond, this was tensioned to stop the baffle moving laterally. 

CSJ..::..:\·..:for 
hl.'avy .:hain 

Figure 3-16 Fabricated insert for inlet, second Ashhurst field trial 

Figure 3-17 Schematic Diagram of Baffie 
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4. RESULTS OF CFD MODELLING 

As discussed in the Chapter 1, a specific objective of this work was to investigate the 

use of baffles in waste stabilisation ponds, and the effect of inlet type and outlet 

position. In order to undertake a comprehensive investigation, CFO modelling was 

used in conjunction with laboratory and field work . As indicated in Section 2.7.2. 3, 

CFO modelling has shown its potential for predicting step changes in performance, 

the laboratory and field experimentation undertaken gives further insight and 

confidence in the CFO results. 

This chapter represents the use of a CFO model to test a wide range of designs on a 

typical pond. To date, no other research reviewed investigates pond design to this 

extent. 

In this chapter, the results of the CFO modelling phase of this work are presented. A 

major focus of this work is on baffles, with various lengths, numbers and positions 

being considered . However, baffles cannot always be considered without discussion 

of the effect of, and interaction with, inlets and outlets . Therefore, some cases look at 

specific inlet types, and other at varied outlet positions. 

4.1 Overview of CFO Models Investigated 

The pond modelled in the major phase of CFO modelling was a theoretical pond 

developed in accordance with current design manuals. It represents a typical system 

and was designed using the design criteria given by Mara & Pearson ( 1998). 

The pond was sized on an average daily flow (ADF) of 10,000m3/day . It is a 

primary facultative pond; the effluent has not undergone any form of treatment prior 

to entering the pond. The pond is 640 metres long, 320 metres wide, 1.5 metres deep 

with sloped sides. The inlet and outlet were initially located in diagonally opposite 

corners in accordance with the suggestion made by Mara & Pearson (1998). The 

inlet faecal coliform concentration was set at Jxlrlcju/ JOOmL. 

A variety of designs of baffles, and inlets and outlets, were tested (Table 3). The 

cases chosen are a mixture of traditional baffle designs and innovative designs. The 
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innovative designs were developed as a result of the performance of the traditional 

designs 

Table 3 - Cases modelled using CFD (diagrams not to scale) 
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The basic case (Case 1) was modelled to provide a basis for comparison. The inlet 

and outlet were located in opposite comers. 

A series of cases evaluated traditional baffle designs, as tested in the laboratory by 

Watters et al. , 1973 (Cases 2, 3, 4, and 5 in Table 3). Traditional baffles are long and 

evenly spaced within the pond. Watters et al. , ( I 973) determined that the optimum 

baffle length was 70% of the width of the pond. The work for this thesis tested the 

same four cases tested by Waters et al. , (1973) utilising the 70% baflle length. 

Alternative inlets were investigated in Case 17 (vertical inlet), and Case 18 (diffuse 

inlet) . These inlets were tested with the aim of slowing the momentum of the fluid at 

the front end of the pond . 

The bulk fluid flow in an average pond is a general circulation pattern around the 

pond - therefore leaving a temporary dead space in the middle of the pond. The 

central outlets (Cases 19 and 20) were tested with the aim of delaying time to short -

circuiting by sitting in this central dead space. 

The rest of the cases represent innovative designs to improve on existing baffle 

knowledge. The traditional long baffle entails high construction costs for new and 

existing ponds, and increases the difficulty of retrofitting baffles to existing ponds. 

While the primary aim of the innovative designs is to optimise hydraulic efficiency 

in the ponds, they are also aimed at cost reduction - especially in the case of short 

stub-like baflles. 

4.1.1. Presentation of Results 

Traditionally, studies into the hydraulics of ponds use tracer studies and produce 

results in the form of hydraulic residence time (HRT) curves giving for example, 

time to short-circuiting, deviation from plug flow and volume of dead space. In this 

chapter, the results of the CFD modelling are presented visually in the form of flow 

patterns, and in terms of coliform concentration. 
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The visual assessment of the flow patterns and coliforms concentrations over the 

entire pond allows the identification of areas of low velocities and high coliforms 

concentrations. These shortcomings can then be improved with further design 

modifications. 

The coliform concentration is given in two forms - a coliform concentration profile 

throughout a slice of the pond, and a discrete concentration value at the outlet. This 

approach is relatively new, but is unique in that it provides a direct measure of the 

treatment efficiency of each design by integrating bacterial decay kinetics into the 

CFO models. As discussed in Section 3.2.4, the CFD model uses exact boundary 

conditions present in each cell of the pond to integrate reaction kinetics . This differs 

from the traditional methods, which assume a flow regime and therefore boundary 

conditions over the whole pond. 

In the flow patterns presented in this work, arrows represent the velocity at the point 

in the pond. The size of the arrow corresponds to the flow velocity . The units for 

velocity are metres per second. In the coliform concentration profiles, colour 

represents the concentration of coliforms. A red colour indicates the highest 

concentration, with blue representing the lowest concentration . The units for 

coliform concentration are the number of coliform forming units per 1 OOmL 

4.2 Basic Pond 

4.2.1. Case 1 

4. 2.1.1. Design Rationale 

The basic case of the pond without baflles was simulated first to provide a 

benchmark against which to evaluate the treatment of coliforrns. 

4.2.1.2. Results and Discussion 

A broad circulation pattern was produced as seen in Figure 4-1 . The basic pond was 

designed with the inlet and outlet in opposite comers (in accordance with Mara & 
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Pearson, 1998), thi s results in the bulk flow moving straight from the inlet around 

and past the outlet. This direct flow to the outlet allows a portion of the influent to 

lea ve the pond very quickly. Thi s phenomenon is described as short-circuiting. 

Figure 4-1 Flow Pattern Case 1 (basic 11ond) 

The concentration profi le o f faecal coli forms is depicted in Figure 4-2. The inlet 

concentration was set at Ix I 08 cfu/ I 00mL. The colours depict the concentration, 

with red being the highest concentration of colifo rms and blue depicting a lower 

concentration. 

Figure 4-2 Coliform Concentration Case 1 (basic pond) 

86 



RES UL TS OF CFD MODELLING 

As can be seen, the highest concentration of coli forms is found along the main flow 

path. The resulting coliform concentration at the outlet was 6. 15x 106 cfu: 1 OOmL. 

The position of the outlet does not appear to significantly affect the main flow path. 

The direction of the arrows in the velocity profile, do not seem to show the main 

flow pattern being ' pulled' towards the outlet com er. The effect of outlet position 

was investigated by Shilton (2001). He concluded that the position of the outlet had 

only a very locali sed effect i.e. no effect on the bulk fl ow pattern, and that its 

position is a secondary function to the inlet and shape. This was also seen in Case 1. 

4.3 Evenly Spaced Multiple Baffles, Standard Length 

4.3.1. Case 2 - Traditional two baffie design 

./.3. 1. 1. Design Rationale 

Case 2 is similar to one of those tested by Watters et al., ( 1973), and here was 

evaluated using CFO modelling to see if similar resuts would be seen. The baffles in 

the pond are evenly spaced and extend 70% across the width of the pond . 

./.3. 1.2. Results and Discussion 

The flow pattern for Case 2 is shown in Figure 4-3 . It can be seen that each third of 

the pond acts as a separate ' cell '. The fl ow patterns w ithin each cell are similar to the 

bulk fluid flow in Case 1. In the first cell, the flow is in an anti-clockwise directio n, 

clock-wise in the second cell , and anti-clockwise in the final cell. 
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Figure -t-3 Flow Pattern Case 2 (traditional two baffle case) 

The concentration of faecal coli forms throughout out the pond is depicted in Figure 

4-4 . The coli fo rm level at the outlet was 6. 00x /03 du J00ml .. 

Figure 4-4 Coliform Concentration Case 2 (traditional two baffle case) 

This two-baffie case showed a significant improvement on the basic case. The 

circulation effect produced in each ' cell ' of the pond, prior to its entrance into the 

following cell gives a closer approximation to plug-flow. 
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This case resulted in a 5-log reduction in the level of coliforms, which is a significant 

improvement on the 2-log reduction of the basic case. This indicates that short

circuiting is reduced. The flow pattern also indicates that the premature exit of large 

portions of the wastewater is delayed in each cell. 

The slower velocity of the fluid at the outlet can be seen by the smaller size of the 

arrows in the velocity profile compared to the arrows in Case 1 (basic case) . A 

comparison between the two outlet comers of Case I and Case 2 is shown in Figure 

4-5 . 

Figure 4-5 Comparison of Outlet Velocities Case 1 - Basic Case (left) and Case 2 (right) 

As this case showed a significant improvement on the basic pond, and is a traditional 

design previously tested by Watters et al. , (1973), it was chosen to test in the 

laboratory situation, the results are given in Section 5. 5. 

4.3.2. Case 3 - Traditional four baffle case 

4. 3. 2. I. Design Rationale 

Case 3 is another tested by Watters et al., (1973) using baflles that are 70% of the 

width of the pond. 

4. 3. 2. 2. Results and Discussion 

The flow pattern, as seen in Figure 4-6, is similar to that exhibited in Case 2. It has 

the individual circulations within each 'cell' of the pond . The mixing seen in Case 2 
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is present in the first two cell s. The pattern in the thir d cell is not easily defi ned . The 

pattern exhib ited in the last two cells shows two di stinct areas, one of higher velocity 

and one lower (as shown by the red dashed lines on Figure 4-6. 

Figure 4-6 Flow Pattern Case 3 (traditional four baffic case) 

There is a similarity between the flow patterns on the final two cell s and an 

explanation proposed by Watters et al. , (1 9 73) fo r the worse performance o f the 90% 

width baffles. Their conclusion was that channelling causes the velocity of the fluid 

to increase around the ends o f the longer baffles. Their diagram that depicted this 

phenomenon is shown in Figure 4-7. 
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Figure 4-7 Channelling due to 90% \\idth baffles (Watters et al. , 1973, pg 49) 
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This channelling phenomenon may also be occurring due to the close nature of the 

baffle to the end wall, suggesting that the channelling effect is in fact caused by 

length to width ratio. This effect will be further discussed and developed in Section 

7.4. 

The coliform concentration profile is shown in Figure 4-8, the concentration at the 

outlet is 3.86 x JO:! cfu JOOmL. This is similar to the treatment in the six -baffle case 

(Case 4) . 

Figure 4-8 Coliform concentration profile - Case 3 (traditional four baffle case) 

4.3.3. Case 4 - Traditional six baffie design 

4. 3. 3.1. Design Rationale 

Case 4 is again, a repeat of a baffie configuration tested by Watters et al. , 1973 . This 

case has six baffies which are 70% of the width of the pond. This case was obviously 

expected to be an improvement on Case 2 (two baffies, 70% width) and on Case 3 

(four baffles, 70% width), due to the addition of extra baffies. In particular it was 

important to determine just how much better the performance would be in order to 

justify the expense of extra baffies. 
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4. 3. 3. 2. Results and Discussion 

The flow pattern for Case 4 is seen in Figure 4-9. 

Figure 4-9 Flow Pattern Case 4 (traditional six bafnc case) 

The pond was now divided up into seven cells instead of the three in Case 2 - a 

mixing pattern similar to that seen in Case 2 is repeated here, but mainly in the first 

two cells . The red lines indicated on the flow diagram show a flow pattern in the 

third to seventh cells that was simi Jar to that of the final two cells in Case 3. 

The coliform concentration profile for Case 4 is seen in Figure 4-10. 

Figure 4-10 Coliform Concentration Case 4 (traditional six baffle case) 
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The coliform concentration at the outlet was 5.65xl02c(u/ J00mL. This 6-log 

reduction represents a significant improvement on the basic case (2 log reduction) . 

However, the addition of four extra baffles only results in a further 1 log reduction 

on the performance of the traditional two baffie case (Case 2, 5 log reduction in 

coliform concentration). 

The treatment efficiency achieved for Case 3 (4 baffle case) and thi s case are very 

similar. This was not expected due to the addition of two further baffles in Case 4 . 

The similarity in treatment is believed to be due to the changing nature of the flow 

path. The front end of the pond shows circulation and mixing patterns, while the 

back end of the pond shows a channelling effect. This phenomenon is discussed 

further in Section 7.4. 

This case performed very well , however its treatment level needs to be considered in 

conjunction with the cost of installing four extra baffies. Case 2 had 448 metres of 

baffles, wh ile Case 4 had 1344 metres of baffles. 

This case was also tested in the laboratory, see Section 5.6 for results . 

4.3.4. Case 5 - Traditional eight baffie case 

-I. 3. -1.1. Design Rationa le 

Case 5 is also one tested by Watters et al. , ( 1973). It completes the suite of 4 (Cases 

2, 3, 4, 5) that were tested by Watters et al. , ( 1973). 

4.3.4.2. Results and Discussion 

The flow pattern, Figure 4-11 , is similar to those seen in Cases 2, 3, and 4. Again, 

the change of flow patterns from the second to third cell is seen. In addition, the 

circulation pattern in the first two cells is not as well defined as in Cases 2, 3 and 4. 
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Figure 4-11 Flow Pattern Case 5 (tradit ional eight baffie case) 

The coliform concentration profile is shown below in Figure 4-12, the concentration 

at the outlet is 9.60 c(u JOOmL. This is a significant improvement on the basic case, 

and is also better than the 4 and 6 baffie cases. 

Figure 4-12 Coliform Concentration Profile Case 5 (traditional eight baffle case) 

The treatment achieved in this case is very good. The channelled flow path ts 

prevalent in this pond, more so than for the 4 baffie case and the 6 baffie case. 
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To summarise, in the 8 baffle case, only the channelling effect is seen, in the 2 baffie 

case only the circulation and mixing patterns were evident, in the 4 and 6 baffle 

cases a mixture of the two different flow patterns is seen. This suggests that a 

transition occurs between the two types of flows, and may explain why the treatment 

for the 4 and 6 baffle cases were similar. This phenomenon is discussed further in 

Section 7.4. 

The addition of eight full-length baffles into a pond w ill come at considerable cost. 

This cost needs to be weighed up against the treatment effi ciency gain . 

4.3.5. Summary 

The investigation into the use of the evenly spaced baffles of standard length has 

shown that as the number of baffles increase, the treatment efficiency generall y 

improves. However, thi s efficiency improvement is not linear. There is a lack of 

efficiency improvement from the four- to six-baffle cases, before a jump tn 

improvement in the eight-baffl e case. 

The observation of the types of flow patterns present in each pond may explain the 

non-linear improvement in treatment effi ciency. Two di stinct types of flow pattern 

were seen, a circulation pattern and a channelled pattern. In the two extremes, the 

two and eight baffle cases, either the circulati on or channelled pattern were seen. In 

the fou r and six baffles cases, both flow types were seen. These observations are 

further developed in Section 7.4. 

4.4 Unevenly Spaced Baffles, Standard Length 

4.4.1. Case 6 - Two baffies, unevenly spaced 
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4.-1. 1. 1. Design Rationa le 

Case 6 is a variation of Case 2. It uses the same baffl es as for Case 2, which were 

evenly spaced, and instead pushes them closer to the ends of the pond. They are 

located 128m from the end wall s (20% of the length) . 

In thi s design the inlet baffl e is intended to act as a ' momentum di sperser ' and not 

simply a barrier for directing flow. The aim o f the design was to see if thi s would act 

to dissipate the ' jetting ' effect of the inlet pipe. The larger central cell of the pond 

would therefore act as a basic un-baffl ed pond with a slower momentum. The outlet 

baffl e would then act to shield the outlet, further delaying the effluent being 

discharged . 

../ . ../. 1. 2. Results and Discussion 

The fl ow pattern diagram is shown in Figure 4-1 3. 

figure 4-13 Flow Pattern Case 6 (two baffies e,,enly spaced) 

Circulating flow is present in the first cell of the pond, as well as the large central 

cell . The third cell however, showed a channelled flow. As shown in the fl ow pattern 

diagram (Figure 4- 13) the circul ation is faster in the first cell and sig nificantly 

slower in the second and third cell s. 
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The coliform concentrations are shown in Figure 4-14. This case did not perform as 

well as Case 2 (two baffies, 70% width, evenly spaced). The coliform level at the 

outlet was 2.39x/0~ cfu 'J00ml, the coliform concentration for Case 2 was 6.00x!a3 

cfu ·1oomL. 

Figure 4-U Coliform Concentration Case 6 (two baffles, e\'cnl~· spaced) 

The lack of improvement in this case over Case 2 was suspected to be momentum 

effects. The momentum is not di ssipated and contained in the first cell as was 

expected. This appears to differ from Persson (2000), who found that the inclusion of 

an island or sub-surface berm (wall) close to the inlet had a beneficial impact on 

hydraulic efficiency. 

Some channelling, similar to that exhibited in the 3rd to ih cells of Case 4, was also 

seen in the final cell, as shown by the red arrow on the right hand side of Figure 

4-13. 

4.4.2. Summary 

The improvements expected by moving the position of the standard length baffies 

did not eventuate. A smaller front-end 'cell' did not dissipate momentum as 

expected. Despite the poorer performance than Case 2 (two baffle evenly spaced), 

the design still provided improved treatment efficiency over the basic case. 
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4.5 Single Baffles 

4.5.1. Case 7 - Single central baffie 

-1.5. 1.1. Design Rationale 

Case 7 has a single baffie, 70% of the width of the pond, and located in the middle of 

the pond. The improvement was not expected to be as great as Case 2 (two baffles 

evenly spaced) however, it was hoped that some would be seen. Therefore, it could 

be shown that a single baffie would be better than no baffies . 

../.5.1.2. Results and Discussion 

The flow pattern and coli form concentrations fo r Case 7 are shown in Figure 4-15 

and Figure 4-16. 

Figure 4-15 Flow Pattern Case 7 (single central baffle) 
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Figure -t-16 Coliform Concentration Case 7 (single central bafne) 

The coliform level at the outlet was -I. /Ox 106 cfu JOOml,. This is the same order of 

magnitude as the basic pond case (Case I) and therefore thi s design does not 

represent any significant improvement. 

This finding indicates that the use of a single baffle will not improve the treatment 

efficiency of a pond. This is significant in that if a single baffie were effective, it 

would offer a quick and economic solution to improve pond efficiency. 

The flow is well-mixed in the first half of the pond before entering the second half of 

the pond. However the treatment efficiency was shown to be only slightly better than 

the basic pond. 

As can be seen in the above diagram (Figure 4-16) the highest concentration of 

coliforms in the second cell of the pond is in the corner containing the outlet. This 

clearly highlights that the inlet and outlet positioning must be carefully reviewed as 

part of any baffle installation. 
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4.5.2. Case 8 - Single baffle, inlet end 

-1.5.2. l . Design Rationale 

Cases 8, 9, I 0, and 11 sought to investigate alternative configurations of using a 

single baffle. Case 7 showed a single central baffle as ineffective at improving 

treatment efficiency; these next cases test whether innovative positioning of a single 

baffle can offer treatment benefits. This level of investigation into a single baffle 

does not appear to have been attempted befo re. 

The idea of dissipating the inlet momentum was again used and is reflected in the 

close positioning of the inlet baffle in Case 8 (single baffle, close to inlet). 

-1.5.2.2. Results and Discussion 

The flow pattern diagram (Figure 4-17) shows the tight circulation cell within the 

first ' cell ' of the pond and the slowed momentum throughout the rest of the pond. 

Figu re 4-17 Flow Pattern Case 8 (single baffle, inlet end) 
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The coliform level at the outlet was 4.39xl06cfu 1J00mL. This is in the same order of 

magnitude as the basic pond (Case I), and as Case 7 (single central baflle). 

Therefore this design registers no significant improvement on a basic pond. 

As can be seen in Figure 4-18, the coliform concentration at the outlet (top right 

hand corner) is in the ' red zone' , that is, a high level of coliforrns. 

Figure _.-18 Coli form Concentration Case 8 (single bafnc, inlet end) 

From a visual assessment of the coliform diagram, it could be seen that the outlet 

may be better placed in the ' blue zone'. The bulk clockwise circulation pattern 

within the large ' cell ' of the pond heads directly for the outlet. 

4.5.3. Case 9 and Case 10 - Single baffles, outlet end 

Case 9 Case 10 

-1.5.3. 1. Design Rationale 

Case 8 showed that the use of a single baffle as a momentum disperser did not 

improve treatment efficiency. Therefore Cases 9 (single baffle, outlet end) and I 0 

(single baffie, outlet end) involved outlet baffles that were intended to shield the 

outlet from the influent swirling around from the inlet. 
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4.5.3.2. Results and Discussion 

As can be seen from the flow patterns (Figure 4-19 & Figure 4-20), the same main 

fluid flow circulations are seen in the large front cell in the pond and slower 

momentum in the small end cell. 

Figure 4-19 Flow Pattern Case 9 (single baffie, outlet end) 

Figure 4-20 Flow Pattern Case 10 (single baffle, outlet end) 
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The coliform concentration is shown in Figure 4-21 and Figure 4-22. 

Figure -t-21 Co liform Concentration Case 9 (single bafne, outlet end) 

Figure -t-22 Coliform Concentration Case 10 (single baffle, outlet end) 

The outlet concentrations were J.35x 106cfw 100ml and -l.56x 106cfu 1J00mL for Case 

9 and 10 respectively. These values are of the same order of magnitude as the basic 

Case I and for that of Case 7 (single central baffle) and Case 8 (single baffle, inlet 

end). However, the concentration at the outlet in Cases 9 and IO (shown by blue 

dashed lines) are different. The outlet in Case 9 is situated in an area of lower 

concentration, hence the slightly lower outlet concentration of 1.35x I 06cfu/1 OOmL. 
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When the bulk flow reaches the end of the pond, the only exit for the momentum is 

the outlet, which is small in terms of the bulk flow, or it is forced to come back out 

into the large, more open, central 'celr of the pond. Therefore the same bulk 

circulation is seen in the large cell as for previous cases, despite the appearance of a 

simple path from the inlet to the outlet 

The bat11es have had little effect on the momentum of the bulk fluid flows, therefore 

little impact on treatment efficiency. It can also be seen from the position of the 'blue 

zones· (areas of low coliform concentration) that the position of the outlet was not 

appropriate for gaining a significant improvement in the performance of the single 

baffle designs. Therefore it was decided to re-run the model with the outlet on the 

same side of the pond as the inlet - as in Case 11 (single batlle, outlet end, outlet 

moved) 

4.5.4. Case 11 - Single baffle, outlet end, outlet moved 

I 
l~ 

./.5 . ./. I. /)esig11 Rationale 

In all the previous cases, the inlet and outlet have been in fixed positions. The visual 

assessment of the patterns in Cases 8, 9 and 10, and in particular the outlet zone in 

Case 9 showed that moving the outlet may have treatment benefits 

./.5 . ./.2. Results and l.!iscussion 

The flow pattern and coliform concentrations for Case 11 are shown in Figure 4-23 

and Figure 4-24. 
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Figure 4-23 Flow Pattern Case 11 (single bafne, outlet end, outlet mo\'ed) 

Figure 4-24 Coliform Concentration Case 11 (single baffle, outlet end, outlet moYed) 

In this case, the flow patterns and coliform concentrations were the same throughout 

the pond as Case 10. However, moving the outlet to the bottom right corner delayed 

the escape of the wastewater and improved the treatment. The outlet concentration 

was 8. 00x Ja5c(u/JOOmL, compared with a coliform concentration of 

4. J0xl06cfu/ J0OmL for Case 7. It also offers an improvement on the basic case. 

While this case is still not as good a treatment as Case 2 (2 baflles, evenly spaced, 5 

log reduction in coliforms), it further emphasises that the position of the outlet must 

be considered in conjunction with baffle design . For example, if the position of 
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infrastructure dictates the inlet position, baffles can be designed to complement this 

inlet position. The position of the outlet can then be determined after the baffles 

design to optimise treatment efficiency. 

4.5.5. Case 12 - Central wall with middle opening 

-1.5.5.1. Design Rationale 

Case 12 involved the use of a single baffle across the width of the pond with a gap in 

the middl e. The gap was 30% of the width of the pond. 

In this case, it was thought that the bulk fluid fl ow at the 'gap' would be parallel with 

the baffle, and improve the containment of the circul ation pattern to reduce short

circuiting. 

-1.5.5.2. Results and Discussion 

The coli fo rm level at the outlet was l .97x / 06 cfu J00m/_, again representing no 

signi ficant improvement in pond efficiency compared to the basic case and Case 7 

(single central baffl e). The flow pattern and coli form concentrations are shown in 

Figure 4-25 and Figure 4-26. 
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Figure -t-25 Flow Pattern Case 12 (central wall with middle opening) 

Figure 4-26 Coliform Concentration Case 12 (central wall with middle opening) 

As can be seen from Figure 4-25, the velocity of the fluid entering the second cell is 

still significant, indicating that the attempted containment of the circulation pattern 

was not sufficient. The velocity of the flow is sufficiently large at the interface that 

even if the flow is parallel to the wall then there is a reasonable amount of mass 

transfer across to the second cell. 
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4.5.6. Summary 

The use of a single baffle has shown to be not effective at improving pond treatment 

efficiency The general pattern emerging from literature (Watters et al, 1973; Bors 

& Robinson, 1980: Pearson et al, 19995; Lloyd et al., 2002; and Pena et al, 2002) is 

that the addition of baffles will improve pond performance. This work extends on 

this previous research to say that a single baffle will not generally produce 

significant performance improvements 

The movement of the outlet in Case I I showed that the position of the outlet could 

have an effect on the treatment efficiency. Thus emphasising that the position of the 

outlet in a pond should be carefully considered to optimise th e treatment gains made 

by baffles. 

4.6 Stub Baffles 

4.6.1. Case 13 - Two stub baflles 

-I. 6.1.1. 1Jesig11 Ratio11ale 

One of the difficulties with the installation of baffles, especially in the upgrade of 

existing ponds, is the extra construction cost Obviously, the less baffling required 

the better 

In the Case 2 (two evenly spaced baffle, standard length), the flow alternated in the 

direction of the circulation in each cell. Further consideration of this led to the 

investigation of shorter baffle, is a full-length baffle required to achieve the turning 

of the flow? 

This led to the investigation of 'stub' like baffles, with a length of only 15% of the 

width of the pond. Case 13 is a repeat of Case 6, which has the same baffle position. 
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4.6.1.2. Results and Discussion 

The flow pattern for Case 13 is shown in Figure 4-27. 

Figure 4-27 Flow Pattern Case 13 (two stub baffles) 

The coliform concentrations throughout the pond are depicted in Figure 4-28 . 

Figure 4-28 Coliform Concentration Case 13 (two stub baffles) 

The outlet coliform concentration was 1.37x106cfu/ 100mL. This is in the same order 

of magnitude as the basic case (Case 1 ). Therefore, this design offered no 

improvement over the basic case. 

As can be seen in the enlargement of the inlet corner of the flow pattern for Case 13 

(Figure 4-29), the stub baffle acts to turn the momentum. In a similar manner to Case 
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1, if the first baffie was not present, the bulk fluid flow in the pond would be in an 

anti-clockwise direction. In this case however, the bulk flow in the large cell of the 

pond is in a clockwise direction . The size of the velocity vectors (large vector = 

higher velocity) throughout the pond in Case 13 is also smaller than that exhibited in 

Case 1, indicating the dissipation and dispersion of momentum by the inlet baffle. 

Figure 4-29 Enlargement of Inlet Corner of Case 13 

Persson (2000) found that an island or sub-surface berm ( wall) placed near the inlet 

significantly improved hydraulic performance. The dissipation of the momentum 

seen here in this work is likely to be the cause of the improvement seen by Persson 

(2000). 

However, overall the stub inlet baffle has not been effective. The lack of 

improvement of treatment efficiency is due to the position of the outlet. The outlet is 

located in an area of hig h coliform concentration (see Figure 4-28). 

Further stub baffle cases were investigated (see Cases 14 - two stub baffles, outlet 

moved; and 16 - one stub baffle, inlet end). 
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4.6.2. Case 14 - Two stub baffies, outlet moved 

-I. 6. 2. I. Design Rationale 

In Case I I (sing le baffie, outlet end, outlet moved), the importance of repositioning 

the outlet was highlighted. Case 14 now applied this thinking to the stub baffie case 

by repositioning the second baffie and the outlet. 

The second baffie has been rotated to be parall el with the side-wall in order to shield 

the outlet from the clockwise direction of the fluid flow at that point. The distance 

between the side-wall and the outlet is I Om, and the distance between the side wall 

and the baffle is 20m. The baffles are still 15% of the width in length. 

-1.6. 2.2. Results and Discussion 

The fl ow pattern is shown in Figure 4-30. 

Figure 4-30 Flow Pattern Case 14 (two stub baffles, outlet mo,·ed) 
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The coliform concentration is shown in Figure 4-31 . 

Figure 4-31 Coli form Concentration Case 14 (two stub baffics, outlet moved) 

The outlet coli form concentration was -l.-llxl03cfu J00mL This is an extremely 

good resu lt, it is in the same order of magnitude as Case 2, which uses two fu ll 

length baffles, and yielded a concentration of 6. O0x 1 rl cfu 1 00ml,. 

As can be seen, after the flow has been turned by the inlet baffie, the concentratio n 

of coliforms even ly spreads out across the pond, as opposed to the o ther cases which 

show a more confined fl ow path. 

The use of short stub baffies in thi s configuration performed comparatively with the 

traditional two-baffle case (Case 2), this was surprising due to the small length of 

baffles . 

The inlet momentum is partially di ssipated by the inlet baffle, from there it spreads 

out over a larger area. This therefore allows the momentum to be slowed further, 

prolonging the time spent in the pond by the wastewater, maximizing treatment. 

The striking aspect about this case is the comparatively small amount of baffling. 

Case 2, for the model pond, contained 448 metres of baffles (2 x 228m long) , while 

thi s case contained 96 metres of baffles (2 x 48m long) . This potentially represents 

very significant cost savings for similar efficiency improvements. 

This design was also tested in the laboratory, these results are fou nd in Section 5.8. 
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4.6.3. Case 15 - Case 14 design, standard length baffies 

-1.6. 3.1. Design Rationale 

Following the good result of Case 14, it was decided to investigate if the same 

arrangement with the standard length baffies would work even better if positioned in 

a similar manner. It also allowed further investigation of the perceived channelling 

effect discussed previously. 

-I. 6. 3. 2. Results and Discussion 

The flow pattern and coliform concentration profile can be seen in Figure 4-32 and 

Figure 4-33 . It can be seen in Figure 4-32 that the velocity at the outlet baffle is 

greater heading toward the outlet than for the main area of the pond. This may be 

due to the channell ing effect. 

Figu re 4-32 Flow Pattern Case 15 (two standard baffles, outlet moved) 
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Figure -t-33 Coliform Concentration Case 15 (two standard baffles, outlet mol·ed) 

This case did not perfo rm quite as well as Case 2 (two evenly spaced batlle, standard 

length). The coli fo rm level at the outlet was J.08x/0-1 c(u JOOml., with 

6. OOx I 03 cfu I 00ml. fo r Case 2. 

As can be seen in Figure 4-34, the larger velocity vectors across the top of the pond 

in Case 15 are located in a more defined area than that of Case 14. This is indicative 

of channelling along the wall. 

Figure 4-3-t Com1>arison of \'elocity vectors: Case 14 and Case 15, yellow lines indicate extent of 
hi gher wlocity area 

The poor performance o f Case 15 compared to Case 14 (two stub baffle, outlet 

moved) appears to be related to the mix ing effect, as discussed for Case 13 (two stub 

batlles). As the flow is circulated in a tight space in the first cell, it doesn't lose 

momentum and may speed up around the end of the baffles . 

Case 15 was also tested in the laboratory, later discussed in Section 5.9. 
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4.6.4. Case 16 - Single stub baffle 

-I. 6. -1. 1. Design Rationale 

Case 16 is a repeat of Case 14 without the outlet baffl e. This is to see if the outl et 

baffl e had a signifi cant effect on the overall treatment efficiency within the pond. If 

the outl et baffl e is not significant then further costs savings could be made. 

-I. 6. -I. 2. Results and Discussion 

The fl ow pattern, seen in Figure 4-35, is similar to that seen in Case 14, as is the 

coli form concentration profi le seen in Figure 4-36. 

Figure 4-35 Flow Pattern Case 16 (one stub bafne) 

The coli form concentration profil e is shown in Figure 4-36, the concentration at the 

outlet was 4.28xl 05 cfu/ J00mL. This only represents a I-log improvement on the 

basic case, compared to 4.4JxJa3cfu/ JOOmL for Case 14 (two stub baffl e, outlet 

moved) . 
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Figure 4-36 Coliform Concentration Profile Case 16 (one stub bafne) 

Case 16 exhi bited characteristics similar to that that of Case 14, however the effluent 

did not seem to spread as uni fo rml y across the pond compared with Case 14. This 

may be due to the presence and orientation of the outlet baffle. The outlet end of 

Case 16 shows higher velocities than the outl et end of Case 14. The end baffie in 

Case 14 may have prevented the track ing of the flow around the wall s. The stub 

baffle at the outlet in Case 14 also shields the outlet, delaying the exit of the 

wastewater. 

4.6.5. Summary 

The investig ation into the use of short stub-like baffles has shown that in the right 

configuration, stub baffles can perform as well as long baffi es. In some cases, as in 

Case 15, the use of long baffles actuall y results in poorer performance than stub 

baffles (Case 14). 

It has also been shown that the use of stub baffles can be very sensitive to small 

desig n changes. The desig n of Case 14 (two stub baffles, outlet moved) was very 

effective at improving the treatment efficiency of the pond, however Case 16 that 

simply removed the outlet stub baffle from the desig n of Case 14 produced a 

markedly poorer treatment performance. In fact, the treatment for Case 16 was only 1 

log better than the basic case. 
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4. 7 .1. Case 17 - Vertical In let 

-I. 7.1. 1. Design Rationale 

RESULTS OF CFD MODELLfNG 

With vcrticall) 

upturned ink t 

Case 17 is an alternative to a desig n tested by Shi I ton (200 I). While he tested a 

vertical inlet, down-turned, this case has the inlet up-turned. Shilton (200 I) fou nd 

that the use of the down-turned inlet resulted in the reduction of the size of the peak 

and a sig nifi cant increase in the time to the start of short-circuiting. Therefore, it was 

decided to investigate whether an up-turned inlet would produce similar resu lts. 

-I. 7. 1. 2. Results and Discussion 

This case was di fficu lt to model, and hence the modelling did not achi eve mass 

balance and high errors were produced. 

Assistance was sought from Flowsolve Ltd, a consulting firm speciali sing in 

computer modelling. The difficulty with the CFO model is main ly due to the 

complex nature of the flow around the inlet. As the pond is shallow relati ve to its 

to tal area, the grid is less dense in the vertical direction. Therefore the grid around 

the inlet affects the accuracy of the model. 

The investigations undertaken by Flowsolve Ltd found that the patterns produced by 

the vertical inlet were similar to that found in a water reservoir, similar to that of 

Shilton et al. , 2000a in their work using CFO modelling on a water reservoir. 

Flowsolve Ltd provided useful advice in the upgrade of the model to improve its 

accuracy, however, in the timeframe required for this work it could not be achjeved . 

Despite the difficulty in the modelling it is interesting to note the circulation 

characteristics found. The predicted coliform concentration profile is shown in 

Figure 4-37. 
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Figure -'-37 Case 17 (\'ertical inlet) - Coliform profile, arrows indicating circulation direction 

As can be seen the flow extends away from the inlet in either direction (shown by 

arrows) . 

The up-turning of the inlet may also result in the slowing of the momentum at the 

front end of the pond, this has implications with respect to organic load. If the flow is 

slowed significantly around the inlet area, there is the potential for localised organic 

overloading. Therefore, this modification may not be appropriate for high-strength or 

high-solids wastewaters. 

As this design produced good results in previous laboratory tests from Shilton 

(200 I), this case was tested in the laboratory (refer Section 5. I 0). Due to the very 

economic nature of a turned inlet as an improvement measure, it was also decided to 

model this case in the field. The modification of an inlet can be as simple as adding a 

fabricated an insert to the existing inlet. The results of these further investigations are 

found in Section 6.2. 
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4.7.2. Case 18 - Diffuse Inlet 

-I. 7.2. 1. Design Rationale 

This case was designed to simulate the effect of a di ffuse inlet. For example, a 

channel 2m wide. The expectation was that the di ffuse in let would slow down the 

velocity in the bulk fluid flow and therefore improve the retention time and treatment 

efficiency. 

-I. 7. 2. 2. Results and Discussion 

As can be seen from the flow pattern ( Figure 4-38), the same bulk circulation around 

to the outlet is seen as in the basic case. The velocities have been reduced from those 

seen in the basic case, but are still significant. 

Figure 4-38 Flow Pattern Case 18 (diffuse inlet) 

The coliform concentration throughout the pond is shown in Figure 4-39. 
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Figure 4-39 Coliform Concentration Case 18 (diffuse inlet) 

The coli form level at the outl et was -l. 10x l 06 cfu 100ml. This represents no 

signifi cant improvement on the basic pond (Case I). 

The results of thi s model indicate that despite the diffused inlet, the same general 

circu lation as the base case is seen. However, it must be noted that despite this inlet 

being large relati ve to a standard pond inlet, it still represents only a short width 

compared to the pond width. Persson (2000) achieved good results from di ff use and 

multiple inlets, however the inlets extended the fu ll width of the pond, thereby 

closely approximating plug-flow conditions which resulting in improved efficiency. 

The practicalities of setting up a fu ll -width inlet on a pond such as the one modelled 

here (320m wide) would be prohibitive. 

4.7.3. Summary 

While the modelling was not completed for Case 17 (vertical inlet), the initial 

models showed a fluid flow pattern different to that of the basic pond (Case I). This 

indicates that the type of inlet can have a significant effect on the flow pattern in a 

pond. 

The diffuse inlet tested here did not result in any treatment improvements . While the 

inlet was diffuse when compared with a point inlet, it was still small in respect of the 
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full width of the pond. Therefore, testing of full width diffuse inlets on suitably sized 

ponds may result in treatment improvements due to the closer approximation to plug -

flow. 

4.8 Outlet Investigations 

4.8.1. Case 19 & 20 - Central outlet cases 

• I • I 
Case 19 Case 20 

-1.8. I. I. Design Rationale 

The central outlet cases were tested as a result of the flow pattern exhibited by the 

basic case (Case I). In the basic case, the flow was seen to form a broad circulation 

pattern around the outside of the pond. This result was also observed by Shilton 

(200 I). This circulation around the outside suggested a sl ower region in the centre of 

the pond, in effect, a dead space. It was thought that advantage could be taken of this 

dead space by placing the outlet here. A further addition to this idea was to add a 

' shield ' of baffi es around this central outlet to further delay the flow reaching the 

outlet and increase the effi ciency. 

The model was very di fficu lt to solve, and no mass balance could be achieved. This 

may be due reasons similar to that of a vertical inlet. The flow around the outlet as it 

will approach the outlet from all sides (a wall mounted outlet receives wastewater 

from one side) creating complex flow patterns. Later on in thi s work, the central 

outlet idea was attempted again, in the CFD modelling phase for the second field 

trial. These results are discussed in Section 6. 3. 
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4.9 Limitations of CFD Modelling Undertaken 

This work builds on that of previous researchers, in particular Shilton (2001) . 

Shilton (200 I) demonstrated that CFD modelling could be used to assess step 

changes in performance of various design options. For example, the addition of a 

baffie to a pond will result in a marked difference in the response of the model to 

that of the un-baffied pond. 

It must be recognised that the models used in thi s work are not intended to provide 

perfect representations of each pond. They provide a research tool, whether it is for 

new ponds or for modifying existing ponds, and provide some confidence that a 

proposed design will be efficient. 

While the use of CFD in this work has been shown to allow a quick assessment of 

the benefit s and di sadvantages of different design options, its limitations must also 

be recognised. These limitations come from the absence of a number of physical 

variables that exist in the field situation, and from limitations in the CFD models 

themselves. 

4.9. 1. Temperature 

There are two temperature factors that may affect the performance of a fie ld. These 

are the density effect and the rate of reaction. 

Temperature affects the density of a fluid . While the density of the influent to the 

pond is fairl y constant, the surrounding air temperature may cause the pond to cool, 

and result in stratification within the pond. That is, two distinct layers of differing 

temperatures. In severe cases thi s can cause the pond to ' turn over'. Also, if the pond 

is cooler and the influent warmer or vice versa, it will tend to skim throug h the pond 

which is detrimental to the efficiency of the pond hydraulics. 

In this work, reaction kinetics are integrated into the CFD model. A value of ' k ', the 

reaction rate constant, needs to be added into the model. This constant varies 

according to temperature. Therefore, the temperature needs to be selected carefully 

to obtain an appropriate value for ' k '. 
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4.9.2. Wind 

Shi I ton (200 I), in hi s di scussion of the effect of wi nd, commented that wind may 

have been a previously overestimated influence on a pond system. Shilton (200 I) 

added wind to the CFO model of a field pond and found that the simulations became 

very closely aligned with the experimental results. However, the difference between 

the model with wind, and model without wind was not as signi ft cant as expected. 

The addition of a baffie, for instance, results in a g reater 'step change ' in a model. 

The incorporation of wind into a CFO model i s undertaken by applying an empiri ca l 

shear stress equation at the surface boundary of the model. Also, a direction for the 

wind is incorporated into the model. As wind w ill be constantly changing in velocity 

and direction, the full effect of the wind is d ifficult to model. 

4.9.3. Sludge Deposits 

After a period of time, the sludge in the influent of the pond will deposit on the floor 

of the pond. Over a short amount of time, the effect on performance will be minor. 

However, over a long enough period of time, severe bui ld-ups w ill affect the 

hydraulics. The design of the pond may also determine the extent of depositing. If 

an up-turned inlet is used in a pond with a large solids load, then the slowed 

momentum will a llow the load to settle close to the inlet quicken the reduction of 

hydraulic performance. 

4.9.4. Other Physical Influences 

The CFO models are set with a constant inlet flow and fi xed coliform inlet flux. In 

reality however, the flow and loading of a field pond will change with time. The 

computing power and time necessary to acco mmodate a changing inlet fl ow and load 

is restricting. This needs to be recognised as a possible limitation. 

The CFO models are not set-up to exactly simulate field conditions due to their state 

of constant change. The models are set up by simplify ing and holding certain 

parameters constant (temperature and flow) to allow the evaluation of different 

physical designs. 
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4.10 Chapter Discussion & Summary 

This section has presented the results from a series of traditional and innovati ve 

ponds designs, modelled using CFD. 

The use of evenly spaced baffies of standard length has been shown to provide an 

effective tool for improving the treatment efficiency of a pond. The investigations 

have also shown some possible reasons for channelling phenomenon seen by Watters 

et al. , ( 1973), originally attributed to baffle length. The presence of two quite distinct 

fl ow patterns within the same pond, circulating flow and channelling flow, also 

provided an explanation of the similar results achi eved by the 4 and 6 baffie cases. 

Further investigations showed that the evenly spaced arrangement of the standard 

length baffles performed better than the same baffles unevenly spaced. 

Sing le baffles were shown to be generally ineffecti ve. Through the course of the 

investigations it was shown that the movement of the outlet relati ve to the baffles 

could have an effect on the treatment efficiency. 

It is considered sig nifi cant, that results comparable to those achieved with long 

baffles can also be attained using short stub baffles. In some cases, it has been shown 

that longer baffles per form worse than stub baffles. However, the stub baffles are 

very sensitive to minor changes in design. In Case 16, the removal of the outlet 

baffle resulted in a significant drop in treatment efficiency. 

The modelling indicates that the type of inlet can have a significant effect on the 

flow pattern in a pond. The use of a vertical inlet resulted in the bulk flow path being 

split into two major flows moving around the sides of the pond fro m the inlet. This 

was signifi cantly different to the single circulation pattern noted using a standard 

horizontal inlet. 

The use of a diffuse (wide channel) inlet did not affect the bulk circulation of the 

flow, but the velocities of flo w were smaller. This indicates that the use of an even 

wider channel (e.g. multiple inlets along the width of the pond) would slow the flow 

124 



RES UL TS OF CFD MODELLING 

further and approximate plug flow. However, setting up such an inlet on a full-scale 

pond such as the one modelled (320m wide) would be considered impractical. 

The performances of Cases 10 and 13 were improved by moving the position of the 

outlet (and the baffle in Case 13). These new cases, Cases 11 and 14, it was shown 

that the position of the outlet can have an impact on the treatment efficiency of the 

pond. 

A summary of the performance of each case, expressed in terms of outlet coli form 

concentration is shown in Table 4 ( - indicates unsuccessful modelling). 

Table -t - Performance Summary - CFD Modelling of a Theoretical Pond 

Case Number Case Description Outlet Coliform 
Concentration 
(cfu/ l00mL) 

ase astc case . )X 

Ellenly Spaced Multiple, Standard Length 

Case 2 Two baffies, evenly spaced 6.00xl (r 
Case 3 Four baffles, evenly spaced 3.86xl(J-
Case 4 Six baffles, evenly spaced 5.65xJo-
Case 5 Eight baffies, evenly spaced 9.60 

Unevenly Spaced 

Case 6 Two baffie, unevenly spaced 2. 39x JO~ 
Single /Jafjles 

Case 7 Single central baffie -I. !Ox JOD 
Case 8 Single baffle, outlet end -l.39x /OD 
Case 9 Single baffle outlet end l .35x/ OD 

Case 10 Single baffle outlet end -l.56xl 0° 
Case 11 Single baffle, outlet end, outlet moved 8.00xl rf 
Case 12 Central wall with middle opening J.97x 10° 

Stub Baffles 

Case 13 Two stub baffles J.37x 10° 
Case 14 Two stub baffle, outlet moved 4.4Jx]{j 
Case 15 Case 14 design, standard length baffles J.08xl04 

Case 16 Single stub baffle 4.28xJ(Y 
Inlet Investigations 

Case 17 Vertical inlet -
Case 18 Diffuse inlet -I. 10xl0° 

Outlet Investigations 

Case 19 Central outlet -
Case 20 Central outlet with baffles -
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As a result of the CFO modelling work, it is considered that Case 14 offers the 

optimum design for the theoretical pond. In a field situation, if the position of 

infrastructure dictates the inlet position, baffles can be designed to complement this 

inlet position. The position of the outlet can then be determined after the baffles 

design to optimise treatment efficiency. 

Case 14 

Case 14 incorporates two stub baffles. The second baffle has been rotated to be 

parallel with the side-wall. The distance between the side -wall and the outlet is I Om, 

and the distance between the side wall and the inlet baffie is 20m. The baffles are 

15% of the width in length. 

This design provides a 5-log reduction in the level of coliforms at the outlet 

(../.-llxl03cfu J00ml,). It is considered optimum as it provides good treatment while 

keeping the costs of implementing the design to a minimum. 

Thi s initial CFO modelling phase of the work has produced an idea of what designs 

provided good treatment efficiency and provided insights into the reasons behind 

their performance. This insight into the reasons behind the performance of the 

baffles was then investigated in the laboratory. This will further add to the credibility 

of CFO modelling as a research tool , and as a tool to assist in the understanding of 

flow mechanisms and interaction. 

The conclusions of this modelling process will be further developed with the 

addition of the laboratory and field work in later sections. 
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5. RESULTS OF LABORATORY STUDIES 

5.1 Introduction 

The objectives of this thesis were to investigate baffies (length, number and 

position), inlet type and outlet position . To this end, the CFO modelling undertaken 

in Chapter 4 has formed the basis of the majority of the work. However, CFO 

modelling is a relati vely new approach to research for ponds, hence an evaluation of 

CFO as a research tool was also to be undertaken . 

Recent work (Shilton, 200 I) has provided confidence that CFO model ling can 

predict 'step changes ' in the performance of various pond designs . CFO models are 

not intended to exactly fit every case modelled. If the CFO model of a basic pond 

shows poor performance, and the CFO model of that pond with four baffles shows 

improved performance, the comparison of the two sets of results will show that the 

model has successfully predicted the step change due to the baffle addition . As this 

approach is relati vely new, the laboratory work is intended to give further insight and 

confidence in this regard . 

Laboratory scale model s have been used to represent full-scale pond systems, 

although not often with the specific purpose of investigating pond hydraulics. 

Watters et al., 1973 used a laboratory scale model as a major design tool for their 

investigation of pond hydraulics. The results of the laboratory work completed for 

this work is presented in this chapter. 

It is important to note that the pond used in the laboratory testing is different to that 

used in the CFD modelling in the previous chapter. The laboratory pond represents a 

pond twelve times bigger than itself However, by setting up the pond in a similar 

way to the theoretical pond modelled in Chapter 4 and testing it experimentally and 

with CFD, the ability of CFD modelling to predict step changes in performance can 

be demonstrated. 
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5.2 Review of Laboratory Experiments 

The designs tested in the laboratory are shown in the following table (Table 5) The 

designs tested are similar to those tested on the theoretical pond in Chapter 4, 

therefore the same case number has been used with the addition of the prefix 'L' 

added to indicates that these cases were tested on the laboratory model 

Table 5 - Cases im·esti~ated in the Laborator~ (diagrams not to scale) 

- H> -~ 
I 

I 
I 
I 

_:c i ---:", ---:" - 4 

Case L2 Case L4 Case Lil 

JT 
' ~ I 
I 
I I I 
I I 
I I -::, I - 4 :7 --+--0 I 

Case L 14 Case LI 5 Case L 17 

5.3 Presentation of Results 

The techniques used in this section are similar to traditional investigations into pond 

hydraulics That is, HRT (hydraulic retention time) curves for each tracer studv 

performed in the laboratory will be presented 

Each case has a set of photos taken by a camera mounted above the pond These 

photos were taken at even intervals over the first 45--60 minutes of the tracer run, so 

as to record the actual flow pattern in each pond The photos all have the inlet 

located in the lower right corner, they photos appear slightly distorted due to the 

wide angle lens required to capture the whole pond. A lighting problem was 

encountered in the controlled temperature room where the pond is located, and 

therefore the photos for Cases L4, LI I, LIS and L17 are not ofas good a quality as 

those for Cases L2 and Ll4. 
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5.4 Base Case for Comparison 

To assess the improvements achieved from the various modifications, a basic pond 

case was used. These results come from Shi lton (200 1) and his laboratory tracer 

studies on a basic pond. The basic pond has the same flowrate, inlet size, and 

retention time. 

The fu ll tracer study results are shown m Figure 5-1 , with the first 120 minutes 

shown in Figure 5-2. 
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Figure 5-1 Full Tracer Study Results - Base Case (Shilton, 2001) 
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Figure 5-2 Tracer Stud~· Results - Base Case, First 120 minutes {Shilton 2001) 
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As can be seen from Figure 5-2, dye is detected at the outlet after approximately 2 

minutes, indicating severe short-circuiting with the basic design. The curve also 

shows a very high peak, indicating a concentrated slug of dye is circulating in the 

pond. The continued circulat ion of the dye in the pond causes a second and 

subsequent smaller peaks. Thi s shows that the dye does not mix well into the pond, 

and there is a large degree of dead space. 

Shi lton (200 I) also modelled thi s pond using CFO, a near perfect match was 

achieved. 

5.5 Case L2 - Traditional two baffle case 

Case L2 is a repeat of a design investigated by Watters et al. , 1973. It is a tradi tional 

design incorporating two baffles 70% of the width of the pond, and they are evenly 

spaced along the length of the pond. 
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5.5.1. Flow Pattern 

The fo llowing suite of pictures depicts the flow path of the dye during the tracer 

study (Figure 5-3). 

Figure 5-3 D~·e flow path - Lab Tracer Stud~- Case L2 

As can be seen from the flow path of the dye in the fi rst four pictures, the flow 

pattern is similar to that seen in the CFO simulation undertaken on the large-scale 

theoretical pond (see Figure 4-3) . 

As can also be seen, the circulation pattern that ex ists in the first cell of the pond 

forces the tracer to the outside edges. That is, the tracer is not very well mixed 

initially in the first cell of the pond before it goes to the next cell . It was observed 

that it may take the slug of tracer up to 4 circu lations for the first cell of the pond to 

become completely mixed. If the fi rst cell of the pond is likened to a large basic 

pond, this can mean that the centre of the po nd does not receive wastewater for 

sometime - effectively acting as a dead-space. 

5.5.2. Tracer Study Results 

The tracer study results from the two laboratory runs are shown in Figure 5-4. 
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Figure 5-..f Tracer Stud~· Results Case L2 (traditional two bafne case) 

The above figure shows the two runs performed on thi s case as being similar . The 

rising to a single peak and then tailing off is seen in both curves, and the first tracer 

appears at the outlet at approximately similar times. The average time to short

circuiting fo r thi s case was 47. 5 minutes as compared to the basic case where tracer 

was noted at the outlet after 2 minutes. This case is a sig nificant improvement on the 

base case. 

5.5.3. CFD Modelling Results 

The laboratory pond was modelled as it was set-up for Case L2. The results of the 

CFO tracer study compared with the actual laboratory results in Figure 5-5 . 
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Figure 5-5 Comparison Plot - CFD & Lahorator~- Tracer Studies, Case L2 

As can be seen, the CFO tracer study produces a similar curve to that of the 

laboratory run. The CFO model shows tracer reaching th e outl et after approximately 

60 minutes, compared with an average o f 47.5 minutes for the laboratory runs. 

Shi hon (200 I) also no ted discrepancies in the time to the start of short-circuiting 

between hi s laboratory runs and the CFO models. One o f the explanations of thi s 

phenomenon related to the actions of the tracer. He noted that even with no inflow to 

the pond, the tracer settled and spread along the base of the pond. However, thi s was 

noted when the pond was set at a I 0-day HR T, the models tested for this work were 

run at a 1.5-day HRT. Therefore it cannot be concluded that thi s tracer effect has 

caused the lag seen in Case L2 without further investigation. Shilton (2001) noted 

that general experience with rhodamine as a tracer found that at higher 

concentrations, its high density (4 76g/mole vs 18g/mole for pure water) caused the 

settling and spreading out on the base of the pond. He found it helpful to add larger 

amounts of less concentrated tracer. 

Shilton (2001) also discussed the differencing scheme used by the CFD model as a 

cause of the time lag in the CFD tracer studies. The default differencing scheme for 
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the PHOENICS programme is Upwind differencing. He noted that this scheme 

causes errors when the flow does not correspond to the grid direction (Versteeg and 

Malalasekera, 1995 in Shilton, 2001) The effect is known as 'numerical' or 'false' 

diffusion It occurs in areas where the flow of the fluid does not follow the 'straight 

line's' of the grid, e.g. around the end ofa baffies lfthe flow in a cell is influenced 

from two different directions, an intermediate value of the influences is used in that 

cell, therefore the next cell is affected by this intem1ediate value. 

After his investigations into higher order differencing schemes, Shilt on (200 I J 

adopted the Minmod scheme due to its more accurate results The \1inmod scheme 

has been used in this work also, however the time lag has still been noted. This may 

be due to the presence of two bat11es (and more in later cases) and more opportunity 

for 'false diffusion' 

Despite the difference in the time to the statt of short-circuiting. the CFD model of 

the two-baffle case predicts the laboratory results well. 

5.6 Case L4 - Traditional six baffle case 

Case L4 is the traditional six baffie case. It has 6 ba!lles, 70% of the width of the 

pond, evenly spaced along the length of the pond. This design was one of those 

tested by Watters et al, ( l 973). 

5.6.1. Flow Pattern 

The flow path of the dye for this case is shown in Figure 5-6. 
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Figure 5-6 Dye Flow Path - Lab Tracer Study Case IA (traditional six baffle case) 

As can be seen from the above pictures (Figure 5-6), a significant slug of dye tracked 

around the pond. This is shown especially well in Figure 5-7, a lighter front of dye 

can be seen ahead of the slug (slug is marked by the circle) and again behind the 

slug. 
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Figure 5-7 Slug of D~·c, Case I.A (traditional six bafnc case) 

The slug of dye indicates an element of plug-flow, with mixing either side of the 

slug. This is in line with what would be expected with this multi-baffle arrangement 

- the more baffles, the closer the approximation to plug flow. 

5.6.2. Tracer Study Results 

The evidence of the slug and the preceding lighter front can be seen in the HRT 

curves. The full tracer study results are shown in Figure 5-8. 
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Figure 5-8 Full Tracer Study Results Case lA (traditional six baffle case) 
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Case L4 Run2 

It can be seen that the curve leading up to the peak is not sharp. It rises up 

comparatively slowly compared to the basic case. What is immediately obvious, is 

the significantly better treatment afforded by this 6 baffle arrangement over the basic 
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case - tracer is not seen at the outlet until 82.5 minutes (averaged over the two runs) 

compared to 2 minutes for the base case. 

The following HRT curve (Figure 5-9) compares the 2 baffie case (Case L2) with the 

6 baffle case (Case L4) . 
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Figure 5-9 Comparison HRT - Case L2 (traditional two baffle) and Case Ll (traditional six 
baffle) Full Results 

The time to short-circuiting in Case L2 is 30 minutes quicker than in Case L4. This 

corresponds with the initial CFO modelling results on a large-scale theoretical pond, 

where an increased level of treatment was seen in Case 4 (six baffles, standard 

length), the coli forms at the outlet were 6.00xla3 cfu "J00mL & 5.65xl01 cfu/ J00mL 

for Case 2 (two baffies, standard length) and 4 respectively. 

In Case L4, the curve shows a higher peak than Case L2, indicating that a portion of 

the dye moves around the pond in a defined ' slug ' . The dye was better mixed in each 

' cell ' of the pond for Case L2 than Case L4. This seeming lack of mixing within 

each ' cell ' of Case L4 was clearly shown by the colour patterns in the cells after the 

major slug of dye had come through. The first four cells of the pond are shown in 

Figure 5-10. 
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Figure 5-10 Cell now 11attern, showing channelling, Case L-t 

The dashed lines indicate a di stinct change in the dye colour though the cell s. This 

can be directly compared back to the work of Watters et al. , ( 1973), and against the 

fo llowing di agram (Figure 5-11 ) taken from their work. 
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Figure 5-11 Currents caused b,· 90% width baffles (Watters et al., 1913, pg 49) 

Watters et al. , (1973) concluded that baffles that were 90% of the width of the pond 

were not efficient as they caused channelling as shown in the above diagram, and 

used this argument to explain why 70% baffles were more efficient. In Case L4, the 

baffies are 70% of the width of the pond and yet this channelled effect can be seen to 

still be present (Figure 5-10). It is now proposed that this phenomenon may not be 
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caused by the length of the baffle, but by the relatively close spacing of the baffles. 

Thi s is further confirmed by the absence of this effect in Case L2. As seen in Figure 

5-12 below, the cells are well-mixed. 

Figure 5-12 Cells of Case L2, showing the~· arc well -mi xed 

This flow pattern was also seen during some of the modelling work for the fi eld 

trial s a nd is di scussed further in Section 7.4. 

5.6.3. CFO Modelling Results 

The CFO tracer study results for Case L4 are shown compared with the laboratory 

runs in Figure 5-13 . 
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Figure 5-13 Comparison Plot - CFD and Laboratory Tracer Studies, Case L4 
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Clearly, the CFO model is significantly lagging the laboratory results. The laboratory 

runs show tracer reaching the outlet after an average of 82.5 minutes, whereas the 

tracer reaches the outlet after approximately 250 minutes (4 2 hours) in the CFO 

model. The size of the peak in the CFO model is also significantly smaller 

As previously discussed in Section 5 5.3, ·numerical diffusion' is a smearing effect 

that can occur in areas where the flow does not align with the grid direction. The 

tight flow path experienced by flow around the end of six baffies may therefore 

compound the smearing effect and further reduce the accuracy of the model. In his 

work, Shilton (2001) found that the Minmod differencing scheme overcame the 

effect of ·numerical diffusion' However, the work did not cover multiple baftle 

cases such as Case L4, in which there are large areas of flow that may not align with 

the model grid 

5.7 Case L 11 - Single baffle, outlet end, outlet moved 

Case L 11 was a design incorporating a single baffie, 70% of the width of the pond 

located at the outlet end The outlet has been moved from the traditional position to 

the same side as the inlet 

5. 7 .1. Flow Pattern 

The following pictures show the flow path of the tracer through the pond (Figure 

5-14). 
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Figure 5-14 D~·c Flow Pattern - Lab Tracer Stud~· Case Lt 1 

This flow pattern is not encouraging from a hydraulic point of view. It shows that it 

takes some time for the bulk ' cell ' of the pond to become well mixed. In fact, there is 

dye at the outlet before the bulk cell of the pond is well mi xed. The baffle, while 

shielding the outlet somewhat from the main dye flow, does not protect it for very 

long. 

5.7.2. Tracer Study Results 

The tracer response for Case L 11 (single baffle, outlet end, outlet moved) is shown 

Figure 5-15. 
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This plot shows response curves that are similar to that of Case L2 (two baffl es, 

standard length), i.e. the curve lags the base case, and the peak is much lower. The 

average time to short-circuiting for this single baffle case was 29.5 minutes (Base 

Case = 2 minutes, Case L2 = 47.5 minutes). 

This is a significant improvement on the base case; however, it does not produce as 

good a result as that of Case L2. This is to be expected, as ' the more baffles the 

better' . This was also shown in the modelling on a large-scale theoreti cal pond in 

Chapter 4 . Case 2 showed an outlet coli form concentration of 6. 00x 103 cfu 1 00mL, 

with a concentration of 8.00xia5cfu 'JOOmL for Case 11 (one standard baflle, outl et 

moved) . A comparison of the tracer response for Case L2 and Case LI I is shown in 

Figure 5- 16. 
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Figure 5-16 Comparison H RT - Case L2 (traditional two bafne) and Case L 11 (single baffle, 
outlet end, outlet moved), first 120 minutes 

5.7.3. CFO Modelling Results 

Thi s case was modelled in the CFO environment with a tracer study performed on 

the model. The results of thi s tracer study are shown Figure 5-17. 
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As can be seen from the above plots, the CFO model o f the laboratory po nd predicts 

the actual performance extremely well. The CFO peak is of a similar size to that of 

the laboratory results. Also, the time to the start of short-circuiting is very similar. 

The average time to the start of short-circuiting for the laboratory run was 29.5 

minutes, the CFO model predicts tracer at the outlet aft er approximately 30 minutes. 

5.8 Case L14 - two stub baffles, outlet moved 

Case LI 4 has two stub baffles (1 5% o f the width of the pond) located near the inlet 

and outlet. The outlet has been moved to the same side of the pond as the inlet. 

5.8.1. Flow Pattern 

The following series of pictures, Figure 5- 18, shows the flow pattern for Case L 14. 
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Figure 5-18 Dye Flow Pattern - Case LU Laboratory tracer stud)' 

The flow pattern resulting from the baffies in Case L 14 differ markedly from those 

of Case L2. Instead of the slug of tracer following the outside edges of the pond ( the 

bulk of the pond after the initial baffle), it starts to mix well very early on. The flow 

is delayed from reaching the outlet, thereby increasing the time to the start of short

circuiting and increasing treatment efficiency. This is a significant improvement on 

the basic case. 

5.8.2. Tracer Study Results 

The results of the tracer studies are shown in Figure 5-19. 
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Figure 5-19 Tracer stud~' results Case L 14 (two stub baffles, outlet moYed) 

The peak is quite high, with Run 1 showing evidence of a second peak. The time to 

short-circuiting, averaged over the two runs, was 37 minutes (base case = 2 minutes). 

This is not as good as the 47.5 minutes for the traditional two baffie case (Case L2), 

but it is getting close with a significantly less length of baffie, and therefore less 

construction cost. A comparison of the tracer response for Case L2 and Case L 14 are 

shown in Figure 5-20. 
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Figure 5-20 Comparison HRT of Case L2 (trad itional two baffle) and Case L14 (two stub 
baffles, outlet mo\·ed) 

The times to short-circuiting are all above the 35 minute mark, they also show that 

the peak for Case L 14 (two stub baffles, outlet moved) is much sharper than the for 

Case L2 (traditional two baffie case) . While this indicates that a high peak and high 

concentration of dye exiting the pond over the initial peak stage for Case L14, it is 

sti ll a later peak which is desirable - and has been achieved with a minimum amount 

of baffling. 

5.8.3. CFD Modelling Results 

The results of the CFD model tracer study of Case L 14, compared with the 

laboratory run, are shown in Figure 5-21 . 

147 



0 007 

0 006 

0005 

--~ 
~ 0004 
~ .. 
C 

&. .. 
~ 

"' 0 003 u 
u 
~ 
>-

0 002 

0 001 

0 
0 200 400 600 

RESULTS OF LABORATORY STUDIES 

800 

Time (min ) 

1000 1200 1400 

- Case L 14 Run 1 

Case L 14 Run 2 

- CFO Case L 14 

Figure 5-21 Comparison Plot - CFD and Laborator)' Tracer Studies, Case L14 

The CFO model predicts a senes of low peaks, indicating a distinct circulation 

pattern of the tracer. The laboratory tracer run indicates one large peak, with Run 1 

showing what may be a second small peak about the 90-minute mark . The series of 

photos in Figure 5-18 show the dye ' curling ' which indicates circulation. Therefore, 

the model may be detecting this circulation as significant, therefore creating a series 

of peaks in the tracer response. 

The photos of the laboratory run show the flow direction is turned by the inlet baffle, 

and then while still following a general circ ulation pattern, the flow gradually moves 

across the pond to the outlet. In the CFD model , the turning effect of the inlet baffie 

is picked up, however, the gradual movement of the bulk circulation of the pond may 

not be picked up . This could explain the difference in the CFD and laboratory tracer 

responses. This effect may be due to 'numerical diffusion ' effect discussed in 

Section 5.5.3 and 5.6.3. The model may simplify the effect of the flow at the end of 

the inlet baffle causing the prediction of a simple bulk circulation rather than an 

increasing circulation as seen in the laboratory photos (Figure 5-18). 
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5.9 Case L15 -Two long baffles, outlet moved 

Case L1 5 is of the same design as Case L 14 ( two stub baffles, o utlet moved), except 

that it uses baffies that are 70% of the width of the pond. Case L 14 uses baffles that 

are 15% of the width of the pond. The positioning of the baffles in these two cases is 

exactly the same. 

5.9. 1. Flow Pattern 

Due to diffi culties experienced with the photographic equipment, the overhead 

photos tracking the fl ow pattern for Case LI 5 are not available. Ho wever, pho tos of 

parts of the pond were taken by a digital camera. 

The outlet end of the pond is shown in Figure 5-22 . 

Figu re 5-22 Outlet end of Case L15 (two long baffles, outle t moyed) showing channelling 
pattern 
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This photo shows the same channelling pattern seen in Case L4 (traditional six baffle 

case) . The effect has also been discussed in Chapter 4 where it was witnessed in the 

CFD modelling on a large-scale theoretical pond. 

5.9.2. Tracer Study Results 

The results of the tracer studies are shown in Figure 5-23. 
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Figure 5-23 Tracer stud)' results Case L15 (two long baffles, outlet moYed) 

Case L 15 Run 1 

- Case L 15 Run 2 

Both sets of curves show evidence of a second and third smaller peaks. The CFD 

model of Case L 14 predicted a series of peaks such as this, Case L 14 has the same 

baffle arrangement as Case L 15, but of a much shorter length. 

The time to short-circuiting, averaged over the two runs, was 37.5 minutes (base case 

= 2 minutes) . This is a significant result when compared to Case L 14 which has the 

same design but shorter baffles. Case Ll4 had an average time to short circuiting of 

37 minutes. A comparison of the two runs is shown in Figure 5-24. 
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Figure 5-2-t Comparison HRT of Case LU (two stub baffles, outlet moved) and Case L15 (two 
long baffles, outlet moved) 

The HRT curves for the two cases are very similar, with similar times to the start of 

short-circuiting. This indicates that the longer baffles in Case L 15 do not improve the 

efficiency of the pond from the stub batlle of Case LI4 . This is a positive result as it 

shows that the basic pond can be improved upon significantly with minimum 

baffling. 

This result differs from that achieved in the CFO modelling of a large scale 

theoretical pond in Chapter 4. In that work, it was shown that Case 15 (two long 

baffles, outlet moved, as in Case Ll 5) did not perform as well as Case 14 (two stub 

baffles, outlet moved, as in Case L 14). The coliform concentrations at the outlet 

were J.08xl04c(u/ 100ml and 4.4JxJ03cfu/ J00ml for Cases 15 and 14 respecti vely, 

which showed that the extra length of baffles in Case 15 worsened the treatment 

efficiency. 

It was concluded in Chapter 4 that the stub baffles were very sensitive to changes in 

design; the laboratory results of Cases L 14 and CaseLl 5 indicate that they are also 

sensitive to the conditions present in a particular pond. 
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5.9.3. CFD Modelling Results 

This case was modelled in the CFO environment and a tracer study performed on the 

model. The results of this tracer run compared to the laboratory tracer run are shown 

in Figure 5-25 . 
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Figure 5-25 Lab and CFO Tracer stud~· results - Case L15 (two long baffles, outlet moved) 

The CFO tracer run lags the lab run somewhat and peak is also shorter. The CFO 

model also indicates a small second peak at approximately 250 minutes . 

The time lag of the CFO model can most likely be contributed to ' numerical 

diffusion ' (smearing) as discussed previously. In this case, the inlet and outlet baffies 

create narrow channels for the flow, in addition to this Figure 5-22 shows the 

complex channelling flow present at the outlet end of the pond. Therefore it is likely, 

that the smearing effect is present at both the inlet and outlet ends of the pond, and 

creates the time lag seen in the CFO results . 
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5.10 Case L 17 - Vertical inlet 

5.10.1. Flow Pattern 

The flow pattern of the dye through the pond is shown in Figure 5-26. lt can be seen 

that the dye flows away from the inlet in either direction, effectively following 

around the walls of the pond. This flow pattern is similar to that seen in the CFD 

modelling of a theoretical pond of similar shape in inlet/outlet design, in the previous 

chapter ( see Section 4. 7. 1 ). 

Figure 5-26 Dye flow tlattem - Case L 17 (Ycrtical inlet) 

5.10.2. Tracer Study Results 

The tracer study results for this case are shown in Figure 5-27. 

153 



0014 

0012 

0 01 

'c 

!, 0008 .. 
" 

f ,oo, I 
.... 

0 004 

0002 

o I 
0 

RESULTS OF LABORATORY STUDIES 

/ Second Peak 

200 400 600 800 

Time (m in ) 

1000 1200 1400 

Fi gure 5-2 7 Full Tracer Study Results Case L 17 (wrtical inlet ) 

- Case L17 Run 1 
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It can be seen that the peak fo r the vertical inlet case appears later than for the base 

case. The average time to the start of short-circuiting was 24 minutes compared to 2 

minutes fo r base case. This shows that the verti cal inlet offer s a significant 

improvement on the base case. The peak is still quite high, which shows the dye is 

not well mixed in the pond environment. 

A second peak can be seen (shown by arrow on Figure 5-27). As the flow branches 

away from the inlet in two directions, thi s second peak is most likely due to the 

slower branch of the flow reaching the outlet. 

Shi I ton (2001) also found that the use of a vertical inlet reduces the peaks and 

significantly increases the time to the start of short-circuiting. In his, work Shilton 

(200 I) used an inlet turning vertically downwards. The down-turned inlet, combined 

with an outlet located in the centre of the end wall, increased the time to the start of 

short-circuiting from 2 minutes (base case) to an average value of 95 minutes. 

The comparison of Case L 17 with the work of Shi I ton (200 1) indicates that the 

verticall y up-turned inlet performs worse than the vertically down-turned. It is 
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unclear as to why this is the case. The flow exiting t he down-turned inlet will hit the 

base of the pond, di ssipating momentum, therefore slowing the flow and delaying the 

time to the start of short-circuiting. ln the case of the up-turned inlet, the flow does 

not hit a barrier, other than atmosphere, in which to dissipate momentum. Therefore 

the delay in the time to the start of short-circuiting in the up-turned case will only be 

due to the changed nature of the fl ow pattern compared with the basic case. 

5. 10.3. CFO Modelling Results 

The modelling of this case was considerably more difficult than the other five cases. 

Difficulties were also experienced modelling this type of inlet on the large-scale 

theoretical pond in Chapter 4, with attempts being unsuccessful. Again, attempts to 

model a vertical inlet on the laboratory pond model were unsuccessful. This inability 

to get a working model is considered to be due to the complex nature of the fl ow 

around the inlet, especially in the vertical direction. With further attempts and 

assistance it is believed both the large -scale theoretical pond and the laboratory pond 

could be successfully modelled. Time constraints restricted these attempts in this 

instance. 

5.11 Chapter Summary & Discussion 

A summary table of the times to short-circuiting for the laboratory tracer studies is 

shown in Table 6. 

Table 6 - Summar~· table - Time to short-circuiting for laboratOQ' tracer studies 

Case Time to Start of Short -circuiting 

l.ahontloty ( 'j,J) 

Base (Shilton, 2001) 2 -

L2 (traditional two baffle) 47.5 65 

L4 (traditional six baftle) 82.5 250 

L 11 (single baffle, outlet end) 29.5 30 

LI 4 (two stub baffles) 37 25 

L 15 ( two long baffles, as Case 10) 37.5 70 

Ll 7 (vertical inlet) 24.0 -
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The table shows that all of the modified pond designs tested in the laboratory 

ach ieved improvement over the basic case. In practical terms, these designs may not 

be appropriate for all pond systems. Their use will be dependent on the site and cost 

requirements. 

The key objective of thi s chapter was to demonstrate the ability of CFO modelling to 

predict the step changes in performance from implementing different pond desig ns. 

Out of the fi ve cases successfu lly modelled, four (Cases L2 , LI I, L 14, and L 15) 

produced results simi lar to that of the laboratory tracer studies. While the laboratory 

and CFO tracer studies do not match perfectly, they still show the step-change due to 

the design modifications. 

These step changes are highlighted in the fo llowing figures (Figure 5-28 and Figure 

5-29). Figure 5-28 shows a comparison plot of the laboratory resu lts for the basic 

case (Shilton, 200 1) and Case LI 1 (one standard baffle, outlet moved. Figure 5-29 

shows the same compari son, but of the CFO resu lt s. 
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Figure 5-29 Comparison Plot of CFD Results - Basic Case (Run 9, Shilton, 2001) and Case L 11 

The plots show the step change in performance achieved by the addition of one 

baffle, and the repositioning of the outlet . This change is clearly seen in the 

laboratory result s and the CFO results . The benefit of CFD as a tool for predicting 

step changes in performance has been highlighted. 
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6. ASHHURST POND STUDIES 

6.1 Introduction 

The primary aim of this thesis is to investigate baffle designs for optimum efficiency 

in waste stabilisation ponds. CFO was the major tool in achieving this aim and while 

recent work (Shilton, 2001) has provided confidence in the use of CFO, more 

laboratory and field work is still required to give further insight and confidence in its 

use. This chapter presents the results of two field trials. 

Field studies are timely and costly to perform. A tracer study typically take several 

months to complete. The natural variances in present in a field situation also 

introduce complications. These complications include varying influent flowrate and 

weather conditions (wind and temperature). 

Field studies were performed on the secondary pond at Ashhurst. Ashhurst is a small 

community about 20km east of Palmerston North, New Zealand. Section 3.5 details 

the Ashhurst pond system. 

Due to their long duration, a simple inlet modification was tested in order to get a 

field trial started. This modification involved the use of a vertical inlet. The vertical 

inlet had shown its potential to provide treatment improvements in the laboratory 

studies and in previous research by Shilton 2001. In addition, the use of a vertical 

inlet is relatively cheap and easy to achieve. Therefore, it was decided that to test the 

vertical inlet in the field despite the unsuccessful attempts to model the vertical inlet 

in during the initial CFO modelling. At the time of the first field trial, the CFO 

modelling of the Ashhurst pond had not yet started. 

While the first field trial was underway, modelling work carried on to determine an 

appropriate modification to implement for a second field trial. This allowed the 

application of the knowledge gained from the modelling of the theoretical pond in 

Chapter 4, and the laboratory testing in Chapter 5 to a model of a field pond. A range 

of designs were tested on the Ashhurst model to find a suitable design modification 

that was within the projects budget to implement. 
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6.2 Field Study 1 - Vertical Inlet 

6.2.1. Introduction 

In the first field trial , a vertical inlet was fabricated to fit over the existing inlet to the 

secondary pond at Ashhurst. This insert was horizontal and fitted with a bend to 

discharge verticall y upwards . The inlet was the same size as the original inletFigure 

6-1 shows the secondary pond at Ashhurst, and the approximate position of the inlet 

and outlet. 

Approximate 
position of inlet 

Figure 6-1 Ashhurst sccondar)' pond 

Figure 6-2 shows the auto-sampler equipment at the outlet end of the pond., the calm 

weather conditions can also be seen. The still conditions experienced on the first day 

of the field trial can also be seen. 
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Figure 6-2 Auto-sam11ler set-up at outlet - Ashhurst pond 

6.2.2. Study Conditions 

The tracer study was started on a clear and relatively still day. The weather 

throughout the initial few days of the trial were very good, fine to slightly overcast 

with winds ranging from a light breeze to slightly windy. This fine weather was after 

a short period of unsettled weather, and the pond was observed to have a lot of solids 

floating on the surface. 

After the initial few days, the weather worsened considerably. Windy conditions 

were experienced, a lot of rainfall occurred and subsequently the level in the pond 

rose considerably. The flow at the outlet therefore greatly increased, and the level in 

the pond was approximately a foot higher than normal due to the combined effect of 

a partially blocked outlet and the rainfall . 

6.2.3. Study Results & Discussion 

Figure 6-3 shows the tracer welling up from the vertical inlet and entering the pond. 
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Figure 6-3 Trace r welling up fro m vertical inlet - Ashhurst Fie ld Trial 1 

A plume of dye can be seen moving across the pond away from the inlet in Figure 

6-4. Observations of the dye plume over approximately the first hour, al so showed a 

plume of dye extending down the long side of the pond by the dividing wall. Thi s 

plume appeared to be moving quite quickl y compared to a second plume extending 

across the pond from the inlet. A diagram showing the two plumes of dye is shown 

in Figure 6-5. 

Figure 6-4 Dye mo,·cment - Ashhurst Field Trial 1 
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Outlet 

Inlet 

Figure 6-5 Diagram depicting d~'e movement - Ashhurst Field Trial 1 

Figure 6-6 shows the full tracer study results for the vertical inlet trial at Ashhurst. 
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Figure 6-{i Full Tracer Response - Vertical inlet trial, Ashhurst 

Shilton (2001) performed tracer studies on the basic ( no modifications) Ashhurst 

pond. In the next two figures (Figure 6-7 & Figure 6-8), the results of this field trial 

and those of Shilton 2001 are compared. Field conditions result in varying flow 

rates, therefore direct comparison of raw data cannot be made. To allow the 

comparison of tracer studies undertaken at different flowrates, the mean retention 

time was used to make the time axis of each run dimensionless. 
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Figure 6-8 Comparison HRT Cun·e - normal & , ·ertical inlet, Ashhurst - first portion of tracer 
run 

As can be seen from the above figures (Figure 6-7 & Figure 6-8), the use of the 

vertical inlet has not improved the performance of the Ashhurst pond. Shilton (2001) 

recorded an average wind speed of2.05m/s at a height of 5.5m on the first day of the 

tracer study in 2000. 
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The HRT curve (Figure 6-8) for the vertical inlet indicates no improvement on the 

normal inlet case. This differs from the testing on the laboratory model (Section 

5. l 0) that showed the use of a vertical inlet decreased the time to the start of short

circuiting. This was also found in laboratory testing by Shilt on (2001 ). This 

highlights that different ponds, while shaped and configured in a similar manner, 

may perform with varying degrees of success due to the unique circumstance present 

in each situation. 

As noted in 6 2 2, the weather conditions that occurred during the trial, and there 

were considerable changes in the level of the pond These influences will most likely 

have had a large effect on the results of this It would be useful to repeat this field 

trial to provide further confidence in the field results This not undertaken as part of 

this work due to time constraints. 

Shilton (200 I) noted the large circulation pattern, from the inlet around the pond in 

an anti-clockwise direction to the outlet, in his studies on the Ashhurst pond. In the 

vertical inlet field trial undertaken for this work, a circulation pattern could also be 

described. However, as shown in Figure 6-5 the circulation for the vertical inlet 

occurred in two directions across the pond from the inlet, and down the wall 

dividing the primary pond from the secondary pond. The two plumes of dye evident 

during the field observations can also be seen in the HRT curve (indicated by arrows 

in Figure 6-8) 

This 'two plume' circulation was also exhibited when CFD modelling of the large

scale theoretical pond was undertaken ( Section 4. 7. 1 2), and a tracer study performed 

on a smaller-scale laboratory model (Section 5.10 I) Therefore, the modelling of 

three entirely different ponds, similar in shape and configuration, has produced 

similar flow patterns. This provides considerable confidence in the results of the 

three different investigative methods. 

In their modelling of a water reservoir, Shilton et al, (2000a) also noted a 'two

plume' flow pattern. In that instance the inlet was located above the level of the 

reservoir and dropped vertically downwards The tracer was seen to drop down to the 

floor of the reservoir, radiate in two plumes on the floor before rising to the surface 
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opposite the inlet, and tracking back to the inlet side of the reservoir. The flow on the 

floor of the reservoir is shown in Figure 6-9. 

Ftgure .1 Trucer - Floor Le1·e! - ! tr.mule Fig!: ... :: S frucer - F!uur Lc:\·c:I 1 mumtc:s Frgr..1rc 9 lrac:cr Floor Len:/ 8 rrwrulc.,· 
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Figure 6-9 Flow pattern at Floor LeYel in Water ReserYoir (Shilton et al., 2000a, pg 7) 

The purpose of the vertical inlet study was to assess a modification in a field 

situation. The field trial was undertaken successfully, however the weather 

conditions have had a negative effect on the results. However, thi s is a driving force 

behind the undertaking of field trials, what has tested well in the early CFO 

modelling and the laboratory work may not necessarily translate into a successful 

field application. This study has shown that the use of a vertical inlet may not be 

appropriate in extreme weather areas. 

Attempts were made to modelling this pond configuration during the modelling 

undertaken for Field Study 2 (Section 6.3). These attempts were unsuccessful , a 

discussion of the reasons for this can be found in Section 6.3.2.7. 

6.3 Field Study 2 - Combination of Inlet modification and Baffle 

6.3.1. Introduction 

To determine the best modification to install on the Ashhurst for the second field 

trial , an extensive CFD modelling process was undertaken. Knowledge gained from 

modelling the theoretical pond (Chapter 4) and the laboratory studies (Chapter 5) ahs 

been applied to the CFD model of the Ashhurst pond. The modifications included 

extensive use of baffles, combined with variations to the inlet and outlet of the pond. 

The modelling process will be broadly summarised to show the successful models as 

well as the unsuccessful models. 
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The study involves two stages, a tracer study carried out on the modified pond, 

followed by a CFD tracer study carried out on a model of the pond. 

6.3.2. Design Process 

Firstly, the existing pond situation was modelled to form a basis of comparison for 

all subsequent design modifications. This case was labelled Case AshA, all further 

cases were labelled AshB, AshC etc. The parameter used for comparison of the 

different models was the outlet coliform concentration. The inlet value for coliforms 

was set at 8.66xla5cfu/100ml, this value was a mean taken from coliform 

monitoring of the pond (Shilton & Harrison, 2002b ). The flow patterns produced by 

each case were examined in order to provide explanations as to why a case was 

successful or not. 

6.3.2. 1. Basic Case Unmodified Pond 

The modelling of the basic case (AshA), produced an outlet concentration of J.3xia5 

cfu '100ml 

.,.. 
I-E----7l 

18 5m 

AshA 

" 

l.3.x I 05cfu/100mL 

Figure 6-10 CaseAsbA - Unmodified Ashhurst Pond 

6.3.2.2. Stub Baffies 

Short stub baffles had already shown their potential in the CFD modelling of the 

theoretical pond in Chapter 4, and the laboratory modelling in Chapter 5. In addition 

to this, the cost of installing a long baffle in a full-scale pond was prohibitive. The 

use of two short baffles at the inlet and outlet ends of the pond had proved successful 

in Case 14 (Section 4 .6.2) and Case L14 (Section 5.8), therefore two stub baffles 

were used in Cases AshB and AshC. 
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Figure 6-11 Cases AshB and AshC - two stub baffies 

As can be seen, the outlet concentration of Case AshB only represented a reduction 

to the high ' x I 04
' range . Therefore, the outlet baffie was lengthened in Case AshC to 

further 'shield ' the outlet and delay the exit of the wastewater. However, the 

lengthening of the outlet baffie did not improve the treatment. 

The poor performance of these two cases was thought to be due to the location of the 

inlet with respect to the baffle. ln Cases 14 and L 14, the inlet was located such that 

the flow hit the base of the baffie, i.e. where the baffle attached to the side wall. This 

led to the development of Cases AshD through to AshG. 

Due to the difference between the Ashhurst pond and the theoretical (Chapter 4) 

pond, the results were not expected to be the same. In particular with respect to the 

differences in the hydraulic residence time, and due to Ashhurst being a secondary 

treatment pond rather than a primary treatment pond. However, the flow patterns and 

behaviours in relation to the elements within the pond (inlets, outlets, and baffles) 

observed in Chapter 4 were applied to the Ashhurst model. 

6.3.2.3. Stub Baffles, Turned Inlet 

Cases AshD to AshG involved turning the inlet into the first baffle to imitate the 

situation in the theoretical pond (Chapter 4) . In the theoretical pond, the inlet 

momentum hit the inlet baffle near the base of the baffle, i.e . where the baffle meets 

the side wall. Cases AshD to AshG are shown in Figure 6-12. 
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Figure 6-12 Cases AshD to AshG - Two stub baffle, inlet turned. 

Cases AshD to AshG represented no significant improvement on the basic case, with 

only a one log reduction the coliform level. The flow patterns of each of these cases 

was compared against the flow pattern seen in Case 14 (two stub baffie, outlet 

moved). Cases AshD to Ashg, and the previous cases (AshB and AshC), did not 

replicate the flow patterns observed in Case 14. The way the flow moved after the 

end of the inlet baffle was quite different. 

At this stage of the work, it was decided to start again look at each element of the 

pond in tum. Therefore Cases AshH, Ash!, and Ash] were designed to investigate 

the manipulation of the inlet. 

6. 3. 2. 4. Inlet Manipulation 

Cases AshH and Ash! tested the effect of turning the inlet in two directions -

towards the side wall closest to the inlet, and to the side wall furthest from the inlet. 
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Case AshJ tested the effect of creating a jetting effect by halving the diameter of the 

inlet. 

lnkt now 
150mm<]) 

~ 
18.5m 

l<E-71 
18.5m 

AshH 

AshJ 

1. Ix 105cfu/1 OOmL 

l<E-71 
18.5m 

Ashl 

6. 74x I04cfu/ IOOmL 

Figure 6-13 Cases Ash to AshJ - Inlet Manipulation 

9.4x l04cfu/100mL 

The manipulation of the inlet in these cases did not produce results significantly 

better than the base case. However, an interesting flow pattern (shown in Figure 

6-14) was noted in Case AshI, which had an inlet turned into the side. The flow 

seemed to ' hug' closel y to the walls around the pond. 

Figure 6-14 Flow Pattern - Case Ashl 
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Upon discussion (Shilton pers. comm.), it has been determined this unique flow 

effect may be due to a venturi effect. The inlet jet is turbulent in nature, as the flow 

swirls and moves around it 'sucks in' the flow adjacent to it. In this instance, as the 

flow nears the wall , it then 'sucks in' to the wall , resulting in a "side attachment of a 

turbulent jet". Due to the turbulent nature of the flow throughout the pond, this effect 

is seen until two-thirds down the opposite of the pond from the inlet. 

The performance of Case Ashl wasn ' t an improvement on the basic case with respect 

to treatment, however the resulting flow pattern offered the opportunity to place a 

baffle or baffles to compliment the unique flow pattern. This was tested in Case 

AshK. 

6.3.2.5. Combination of fomed Inlet and Stub Baffle 

Due to the unique nature of the flow in Case Ashl, the turned inlet was combined 

with a short baffle located within the ' tight' path of the flow and tested in Case 

AshK. 

~ 
18.5m 

AshK 2. lx l04cfu/l00mL 

Figure 6-15 Case AshK- Combination of turned inlet and stub baffie 

Case AshK was the first case that tested in the lower end of the ' xi 04
' range for 

coliform concentration. Cases AshL ( Figure 6-16) involved the addition of an outlet 

baffle to ' shield ' the outlet, and AshM (Figure 6-16) a repositioning of the stub, in 

order to optimise the treatment by the repositioning the stub baffle . 
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Figure 6-16 Cases AshL and AshM - Manipulations of Case AshK 

As can be seen Case AshK sti ll offered the optimum combination of turned inlet and 

stub baffle position. This design was considered a practical solution to implement on 

the Ashhurst pond, both in terms of cost and simplicity of installation. However, in 

order to ensure a robust research process into the optimum design solution, a series 

of cases testing central outlets were tested, along with a vertical inlet case, and a 

traditional standard length case. 

6. 3. 2. 6. Outlet Investigations 

A series of cases were tested using a central outlet, Cases AshN through to Ash R , 

and are shown in Figure 6-17 . 

The turned inlet (into the closest side wall) was retained from Case AshK. As can be 

seen in Figure 6-14, the central area of the pond has very low velocities compared to 

the rest of the pond. Therefore, a carefully placed central outlet may shield itself 

from the early exit of wastewater as it is an area of low velocity. 
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Figure 6-17 Cases AshN to AshR - Central Outlet lnYcstigations 

These modified outlet cases tested very well , particularly in Case AshP which was 

the lowest of those tested to that point Cases AshO and AshQ tested with similar 

outlet coliform concentrations, despite the addition of baffles in Case Ash 0 . 

The subtle change in baffle design in Case AshP was enough to improve treatment. 

The flow circling the outlet appears to have been affected by the 'closing' of the 

comers by the baffles. 

Despite the good treatment offered by the central outlet cases, it was considered 

impractical to implement them in the field situation. Sampling equipment would 

most likely need to be set up in the middle of the pond to simulate an outlet, this 

creates difficulty with on going monitoring and changing of sampler bottl es. 

6. 3. 2. 7. Vertical Inlet plus Baffles 

Attempts were made to model the vertical inlet case (as in the first field trial), 

however they were unsuccessful. The flow pattern (two plumes of dye moving away 
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from the inlet ) presented an opportunity to add stub baffie in the path of each dye 

plume - as in Case AshS . 

AshS 3.9xl04cfu/l00mL 

14m 9m 

Vertical inlet 

Figure 6-18 Case AshS - Vertical Inlet 11lus Barnes 

An attempt was also made to model Case AshS and was successful. This was 

surprising due to the inability to model the case without the baffies . However, it is 

possible that the two baffles on either side of the vertical create ' churned up ' flow 

within them, and the opening to the rest of the pond is then a wide channel that acts 

like a second inlet. 

The case did not test as well as Case AshK (inlet turned, one stub baffle) of Case 

AshP (central outlet with baffles), but still offered an improvement on the basic case. 

The possible drawback of such a design, may be in situations of high organic load. 

The vertical inlet cmbined with the baffies may slow the flow to such a point that 

localised organic overloading may occur. In addition to this, slow flow will be more 

susceptible to wind effects. 

6.3.2.8. Standard Length, Evenly Spaced Baffles 

Finally, a case using traditional longer baffles was tested. Case 2 (Section 4.3.1) and 

Case L2 (Section 5.5) had produced good results in the previous work, so the same 

two-baffle design was applied to the Ashhurst model (AshT) . 
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Figure 6-19 CaseAshT- Standard length, eyenly spaced baffles 

As expected, Case AshX produced very good results, a further log reduction on all 

other cases tested. Similar flow patterns to the previous work (Case 2 and Case L2) 

were also seen. However, the cost implications of installing two 42m long baffies 

was prohibitive for this research study. 

In summary, the design chosen for the second field trial was Case AshK. It provi~s 

the optimum balance of improvement possibility with cost and simplicity of 

implementation. Figure 6-20 shows the full design . 

Inlet turned to 
face wall 

40m (1/3 length) 

Ashhurst Secondary 
Pond 

* Modified with 
baffles 

outlet 

Figure 6-20 Second Field Trial Design - Ashhurst Pond 

discharge to 
river 

A second monitoring point was set up behind the baffie to simulate another outlet. 

The idea was to determine if hiding the outlet behind the baffie would be beneficial 

to the performance. 
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6.3.3. Study Conditions 

As discussed in the methodology (Section 3.5), the baffle was fabricated off -site and 

brought to site where it was assembled and floated into position. Two auto-samplers 

were set-up, one at the pond outlet and a second at a point behind the baffle, as 

shown in Figure 6-21 . 

Figure 6-21 Second monitoring lloint - second field trial 

The tracer study was started on a clear and still day. The trial was started in the 

winter months, so periods of unsettled weather were experienced throughout the 

course of the trial. For example, in the second week of the trial a period of 

approximately two days in which very strong winds occurred. 

The tracer was observed to track along the wall from the outlet to the corner of the 

pond, from there, a defined line zone of dye extended down the side of the pond and 

around to the baffle . The following diagram, Figure 6-22, shows the pattern of dye 

observed over approximately the first hour. 

Figure 6-22 Dye flow pattern, Field Trial 2 
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As shown, a small amount of tracer leaked through baffie where it meets the pond 

wall. The design of the baffie will need to be modified before use in another field 

pond. This leakage of dye reached the second monitoring point behind the baffle 

very quickly, it also tracked down the edge of the pond to reach the main outlet. The 

results of the study therefore needed to be interpreted with this leakage in mind. 

The defined pattern along the side-wall of the pond was similar to the defined region 

shown by the CFO modelling in Figure 6-14 (the flow pattern of the case with a 

similar inlet). The venturi effect discussed in Section 6.3.2.3, involving the rolling 

and swirling of the turbulent inlet flow was seen during the initial stages of the field 

trial. In addition, the presence of the defined flow along the side-wall corresponded 

to the 'side attachment of a turbulent jet' (Shilton, pers. comm.). 

The outlets were monitored for tracer for a period of 63 days at both the main outlet 

and the monitoring point behind the baffle. 

6.3.4. Study Results & Discussion 

The full tracer study results for both the main outlet and the outlet behind the baffle 

are shown in Figure 6-23 and Figure 6-24. 
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Figure 6-23 Dimensionless tracer study results - Field Trial 2, main outlet and baffle outlet, full 
data 
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Figure 6-24 Dimensionless tracer study results - Field Trial 2, main outlet, initial data 

As can be seen from Figure 6-24, tracer appears early at the outlet, this is due to the 

tracer that leaked behind the baffle. The red circle indicates the peaks caused by the 

leakage reaching the outlet. This leakage effectively ruined any chance of assessing 

the idea of repositioning the outlet behind the baffle with any accuracy. 
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To assess if the modification has improved the performance of the pond, the tracer 

results need to be compared with the tracer results of the un-modified pond. As 

mentioned previously, Shilton (2001) carried out a tracer study on the un-modified 

Ashhurst secondary pond in 2000. The following two figures , Figure 6-25 and Figure 

6-26, show the two sets of results. 
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Figure 6-25 Comparison Plot - Field Trial 2 and Un-modified Pond 
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Figure 6-26 Comparison Plot - Field Trial 2 and Un-modified Pond , initial data 

The results indicate that the performance of the modified pond was a significant 

improvement when compared with the un-modified pond_ The time to the start of 

short-circuiting in the modified pond is increased, ignoring the effect of the leakage 

past the baffle, over that of the un-modified pond. Tracer is recorded at the outlet 

after 0.01 HRT, compared with approximately 0 .07HRT (again, taking into account 

the leakage past the baffle) . The peaks are simi lar in size, with the tail of the 

modified pond drops down quicker than that of the un-modified pond_ 

To ensure confidence in the results, it is recommended that the trial be repeated with 

the baffle modified to avoid leakage_ This could not be done for this work due to 

time constraints. 

6.3.5. CFD modelling of Field Trial 2 

In Chapter 5, CFD tracer studies were compared to laboratory tracer studies on the 

laboratory pond, in order to give further confidence to t he use of CFD to predict the 

step changes resulting from design modifications . As the use of CFD modelling 

determined the optimal design to implement for the second field trial , it is only 

fitting to conduct CFD tracer studies and compare the results to the actual data_ 
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The following figure, Figure 6-27, shows the comparison of the CFD simulation 

against the actual results for the main outlet of the second field trial. 
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Figure 6-27 Comparison plot - CFD and actual results, main outlet, Field Trial 2 

If the leakage behind the baffle is taken into account, then CFO model predicts the 

time to the start of short-circuiting very well . 

The peak of the CFO curve is somewhat higher than that of the actual results. This 

indicates that the initial pulse of tracer is not very well mixed in the CFD model. 

Conditions such as wind and influent flowrate, may allow the initial pulse of tracer 

to be dispersed in the field pond, hence the lower peak. The CFO model assumes a 

constant flowrate and no wind, and may therefore predict a very defined flow path 

throughout the bulk of the pond. 

The repositioning of the outlet behind the baffle was modelled using CFD; the 

results are compared to those of the main outlet in Figure 6-28 . 
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Figure 6-28 Comparison plot - CFD results, main and baffie outlets, Field Trial 2 

The shape of the curve of the baffle outlet curve is similar to that of the main outlet. 

The initial peak is lower; this may be due to the extra distance the tracer travels to 

reach the baffle outlet, which allows the initial pulse of dye to disperse . Both model s 

predict the similar flo w patterns; therefore the position of the outlet does not alter the 

flo w pattern, but simply delays the exit of the tracer. 

6.3.6. Treatment Efficiency 

The method described by Levenspiel ( 1972), using the standard ' k ' value, has been 

used to determine the treatment efficiency of the modified pond, and the un-modified 

pond using the data of Shilton (2001 ). In addition to this, the un-modified pond was 

modelled as part of this work with the addition of coli forms. The data is presented in 

the following table, Table 7. 

Table 7- Treatment Efficiency Data, AshltJrst Pond 

Pond Inlet Coliform Predicted Calculated 
Concentration Concentration at Concentration at 
(cfu/l00mL) Outlet (CFD) Outlet 

(Shilton 2001) 
Field Trial 2, Main 8.66xJ(Y 2. 10xl04 J. 10xl04 

Outlet 
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As can be seen the CFD modelling has predicted the coliform concentration at the 

outlet very well, when compared with the value calculated using the experimental 

data. This provides confidence in the use of coliform concentration as an appropriate 

method of assessing the CFD models. 

6.4 Chapter Summary & Discussion 

The undertaken of field studies is time consuming and due to variable environmental 

conditions prone to problems. In this work, two field studies have been undertaken, 

with results that have shown the benefits or lack of, implementing design 

modifications . 

The implementation of a vertically upturned inlet on the Ashhurst did not show an 

improvement in efficiency. However, it is likely that weather conditions had an 

affect on the final result. Despite this, the flow pattern observed is similar to that 

seen in the CFD modelling of a large-scale theoretical pond in Chapter 4, the 

laboratory and CFD modelling of the laboratory pond in Chapter 5, and in research 

carried out on a water reservoir with a vertically down-turned inlet (Shilton et al. , 

2000a) . This provides confidence in the results of the methods used to test the 

vertical inlet. 

CFO modelling was used as a research tool to test a wide range of designs on the 

Ashhurst pond prior to implementing a design in the second field trial. The results of 

the second field trial have shown that the modification implemented has resulted in 

an improvement of the performance of the pond. In addition to this the results of the 

CFO tracer study compares well with the actual results. The use of coliform 

concentration to assess the effectiveness of each design has also been tested with 

good results. The values for outlet coliform concentration calculated using the 

experimental data match extremely well with the CFO predidons. 

CFD modelling has proven to be effective as a tool for determining a practical design 

modification. It allows the researcher to assess the performance of different pond 

modifications in a timely manner, prior to committing to an expensive and timely 

field trial. 
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7. DISCUSSION 

In this section, the work is discussed in terms of the objectives set out in Section 1 .2. 

It also links the finding of this work with previous research as reviewed in Section 2. 

The objectives of this work are repeated below: 

• To investigate the use of baffies in waste stabilisation ponds in terms of: 

o Length of baffles 

o Number ofbaffies 

o Position of baffles 

• To investigate the effect of inlet type, and outlet position 

• To evaluate the use of CFD as a design tool to investigate various baffle 

configurations 

• To apply the findings of the work into the field environment 

This chapter follows through the discussion of these objectives. In addition other 

findings of this work are discussed. 

7.1 Baffles in Waste Stabilisation Ponds 

The application of baffies in waste stabilisation ponds was a key focus of this work. 

While a lot of this work was carried out in the CFD environment, it has also been 

tested in the laboratory and field settings This work produced some interesting 

insights into the interaction of flow with baffies in the pond. This is discussed in 

Section 7.4. In this section, the effect of baffles on the efficiency of the ponds will be 

discussed in terms of the three important factors - length, number and position. 

7 .1.1. Length of Baffles 

One of the only major pieces of research to look at the effect of baffle length on 

efficiency was Watters et al., (1973 ). Their work used three different baffle lengths, 

50%, 70% and 90% of the width of the pond. Each baffle length was tested using 

two, four, six and eight baffles, evenly spaced along the length of the pond. 
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Watters et al., (1973) found that the 70% baffles were the most efficient; they 

concluded that there is a channelling effect produced by the 90% width baffles. The 

length of the baffles causes the flow to speed up around the end of the baffle, as the 

flow is restricted. Watters et al., (1973) depicted this effect in Figure 4-7. 

The laboratory work undertaken for this thesis produced a similar looking flow 

pattern in a pond utilising 6 baffles that were 70~/o of the width of the pond. This led 

to the conclusion that the channelling effect seen in 90% width bafiles may not be 

entirely due to the baffle length. 

In the CFO modelling undertaken on a theoretical pond (Chapter 4), four of Watters 

et al., (1973) configurations were tested. These were 2, 4, 6, and 8 baffles, 70% of 

the width of the pond. The measure of efficiency for the CFO work came in the form 

of the concentration of coli forms at the outlet. Another case involved 1 bafl1e, again, 

70% of the width of the pond. A plot of number of baffles versus the coliform 

concentration at the outlet is shown in Figure 7-1. 
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Figure 7-1 Number of Baffles versus Coliform Concentration at outlet 
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The y-axis has a logarithmic scale. As can be seen, one baffie does not afford very 

good treatment, two baffies is significantly better. However, the treatment efficiency 

achieved for the four and six baffie cases are very similar. It then takes a doubling of 

the number ofbaffies, from four to eight, to achieve treatment improvements. 

The predicted flow pattern in the CFD models of the theoretical pond, and the 

laboratory run on the six baffle case indicate that two different flow patterns, 

circulating flow and channelling flow, are present. In the four and six baffie cases a 

mixture of these two types of flow is seen. In the two and eight baffies cases, either 

the circulating or the channelling flow is present. 

It was decided to test whether the baffies needed to be long. Watters et al., (1973) 

found that significant short-circuiting occurred (as depicted in Figure 2-9) that 

reduced efficiency. However, they did not test significantly shorter baffles. 

Therefore shorter baflles of 15% of the width were tested in this work. 

The traditional design of baffles, evenly spaced along the length of the pond, was 

considered inappropriate with considerably shorter (stub) baffles. Therefore the 

position of shorter baffies was carefully considered. Cases 14 and 15, tested o the 

large-scale theoretical pond in Chapter 4, illustrate the effect of short baflles 

compared with long baflles. 

Case 14 Case 15 

The modelling showed that Case 14 performed better than Case 15. In fact, Case 14 

was better by l log reduction of coliforms. The reason the stub baffle performs well 

is that it acts to disperse momentum. A tight circulation is set up in the inlet comer, 

and once past the inlet baffie, the flow has the bulk of the pond in which to further 

disperse the momentum. The tight circulation in the inlet comer also allows the 

comer act like a wide channel inlet. 

However, the stub baffle is very sensitive to minor design changes. Case 16 involved 

the same inlet baffle and outlet positioning of Case 14, except the outlet baffie was 
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moved. The removal of the outlet baffle resulted in a worsening of the coliform 

concentration by 2 logs. In addition to this when Case L 14 and L 15 were tested on 

the laboratory pond, the times to the start of short-circuiting were very similar. 

Indicating that the standard length baffles worked as well as the stub baffles. 

The potential of stub baffles has been highlighted, however it has also been shown 

that they may not work in all cases. 

7. l.2. Number of Baffles 

Many researchers (Watters et al. , 1973 ; Lloyd et al. , 2002 ; Persson, 2000; Pena et 

al. , 2002 are of the same conclusion that 'the more baffles the better'. Watters et al. , 

(1973) showed that with 70% width baflles, an increasing number of baflles resulted 

in an improvement in efficiency. The CFO modelling for this work has also indicated 

this. In Figure 7-1 , it was shown that an increasing number baffles resulted in 

increasing treatment efficiency. 

In the CFO modelling of a theoretical pond in Chapter 4, (Cases 7 to 12) a single 

baffle was not generall y effective. In most cases, the inclusion of the single baffle 

did not result in any improvement on treatment efficiency. In only one case (Case 

11 ), which involved the moving the outlet in conjunction with the positioning of the 

baffle, were any minor improvements in treatment efficiency noticed . In general , a 

minimum of two baflles will be required to achieve measurable gains in treatment 

efficiency. 

While single baffles were not generally effective in the modelling of a theoretical 

pond, the Ashhurst field studies showed a single baflle in conjunction with other 

design changes could be effective. The combination of a single short baffle with a 

modified inlet resulted in an improvement over the un-modified pond. However, the 

CFD modelling undertaken on the field pond indicated that the use of two standard 

baffles would have resulted in a much greater improvement in efficiency. 

It has been shown that in general, a minimum of two baffles will be required to 

achieve measurable improvements in pond performance. 
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7.1.3. Position of Baffles 

The addition of baffies will generally offer an improvement over an un-baffied pond. 

The extent of this improvement is a factor of the length and position of that baffie . In 

conjunction with length, the positioning of any baffies is vital to maximise the 

hydraulic and treatment efficiency. 

As discussed in Section 7.1 . 1, the CFO modelling of a theoretical pond showed that 

an inlet stub baffie acts to disperse inlet momentum and can be used to redirect flow 

into a desirable direction . 

The stub baffie can also be used as in the second field trial In that instance, a turned 

inlet produced a flow pattern that ' hugged ' the walls around the outside of the pond, 

a stub baffle was placed in the path of this flow on the opposite of the pond to the 

inlet. This resulted, in an improvement in the pond performance. ear outlets, a stub 

baffle may effecti vely ' hide ' the outlet and delay the effluent exiting before a 

reasonable level of treatment has been achieved. 

7.1.4. Traditional versus lnnovative Baffle Design 

The use of the traditional baffie designs, that is, longer baffles evenly spaced, is 

effective. However the required length of baffling may be cost prohibitive. Also, 

whi le the traditional two-baffle case offered significant improvement, the traditional 

four- and six-baffle cases only offered a I-log improvement on the two-baffle case. 

To achieve significant improvements in efficiency over the two baffies case, the 

jumps needed to be made to the eight-baffie case, which was 3-log better than the 

two baffle case. 

As has been shown with Case 14 (two stub baffles, outlet moved), the innovative 

placement of two stub baffles resulted in a similar treatment efficiency gain to the 

traditional two-bafl:le case. Also, the use of a stub bafl:le in a ' non-traditional ' 

position resulted in efficiency gains. However, it has also been shown that stub 

baffles can be very sensitive to design changes. 
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7.1.5. Final Evaluation 

The length, number and position of baffles in a pond will be dependent on two 

factors - the individual characteristics of the pond, and cost. 

The use of long baffles in traditional, evenly spaced baffle layouts, provide a 

consistent improvement in the treatment efficiency of a pond. 

Stub baffles have been shown to achieve treatment efficiency gams m certain 

situations, however they are very sensitive to design changes. 

The number of baffles within a pond will mainly be dependent on the cost. In 

general, single baffles are not effective. In general, a minimum of two baffies will be 

required to achieve measurable improvements in pond performance. 

Positioning of baffles in waste stabilisation ponds is dependent on the length and 

number of baffles used, and the individual characteristics of the pond and its inflow. 

The optimal position for baffies, as well as length and number, will be dependent on 

the individual site characteristics. What is also important is the interaction of flow 

with the baffies, and other elements in the pond. 

7.2 Effect of Inlet 

It is generally accepted in previous research (Watters et al., 1973; Moreno, 1990; 

Shilton 2001) that the inlet plays a major role in determining the movement of the 

bulk fluid of the pond. 

7.2.1. Diffuse Inlet 

The diffuse inlet tested in Chapter 4 (Case 18) did not off er any improvement on the 

basic case (Case 1 ). However, it must be noted that in relation to the full width of the 

pond, the diffuse inlet while larger than a standard pond inlet was still a 

relatively narrow inlet compared with the width of the pond (2m wide inlet, 320m 

wide pond). Work that has been conducted, on multiple or diffuse inlets, that extend 

the full width of the pond, has been successful. For example, Persson (2000) found 
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that multiple inlets along the front wall of the pond proved extremely effective in 

reducing short-circuiting and dead volume. The use of multiple inlets in the field 

may present some practical problems: if flow is slowed too much localised organic 

overloading may occur; the use of multiple inlets may increase the maintenance and 

operation required in what is normally a low-maintenance, low operation system. 

Because of the practical drawbacks of this form of inlet design, it is not 

recommended for primary and secondary ponds. However, it may be beneficial when 

used in maturation ponds. 

7.2.2. Vertical Inlet 

The vertical inlet was investigated in the initial CFO modelling (Chapter 4 ), again in 

the laboratory (Chapter 5), and finally in the first field trial (Chapter 6 ). The initial 

CFO modelling was not successful. However it is a simple and economic upgrade 

and was considered appropriate to continue with in the investigations. 

The laboratory run (Case Ll7, Section 5.10) showed that both the time to short

circuiting and the size of the slug of tracer first exiting could be reduced. Two 

plumes of dye could be seen radiating away from the inlet and around the edge of the 

pond. 

This flow pattern was also exhibited in the attempted CFD modelling of this case. 

The dye travelled away from the inlet in either direction, following the edges of the 

pond. The CFO model still had a large degree of residual error, despite this; the 

results could still provide some clues as to the flow path. 

The flow pattern was again seen in the field trial involving the vertical inlet. There 

was an extension of two plumes in either direction from the inlet. The results from 

the trial did not indicate any improved hydraulic efficiency in the Ashhurst pond. As 

a possible explanation for this, periods of high wind and rainfall were experienced 

throughout the course of the field trial. 

In the modelling for the second field trial, the addition of baffies on either side of the 

vertical inlet was tested successfully with good results. The level of coliforms at the 
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outlet was predicted to be 3.92xl03 cfu/ J00mL (inlet value = 8.66x l05cfu/ l 00mL), 

which was one of the best results found in the modelling exercise. The baffled inlet 

area acted like a wide channel inlet. However, the practical aspects of the design 

needed to be considered. 

For a sheltered pond site, with an influent without a low organic load (for example, a 

maturation pond), this inlet may offer an appropriate solution for modification. If the 

organic load is too high, the inlet region may cause localised organic overloading. 

The vertical inlet, while not proven effective in the field trial performed for this 

work, is still con sidered a cost-effecti ve modification for the appropriate site. In the 

laboratory, the use of the vertical inlet increased the time to short-circuiting from 2 

minutes to around 24 minutes. This is a considerable ' step-change ' on the basic case. 

7.2.3. Final Evaluation 

In conclusion, the consideration of the inlet in a pond is extremel y important. 

Whatever inl et structure is chosen, horizontal, vertical , or diffuse, will have a 

signifi cant impact on the bulk fluid fl ow within the system. 

7.3 Effect of Outlet 

Previous work has investigated or discussed different inlet and outlet configurations 

(Watters et al. , 1973 ; Moreno, 1990; Fares et al. , I 996; Persson, 2000), but not 

focussed on the outlet in detail. Shilton (200 I) investigated the effect of different 

outlet positions on the bulk fluid flow and found there to be negligible effect on the 

bulk fluid flow pattern. The conclusion made was that the outlet is a secondary 

function to that of the inlet, baffles, and shape. That is, after the inlet has been 

positioned and baffles positioned accordingly, the outlet can then be placed to 

achieve the greatest benefit without altering the bulk flow pattern. 

In practise baffles are often positioned with little consideration of the inlet/outlet 

placement. In this work, the position of the outlet was moved in relation to the flow 

patterns exhibited. This importance of the outlet position was shown when Cases 10 

and 11 were modelled. 
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ase 10 Case 11 

These two cases involve the same inlet, and baffie type, and position. The only 

distinguishing feature is the position of the outlet. Case 6b resulted in an outlet 

coliform concentration of -l.56xl06cfu/ 100ml (inlet = lx108cfu/ 100mL). Case 6c 

resulted in an outlet concentration of 8. 00x I o-5 cfu/100ml a further log reduction on 

Case 6b . 

This is further emphasised by the fact that one of the most efficient and cost

effective designs was Case 14 (two stub baffles, outlet on the same side of the pond 

as the inlet). This used two short baffles coupled with the moving of the outlet to the 

same side of the pond as the inlet. 

To further test the effect of outlet position, the second field trial involved monitoring 

of the pond outlet, and the setting up of a second sampling point for tracer. While 

this act as a second outlet to the pond - it serves as an indication of the advantages or 

disadvantages of placing the outlet at that point. The CFO modelling of the Ashhurst 

pond that showed the second monitoring point as having a greater time to the start of 

short-circuiting than that the actual outlet. The field results however, show similar 

times to the start of short-circuiting because some tracer was able to leak through the 

baffle. 

7.3.1. Final Evaluation 

The position of the outlet can have a significant effect on the effiuent quality . This 

supports the work undertaken by Shilton (2001 ) . 
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7.4 Flow Mechanisms and Interaction 

It is important to investigate the impact of inlets, outlets and baffles on the efficiency 

of waste stabilisation ponds. However, definitive statements cannot be made as to 

what is the 'perfect' combination of these that will apply to any pond system. 

7 .4.1. Does the same design work for all ponds? 

In the initial CFO work, Case 14 (Section 4.6.2), which consists of two stub baffles, 

one located near the inlet and one near the outlet, proved to be an effective and cost

effective design. In addition to this, the Case 14 design was tested using full length 

baffles in Case 15, which did not perform as well. The Case 14 design was then 

pursued in the laboratory testing (Chapter 5). 

In the laboratory testing, it was found that Case L 14 produced similar result to that of 

Case LIS. Therefore, the pond in Case Ll4 (laboratory model) did not act in the 

same way as for Case 14 (large -scale theoretical model). This is due to the different 

conditions, such as HRT, inlet momentum, that exists in each pond. 

Therefore, it cannot be assumed that what works for one pond will work for another. 

7.4.2. Channelling - Baffles 

The laboratory work undertaken, tested two cases previously tested by Watters et al., 

( 1973) two, and six, 70% width baffles. As was expected, the six baffle case 

produced a much longer time to short-circuiting, and as it was a closer 

approximation to plug-flow, a higher peak resulted. What was interesting to note was 

the flow patterns within each 'cell' (i.e. slice of the pond between baffies). The first 

two cells of the six-baffle case (Case 4) are shown in Figure 7-2. A distinctive 

pattern can be seen, and has been described as a 'channelling flow'. 
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Figure 7-2 Flow l)attern within each cell, 6 baffle case (Case 4) 

DISCUSSION 

The following fi gure depicts the phenomenon described by Watters et al., ( 1973) 

which was used to explain why 90% width baffles did not perform as well as 70% 

width baffies . 
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Figure 7-3 Channelling caused by 90% width baffles (Watters et al., 1973) 

This channelling effect was attributed to the 'speeding up ' of the flow around the end 

of the 90% baffles. The speeding up was due to the narrow gap between the end of 

the baffle and the wall. 
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In the case of the six baffle laboratory run, this phenomenon was seen when 70% 

width baffles were used. This has lead to the idea that it is the distance between the 

baffles was the determining factor for the flow pattern. This conclusion was further 

emphasised upon seeing the dye pattern (Figure 7-4) at the outlet ends of Case 15 

(two long baffles, outlet moved) . 

Figure 7-4 Outlet end of Case 15 (two long baffles, outlet mo,·ed) showing channelling 11attern 

The photos show the channelling effect clearly, and in this case it cannot be 

attributed to the narrow gap present at the end of the baffle. The outlet raffle is 

parallel to the length of the pond and there is a large gap between the end of the 

outlet baffle and the inlet baffle. Therefore, the channelling effect most likely the 

proximity of the baffles to the wall, and in Case 4 (traditional six baffle case) - to 

each other. 

In the CFD modelling undertaken on the large-scale theoretical pond in Chapter 2, 

this channelling flow was not exhibited in Case 2 (two evenly spaced baffles, 

standard length) . Instead, each cell was well mixed before dye was seen mixing into 

the next cell, a circulating flow. 

194 



DISCUSSION 

In the CFD modelling for cases 3, 4 and 5, (four, six and eight 70% width baffles) 

the channelling flow is seen in the last cells . What is interesting is that in Cases 3 and 

4 (four and six baffles), this pattern is not dominant until the third cell . 

The two-baffle and eight-baflle cases contain either the circulating or channelling 

flow respecti vely, while the four- and six baflle cases contain both types of flow. 

Therefore, there is a transition period in which neither type of flo w is dominant. This 

explains why the four and six baflle cases produced approximately the same 

treatment efficiency. Figure 7-5 shows the plot of baflle number versus coliform 

concentration at the outlet. It shows a flat point in the curve at the four and six baflle 

points. 
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Figure 7-5 Number of baffles versus outlet coliform cooccotratioo, CFD modelling, Cha1>ter 4 

It is believed that this plot illustrates the transition from circulating flow through to 

channelled flow, with a transitional period (i .e. where neither mixed or channelled 

flow is dominating). Therefore to gain a significant measure of treatment 

improvement, then the design must 'jump ' from two baflles, to eight baflles. This 

therefore significantly increases the cost. 
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7.4.3. Channelling - Interaction of Inlet and Walls 

As a result of the CFD modelling for the Ashhurst second field trial , some new 

insights have arisen into the interaction of flow with walls and baffles. In the initial 

stages of the modelling for the field trial , the inlet was turned into a baffle. This was 

an attempt to recreate the ' front-end ' of the pond, and so the pattern seen in Case 14 

(two stub baffles, inlet and outlet on same side of pond). 

The modelling of the modified inlet showed an interesting, almost channelled flow 

around the end of the pond and continuing along the opposite wall from the inlet. 

This is shown in Figure 7-6. 

Figure 7-6 Ashhurst model, inlet turned into side wall 

As can be seen the flow is held very tightly against the wall until midway down the 

opposite wall . While the treatment was still not of a high enough standard to justify 

this inlet modification only, it potentially useful in terms of controlling flow. It 

suggests that channelling of flow can be achieved without the addition of baffles. 

The addition of a baflle one third of the way down the opposite wall, however, did 

improve the treatment seen in the model. The following figures (Figure 7-7 and 

Figure 7-8) show the flow pattern and the resulting coliform concentrations. The 

coliform concentration was approximately 2xl04cfu/100mL (inlet = 8.66xl05 

cfu/1 00mL). This concentration, whi le not the desirable extra log reduction on the 
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basic case (Case 1 ), was in the low end of the 104 range. This was one of the lowest 

concentrations achieved while still being economic to consider as an upgrade option. 

Figure 7-7 Ashhurst, inlet turned back to wall, 14m baffle located 1/3 Icngth from end wall 

Figure 7-8 Ashhurst, coliform concentration profile, inlet turned into side wall and 14m baffle, 
star indicates second monitoring point 

Discussion of this result (Shilton pers. comm.) has lead to the conclusion that this 

effect of ' channelling ' around the walls is due to a venturi effect. The turbulent jet of 

the inlet rolls and swirls around, ' sucking ' in flow from nearby. As the flow nears 

the wall, the ' sucking' in continues and the jet ' attaches' to the side -wall. This effect 

was noticed during the initial stages of the second field trial and continued around to 

the stub baffie on the opposite side of the pond. As can be seen in Figure 7-7, this 
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effect still occurs as the flow rolls off the end of the baffie and back to the inlet side 

of the pond. 

The careful consideration of the benefits of using the pond walls, effectively as 

baffles, to channel flow may result in treatment benefits. 

7.4.4. Final Evaluation 

This investigation into improving the hydraulics of waste stabilisation ponds has 

resulted in the improved understanding of the fundamental flow mechanisms and 

interactions involved with the elements in ponds. This is probably the most 

significant contribution of this work, as it allows the consideration of individual 

elements in a pond - inlets, outlets and baffies in relation to each other, and to a 

specific pond system. 

The channelling effect noted in previous research (Watters et al., 1973) as being due 

to the length of the baffies, is in fact due to the width of the flow path, or length to 

width ratio. An interaction of flow, in which the flow is held tightly together, is seen 

between the inlet direction and the walls of a pond. 
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8. CONCLUSIONS 

The literature review undertaken highlighted the need for further and extensive 

research to evaluate the use of baffies for improving the hydraulics of waste 

stabilisation ponds. A greater understanding of the flow mechanisms and interaction 

by the use of baffies, and the other elements in ponds (inlets, outlets and walls) was 

also required to assist with the design process. 

The first objective of this work was to investigate the use of baffles in waste 

stabilisation ponds in terms of length, number and position. The following 

conclusions have been made: 

• The use of multiple, evenly spaced baffies of standard length, was shown to 

provide consistent improvement in the treatment efficiency of a pond. 

• Short (stub) baffles can be used to produce similar, and in some cases better, 

improvements in treatment efficiency as the traditional standard length (long) 

baffles. However they don't always work, they have shown to be sensitive to 

minor design changes. Caution must be taken when implementing them, and 

further research is necessary. 

• Single baffle arrangements are not generally effective; in general, a minimum 

of two baffies will be required to achieve significant treatment 

improvements. 

• Two baffies will provide treatment improvements; the use of four and six 

baffles makes only a small improvement on two baffles. To ensure maximum 

treatment efficiency eight baffles are required, however there are subsequent 

cost implications. 

• The channelling effect attributed to baffle length by Watters et al.,( 1973), can 

now be attributed to the proximity of two objects, whether it is two baffles, or 

a baffie and a wall. 
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• By turning an inlet back onto a side-wall, the flow can be channelled in a 

tight pathway, due to a venturi effect. Baffles can then be placed to take 

advantage of this . 

The inlet of a pond wil l have a large impact on its performance. In conclusion, the 

consideration of the inlet in a pond is extremely important. Whatever inlet structure 

is chosen, horizontal, vertical, or diffuse, will have a significant impact on the bulk 

fluid flow within the system. As inlet momentum is dispersed using a vertical inlet, 

their use may only be appropriate in maturation ponds, where low organic loads re 

present. 

The position of the outlet can have an impact on treatment efficiency; this supported 

the findings of Shilton (2001) . 

The final objective of the work was to apply the findings of the work into the field 

environment. This work has shown that with use of CFO modelling, a design 

solution that will provide improvements in pond performance can be obtained . In 

this instance, a combination of a modification to the inlet, and a single stub baffle 

produced a significant improvement in the performance of the Ashhurst secondary 

pond. 

This work has tested many more configurations than ever previously researched 

before. In addition, the understanding gained from the testing process has been 

brought forward to improve the insight of why certain designs worked well . Previous 

research has looked at the pond using a ' black-box ' approach, this work seeks to 

open and explain the flow patterns within that ' black-box ' . 

200 



REFERENCES 

9. REFERENCES 

Antonini, G., Brunier, E., Houang, P., Schaegger, M., and Zoulalian, A. (I 983) 
Analyse des D.T.S dans les systemes hydraulique de type lagunaire. In: pp. 

73-86, Butterworth Publishers, Edmonton, Canada. 

Barter, P. Investigation of pond velocities using dye and small drogues: a case study 
of the Nelson City waste stabilisation pond. 5th International !WA Specialist 
Cm!ference on Waste Stahilisation Ponds· - Conference papers Volume 1. 
2002. 

Bors, G.W. and Robinson, P.E. (1980) Hydraulic efficiency of wastewater lagoon 
systems. Technical Association of the Pulp and Paper Industry 63 ( 11 ), 149-
151. 

Brissaud, F., Lazarova, V., Ducoup, C., Levine, B., and Tournod, M. (2000) 
Hydrodynamic behaviour and faecal coliform removal in a maturation pond. 
Water Science and Technology 42 ( I 0-11 ), 119-126. 

Cavalcanti, P.F.F., van Haandel, A., and Lettinga, G. (2001) Polishing ponds for 
post-treatment of digested sewage part I: flow -through ponds. rVater Science 
and Technology 44 (4), 237-245. 

Chen, P., Zhou, Z, and Picot, B. Nutrient Removal by high rate algal pond system in 
China. 5th International !WA ,5jJecialist Conference on Waste Stahilisation 
Ponds - Conference papers T 'olume 1. 2002. 

Colomer, F.L and Rico, D.P. (1993) Mechanistic model for facultative stabilisation 
ponds. Water 1,;nvironment Research 65 (5), 679-685. 

Costa, R.H. R., Zanotelli, C. T., Rangel, K. A , Belli Filho, P, Perdomo, C. C., and 
Rafikov, M. Modelling of nitrogen and phosphorus in facultative ponds with 
baffles for the treatment of piggery wastes. 5th International !WA ,5jJecialist 
Group Conference on Waste Stahilisation Pond"i - Conference Papers 
Volume 1. 2002. 

Craggs, R. J., Davies-Colley, R. J., Tanner, C. C., and Sukias, J. P. Advanced pond 
systems: performance with high rate ponds of different depths and areas. 5th 
International !WA Specialist Conference on Waste Stahilisation Ponds -
Conference papers Volume 1. 2002a. 

Craggs, R. J., Green, F. B., and Oswald, W. J. Advanced integrated wastewater pond 
systems (AIWPS): potential application in New Zealand. New Zealand Water 
and Wastes Association Conference Proceedings. 56-62. 1998. 

Craggs, R. J., Tanner, C. C., Sukias, J.P., and Davies-Colley, R. J. Dairy farm 

201 



REFERENCES 

wastewater treatment by an advanced pond system. 5th International !WA 
Specialist Conference on Waste Stabilisation Ponds - Conference papers 
Volume I . 2002b. 

Cromar, N . J. and Fallowfield, H . J. Use of image analysis to determine algal and 
bacterial biomass in a high rate algal pond following Percoll(R) fractionation. 
5th International !WA Specialist Conference on Waste Stabilisation Ponds -
Conference papers Volume I . 2002 . 

Curtis, T. P. and Mara, D. D. The Effect of Sunlight on Mechanisms for the Die-off of 
Faecal Coliform Bacteria in Waste Stabilisation Pond5. 1994. 
Notes: University of Leeds, Research Monograph No. 1 (Research 
Monographs in Tropical Health Engineering) 

da Costa, R.H. R. , Oliveira, P. J. P. , de Oliveira, P. A. V., Souza, D., and Picot, B. 
High rate algal pond and maturation pond for the treatment of piggery 
wastes. 5th International !WA Specialist Conference on Waste Stabilisation 
Ponds - Conference papers Volume I . 2002. 

El Hamouri , B., Rami, A., and Vase! , J-L. Comparing first order reaction rate 
constant and specific removal rate of a high rate algal pond and series of 
three facultative ponds in Morocco. 5th International !WA Specialist 
Conference on Waste Stabilisation Pond5 - Conference papers Volume I . 
2002 . 

Fares, Y.R., Frederick, G.L. , Vorkas, C.A. , and Lloyd, B.J . (1996) Hydrodynamic 
effects on performance of waste stabilisation lagoons. 
Notes: Unpublished copy obtained from author , publication details not found . 

Ferrara, R .A. and Harleman, R.F. (1981) Hydraulic modelling for waste stabilisation 
ponds. Journal of the Environmental Engineering Division, ASCE 107 (EE4 ), 
817-830. 

Fritz, J.J ., Middleton, A.C. , and Meredith, D .D. (1979) Dynamic process modelling 
of wastewater stabilisation ponds. Journal of the Water Pollution Control 
Federation 51 (11), 2724-2743. 

Grayman, W .M ., Deininger, RA. , Green, A., Boulos, P.F. , Bowcock, R.W., and 
Godwin, C.C. (1996) Water quality and mixing models for tanks and 
reservoirs. Journal of the A WWA July 60-73 . 

Green, F.B. , Bemstone, L.S ., Lundquist, T.J. , and Oswald, W.J . (1996) Advanced 
integrated wastewater pond systems for nitrogen removal. Water Science and 
Technology 33 (7), 207-217. 

Guganesharajah, K. , Lloyd, B. J. , and Vorkas, C. A. The development of HYDRO-
3D: a computational hydraulic model for assessing and designing waste 
stabilisation ponds. 5th International !WA Specialist Conference on Waste 
Stabilisation Ponds - Conference papers Volume 1. 2002. 

202 



REFERENCES 

Jupsin, H., Praet, E., and Vasel, J-L. Dynamic mathematical model of high rate algal 
pond (HRAP). 5th International !WA Specialist Conference on Waste 
Stabilisation Ponds· - Conference papers Volume 1. 2002. 

Kilani, J. and Ogunrombi, J. (1984) Effects of baffies on the performance of model 
waste stabilization ponds. Water Research 18 (8): 941-944. 

Levenspiel, 0. ( 1972) Chemical Reaction J,)zgineering. John Wiley and Sons, New 
York. 

Lloyd, B. J., Vorkas, C. A., and Guganesharajah, R. K. Reducing hydraulic short
circuiting in maturation ponds to maximise pathogen removal using channels 
and wind breaks. 5th International !WA Specialist Conference on Waste 
Stabilisation Pond<; - Cmiference Papers Volume 2. 2002. 

MacDonald, R. and Ernst, A. ( 1986) Hydraulics of waste stabilisation ponds and its 
influence on treatment efficiency. Water Science and Technology 18 ( 10), 19-
29. 

Mangelson, K. and Watters, G. ( 1972) Treatment efficiency of waste stabilisation 
ponds. Journal qf the Sanitwy Fngineering Division, ASCF SA2 407-425. 

Mara, D. and Pearson, H. Design Manual for Waste 5,tabilization Ponds in 
A.fediterranean Countries. 1998. Leeds, England, Lagoon Technology 
International. 

Mara, D.D., Alabaster, G.P., Pearson, H.W., and Mills, S.W. (l 992a) Waste 
5,tahilisation Ponds - A Design l'vfanual for !~astern Africa Lagoon 
Technology International, Leeds. 

Mara, D.D., Mills, S.W., Pearson, H.W., and Alabaster, G.P. (1992b) Waste 
stabilisation ponds: a viable alternative for small community treatment 
systems. Journal of the IWJ,,M ( 6 ), 72-79. 

Marais, G.v.R. and Shaw, V.A. (1961) A Rational theory for the design of sewage 
stabilisation ponds in Central and South Africa. Transactions of the South 
African Institution of Civil I·;ngineers 3 205-227. 

Marecos do Monte, M. ( 1985) Hydraulic Dispersion in Waste Stabilisation Pond<; in 
Portugal. Masterate Thesis; Department of Civil Engineering, University of 
Leeds; Leeds, England. 

McGarry, M. G. and Pescod, M. B. Stabilisation pond design criteria for Tropical 
Asia. McKinney, R. (Ed.) 2nd International Symposium for Waste Treatment 
Lagoons. 1970. University of Kansas; Kansas City, Kansas, USA; 114 -13 2. 

Mendonca, F. G. and Jureidini, R. H. Persian Gulf - Oil Slick Simulation. Feb 1991. 
Metcalf and Eddy (1991) Wastewater Engineering: Treatment, Disposal and Reuse. 

McGraw-Hill, New York. 

203 



REFERENCES 

Middlebrooks, E. J., Middlebrooks, C.H., Reynolds, J. H. , Watters, G. Z., Reed, S. 
C. , and George, D . B. Wastewater Stabilization Lagoon Design, Performance 
and Upgrading. 1982. USA, Macmillan Publishing Co., Inc. 

Moreno, M. (1990) A tracer study of the hydraulics offacultative stabilization 
ponds. Water Research 24 (8): 1025-1030. 

Muttamara, S. and Puetpaiboon, U. (1996) Nitrogen removals in baffled waste 
stabilisation ponds. Water Science and Technology 3 3 (7), 173-181 . 

MWD - Public Health Engineering Section. Guideline for the Design, Construction 
and Operation of Oxidation Ponds. 1974. Wellington, New Zealand, 
Ministry of Works and Development. 

Nemerow, L. ( 1969) Baffled biological basins for treating poultry plant wastes. 
Journal of the Water Pollution Control Federation 41 (9), 1601-1612. 

Oswald, W.J ., Green, F.B. , and Lundquist, T.J. (1994) Performance of methane 
fermentation pits in advanced integrated wastewater pond systems. Water 
Science and Technology 30 (12), 287-295. 

Pearson, H. W., Mara, D. D., and Arridge, H. A. (1995) The influence of pond 
geometry and configuration on facultative and maturation waste stabilisation 
pond performance and efficiency. Water Science and Technology 31 [ 12], 
129-139. 

Pedahzur, R., Nasser, A. , Dor, I. , Fattal , B. , and Shuval , H. (1993) The effect of 
baffle installation on the performance of a single cell stabilisation pond. 
Water Science and Technology 27 (7-8), 45-52 . 

Pelczar Jr, M.J. , Chan, E.C. S., and Kreig, N .R. (1993) Microbiology: concepts and 
applications. McGraw Hill , Inc, USA 

Pena, M. R. , Mara, D. D. , and Piguet, J.M. Improvement of mixing patterns in pilot
scale anaerobic ponds treating domestic sewage. 5th International !WA 
Specialist Conference on Waste Stabilisation Pondc; - Conference Papers 
Volume 1. 2002. 

Persson, J. (2000) The hydraulic performance of ponds of various layouts. Urban 
Water 2 243-250. 

Polpraset, C. and Bhattarai , K.K. ( 1985) Dispersion model for waste stabilisation 
ponds. Journal of the Environmental l!,ngineering Division, ASCE 111 (1), 
45-59 . 

Prats, D. and Llavador, F. (1994) Stability of kinetic models from waste stabilisation 
ponds. Water Research 28 (10), 2125-2132. 

Preul, H.C. and Wagner, R.A. (1987) Waste stabilisation pond prediction model. 
Water Science and Technology 19 (12), 205-211 . 

204 



REFERENCES 

Reynolds, J. H., Nielson, S. B., and Middlebrooks, E. J. (1975) Biomass distribution 
and kinetics of baffied lagoons. Journal of the Environmental Engineering 
Division, ASCE 10 l [EE6], l 005-1024. 

Salter, H. Enhancing the Pathogen Removal Petjormance of Tertiary Lagoons. 
1999. Doctorate Thesis; Centre for Environmental Health Engineering, 
University of Surrey; Guildford, England. 

Shelef, G. and Azov, Y. ( 1987) High-rate oxidation ponds: the Israeli experience. 
Water Science and Technology 19 (12), 249-255. 

Shelef, G. and Kanarek, A. (1995) Stabilisation ponds with recirculation. Water 
Science and Technology 31 ( 12), 389-397. 

Shilton, A., Cook, P., and Glynn, D. CFO simulation of water flow in the Inglewood 
reservolf. New Zealand Water and T--Vastes Association Conference 
Proceedings. 2000a. 

Shilton A., Wilks, T., Smyth, J., and Bickers, P. (2000) Tracer studies of a New 
Zealand waste stabilisation pond, analysis of treatment efficiency. Water 
Science and Technology 42 ( I 0-11 ), 343-348. 

Shi lton, A. N. (200 l) Hydraulics of Waste Stabilisation Pond~. Institute of 
Technology and Engineering, Massey University; Palmerston North, New 
Zealand. 

Shilton, A. N. Pers. Comm. 

Shilton, A. N. and Harrison, J. H. (2002a) Development of guidelines for improved 
hydraulic design of waste stabilisation ponds. 5th International !WA 
Specialist Cotiference on Waste Stabilisation Pond5 - Conference papers 
Volume 2. 2002a. 

Shilton, A. N. and Harrison, J. H. (2002b) Integration of coliform decay within a 
CFO model of a waste stabilisation pond. 5th International !WA Specialist 
Cmiference on Waste Stabilisation Pond5 - C0tiference papers Volume 2. 

Shilton, A. N. and Kerr, M. ( 1999) Field measurements of in -pond velocities by a 
drogue and survey technique. Pearson, H. (Ed.) Proceedings of the 4th IWAQ 
Specialist Group Conference on Waste Stabilisation Pond,;;. 

Sweeney, D. G., Cromar, N. J., Nixon, J.B., Ta, C. T., and Fallowfield, H.J. (2002) 
The spatial significance of water quality indicators in waste stabilisation 
ponds - limitations of residence time distribution analysis in predicting 
treatment efficiency. 5th International !WA Specialist Coriference on Waste 
Stabilisation Ponds· - Conference Papers Volume 2. 

Ta, C. T. ( 1999) Current CFO tool for water and wastewater treatment processes. 

205 



REFERENCES 

(2nd International Symposium on Computational Technology (CFO) for 
Fluid/Thermal/Chemical Systems and Industrial Applications, ASME PVP 
Division Conference. 

Tchobanoglous, G. and Schroeder, E. (1985) Water Quality Characteristics, 
Modelling, Modification. Addison-Wesley, USA 

Thackston, E., Shields, F., and Schroeder, P. ( 1987) Residence time distributions of 
shallow basins. Journal (?f the Environmental Engineering Division, ASCJ,; 
113 (6). 

Thirumurthi, D. ( 1969) Design principals of waste stabilisation ponds. Journal of the 
J,)1vironmental l.:ngineering Division, ASC'J~· 95 (SA2), 311-330. 

Thirumurthi, D. and Nashashibi, 0. ( 1967) A new approach for designing waste 
stabilisation ponds. Water and Sewerage Works 114 (R), 208-218. 

Van Buren, M.A., Watt, W.E., and Marselek, J. (1996) Enhancing the removal of 
pollutants by an on-stream pond. Water Science and Technolog_y 33 (4-5), 
325-332. 

Vega, G. P., Pena, M. R., Ramirez, C., and Mara, D. D (2002) Application of CFD 
modelling to the hydrodynamics of various anaerobic pond configurations. 
5th International !WA Specialist Conference on Waste _<:.;tabilisation Ponds· -
Conference Papers i·olume 2. 

von Sperling, M., Chernicharo, C. A L, Soares, AM. E., and Zerbini, A M. (2002) 
Evaluation and modelling of helminth eggs removal in baffled and unbaffled 
ponds treating anaerobic effluent. 5th International !WA 5/Jecialist Group 
Conference on Waste Stabilisation Pond<; - Conference papers Volume I. 

Watters, G. Z., Mangelson, K. A., and George, R. L. Jhe Hydraulics of Waste 
Stabilization Ponds. 1973. Utah State University. 

Wehner, J.F. and Wilhelm, R.H. (1956) Boundary conditions of a flow reactor. 
Chemical Fngineering Science 6 89-93. 

Wood, M., Greenfield, P., Howes, T., and Keller, J. (1995) Computational fluid 
dynamic modelling of wastewater ponds to improve design. Water Science 
and Technology 19 (12), 195-203. 

Woods, M. G. (1997) Development of Computational fluid Dynamic Models for the 
Design of Waste Stabilisation Pond"i. Department of Chemical Engineering, 
University of Queensland, Brisbane, Australia. 

206 




