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 Abstract 

Currently in South Africa, most wastewater from small cellars is pH-adjusted and disposed of via land 

irrigation. This practice can lead to environmental degradation. There is a need for low cost, low 

maintenance solutions for the treatment of cellar effluent. Constructed wetlands provide such an 

option. However, the use of plants is problematic because winery effluent can be phytotoxic. After 

successful initial laboratory-scale experiments, an in-situ pilot scale biological sand filter (unplanted 

constructed wetland) system was designed, installed, and used to treat effluent from a small winery in 

the Western Cape, South Africa. The system is off-grid, totally self-regulating, and uses a modular 

approach which allows for the addition and subtraction of filter modules within the system to alter 

treatment capacity, retention time and/or rest filter modules. The system can be easily integrated into 

existing settling basins and/or retention ponds at small wineries.    

 

The biological sand filter was operational for 610 days, and showed promising results.  The average 

chemical oxygen demand removal efficiency was 81% (range: 44-98%) with an average effluent of 324 

mg/L, and an average flow rate of 413 L/day after the acclimation (start-up) period.  The average 

hydraulic loading rate after the initial start-up period was 143 L/m3 sand day-1 (range: 67-222/m3 sand 

day-1), with an organic loading rate of 205 gCOD/m3 of sand day-1 (range: 83-338 gCOD/m3 sand day-1) 

which resulted in an organic removal rate of 164 gCOD/m3 of sand day-1.  There was an average of 67% 

removal of total phenolics, thereby reducing the potential phytotoxicity of the effluent. In addition, 

there was a 1.6 times increase in calcium concentration, a 29% decrease in the average sodium 

adsorption ratio, and complete passive neutralisation of the acidic winery wastewater (final effluent pH 

range: 6.63 – 8.14.  

 

The findings of this study compare well with previous laboratory studies conducted with synthetic and 

authentic winery effluent. The system can potentially provide a low cost, energy efficient, low 

maintenance, sustainable means of treating cellar effluent at small wineries. Uptake of this technology 

may alleviate environmental degradation caused by irrigating land with inadequately treated effluent.  
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Chapter 1 Introduction 

This chapter presents the rationale for the project and outlines the organisational structure of the 

thesis.   

1.1 Background and Motivation 

One of the by-products of making wine is winery wastewater (WWW).  Generation of WWW is highly 

seasonal and the effluent composition and volume changes constantly. In 2016, approximately 1.4 Mt of 

grapes were crushed by the wine industry of South Africa (South African Wine Industry Statistics, 2016), 

with the accompanying generation of over 1 billion litres of winery wastewater. The effluent from small 

wineries is predominantly used for irrigation of pastures. This may result in environmental degradation 

on several fronts.   

 

There has been a change in the public perception towards greener farming resulting in the need for 

more environmentally friendly farming techniques within South Africa.  Although the vine growing areas 

in South Africa are situated in water scarce environments, there has been minimal beneficial use of 

WWW to date. Large co-operatives have a high production of wine and WWW. They have the budget 

and the quantity of WWW to operate advanced effluent treatment methods.  Most of these systems 

require high initial capital outlay with specialised equipment and design, constant monitoring, 

maintenance, and skilled technicians to ensure a continuance of the systems’ performance. Due to the 

capital intensive nature of the currently available commercial WWW treatment methods, they are not 

suited to small wineries. Constructed wetlands (CW) may provide a low maintenance, low energy and 

economical solution. However, CWs contain plants, and WWW may be toxic to plants (Achakl et al., 

2009; Arienzo et al., 2009, a; Masi et al., 2002; Mekki et al., 2007; Sheridan et al., 2014; Vymazal, 2009; 

Wu et al., 2015), which results in additional maintenance and costs for re-planting.  Biological sand filter 

(BSF) may provide sustainable, low cost, low maintenance and energy efficient systems for the 

treatment of WW for small wineries.  

1.2 Research problem 

Small wineries use irrigation as a means of disposal of WWW, which can result in environmental 

degradation. Despite a wide variety of WW treatment options available, there is no reliable, low 

maintenance, and cost effective system for the treatment of WWW in South Africa.   

1.3 Research Question 

Is a horizontal flow BSF system a viable solution for the treatment of WW from a small winery, in terms 

of performance, maintenance, operation and sustainability?   
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1.4 Aim, objectives and outcomes 

The aim of this research work was to design and validate the performance of a sustainable, cost 

effective and low maintenance biological treatment process for the treatment of effluent at small 

wineries in South Africa.  The objectives of the project were:  

• To design and install a low maintenance, affordable, and sustainable pilot BSF system at a small 

winery in the Western Cape.   

• To monitor the physicochemical parameters of the WWW and the effluent of the BSF system in 

order to determine treatment performance.   

• To validate the performance of the BSF system against the performance of experimental 

systems treating synthetic and authentic WWW.   

• To determine the capital cost of the system, and the cost per liter of WWW treated.   

 
The outcomes were expected to show that the BSF system was affordable, and could adequately treat 

the WWW to a level where the effluent could be used for irrigation and complied with the national 

legislation in terms of COD concentration and pH. The outcomes that were achieved were: 

• A low maintenance, affordable and sustainable BSF was designed and installed at a small winery 

in the Western Cape.   

• The analysis of the physicochemical parameters of the WWW and BSF system showed that the 

system was able to significantly improve the quality of WWW.    

• The WWW treatment performance of the pilot BSF system was comparable to that of 

experimental systems previously used to treat synthetic and authentic WWW.   

• The cost of installing a BSF system, and the payback cost per liter of treated WWW was 

determined.   

1.5 Significance 

To mitigate the adverse effects of applying untreated WWW to land via irrigation, there is a need for 

low cost, low maintenance treatment options for small wineries within South Africa.  In conjunction with 

previous studies, this work showed that BSF systems may fill this technology gap.   

1.6 Delineation 

The system was designed (i) to run at a constant flow rate which was expected to gradually reduce due 

to the build-up of functional biomass (ii) to treat only a portion of the WWW from a small cellar, and (iii) 

to recirculate effluent back into the head of an existing solids settling basin.  The system was not 

designed to remove sodium and potassium and the effects of the effluent on the environment were not 

monitored.   

1.7 Assumptions 

It was assumed that the build-up of functional biomass would not retard the flow to an extent where 

the treatment of WWW by the BSF system would not be viable. Secondly, it was assumed that 

characteristics of the WWW would remain in the range that had been previously determined by regular 

sampling. Thirdly, it was assumed that the infrastructure would not be tampered with or stolen.  

Fourthly, it was assumed that the effluent would comply with the national legislation pertaining to the 

release of biodegradable wastewater, other than the sodium adsorption ratio (SAR).  
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1.8 Summary of methodology 

A modular BSF system was designed and installed with four filter modules, holding tank and flow 

controls. Some assistance with the design concept was provided by the student supervisors, but the 

student was responsible for the all the technical details of the design. An MTech student, Mr I Smith, 

assisted with the installation of the system.  

The efficiency of the system was determined by performing physicochemical and flow analyses. The 

following parameters were determined on a range of samples, including influent and effluent:  chemical 

oxygen demand (COD), total phenolics, volatile fatty acids, total phosphorus, total nitrogen, total 

suspended solids and total dissolved solids. The pH and redox potential were also determined. Analysis 

of the concentrations of sodium, potassium, calcium and magnesium was outsourced. In addition to 

regular monitoring (typically monthly, and weekly during the crush season), a 4 hour batch test was 

performed to determine the efficiency of the system with a constant influent. The flow rate of the 

system was measured on a minimum of a monthly basis.   

1.9 Organisation of dissertation 

Chapter 1 - Introduction: In this chapter the topic and outcomes are briefly introduced and discussed.   

 

Chapter 2 - Literature review and theory: This chapter contains in-depth discussions of the current 

literature regarding the merits and shortcomings of current treatment methods for WWW treatment, 

the environmental issues caused by the disposal of untreated or partially treated WWW, and the 

potential of constructed wetlands (CW) and BSFs for WWW treatment.   

 

Chapter 3 - Research methodology:  This chapter explains the calculations used in the design of the 

system, and the procedures and analyses used to test the efficiency of the system.   

 

Chapter 4 - Results:  The compilation of the measured data is presented in this chapter in the form of 

figures, graphs, charts, and tables.   

 

Chapter 5 - Discussion:  The data presented in Chapter 4 is interpreted and critically discussed in line 

with relevant available literature.     

 

Chapter 6 - Conclusions and recommendations:  In this chapter the results have been summarised and 

conclusions drawn. Shortcomings of the system are highlighted and recommendations provided.   

 



 

- 4 - 

Chapter 2 Literature review and theory 

The literature review provides information about the generation, character, treatment, and disposal of 

WWW. It also includes a section about the design of BSFs.   

2.1 Introduction 

While the earth’s surface area is covered by approximately 71% water, 96.5% of this is salt water held by 

the ocean and only 2.5% is fresh water. In turn, 68.7% of the fresh water is in the ice caps and 30.1% is 

underground, leaving only 1.2% as surface and other fresh water (Perlman, 2017).  This gives a 

representation of the scarcity of fresh water, which is essential for the survival of all land-based biotic 

species. It is therefore important that this important resource is preserved.   

 

Human activities result in the generation of liquid, solid and gaseous waste that need to be managed to 

prevent environmental damage (Metcalf and Eddy, 2004).  Adequate treatment and responsible 

disposal of WW contributes towards a cleaner environment and the preservation of this precious 

resource. 

2.2 Wastewater 

Wastewater may be defined as “a combination of the liquid or water-carried wastes removed from 

residences, institutions, and commercial and industrial establishments, together with such groundwater, 

surface water, and storm water as may be present” (Metcalf and Eddy, 2004).  Domestic WW is 

generated by households and human activity while industrial WW is generated by industrial processes. 

Sewerage systems were originally developed for sanitation reasons, but nowadays most convey both 

municipal and industrial effluent to centralised facilities for treatment (Angelakis et al., 2014).    

2.3 Winery wastewater 

South Africa has a rich agricultural background. One of the focal activities is the cultivation of grapes for 

making wine.  Within South Africa’s borders there are close to 600 cellars and 3 314 primary wine 

producers producing a wide variety of wines (SAWIS, 2016).  Within the Western Cape, 510 cellars use 

almost 1 Mt of grapes for wine making purposes (SAWIS, 2016).   

 

Winemaking relies on the conversion of sugars (mainly glucose and fructose) from the grapes to 

ethanol, and the formation of organic molecules that enhance the aroma and flavour of the product 

(Sheridan et al., 2013).  One of the problems faced by winemakers is the need to treat and/or dispose of 

liquid and solids waste generated during the many wine-making activities (Saviozzi et al., 1994).  WWW 

is variable because it is generated from different cellar activities that take place during different times of 

the year. These include crushing, bottling, cleaning of floors and equipment, cleaning of vats, rinsing of 

transfer lines, barrel cleaning, dumping of reject wine and product loss, cooling processes, and filtration 

(Di Stefano et al., 2008; Ioannou et al., 2015; Serrano et al., 2011; Sheridan et al., 2013).  The inputs and 

wastes generated from typical winemaking processes are shown in Figure 2.1.   
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Figure 2.1 Inputs and wastes generated from typical wine-making processes (adapted from Brito et al., 2007). 

2.3.1 Composition of winery wastewater 

WWW can contain inorganic and/or organic fractions and due to seasonal cellar processes, the 

character can change from one day to the next (Artiga et al., 2005; Di Stefano et al., 2008; GWRDC, 

2011; Mosteo et al., 2006; Petruccioli et al., 2002). The highest volumes and organic load of WWW are 

found during the peak harvest, which is a 3 to 14 week period (Artiga et al., 2005; Di Stefano et al., 2008; 

GWRDC, 2011; Mosteo et al., 2006; Petruccioli et al., 2002; van Schoor, 2005).   
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2.3.1.1 Organic fractions of winery wastewater 

Organic waste from the wine industry can be separated into solid waste (grape marc, skins, pips, etc.) 

and liquid waste. The former can be used for a conditioner for soils, or for the extraction of value added 

products such as tartaric acid and grape seed extract (Lucas et al., 2010; Sheridan et al., 2013).  WWW 

typically has a high organic content with high concentrations of readily biodegradable compounds 

(sugar, alcohols, acids, etc.) and/or recalcitrant compounds with high molecular weight [polyphenols, 

tannins and lignins (Lucas et al., 2010; Serrano et al., 2011; Sheridan et al., 2013)]. 

 

Organic compounds present in waste ‘consume' oxygen as they decompose, which can lead to oxygen 

depletion in the aquatic environment (GWRDC, 2011). The test to determine the COD measures the 

amount of oxygen required to mineralise the organics, and the COD concentration is used frequently as 

a reference for the quality of WW and a benchmark for regulatory authorities (Andreottola et al., 2009; 

Aybar et al., 2007; Mosse et al., 2011). The organic COD can be broken up into different fractions with 

differing degradation rates. Compounds such as alcohols and sugars tend to biodegrade quickly, while 

compounds which are less degradable, such as phenols and tannins remain in the waste stream (Arienzo 

et al., 2009a; Mosse et al., 2013; and Vymazal, 2009; Welz et al., 2012). WWW may contain 0.1 to 5% 

recalcitrant polyphenols and lignins (Vymazal, 2009). The composition of the COD within the WWW 

should be taken into account when selecting biological treatment systems (Welz et al., 2014; Welz et al., 

2012).  It has been shown that the COD of WWW can vary significantly, e.g. from 1820 to 11784 mg 

COD/L (Andreottola et al., 2005), 800 to 12800 mg COD/L (Petruccioli et al., 2002), 600 to 45000 mg 

COD/L (Shepherd et al., 2001), ≤ 7000 mg COD/L (Sheridan et al., 2010).  This shows the importance of 

determining the COD concentration from each winery on a temporal basis.  

2.3.1.2 Inorganic fractions of winery wastewater 

The inorganic portion of WWW emanates from cleaning products, and winemaking products used for 

clarification and filtration (diatomaceous earth, bentonite clay and perlite) (Lucas et al., 2010).  WWW is 

produced by a variety of cellar activities and is generally acidic, but can become alkaline when certain 

cleaning products are used (GWRDC, 2011).   

 

Cellar cleaning products include potassium hydroxide (KOH), sodium carbonate (Na2CO3), sodium 

hydroxide (NaOH), sodium metasilicate (Na2SiO3), tri-sodium phosphate (Na3PO4), and phosphoric acid 

(H3PO4).  Due to the availability and affordability of sodium hydroxide (NaOH), it is a popular cleaning 

and disinfection product. However, the use of any cleaning product with a high sodium concentration 

should be discouraged because sodium can accumulate in the soil and cause sodicity (Di Stefano et al., 

2008; Sheridan et al., 2010; van Schoor, 2005).  WWW containing NaOH can have a pH as high as 13.5, 

which is highly caustic. Therefore, citric acid is used to lower the pH due to its cost effectiveness and 

availability (Di Stefano et al., 2008).  Bories et al. (2005) found that WWW can contain a significant 

amount of sodium (Na) and potassium (K) with K:Na ratios of 3:1, and K concentrations at a maximum of 

1 000 mg/L.   

 

Due to the threat saline WWW poses on soil structure and soil dispersion, the sodium adsorption ratio 

(SAR) of the WWW should be monitored if the WW is used for irrigation purposes (Marchuk and 

Rengasamy, 2010, Ranjbar & Jalali, 2016, Rengasamy & Marchuk, 2011).  When a soil has a high sodium 

content, plant growth can be restricted due to the increased density of clays (Seeling, 2000). Sodium is a 

monovalent cation and bonds to only one negatively charged soil particle, causing a tight arrangement 
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of the soil structure, known as dispersion. This results in reduced infiltration and hard, compacted soils 

when dried. On the other hand, calcium and magnesium are divalent cations which bond to more than 

one negatively charged soil particle, known as flocculation. This type of bonding creates a matrix within 

the soil which allows for aeration, infiltration and the penetration of roots (Laurenson & Houlbrooke, 

2011; Ranjbar & Jalali, 2016; Rengasamy & Marchuk, 2011; Terragis UNSW, 2016). Potassium has a 

similar effect on soil properties as sodium, but not to the same magnitude (Arienzo et al., 2009b). The 

presence of divalent cations can therefore offset the detrimental effects of monovalent cations such as 

sodium.   

 

The sodium adsorption ratio (SAR) takes into account the concentration of sodium, calcium and 

magnesium, and is used to indicate the potential for water/WW to cause sodicity in soil (Equation 2.1). 

In the General Authorisations in terms of Section 39 of the National Water Act, 2013 (Act no. 36 of 

1998), hereinafter referred to as the “GA”. The current SAR limit for irrigation with biodegradable 

industrial wastewater is < 5 (Table 2.1).  In comparison, the World Health Organization suggests a 

guideline of 3 to 12 for WW used for irrigation (Olivera and Duart, 2014).  The U.S. Salinity Laboratory 

(1954) determined that soil with a SAR > 13 is sodic (Seelig, 2000) and Horneck et al. (2007) state that 

soils with a SAR < 5, between 5 and 13, and > 13, pose low, medium and high risks, respectively.  

 

The SAR does not take into account the combined additional effect of potassium on soil dispersion, 

which is relevant for WWW that can contain elevated levels of this cation in addition to sodium, calcium 

and magnesium (Marchuk & Rengasamy, 2010, Rengasamy & Marchuk, 2011).  The CROSS (cation ratio 

of soil structure stability) is a sodicity indicator that was derived by Rengasamy and Sumner (1998) to 

overcome this limitation (Equation 2.2). This ratio is more suitable for monitoring the effects of WWW 

on the soil structure (Marchuk & Rengasamy, 2010, Rengasamy & Marchuk, 2011). Laurenson et al. 

(2012) suggested a maximum CROSS of 20 (with an assumed electrical conductivity of 1.4–2 dS/m) for 

disposal of WWW to the environment. The authors found an average CROSS of 9.2 (range: 2.5-13.3) in 

WWW from 8 different wineries in Australia. Another parameter used to determine the potential 

detrimental effects of sodium on the soil structure is exchangeable sodium percentage (ESP). This uses 

the relative amount of sodium present in soil compared to other exchangeable ions, shown in Equation 

2.3. A suggested ESP of ≥ 6% can be considered sodic although clay soils can show dispersion at lower 

concentrations (Laurenson & Houlbrooke, 2011; Terragis UNSW, 2016) 

 

If WWW has a high sodicity indicator, mitigating actions should be taken to treat the WWW and ensure 

the protection of the soil structure (Christen et al., 2010; Marchuk and Rengasamy, 2010, Ranjbar & 

Jalali, 2016, Rengasamy & Marchuk, 2011).   

 

𝑆𝐴𝑅 =
𝑁𝑎+

√0.5(𝐶𝑎2+ + 𝑀𝑔2+)
 (2.1) 

 

𝐶𝑅𝑂𝑆𝑆 =
(𝑁𝑎+ + 0.56𝐾+)

√0.5(𝐶𝑎2+ + 0.6𝑀𝑔2+)
 (2.2) 

 

𝐸𝑆𝑃 =
𝑁𝑎+

𝐶𝑎2+ + 𝑀𝑔2+ + 𝐾+ + 𝑁𝑎+
× 100% (2.3) 
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2.3.2 Volume of wastewater generated by wineries 

In order to meet the standards set out in the GA, the quantity of WWW should be monitored to 

determine the level of treatment required to conform to the applicable discharge limits. Ideally, as with 

other industries, meters should be installed to determine the volume of WW generated.  In spite of this, 

in South Africa, the amount of WWW is generally estimated from the quantity of water used, even 

though a portion may not be used for winemaking per se.  Wineries can produce 1 to 6 litres of WW per 

litre of wine produced (Ayar et al., 2007; Di Stefano et al., 2008). Large co-operatives produce large 

volumes of WWW due to the volume of wine produced and/or bottled at these facilities, but can 

produce a lower ratio of wastewater to wine (Ayar et al., 2007; GWRDC, 2011; Sheridan, 2003). 

 

Using a black box method, Sheridan (2003) estimated that cellars in SA that crush ≤ 500 tonnes of grapes 

per year consume a yearly average of ≤ 3800 L water/day. Of the current 566 wine cellars in South Africa 

(SAWIS, 2016), 70% fall into this category. Of these 61% are small wineries that crush < 100 tonnes of 

grapes per year. Such cellars were estimated to consume < 900 L water/day in 2003. There has been an 

increasing emphasis on water-saving, particularly due to the 2016/2017 drought in the Western Cape, 

so there is no reason to suspect that these figures have risen since 2003. It is therefore clear that a 

substantial number of wineries are small establishments that need to conform to the least stringent 

legislative requirements for discharge (Table 2.1).   

2.4 Current methods used to dispose of untreated winery wastewater 

Wineries discharge WWW to the environment or into municipal reticulation systems. Various applicable 

national and local legislations and by-laws must be adhered to. 

2.4.1 Irrigation as a means of disposal of winery wastewater 

The most common form of disposal of WWW within South Africa is irrigation to Kikuyu pastures post pH 

adjustment, which is a popular choice for wineries within South Africa (Mosse, et al., 2011; Mulidzi et 

al., 2001; Sheridan, et al., 2014; van Schoor, 2005; van Schoor, 2015).  The Department of Water Affairs 

sees this type of non-beneficial irrigation as a wasteful use of water and a loss to the catchment 

(Sheridan et al., 2014). Ideally, irrigation with WWW should be comparable to irrigating with a fertilizer 

and water mixture; yet, this is not the case due to seasonal fluctuations and variability in WWW quality 

and quantity (van Schoor, 2005).   

 

Because a large number of wineries are using irrigation as a means of disposal, an understanding of the 

level of treatment is required as well as the composition of the WWW.  Wineries may irrigate up to 50 

m3 of WW to pastures a day if the COD is less than 5 000 mg/L and up to 500 m3 with a COD of less than 

400 mg/L The physiochemical parameters are set out in the Government Gazette Act no. 36, 1998 and 

the GA (Table 2.1)  

 

One of the problems associated with irrigating with WWW is that large amounts of water are discharged 

on small areas of land. This results in aggressive leaching of organic components into the ground water 

and a subsequent retarded degradation of these compounds (Mulidzi et al., 2001). The ability of the soil 

to adsorb the WWW is often not met and this causes leaching of pollutants offsite (Mulidzi et al., 2001; 

van Schoor, 2005).   
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Irrigation of a Kikuyu grass pasture and/or pastures with WWW is the norm in South Africa (van Schoor, 

2005).  The grass can absorb a large amount of sodium from the soil. On the other hand, the cut grass 

needs to be disposed of correctly or the potential sodicity will just be relocated elsewhere (Zingelwa & 

Wooldridge, 2009).   

2.4.2 Other forms of disposal of winery wastewater 

Evaporation ponds can be used for disposal and treatment of WWW. Similar to sludge drying beds, 

evaporation from these ponds is enhanced by large surface areas and shallow liquid depths (± 10 cm), 

(Di Stefano et al., 2008; Sheridan, 2003; Metcalf and Eddy, 2004). Conversely, the shortage of water in 

vine growing areas makes this technique inappropriate as the natural water resource should ideally be 

reused beneficially. In addition, evaporation ponds do not actually treat the wastewater, and they 

require large areas of land in areas where the land value is often high. 

 

The disposal of treated WWW to municipal wastewater treatment plants is a viable option for wineries 

that are located close to municipal sewerage systems. In such cases, the effluent must conform to 

specific local municipal discharge limits.  The WWW can be released into a watercourse if it has been 

sufficiently treated in terms of the parameters set in Table 2.2   

2.5 Legislation for the disposal of winery wastewater in South Africa 

In South Africa, WWW is defined as a “biodegradable industrial wastewater” and wineries which treat 

and/or dispose of WWW must adhere to the following legislation: Act no. 36 of the National Water act 

of South Africa of 1998, the National Environmental Management Act of 1998, and the GA. The limits 

applicable for disposal of different volumes of biodegradable industrial wastewater by means of 

irrigation are given in Table 2.1.   

 

Table 2.1 General Authorisation in terms of Section 39 of the National Water Act, 2013; 

Wastewater limit values applicable to the irrigation of any land or property 

Quantity of Effluent for irrigation (m3/day) ≥ 50 50 ≥ Vol ≥ 500 500 ≥ Vol ≥ 2000 

pH 6 ≥ pH ≥ 9 6 ≥ pH ≥ 9 5.5 ≥ pH ≥ 9.5 

Electrical conductivity (mS/m) ≥ 200 ≥ 200 

≤150 mS/m, not 

≥70 mS/m than 

influent 

Suspended solids (mg/L) NA  ≥ 25 

Chloride as free Cl (mg/L) NA  ≥ 0,25 

Fluoride (mg/L) NA  ≥ 1 

Soap, oil and grease (mg/L) NA  ≥ 2.5 

Chemical oxygen demand (mg/L) 
≥ 5000 after 

removal of algae 
≥ 400 ≥ 75 

Faecal coliforms (CFU per 100 mm3) ≥ 100000 ≥ 100000 ≥ 1000 

Ammonia (ionised and un-ionised) as N (mg/L) NA NA ≥ 3 

Nitrate/nitrite as N (mg/L) NA NA ≥ 15 

Ortho-phosphate as P (mg/L) NA NA ≥ 10 

Sodium adsorption ratio (SAR) ≥ 5 ≥ 5 ≥ 5 
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The disposal limits for treated effluent into schedule I or schedule II rivers or tributaries, as described in 

Government Gazette 18 May 1984 no 9225, is set out in Table 2.2.  Wineries need to adhere to these 

limits if disposing into a schedule I or II river or tributary.  

 

Table 2.2 Limits for the purification of waste water or effluent release into Schedule I and other 

rivers, Government Gazette no 9225 of 18 May 1984  

 Schedule I rivers and tributaries Schedule II rivers and tributaries 

pH 5.5 ≥ pH ≥ 7.5 5.5 ≥ pH ≥ 9.5 

Dissolved oxygen (%) 75 75 

Typical (faecal) coli (CFU per 100 mm) None ≥ 100 

Temperature (°C) ≥ 25 ≥ 35 

Chemical oxygen demand (mg/l) ≥ 30 after chlorine applied ≥ 75 after chlorine applied 

Electrical conductivity (mS/m) ≥250 & no higher than 15% of 

intake water 

no higher than 75 mS/m above 

intake water 

Suspended solids (mg/l) 10 90 

Sodium (mg/L) no higher than 50 mg/L above 

intake water 

no higher than 90 mg/L above 

intake water 

Soap, oil and grease (mg/L) Nil 2.5 

Residual chlorine as CP (mg/L) Nil 0.1 

Free & saline ammonia & N (mg/L) ≥ 1.0 ≥ 1.0 

Nitrate (mg/L) ≥ 1.5 Not defined 

Arsenic (mg/L) ≥ 0.1 ≥ 0.1 

Boron (mg/L) 0.5 ≥ 0.5 

Total chromium (mg/L) ≥ 0.05 ≥ 0.05 

Copper (mg/L) ≥ 0.02 ≥ 0.02 

Phenolic compound (as phenol mg/L) ≥ 0.01 ≥ 0.01 

Lead (mg/L) ≥ 0.1 ≥0.01 

Soluble ortho-phosphate ≥ 1.0 ≥ 1.0 

Iron (mg/L) ≥ 0.3 ≥ 0.3 

Manganese (mg/L) ≥ 0.1 ≥ 0.1 

Cyanides (mg/L) ≥ 0.5 ≥ 0.5 

Sulphides (mg/L) ≥ 0.05 ≥ 0.05 

Fluoride (mg/L) ≥ 1.0 ≥ 1.0 

Zinc (mg/L) ≥ 0.3 ≥ 0.3 

Cadmium (mg/L) ≥ 0.05 ≥ 0.05 

Mercury (mg/L) ≥ 0.02 ≥ 0.02 

Selenium (mg/L) ≥ 0.05 ≥ 0.05 

Note “The waste water or effluent shall contain no constituents in 

concentrations which are poisonous or injurious to humans, animals, 

fish other than trout, or other forms of aquatic life, or which are 

detrimental to agricultural use.” 
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2.6 Treatment of winery wastewater 

In order to dispose of the WWW, some form of treatment is generally required in order to comply with 

relevant legislation. There are many different methods used to treat WWW, ranging in complexity. Yet, 

the complexity of the system does not always correlate positively with the final quality of the effluent. 

This is due to the wide variety and concentrations of contaminants present (Artiga et al., 2005; Di 

Stefano et al., 2008; GWRDC, 2011; Mosteo et al., 2006; Petruccioli et al., 2002).  Van Schoor (2005) 

mentions that there is no “one fits all” treatment process applicable to all wineries. One of the main 

goals of the treatment process is to reduce the organic content, which is typically measured as COD 

(Sheridan, et al., 2014). A comparison and description of a few different biological methods used to treat 

WWW are shown in Table 2.3.   

2.6.1 Physicochemical processes for the treatment of winery wastewater 

There are advanced methods used for the treatment of WWW such as ozone-based advanced oxidation 

(Lucas et al., 2010), heterogeneous photo-Fenton (Mosteo et al., 2016), reverse osmosis by solar photo-

Fenton (Ioannau et al., 2013), and photocatalytic advanced oxidation (Navarro et al., 2005). Such 

systems have small spatial footprints. Then again, they require a high capital outlay and often require 

skilled personnel to operate, and are therefore generally not applicable for small wineries.  

2.6.2 Biological processes for the treatment of winery wastewater 

Biological WW treatment systems can be classified as either fixed film systems, where microbial 

communities form biofilms on physical substrates, or suspended growth systems.  Activated sludge 

systems are the most commonly used suspended growth systems. The biological interaction in an 

activated sludge system removes contaminants in suspension.  These contaminants are then removed 

with the sludge as it is wasted (Metcalf and Eddy, 2004). Conventional methods used to treat WWW are 

generally used for larger operations which produce large volumes of WW and do not have the adequate 

land availability for less intensive methods.  The WW can be treated by means of predominantly aerobic 

or anaerobic biological processes. Common aerobic systems include activated sludge, aerated 

submerged biofilters, aerobic lagoons, air micro-bubble bioreactors, jet-loop activated sludge reactors, 

membrane bioreactors, rotating biological contactors and sequencing batch reactors (Ioannou, et al., 

2015; Sheridan, et al., 2014; van Schoor, 2005).   

 

Anaerobic biological processes include upflow packed-bed anaerobic digesters, anaerobic fixed-bed 

reactors, upflow anaerobic filters, anaerobic rotating biological contactors, upflow anaerobic sludge 

blankets, anaerobic digesters, anaerobic membrane bioreactors (Ioannou, et al., 2015; Sheridan, et al., 

2014; van Schoor, 2005).  Intensive treatment processes have the potential ability to fully treat the 

effluent (Sheridan et al., 2014). Yet, due to the nature of these conventional treatment methods, they 

often cannot handle the changing influent in terms of flow rate, and/or loading rates and/or high 

concentrations of COD.  This often results in inadequately treated WWW (Mosteo et al., 2006; 

Petruccioli et al., 2002; Serrano et al., 2011). Small to medium wineries cannot reliably operate 

sophisticated systems as skilled labour is not available and the installation and operating costs of 

complex treatment systems cannot always be afforded (Di Stefano et al., 2008; Sheridan et al., 2014; 

van Schoor, 2005).   
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2.6.3 Waste stabilisation ponds  

Due to the sporadic nature of WWW and presence of high concentrations of suspended solids (Di 

Stefano et al., 2008), surge tanks and holding dams are often used to handle the peak flows and flatten 

the peaks (GWRDC, 2011; Metcalf and Eddy, 2004; van Schoor, 2005). Primary treatment is used to 

separate the solid organic material from the waste stream. This makes the WWW easier to treat and 

results in a potential reduction in odour problems (GWRDC, 2011; Metcalf and Eddy, 2004; van Schoor, 

2005).  Biological activity will naturally occur within a pond and result in organic degradation as much of 

this fraction of WWW is highly biodegradable (Ganesh et al., 2010; Serrano et al., 2011). A water 

stabilisation pond can be retrofitted or adapted to be an aerobic treatment lagoon.   

2.6.4 Constructed Wetlands 

CWs can provide a solution for smaller wineries as the operation is less labour and energy intensive, 

they require less maintenance, and are generally more simple and economical to operate than 

conventional systems (Masi et al., 2002; Serrano et al., 2011; Wu et al., 2015).  However, CWs are not 

always effective for high strength WWW. One option to overcome this is to dilute the WWW (Arienzo et 

al., 2009a; Wu et al., 2015). Nevertheless, this is not best practice in a water-scarce country like South 

Africa. One of the main reasons that CWs are sensitive to high strength WWW is that the (poly)phenolics 

are often phytotoxic (Achakl et al., 2009; Arienzo et al., 2009, a; Masi et al., 2002; Mekki et al., 2007; 

Sheridan et al., 2014; Vymazal, 2009; Wu et al., 2015).   

 

A CW is an engineered system which employs wetland vegetation, associated microbial communities 

and a physical substrate such as soil, sand or gravel for the treatment of WW (Masi et al., 2002; 

Vymazal, 2005; Wu et al., 2015). The beneficial processes which take place in a natural wetland are 

taken advantage of in a controlled environment with the ability to assimilate fluctuating flows and 

organic loading (Serrano et al., 2011; Vymazal 2005). A CW can be seen as a system that relies on a 

symbiosis between the physical substrate, microorganisms and plants, as all work together to treat the 

WW by means of biotic and abiotic interactions (Ramond et al., 2013).  While CWs have been able to 

handle fluctuating influents (Mosse et al., 2011; Shepherd et al., 2001; Vymazal, 2009), the treatment 

performance and hydraulic performance of a CW is greatly decreased with high strength WWW and pre-

treatment and dilution might be required (Wu et al., 2015).  

 

The main principles of different types of CWs are the same. However, different hydraulic flow types are 

used for specific purposes (Wu et al., 2014; Wu et al., 2015).  For example, the relationship between 

different CW in terms of land requirements, energy, operation and maintenance requirements is 

graphically represented in Figure 2.2 (Wu et al., 2015).  The most basic form of a CW, which is most 

similar to a conventional wetland, is a free water surface CW.  It is one of the most cost effective CW to 

construct and operate, is used for advanced treatment but has lower removal efficiencies and can 

positively attract a variety of wildlife and has the ability to handle fluctuating flows.  Conversely, aerated 

CWs are highly efficient and have a smaller footprint, but are the most energy intensive and capitally 

intensive.  A horizontal subsurface flow (HSSF) CW falls in-between the two, the CW continuously 

operates fed either within the substrate or on the surface at the inlet.  While the footprint is far smaller 

than a free water surface CW, the cost is greater however it has the advantage of not exposing the WW 

to humans as the WW runs under the surface of the CW (Knowles et al., 2011; Wu et al., 2015).   
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Figure 2.2 The energy, operation and maintenance requirement and land constraints of different types of 

constructed wetlands: Free water surface flow (A), Horizontal sub-surface flow (B), Vertical flow 

(C) and horizontal subsurface flow with aeration (D) (Adapted from Wu et al., 2015) 

 

It can be argued that the inclusion of plants in systems treating WWW is not appropriate. They play a 

very limited role in disinfection and reducing the COD and suspended solids within a CW (Chen et al., 

2015; Tanner 2001; von Sperling & de Paoli, 2013). In addition, they require periodic harvesting and the 

roots facilitate the formation of preferential flow paths which hampers treatment performance.  They 

are also very susceptible to high strength WWW (Achakl et al., 2009; Mekki et al., 2007; Shepherd et al., 

2001; Welz et al., 2012). For example, in the United States, Shepherd et al. (2001) found positive result 

with a 97% COD removal from a subsurface flow CW with an influent COD below 5 000 mg/L.   

 

Although CW are used extensively in other parts of the world, only small numbers of CWs currently exist 

in South Africa (Sheridan et al., 2014).  An experimental CW was tested at a distillery in the Western 

Cape and it was established that the CW successfully treated the distillery WW provided the influent 
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COD was below 15 000 mg/L.  Microbial communities present in the CW were “remarkably robust” (du 

Plessis, 2007).  Mulidzi (2010) treated WWW with a full scale HSSF CW, and achieved 60% and 80% 

removal with retention times of 7 and 14 days, respectively. He recommended pre-treatment to prevent 

solids clogging, because > 40% of the COD was particulate.   

 

Arienzo et al. (2009a) researched the phytotoxicity of high strength WWW from a single winery (max 

COD of 17 000 mg/L) on aquatic and non-aquatic plant life.  It was found that WWW was extremely 

phytotoxic, being lethal to garden cress seeds and aquatic plants at dilutions ≥ 50%. The authors showed 

that phytotoxicity could be reduced by the addition of lime, which reduced the COD by 50 % and 

increased the pH. Still, the actual cause of the phytotoxicity was not determined (Arienzo et al. 2009a). 

Some phenolic compounds that can be present in WWW can be phytotoxic and antimicrobial (Achakl et 

al., 2009; Mekki et al., 2007; Welz et al., 2012).  It is therefore important to monitor the phenolic 

concentration in treated WWW if it is going to be used for crop irrigation or discharged to the 

environment.   

 

A potential option for the reduction of phytotoxicity and improved treatment performance of a CW is 

the recirculation of the WW, the dilution factor is sometimes used to negate the effects of high strength 

WW (Wu et al., 2014; Wu et al., 2015).  Recirculation can increase the aeration of the WW and therefor 

increase the aerobic microbial activity and result in the additional interaction with the microbes and 

pollutants and increase treatment performance, however the higher hydraulic loading rates (HRT) could 

result in solid wash out in vertical flow CW (Wu et al., 2015).   

 

Research has shown that CW are a viable treatment option for WWW and cannot be discarded however 

due to the phytotoxicity and high strength of WWW plants can be omitted.   

 



 

- 15 - 

Table 2.3 Comparison of selected biological treatment systems used to remediate winery wastewater 

Name Mode/type of growth 
Labour 

intensity/skill 

Setup 

costs 

Running 

costs 

Influent COD 

(mg/L) 

COD removal 

efficiency (%) 
Scale 

Applicable for 

small wineries 
References 

Two-stage fixed 

bed reactor 
Batch/attached High/medium High High 7130 ± 3533 91 Full No 

Andreottola 

et al., 2005 

Land filter 
Batch or 

continuous/attached 
Low/low Low Low 

2000-4800 

(BOD5) 
57-87 Full Yes 

Christen et 

al., 2010 

Fixed bed reactor 
Batch or 

continuous/attached 
High/medium High High 20000d 80 Pilot No 

Ganesh et al., 

2010 

Aerated lagoon Batch/suspended  Low/medium Medium Medium 18700 91 Pilot Yes 
Montalvo et 

al., 2010 

Constructed 

Wetland 
Continuous/attached Medium/low Low Low 2000 – 12000 60-80 Full Yes 

Mulidzi 

(2010) 

Micro-bubble 

bioreactor 
Batch/suspended High/medium Medium Medium 4000-8000 86-99 Lab No 

Oliveira & 

Duarte, 2011 

Jet-loop activated 

sludge reactor 
Continuous/suspended High/medium High 

High- 

medium 
1400-5900 98-94 Pilot No 

Petruccioli et 

al., 2002 

Constructed 

wetland 

Batch or 

continuous/attached 
Medium/medium 

Low-

higha 
Medium 92-4283 53-93 Full  Yes 

Serrano et 

al., 2011 

Biological sand 

filter 

Batch or 

continuous/attached  
Low/low Low Low 

2304.4 ± 628.8 98.0 Lab 

Yes 

Ramond et 

al., 2013  

474 – 26333b 81.9-99.8 Lab 
Welz et al., 

2011 

234 – 5842c 88.3-100 Lab 
Welz et al., 

2012 
a dependent on complexity 
b tested with synthetic readily biodegradable COD: Ethanol  
c tested with synthetic slowly biodegradable COD: Phenolics (vanillin and gallic acid) 
d tested with synthetic winery wastewater 
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2.6.5 Biological sand filters 

It has been found that plant matter has a minimal (if any) effect on organic removal in CWs (Chen et al., 

2015; Tanner 2001; von Sperling & de Paoli, 2013), and WWW is phytotoxic (Section 2.3.1.1). This 

resulted in the introduction of BSFs as a BSF is essentially an unplanted CW. BSFs have been shown to 

successfully treat olive mill WW, which, like WWW, contains high concentrations of (poly)phenolics 

(Achak et al., 2009). The use of BSFs as treatment systems for WWW at lab-scale has shown that they 

may be viable for the treatment of WWW at small wineries (Welz et al., 2011; Rodriguez Caballaro et al., 

2012; Welz et al., 2012; Ramond et al., 2013; Welz et al., 2011; Welz et al., 2013; Welz et al., 2014; Welz 

& le Roes-Hill, 2014).   

 

Using experimental BSF systems, Welz et al. (2011) reported nearly complete degradation of ethanol 

with concentrations up to 15800 mgCOD/L (final effluent 58±25 mgCOD/L) and a maximum final effluent 

concentration of 180 mgCOD/L when the influent was increased to 26333 mgCOD/L. Ramond et al. 

(2013) used the same systems to treat diluted WWW with an influent with a COD of 2304 ± 628 mg/L, 

and achieved an average removal efficiency of 98%, and  Welz & le Roes-Hill (2014) showed a reduction 

in total phenolics of 76% with a concentration of 2027 mgCOD/L.  These initial studies strongly 

suggested that BSF systems would be effective at full-scale.  

 

BSFs and CWs can both be classified as fixed film systems, where the functional biomass is attached to a 

physical surface (sand in the case of BSFs). In BSFs, the removal of pollutants is contributed to the biotic 

and abiotic interaction between the microorganisms and the sand (Welz et al., 2012).  Recalcitrant 

organic chemicals, such as (poly)phenolics, may attach to the substrate and with time may reach 

saturation point. This can potentially result in harmful chemicals leaching out (Achakl et al., 2009; Mekki 

et al., 2007; Welz et al., 2012). Though, it has been established that a significant amount of phenolics 

are degraded by means of biodegradation and mineralisation within a BSF (Welz et al., 2012). When 

starting-up a BSF system, the addition of wastewater in incremental concentrations allows the 

functional biomass to acclimate effectively, thereby increasing the COD removal performance (Welz et 

al., 2011; Welz et al., 2012).   

 

In each CW or BSF, there is a combination of factors (including the physical properties and porosity of 

the substrate) that dictate a maximum achievable flow rate. It has been established that a decrease in 

porosity due either solids clogging and/or the growth of functional biomass, impedes the hydraulic flow 

in unplanted CWs, but that the flow stabilises after 24 months of operation (Brovelli et al., 2011; Ranieri 

et al., 2013). With the understanding of the processes which occur within a subsurface flow CW and a 

BSF, a relationship can be determined using the contact time of the contaminants present in the WW 

and the active microbial biomass within the porous media (Brovelli et al., 2011). With the increase in 

contact time, the greater the promotion of the biotic and abiotic reactions, this in turn results in greater 

COD removal efficiencies (Brovelli et al., 2011). The contact time can only be increased by increasing the 

HRT which is expressed as the volume of reactor divided by the flow. Thus, in order to treat the same 

volume of WW, a reduction in HRT would require an increase in the volume of the reactor. Conversely, if 

the contact time is insufficient, the HRT could be increased by reducing the flow rate (Bruch et al., 

2014).   
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The pH of WWW is typically adjusted before discharge. Experimental BSFs have been shown to 

essentially neutralise synthetic WWW without any chemical intervention (influent pH range: 3.5-4.0; 

effluent pH range: 6.9-7.6) (Welz et al., 2014).   

2.7 Determination of selected operational and performance parameters in 
biological sand filters 

2.7.1 Determination of hydraulic retention time 

The physical structure of a porous medium plays an important role in describing the rate at which water 

flows through the interconnected voids and the void fraction is described as porosity (Gupta et al., 

2016). The prime porosity can be defined as the intergranular pore space relative to the volume of a 

substrate and the effective porosity is less than or equal to the prime porosity and is the void volume 

which is interconnected and thus allows liquid to pass through the material, the liquid is only a small 

portion of the volume in the sands ranging from 45-50% in clay to 0-5% in crystalline rocks with sand 

filling between the two (Cartwright and Hensel, 1995).  The volume of liquid in the void fraction of a 

saturated environment can be determined by multiplying the porosity by the volume of the medium.   

 

Permeability or hydraulic conductivity (K) is and intrinsic value which describes the ability for a substrate 

to allow fluids to pass through it and is used to determine flows in aquifers, soil filters, water filters in 

water and WW treatment plants, packed bed chemical reactors, etc. (Darcy, 1856; Gupta et al., 2016). It 

is affected by the following physicochemical properties: grain size, grain size distribution, pore size and 

fluid properties, particle shape and arrangement, and mineralogy (Klute and Dirksen, 1986; Fuentes et 

al., 2004; Wilson, 2009).  The K of a substrate can be determined by two standard tests, namely the 

constant head and falling head methods, which both rely on Darcy’s Law and vertical flow (Das, 2000; 

Klute and Dirksen, 1986).   

 

The velocity through a porous material which is homogeneous has no capillary zones and has a steady 

state of flow, and can be described by Darcy’s velocity or Darcy’s Flux (U), which can be determined by 

multiplying the K by the change in height over the change in length [Equation (2.4)]. The saturated cross-

sectional area at the discharge point can then be used in combination with the calculated flux to 

calculate the discharge rate [Equation (2.5)] (Darcy, 1856; Wilson, 2009).  The HRT can then be 

determined using the volume (V) of liquid within a packed media divided by the flow rate as shown in 

Equation (2.6) (Metcalf & Eddy 2004).   

 

𝑈 = −𝐾 
𝑑ℎ

𝑑𝑙
 (2.4) 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

𝐻𝑅𝑇 =
𝑉𝑙𝑖𝑞𝑢𝑖𝑑

𝑄⁄  (2.6) 
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2.7.2 Determination of hydraulic loading and organic loading and removal rates 

The HLR can be expressed in three ways (i) as the discharge rate of influent divided by the volume of the 

reactor (m3/m3/d)[Equation (2.7)], (ii) when the reactor operates in vertical mode the HLR can also be 

described as surface loading where the discharge rate is divided by the surface area of the reactor 

(m3/m2/d)[Equation(2.8)], and (iii) similarly can be written in terms of cross-sectional area when 

operated in horizontal mode (m3/m2/d)[Equation (2.9)].  The organic loading rate (OLR) is determined by 

multiplying the influent flow rate by the influent COD or BOD concentration divided by the volume of 

reactor (Metcalf and Eddy, 2004; Equation (2.10)).  The organic removal rate (ORR) is the quantity of 

COD removed per unit volume of reactor [Equation (2.11)].  The HLR can be used in conjunction with the 

organic OLR and ORR for the comparison of different treatment systems irrespective of size and 

operation parameters.  The removal efficiency across a system can be expressed by equation (2.12).   

 

The volume of the reactor is used to determine the HLR, OLR and ORR. In suspended growth systems, 

the entire reactor volume is occupied by the WW and microorganisms. CWs have large spatial 

footprints, partly because a considerable portion is occupied by the physical substrate.  

 

𝐻𝐿𝑅𝑉 =
𝑄

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 
⁄   (2.7) 

𝐻𝐿𝑅𝐴 = 𝑄
𝐴𝑆𝑢𝑟𝑓𝑎𝑐𝑒

⁄   (2.8) 

𝐻𝐿𝑅𝐴 = 𝑄
𝐴𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

⁄   (2.9) 

𝑂𝐿𝑅 =
𝐶𝑂𝐷𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 × 𝑄

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 
 (2.10) 

𝑂𝑅𝑅 =
∆𝐶𝑂𝐷 × 𝑄

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 
 (2.11) 

𝑅𝐸 =
𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
 × 100% (2.12) 

2.7.3 Hydraulic pipe flow 

The total energy within a pipe can be described as (i) the potential energy, or head above an arbitrary 

datum, (ii) the kinetic energy, and (iii) pressure energy (Nalluri et al., 2009; Upadhyay, 2010).  The total 

energy at point A will be equal to the total energy at point B with continuous flow in a frictionless 

system with incompressible fluids, which is described as the conservation of energy by the Bernoulli 

equation (2.13).  However, losses occur when a fluid moves within a pipe due to various sources. These 

losses need to be taken into consideration, warranting a modification in the Bernoulli equation to 

account for friction and minor losses (2.14).     

ℎ1 +
𝑝1

𝜌𝑔
+

𝑈1
2

2𝑔
= ℎ2 +

𝑝2

𝜌𝑔
+

𝑈2
2

2𝑔
 (2.13) 

ℎ1 +
𝑝1

𝜌𝑔
+

𝑈1
2

2𝑔
= ℎ2 +

𝑝2

𝜌𝑔
+

𝑈2
2

2𝑔
+ ℎ𝑓 + ℎ𝑚 (2.14) 
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The major losses due to friction for steady uniform flows can be determined using the Darcy-Weisbach 

equation (2.15).  The formula can be rewritten in terms of discharge and can be seen in Equation (2.16).  

λ is co-efficient of friction and can be determined by the Blasius yield relationship for smooth pipes with 

turbulent flow (2.17).  To calculate this the Reynolds number (Re) must be determined for turbulent 

flows by means of Equation (2.18), using a kinematic viscosity (𝑣) of water at a specific temperature 

(Metcalf and Eddy, 2004).  The head loss due to friction needs to be determined in order to correctly 

implement the Bernoulli equation.   

 

ℎ𝑓 =
𝜆𝑙𝑈2

2𝑔𝐷
 (2.15) 

ℎ𝑓 =
𝜆/4 × 𝑙 × 𝑄2

3.03 × 𝐷5
 (2.16) 

𝜆 =
0.3164

𝑅𝑒0.25
 (2.17) 

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

 

In small systems with many components and fittings the minor losses can amount to greater losses than 

the friction losses. Minor losses can be expressed as a function of velocity and a specific K value for the 

particular fitting.  This formula is expressed in Equation (2.19) and is a function of velocity, this formula 

can be rewritten in term of discharge in Equation (2.20).  When designing a pumping main the system 

curve is a function of the static head plus the sum of minor and major losses at different discharges, this 

can be represented in Equation (2.21).  The system curve is used in conjunction with different pump 

curves to determine the correct pump and duty point.   

 

ℎ𝑀𝑖𝑛𝑜𝑟 = ∑𝐾 (
𝑈2

2 𝑔
) (2.19) 

ℎ𝑀𝑖𝑛𝑜𝑟 =
∑𝐾 × 8 × 𝑄2

𝑔 × 𝜋2 × 𝐷4
 (2.20) 

ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ𝑆𝑡𝑎𝑡𝑖𝑐 + ℎ𝑓 + ℎ𝑚 (2.21) 

 

2.8 Conclusion 

In South Africa, water is a scarce natural resource that needs to be protected and preserved. WWW is 

one of the many waste streams produced by mankind that can pollute the aquatic environment. It is 

potentially toxic to microbes and plants, and can negatively affect the soil structure. This effluent is 

difficult to treat due to its unpredictable strength, character and volume.   

 



Literature review and theory 

 

- 20 - 

Within South Africa, many cellars use holding dams, pH dosing with lime and irrigation to grass pastures 

as a form of treatment and disposal of WWW.  This can result in degradation of the soil structure and 

pollution of streams and ground water.  Over 40% of wineries are small, using an average of ≤ 900 L/day 

of water. For logistical and financial reasons, these wineries cannot operate sophisticated WW 

treatment systems. There is a need for simple, cost effective systems for WW treatment at these small 

wineries, as none are currently available.  

 

CWs utilise the beneficial processes originating in natural wetlands to remediate WW, and have been 

introduced into South Africa as a potential option for the treatment of WWW. There are a variety of 

CWs, ranging from simple surface flow systems to highly engineered vertical flow systems. CWs with 

simple operational designs can have relatively low capital, operational and maintenance costs. However, 

the phytotoxicity of WWW can affect the performance of CWs and result in additional maintenance 

requirements if the plants need to be removed and/or replaced.    

 

BSFs can be considered as CWs without plants. These systems have been shown to neutralise the pH 

and effectively reduce the COD and phenolic content of synthetic and authentic WWW of varying 

concentrations.  These systems can be easily incorporated within the existing infrastructure of many 

small wineries and have the potential to fill the market gap.   
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Chapter 3 Research methodology 

The methodology pertaining to the design, costing and analysis of the performance of the BSF system is 

discussed in this chapter.   

3.1 Research design 

An energy-efficient, modular BSF system was designed, installed and optimised at a small winery in the 

Western Cape of South Africa.  The performance of the system was compared to that of similar systems 

used in previous laboratory-scale experiments using synthetic WWW and the same filter modules and 

type of sand.   

3.2 Study setting 

The pilot scale BSF was installed at a small winery producing only red wines within the Stellenbosch wine 

region of the Western Cape, South Africa.  Laboratory work was performed in the Biocatalysis and 

Technical Biology Research Group’s Laboratory at the Cape Peninsula University of Technology Bellville 

Campus, unless otherwise stated.  

3.3 Research methodology 

This research was experimental, and required the analysis of the effectiveness of the BSF system 

treating authentic WWW.  The methods used to generate data (in-situ measurements and 

physicochemical analyses) are provided in this section.   

3.3.1 Data 

Physicochemical data was gathered during the testing and monitoring period of the BSF from February 

2015 to September 2016. Analyses (Sections 3.3.1.1 to 3.3.1.9) were performed on the samples taken 

either on the day of sampling, or frozen after sampling and performed later.   

3.3.1.1 Chemical oxygen demand 

The COD concentrations were determined using a Merck (Merck®, Whitehouse Station, USA) 

Spectroquant® Pharo instrument and Merck Spectroquant® cell tests for low, medium and high range 

samples (cat. no. 1.14895.0001, 1.14541.0001 and 1.14691.0001).   

3.3.1.2 Total phenolics  

The total phenolics concentrations were determined by using the Folin-Ciocalteu micro method for total 

phenolics in wine, this was based on the method reported by Slinkard and Singleton (1997) with the use 

of Merck (Merck®, Whitehouse Station, USA) Spectroquant® Pharo instrument and Merck®Folin–

Ciocalteu reagent (Merck®, Whitehouse Station, USA, Cat No: 1.09001.0500).  Standards of gallic acid 

monohydrate (Sigma–Aldrich®, St. Louis, USA Cat No: 27645) were be prepared in-house, with 

concentrations of 5 mg/L, 100 mg/L, 150 mg/L, 250 mg/L and 500 mg/L. A standard graph was prepared 

plotting adsorption against concentration, and results were determined in gallic acid equivalents or 

(mgGAE/L) from this plot.   
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3.3.1.3 Volatile fatty acids 

The concentrations of volatile fatty acids were determined using the Hach (Loveland, USA) esterification 

kits method 8196 kit and in accordance with manufacturer’s instructions with some modifications: 

Three standard concentrations of acetic acid were prepared (945 mg/L, 472.5 mg/L and 236.25 mg/L) 

and were used to draw a standard graph for the determination of the samples concentrations using a 

Merck (Merck®, Whitehouse Station, USA), Spectroquant® Pharo instrument. The reagent and sample 

volumes will be reduced to half of those recommended by the manufacturer.  Results were determined 

in acetic acid equivalents (mgAAC/L).   

3.3.1.4 Phosphate  

The total phosphate concentrations were determined using a Merck (Merck®, Whitehouse Station, USA) 

Spectroquant® Pharo instrument and Merck Spectroquant® cell tests (1.14543.0001).  This covered the 

range of PO4-P from 0.05 to 5.00 mg/L, PO4
3- from 0.2 to 15.3 mg/L-P and P2O5 from 0.11 to 11.45 mg/L 

and followed the relevant controls and standards for the testing procedure in terms of the 

manufacturer’s instructions. 

3.3.1.5 Total nitrogen 

The total nitrogen concentrations were determined using a Merck (Merck®, Whitehouse Station, USA) 

Spectroquant® Pharo instrument and Merck Spectroquant® cell tests (1.14537.0001).  This covered the 

range of total nitrogen concentrations from 0.5 to 15.0 mg/L and followed the relevant controls and 

standards for the testing procedure in terms of the manufacturer’s instructions. 

3.3.1.6 Redox and pH 

The redox potential and pH of the samples was determined by a waterproof handheld CyberScan pH300 

meter (Eutech Instruments, Singapore, Cat No: EC-PHWP300/02K).  The redox probe (Eutech 

Instruments, Singapore, Cat No: EC-PHWP300/02K) had the capability of measuring the pH range 2.00-

16.00. 

3.3.1.7 Total solids, total suspended solids, total dissolved solids and electrical conductivity 

The total solids (TS), total suspended solids (TSS) and total dissolved solids (TDS) were determined. The 

TS, TSS and TDS from sample point 1 & 3 within the settling basin were determined. For TDS, a 

measured volume of sample was passed through a sintered glass filter with a 0.45 μm cellulose acetate 

filter paper (Millipore Durapore® membrane filters Cat Number: HVLP04700) by means of a vacuum 

pump. The filtrate was collected in a beaker with a known dry mass.  The sample was dried in an oven 

for 24 hours at 180°C and then in a desiccator for 30 min.  The difference in mass of the beaker before 

and after drying was determined, converted, and expressed as the mass of filtrate per L of wastewater.   

 

For the determination of the TSS, the mass of the retentate was used. The dry mass of a beaker was 

recorded.  During the filtration the filter was rinsed with deionised water into the weighed beaker. The 

samples were dried in an oven at 180°C for 24 hours and then in the desiccator for 30 min. The 

difference in mass of the beaker before and after drying was determined, converted, and expressed as 

the mass of retentate per L of wastewater.  The TS was calculated by adding the mass of the TDS and 

TSS.   
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The TS was alternatively calculated using a known volume of sample placed in a beaker with a known 

dry mass and dried in an oven at 180°C for 24 hours and then in the desiccator for 30 min.   

 

The electrical conductivity (EC) and TDS was determined both on and off-site by using a hand-held 

Oakton ECTestr 11 + multi-range, cup-style pocket EC meter (Eutech Instruments, Singapore Cat No: 

35665-35). This instrument has the capability of reading EC with a range of 0 μS/m to 20.00 mS/m.   

3.3.1.8 Sodium, potassium, calcium, magnesium 

For the four hour batch test, the concentrations of sodium, potassium, calcium and magnesium was 

determined on unfiltered wastewater samples at Bemlab Pty Ltd. (Somerset West, South Africa) using a 

Varian® inductively coupled plasma optical emission spectroscopy [MPX ICP-OES Spectrophotometer 

(Agilent Technologies, Santa Clara, USA)].  The SAR together with the CROSS ratio was determined from 

these values using Equation 2.1 and 2.2, respectively. 

3.3.1.9 Flow rate 

The flow rate of the BSF was determined using a bucket, stop watch and a volumetric cylinder.  The flow 

rate at the overall outlet/final effluent pipe of the system was determined by gathering a volume of 

water in a minute and repeating this three times in order to determine the flow rate.   

3.3.2 Research equipment 

3.3.2.1 Construction and installation of the biological sand filter system 

The BSF system was set up on a small winery within the Stellenbosch wine district.  Before the system 

could be installed earthworks were required to ensure level platforms for the tanks and filter modules.  

A holding tank (5000 L), tank (500 L), four filter modules (1000 L drinking troughs) and four bins (100 L) 

were purchased from Nel Tanks (Cape Town, South Africa).  The filter module has a length of 1 680 mm 

and the cross-section is shown in Appendix A; Figure A.1.   

 

The solar powered pump and control system was built off site.  A Shurflo 2088-313-145 12 V DC 

Diaphragm Premium Demand Pump was used to supply the holding tank.  A relay connected to a reed 

switch within the existing retention dam ensured the pump did not run dry.  The pump was controlled 

by a liquid level relay and a probe in the holding tank, ensuring a consistent volume within the holding 

tank of 2 500 to 3 800 L. The power was supplied by a SD DirectPro EnerSol 140-140 W Solar Panel and 

SonX RA12 260 Ah -10H 12 V AGM Battery which was controlled by a Phocos CML20 20Amp Charge 

Controller, a slow blow fuse and a Gewiss 16 amp double throw double pole D cure breaker.  The pump 

was connected to the existing basin which had ten baffles to reduce settable solids and reduce short-

circuit of the WW from inlet to outlet with an approximate basin volume of 45 m3 

 

A schematic of the system and existing infrastructure is shown in Figure 3.1. The spatial location of the 

components and the direction of flow are shown, and the design is discussed in more detail in Sections 

3.4 & 4.1.   
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Figure 3.1 Schematic of the on-site biological sand filter together with existing infrastructure and ledger.   

 

3.3.3 Analysis and presentation of results 

All the data gathered during the experiments was written in a logbook and transferred to Microsoft 

Excel.  The monthly analyses of the WWW were plotted against time and then against historical data to 

determine the change in quality of source WW.  Concentrations of constituents from the relative 

sampling points were plotted against time.  Removal efficiencies and/or increase or decrease of 

constitutes where calculated from one sampling point to another.  The data from the 4 hour tests 

concentrations were plotted against time. The Pearson’s correlation co-efficients between data points 

where calculated using Microsoft Excel. The same software was used to determine the relationship 

between samples using a two-tailed paired t-test with a level of significance of 0.05.   

 

Dell Statistica was used to create a matrix graph with true x-y plots in the form of a scatterplot matrix 

showing the distribution of relationships.  This was used to further determine relationships between 

constituents in a scatter plot with a lineal regression line together with a 95% confidence plot to 

determine the r value of the regression, called the Pearson’s Moment.  The data was represented in a 

summary graph which presents the following statistical analysis: Shapiro-Wilk P, mean, standard 

deviation, variance, standard error mean, skewness, number, minimum, lower Quartile, medium, upper 

Quartile, maximum, 95% confidence of standard deviation (lower and upper), 95% confidence of mean 

(lower and upper), 95% prediction of observation (lower and upper) and non-outlier range.  Autocad 

Civil 3D 2013 Student version was used for the drawing of schematics.   
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3.3.4 Sampling  

Grab samples were taken from all sampling points (Table 3.1). Determination of inorganic 

concentrations commenced in October 2015.  Figure 3.2 shows the location of the sampling points from 

the existing settling basin (1; Inlet, 2; Middle, 3; Outlet). The samples from the 5000 L holding tank and 

500 L tank were taken using a sampling pole after thoroughly stirring the contents of the tank. The 

samples from the filter modules were taken from a sampling valve that was flushed for 2 seconds prior 

to sampling. Grab samples were taken from the final effluent pipe. All samples were placed on ice in an 

insulated container before transportation. Samples were either immediately frozen, or analysed within 

an hour of receipt in the laboratory.   

 

 

Figure 3.2 Illustration of existing infrastructure (settling basin) together with sampling points.   
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Table 3.1 Sampling schedule 

Sampling 

point 
Period Occurrence Analyses Comment/s 

Settling basin: 

points 1, 2,3 

Apr 

2014-Feb 

2016 

Monthly 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen, pH, 

TS, TSS & TDS 

Sampled Weekly in March 2015 

during crush. TSS, TDS was deemed 

unnecessary after 1 year of 

sampling as it was not relative and 

the vacuum pump broke therefor 

only TS was determined.  

Mar-Jun 

2016 
Bi-weekly 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen, pH 

& TS 

 

Settling basin: 

composite 

sample 

Jun-Sep 

2016 
Bi-weekly 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen, pH 

& TS 

No correlation between results 

from 5000 L tank and settling 

basin.  Rationalised to composite 

samples.   

5000 L 

holding tank 

500 L tank 

Mar 

2015  
Once 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen & 

pH 

Additional samples were not 

deemed necessary during start-up. 

Oct 

2015-Apr 

2016 

Monthly 

COD, total phenolics, VFA, pH, 

sodium, potassium, calcium & 

magnesium 

No sample from 500 L tank in Oct 

2015.  No samples in Dec 2015 & 

Jan 2016, settling basin pump 

broken.  No sample in Mar 2016, 

5000 L tank obscured.   

May-Sep 

2016 
Bi-weekly  

COD, total phenolics, VFA, pH, 

sodium, potassium, calcium & 

magnesium 

Sampling schedule increased for 

more accurate assessment of 

removal efficiencies. 

Filter outlets 

Feb, 

Mar, 

May 

2015 

Once COD, VFA & pH 
Additional sampling was not 

deemed necessary during start-up. 

Nov 

2015-Sep 

2016 

Bi-monthly 

COD, VFA, pH, sodium, 

potassium, calcium & 

magnesium 

Sampling schedule increased for 

more accurate assessment of 

removal efficiencies. 

Final effluent 

Feb 

2015-Feb 

2016 

Monthly 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen, pH, 

sodium, potassium, calcium, 

magnesium & flow rate 

Sampled Weekly in Mar 2015 

during crush. Dec 2015 & Jan 2016 

no sample taken as settling basin 

pump was broken. 

Mar-Aug 

2016 
Bi-weekly 

COD, total phenolics, VFA, total 

phosphorus, total nitrogen, pH, 

TS, sodium, potassium, calcium, 

magnesium & flow rate 

TS only measured from June 2016. 

5000 L, 500 L, 

Filter outlets, 

Final effluent 

Aug 2015 Once-off 

COD, total phenolics, VFA, pH, 

sodium, potassium, calcium, 

magnesium & flow rate 

4 hour batch test. 

COD = chemical oxygen demand VFA = volatile fatty acids 
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3.3.5 System design 

The entire system together with the control system was designed by the student and was commissioned 

on the 23rd of January 2015.  A schematic of the BSF together with design notes and valves can be seen 

in Figure 3.3.  The inflow and outflow to and from the 5000 L holding tank was controlled via a liquid 

level relay and solar pump control system. The holding tank supplied the 500 L tank by means of a float 

valve.  This in turn supplied a constant head of 300 mm on the inlet valves of the filter modules.  This 

set-up allowed the flow to be retarded to the flow achievable by the filter modules. Ball valves were 

used to allow the gate valves to be flushed.  The gate valves and 500 L tank were unnecessary after the 

addition of the float valves. They were, however, left in place as an additional safety factor.  The location 

of the sampling points for the filters and final effluent can be seen in Figure 3.3.   

 

Figure 3.4 (1) depicts inlet manifold for the filter modules.  The float valve (A) in conjunction with the 

gate valves (B) were used to reduce the risk of overflowing and to maintain a constant head and thus 

control flow to the filter modules.  The PVC ball valves (C) were used to flush the gate valves and inlet 

piping if blockages occurred.  The two ball valves attached to the 500 L holding tank were used as the 

outlet (D) to the inlet manifold and the lower one (E) was used to drain the tank, which was connected 

to the overflow of the tank.  Both the outlet for the 5000 L holding tank and 500 L tank had raised 

outlets in order to reduce the chance of sludge entering the pipelines.  

 

The outlet of the filter modules had 25 dm3 of 13.2 mm gravel placed in a ± 150 mm x 150 mm rectangle 

across the bottom of the filter to aid with drainage and to reduce peripheral flow.  A single outlet from 

each filter module was connected to a flow control tank to maintain a constant outlet height and in turn 

the height of the WWW within the filter. The outlet height could be adjusted within the flow control 

tank to increase or decrease the flow within the filter module by changing the height of the outlet.   

 

The filter modules were filled with Philippi sand (locally available dune sand) to a height of 420 mm and 

a channel at the inlet was made to distribute the influent.  The system could be operated in parallel or 

series.  When operating in parallel all four filter modules could be supplied with the same influent via 

the 500 L tank.  When additional retention time was required due to poor treatment performance or 

high strength WW the system was able to operate in series.  The effluent from the first filter was 

supplied to the float valve of the second filter.  The control valves for parallel and or series operation 

can be seen in Figure 3.5.  The system was operated in parallel during the experimental period.  Figure 

3.6 depicts the on-site installation of the entire BSF system.    
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Figure 3.3 Schematic, design notes and valve depiction for pilot biological sand filter system 

 

Figure 3.4 A picture depicting the inlet manifold and float valves for the BSF filter modules plus the 500 L 

holding tank  
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Figure 3.5 A picture showing the set-up of the pipes and control valves that allow the system to be operated 

in series or in parallel 

 

Figure 3.6 A picture of the installed BSF system on site: anti-clockwise from top right: solar pump, 5000 L 

holding tank, 500 L tank and four filter modules with flow control tanks 
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3.4 Design Calculations 

The achievable flow rates in the BSF were needed to determine the capacity of the system and 

subsequent designs.   

3.4.1 Chemical and physical Analysis of substrate used in biological sand filter 

Welz et al. (2015) determined the physiochemical properties of Phillipi sand used in this study.  The 

mechanical fraction can be seen in Table 3.2. This represents the broad grading of the sand and its 

different fractions, with a large majority of sand being medium-sized sand.  This is then further broken 

down and presented in a partial size distribution.  This shows the percentage passing the relative sieve 

size in Table 3.3.  The available metal (ions) and elementary analysis can be seen in Table 3.4 and Table 

3.5.   

Table 3.2 Mechanical Fractions (%) (n=3) of Phillipi sand 

Size (mm) Clay <0.005 0.005≤ Silt <0.05 
0.05≤ Fine sand 

<0.10 

0.10≤ Medium 

sand <0.25 

0.25≤ Coarse 

sand <0.5  

Fraction 3.9±1.1 1.7±0.6 24.9±3.9 41.8±1.0 27.7±2.1 

Table 3.3 Filter media particle distribution 

Sieve 

Size 

(mm) 

2.36 1.18 0.6 0.425 0.300 0.150 0.075 0.0782 0.0553 0.0247 0.0071 0.0050 0.0036 0.0025 0.0015 

% 

Passing 
100 95 73 61 39 18 14 14 13 12 9 7 6 5 4 

Table 3.4 Available metal (ions)(mg/kg) (n=3) 

O K Cu Zn Mn B Fe As 

4.6±1.5 7.3±3.1 0.6±0 0.4±0.2 0.5±0.2 0.1±0 12.7±5.1 0.3±0.2 

Table 3.5 Elemental analysis (%) (n=3) of Phillipi sand 

SiO2 CaO AlO3 Fe2O3 K2O MgO Na2O P2O5 TiO2 

84.59 

± 0.50 

7.66 

± 0.03 

0.31 

± 0.02 

0.07 

± 0 

0.15 

± 0 

0.15 

± 0 

0.21 

± 0 

0.03 

± 0.03 

0.04 

± 0.01 

3.4.2 Flow calculations for sand filter modules 

The hydraulic conductivity (K) used is described in Appendix A, Section A. 1 with a K before acclimation 

(Kmax = 0.286 mm/s) and 3 months after start up (Kmin = 0.144 mm/s).  To determine the flow within the 

BSF the cross-sectional area must first be determined.  This was achieved by using Equation (3.1) which 

was determined as a function of the height of sand within the filters trapezoidal shape, Appendix A, 

Section A.2.1.   

𝐴 = 1070𝑥 − 10925 [𝑚𝑚2] (3.1) 
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After start-up, the flow rates in BSFs and CWs decreases due to the formation of functional biomass. To 

determine the theoretical discharge from each filter module before and after start-up:  The hydraulic 

conductivities, in the form of Darcy’s velocity or Darcy’s Flux [Equation (2.4)] was determined.  In order 

to determine Darcy’s flux, the following parameters were determined for the filters and K for previous 

study (i) the maximum and minimum K, (ii) the change in height (∆H) i.e. the fall from the inlet to the 

outlet together with the slope along the length of the filter of 1%, (iii) the change in length (∆l) i.e. the 

length of the filter module.  To determine the flow rate across the system, Darcy’s law (Equation 2.5) 

was used with Darcy’s flux, and (iv) the cross-sectional area of the saturated sand at the outlet side of 

the filter.  It was assumed that the material was homogeneous, had no capillary zones, and had steady 

state of flow in terms of Darcy’s Law.  Permeability or porosity of the sand used in this study was 

0.292±0.02 (Welz et al., 2015).  Porosity was used to determine the pore volume and in turn the HRT.  

The theoretical HRT was then calculated using the entire pore volume of the filter and dividing by the 

discharge as seen in Equation (2.6).   

3.4.3 Hydraulic calculation for pipe flow from 500 L tank to filter 

The theoretical flow rates from the 500 L tank via the inlet pipe into the filters were calculated using the 

Bernoulli Equation (2.14) and an integration method and an assumed friction factor (λ).  This calculation 

was used to balance the influent flow to the flow rate of the filter in order to prevent flooding or short-

circuiting.  The friction factor was used with the Darcy-Weisbach equation (2.15) and the sum of the 

minor losses (2.19) to determine a new flow rate from pre-determined static head.  This flow rate was 

then used to calculate the Reynolds number (2.18) and therefore a more accurate friction factor using 

the Blasius yield relationship for smooth pipes with turbulent flow (2.17).  Then the new frictional factor 

was used as the assumed frictional factor until the assumed and calculated frictional factor was the 

same.  The calculation was performed with differing heads and pipe diameters in order to calculate the 

correct influent flow rate.  An example is provided by Appendix A; A. 4, while the complete integration is 

provided in Appendix B.   

3.4.4 Design of gravity flow from 5000 L holding tank to 500 L tank 

To supply the 500 L tank with sufficient WWW, the sizing of the pipe between the balancing and holding 

tank was calculated.  To determine the discharge for a 25 mm pipe with an assumed friction of λ = 0.05 

and head of 4 m, the same integrated approach was used as given in Section 3.4.2.  The calculations for 

the integration are provided in Appendix A, A. 4.   

3.4.5 Design of pumping main 

The pump capacity required to pump the effluent from the existing settling basin to the 5 000 L holding 

tank was determined.  The system curve represents the static head together with the losses due to 

friction and minor losses.  Due to the unknown friction factor an assumed duty point was used to 

acquire a friction factor to calculate the Reynolds number (2.18).  Assumed duty point head of 10.5 m 

and a flow rate of 0.62 m3/h.  As the assumed duty point used had turbulent flow together with smooth 

pipes the Blasius equation (3.9) was used to determine the friction factor via iteration in Appendix A; 

A.6.4 of λ = 0.03.  The Darcy-Weisbach equation (2.16)  was used to determine the loss due to friction 

together with sum of the minor losses which is written in terms of discharge (2.20) and static head of 9.5 

m (2.21).  The calculation can be found in Appendix A; 0.  The DC Diaphragm Premium Demand Pump 

curve was supplied by the manufacturer of the Shurflo 2088-313-145 12 V pump.  
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3.4.6 Cost 

To determine the validity of the system in terms of an economical treatment system for WWW the cost 

of the BSF system was calculated (Table 3.6).  A detailed list of the cost of the system is provided in 

Appendix E.  

Table 3.6 Summarised costing of new biological sand filter system (February 2015) 

Solar Pump and Controls  R  19965 

Pipes and Fittings  R    2947 

Tanks and Filters   R  21223 

General  R    6000 

Total  R  50136 

3.4.7 Water usage at the cellar 

The monthly water consumption for the cellar can be seen in Table 3.7.  It was assumed that the water 

consumption was directly converted to WW at a ratio of 1:1.   

Table 3.7 The monthly water used by the cellar converted directly to wastewater consumption 

Month July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June 

Water used 

(m3/month) 
224 59 41 33 69 31 50 101 162 42 70 100 
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Chapter 4 Results 

4.1 Design calculation 

The results of the calculations for theoretical flows are provided in Sections 4.1.1 to 4.1.4.   

 

4.1.1 Flow calculations for sand filter modules 

From the calculations described in Section 3.4.2 and calculations in Appendix A; A. 1 - A. 3, the 

calculated flow rate for one filter at the start of filtration was determined to be 682 L/day/filter module 

with a velocity of 0.102 m/h, with a HRT of 7.67 hours.  Once the K had reduced due to the build-up of 

functional biomass (acclimation of microorganisms) within the filter module, the new calculated flow 

rate was 334 L/day/tank, with a velocity of 0.050 m/hr and a HRT of 15.35 Hours.  From the flow rate it 

was approximated that the BSF could treat on average 67% of the WWW generated by the winery.   

 

4.1.2 Hydraulic calculation for pipe flow from 500 L tank to filter 

It was initially determined that a 15 mm pipe together a ¾ closed gate valve and a head of 200 mm 

would allow a suitable flow rate to supply the filter modules with 0.709 m3/day and to reduce the flow 

even further when the K is reduced a 10 mm pipe with a head of 300 mm would achieve a theoretical 

flow of 309 L/day (Appendix A, A. 4), using the integration approach discussed in section 3.4.2.  In spite 

of this, a small diameter pipe can be prone to clogging and the fittings are not readily available.  A 25 

mm low density polyethylene pipe was used in conjunction with an Ultra-Low Pressure float valve 

(Aqua-brooks, Johannesburg, South Africa).  The float valve gave the option of slowly trickling in influent 

with a low pressure and stopping flow in the instance of a blockage.  The float valve has a flow of 1500 

L/hr at 50 KPa head and brochure is attached in Appendix C.   

 

4.1.3 Design of gravity flow from 5000 L holding tank to 500 L tank 

The flow rate from the 5000 L holding tank to 500 L tank was calculated using a 25 mm pipe and a 4 m 

static head.  An integration was done using an assumed friction factor until a calculated friction factor λ 

= 0.022 was achieved, calculations can be seen in Appendix A section A. 5.  At this point a velocity of 

1.817 m/s was calculated and a flow of 3.211 m3/hr which would adequately supply the 500 L tank.   
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4.1.4 Design of pumping main 

The system curve is represented as a function of discharge in equation (4.1) and calculations for this can 

be seen in Appendix A.6.4.  The pump is a Shurflo 2088-313-145 12V DC diaphragm premium demand 

pump curve in conjunction with the calculated system curve was used to determine the duty point of 

9.7 m head and 0.63m3/hr (Figure 4.1).  This pump will run for 4.5 hour a day at the start of filtration and 

will adequately supply the 5000 L holding tank with WWW.   

 

 

ℎ𝑡𝑜𝑡𝑎𝑙 = 9.5 + 7191194 𝑄2 (4.1) 

 

Figure 4.1 Pump and System curve for pumping main to 5000 L holding tank 

 

4.2 Characterisation of winery wastewater 

To gain insight into the character of winery wastewater from evaporation ponds and settling basins in 

the Western Cape, monthly and bi-weekly during crush samples were taken from four sites, including 

the test site (Table 3.1). Extensive analyses (COD, VFAs, total phenolics, pH, electrical conductivity, 

sodium, potassium, sugars, ethanol, glycerol and organic acids) were conducted and the results 

published in Welz et al. (2016), this is attached in Appendix F.  Only the results of the COD 

measurements from the test site are included in this thesis.    

 

To evaluate the character of the WWW, samples were taken from the existing concrete settling basin at 

the test site for 10 months prior to the start-up of the BSF system, and at regular intervals after start-up, 

according to the schedule provided in Table 3.1. 
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4.2.1 Chemical oxygen demand 

The COD concentrations measured in the samples taken from the three points within the existing basin 

before the BSF was installed from April 2014 until the end of January 2015 can be seen in Figure 4.2.  

There was a maximum COD of 7265 mg/L in May which was at the inlet of the basin which also had a 

minimum of 48 mg/L.  The minimum for the entire basin was 28 mg/L.  The average COD was 961 mg/L 

during this period.   

 

 

Figure 4.2 Chemical oxygen demand concentrations measured in samples from the existing settling basin at 

the inlet, middle and outlet sampling points before commissioning of the BSF system, Apr 2014 – 

Jan 2015 

 

The BSF was installed in February 2016.  The COD results from samples taken from the settling basin 

from February 2015 until September 2016 are shown in Figure 4.3.  During this period, an average COD 

of 861 mg/L was recorded with a maximum and minimum from the different sampling points of 2920 

mg/L in August 2015 and 31 mg/L in December 2015, respectively.  From May until the end of August 

2016 composite samples were taken from three points in the settling basin (inlet, middle, and outlet).  It 

was deemed unnecessary to take separate samples from the settling basin as there was no positive 

correlation with the effluent from the 5000 L holding tank due to the long retention time in the latter.  

The average COD during this period was 2033 mg/L, which was far higher than previously found. The 

minimum and maximum were 58 mg/L and 4795 mg/L, respectively. In November 2015, the winemaker 

retired and a new winemaker took his place, it is possible that the new wine maker followed new cellar 

practices.  If the average of sampling point inlet, middle and outlet are averaged, excluding the 

composite samples the basin had an average of 694 mg/L.   
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Figure 4.3 Chemical oxygen demand concentrations measured in the existing settling basin samples taken 

separately at the inlet, middle and outlet points after the commissioning of the BSF from Feb 2015-

June 2016 and the concentrations of pooled samples from the inlet, middle, and outlet sampling 

points (average) from May-Sep 2016 

 

4.2.2 Volatile Fatty Acids 

The VFA concentrations fluctuated and can be seen in Figure 4.4.  The average VFA concentration in 

samples taken from the three sampling points (inlet, middle, outlet) until May 2015 was 150 mgAAE/L, 

with minimum and maximum concentrations of 1.4 and 739 mgAAE/L, respectively.  The average 

concentrations and ranges in samples from the inlet, middle and outlet were 178 mgAAE/L (range: 20-

739 mgAAC/L), 114 mgAAE/L (range: 2.4-256 mgAAE/L), and 157 mg/L (range: 1.4-576 mgAAE/L), 

respectively.   

 

The VFA concentrations in the pooled (inlet, middle, outlet) samples taken from May to August 2016 

ranged from 32 to 921 mgAAE/L, with an average of to 339 mgAAE/L.   
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Figure 4.4 Volatile fatty acid concentrations in samples taken separately from the inlet, middle and outlet 

sampling points in the existing settling basin from March 2015 - June 2016, and the concentrations 

in pooled (average) samples from the inlet, middle and outlet points from May - Sep 2016 

4.2.3 Total phenolics 

The average concentration of total phenolics in samples over the entire testing period of 21.4 mgGAE/L 

(Figure 4.5), while the average concentration in the pooled (average) sample was 39.8 mgGAE/L, with a 

maximum of 65 mgGAE/L. The highest concentration (64.99 mgGAE/L) of total phenolics was found in 

August 2016, when the wastewater was heavily contaminated with red wine (Figure 4.6).   

 

 

Figure 4.5 Total phenolic concentrations in samples taken separately from the inlet, middle, and outlet points 

in the existing settling basin from May 2015-June 2016, and concentrations in pooled (average) 

samples taken from the inlet, middle and outlet from June 2016 -September 2016.   
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Figure 4.6 Photograph of the settling basin containing winery wastewater with a high concentration of total 

phenolics on the 20th of August 2016 

4.2.4 Total Nitrogen and phosphate 

The nutrient concentrations within the WWW showed monthly fluctuations (Section 4.3.4).  The average 

total nitrogen concentration in samples taken from April to December 2015 was of 1.5 mg/L.  The 

average concentrations in samples from the inlet and outlet were 2.2 mg/L and 0.9 mg/L, respectively.  

The average concentration measured in samples from the inlet was 2.9 mg/L from January to September 

2016, with an overall average of 2.2 mg/L and a maximum of 8.9 mg/L (Figure 4.7).   

 

Figure 4.7  Total nitrogen concentrations in samples taken from the existing settling basin from April 2015 to 

August 2015 

The total phosphate (PO4
3-) concentrations fluctuated, with an average concentration of 0.85 mg/L and a 

maximum concentration of 2.45 mg/L from April to December 2015. Samples taken thereafter had an 

average concentration of 1.88 mg/L with a maximum of concentration within the inlet of 14.36 mg/L 

(Jan-Aug 2016).  The average for the entire testing period was 1.22 mg/L and excluding the outlier of 

14.36 mg/L the average was 0.85 mg/L, there was a minimum average within the middle sampling point 

of 0.62 mg/L and a maximum at the inlet of 2.13 mg/L and 1.01 mg/L excluding the outlier (Figure 4.8).   
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Figure 4.8  Concentrations of total phosphate in samples taken from existing settling basin from April 2015 to 

August 2016 

 

4.2.5 Total dissolved solids, total suspended solids and total solids 

The average TDS and TSS concentrations in the samples taken at the inlet sampling point were 156 mg/L 

and 1016 mg/L, respectively, while corresponding samples from the outlet sampling point were 127 

mg/L and 905 mg/L, respectively (April 2014 to May 2015).  The maximum TDS and TSS were 680 mg/L 

and 2050 mg/L, respectively.  The average concentrations of total solids were 824 mg/L and 433 mg/L 

for the inlet and outlet samples, respectively (October 2015 to September 2016).  As seen in Figure 4.9.   

 

Figure 4.9 Total dissolved solids, total suspended solids and total solids for inlet and outlet sampling point for 

existing basin samples taken April 2014 – September 2016. 
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4.2.6 Electrical conductivity 

The average EC in the samples was 528 μS/m with a maximum concentration of 1178 μS/m in the week 

1 of June 2016 and a minimum of 40 μS/m in November 2015.  The time period of sampling is depicted 

in Figure 4.10.   

 

Figure 4.10 Electrical conductivity measured in samples taken from the existing settling basin from July 2015 

September 2016 

4.2.7 pH 

The pH in the samples ranged from 3.7 to 10.4 during the testing period (Figure 4.10).   

 

 

Figure 4.11 The pH measured in samples taken from the existing settling basin from April 2015 to September 

2016 
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4.3 Analysis of influent/effluent to/from the biological sand filter system 

The long-term treatment performance of the BSF was analysed by monitoring the influent (from 5000 L 

holding tank and 500 L flow control tank) and effluent (from filter modules and final effluent).   

4.3.1 Chemical oxygen demand 

The COD for samples taken for the depicted sampling period from the 5000 L holding tank 500 L tank 

and Final effluent can be seen in Figure 4.12.  Samples taken from the 5000 L holding tank exhibited a 

range of COD from 424 to 2185 mg/L and an average COD of 1265 mg/L over the entire testing period.  

From February to September 2016 the average COD concentration was 1324 mg/L for the 5000 L tank.  

The 500 L tank had a range from 290 – 1551 mg/L.   

 

The COD concentrations measured in the final effluent samples showed and an average of 321 mg/L and 

a maximum of 831 mg/L from February to November 2015 and an average of 347 mg/L and maximum of 

1382 mg/L from February to September 2016.  The average COD concentration in samples taken over 

the entire testing period was 336 mg/L (Figure 4.12).   

 

Figure 4.12 Samples of Chemical oxygen demand concentration in sample from 5000 L holding tank, 500 L tank 

and final effluent from February 2015 to September 2016  

 

Results from the samples taken from the different filter outlets are presented in Figure 4.13.  During the 

2015 sampling period the maximum COD concentration was found in samples taken from Filter 2 (1332 

mg/L), while the maximum COD during 2016 was found in samples taken from Filter 3 (586 mg/L).   
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Figure 4.13 Chemical oxygen demand concentrations measured in samples from filter outlets 1, 2, 3 & 4 from 

February 2015 to September 2016 

 

4.3.2 Volatile fatty acids 

The concentrations of VFAs in samples taken from the 5000 L holding tank had a peak concentration of 

955 mgAAE/L during 2015.  During 2016, samples from the 5000 L holding tank and 500 L tank had 

maximum concentrations of 1018 mgAAE/L and 923 mgAAE/L, respectively.  The average concentrations 

in samples from the 5000 L holding tank and 500 L tank over the entire sampling period were 525 

mgAAE/L and 409 mgAAE/L, respectively (Figure 4.14).    

 

The average concentration of VFAs measured in final effluent samples over the 2015 and 2016 sampling 

periods were 56 mgAAE/L and 254 mgAAE/L, with a maximum of 254 mgAAE/L and 622 mgAAE/L, 

respectively.  The average concentration of VFAs measured in samples taken over the testing period was 

182 mgAAE/L.   
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Figure 4.14 Volatile fatty acid concentrations measured in samples taken from the 5000 L holding tank, 500 L 

tank and final effluent from February 2015 to September 2016 

 

The VFA concentration measured in samples taken from the filter modules were comparatively 

inconsistent. The highest and lowest concentrations were found in samples taken from Filters 3 and 1, 

respectively. The maximum concentration measured in samples from Filter 3 was 405 mgAAE/L (Figure 

4.15).   

 

 

Figure 4.15 Volatile fatty acid concentrations measured in samples from filter outlets 1, 2, 3 & 4 from May 

2015 to September 2016  
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4.3.3 Total phenolics 

The total phenolics or (poly)phenolics concentrations measured in samples taken from the 5000 L 

holding tank and 500 L flow control tank exhibited averages of 21.89 mgGAE/L and 20.24 mgGAE/L, with 

maximum of 52.78 mgGAE/L and 43.06 mgGAE/L, respectively.  In samples of final effluent, the 

concentration was < 10 mgGAE/L (n=20), except for three instances. In two of these, the concentrations 

were 31.87 and 37.44 mgGAE/L (Figure 4.16).  

 

 

 

Figure 4.16 Concentrations of total (poly) phenolics measured in samples taken from the 5000 L holding tank, 

500 L tank and final effluent from February 2015 to September 2016 
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4.3.4 Total nitrogen and phosphate 

The concentrations of total nitrogen in the final effluent samples were low, with an averages of 1.7 

mg/L, with a minimum below detectable limit and two spikes of 9.8 mg/L and 3.3 mg/L during the 

sampling periods, respectively (Figure 4.17).   

 

 

Figure 4.17  Total nitrogen concentrations in from 5000 L tank and final effluent taken from April 2015 August 

2016 

The phosphate (PO4
3-) concentrations of the final effluent samples ranged from 0.12 to 2.52 mg/L and 

the maximum in samples from the 5000 L tank sample was 3.57 mg/L (Figure 4.18).    

 

 

Figure 4.18  Total phosphate concentrations in samples form 5000 L and final effluent taken from April 2015 to 

September 2016 
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4.3.5 Inorganic constituents  

The concentrations of the monovalent cations, sodium and potassium, and the divalent cations, calcium 

and magnesium were measured and used to calculate the SAR, CROSS, K:Na ratio and conductivity, as 

discussed in Sections 4.3.5.1 to 4.3.5.8.   

4.3.5.1  Sodium 

The sodium concentrations measured in the samples taken from the 5 000 L holding tank and 500 L tank 

showed increased trends: from 19.1 mg/L to 70.8 mg/L and 6.6 mg/L to 47.2 mg/L, respectively (Figure 

4.19). In the final effluent samples, the concentrations ranged from 12.2 to 62.9 mg/L, with an average 

concentration of 33.2 mg/L (Figure 4.19).   

 

 

Figure 4.19 Concentrations of sodium measured in samples taken from the 5000 L holding tank, 500 L tank and 

final effluent from October 2015 to September 2016 

 

In samples from the filter modules (Figure 4.23), concentrations ranged from 10.3 to 106.4 mg/L, with 

notably higher concentrations being found in samples from Filter 3 (maximum of 106.4 mg/L in February 

2016).   
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Figure 4.20 Concentrations of sodium measured in samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 

4.3.5.2 Potassium 

The potassium concentrations measured in the samples taken from the 5 000 L holding tank and 500 L 

flow control tank ranged from 69.3 to 284.9 mg/L and 20.1 to 149.7 mg/L, respectively, with average 

concentrations of 167.5 mg/L and 77.3 mg/L, respectively (Figure 4.1.9). The average concentration 

measured in final effluent samples was 154.9 mg/L, with a maximum of 302.9 mg/l and a minimum of 

25.9 mg/L (Figure 4.21).   

 

 

Figure 4.21 Concentrations of potassium measured in samples taken from the 5000 L holding tank, 500 L tank 

and final effluent from October 2015 to September 2016 
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The concentrations of potassium in samples from the four filter outlets ranged from 48.0 to 439 mg/L 

(Figure 4.22), with the maximum from samples from Filter 3 being found during the low flow/resting 

period.  The average concentration in samples from Filter 3 was 268.9 mg/L, while the average in 

samples from the other filters was 157.8 mg/L. 

 

 

 

Figure 4.22 Concentrations of potassium measured in samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 

 

4.3.5.3 Calcium 

The average concentrations of calcium measured in samples taken from the 5000 L and 500 L were 53.0 

mg/L and 35.8 mg/L, respectively (Figure 4.23), with ranges of 21.5 to 104.0 mg/L and 9.6 to 58.7 mg/L, 

respectively.  The concentrations measured in the final effluent samples ranged from 21.9 to 200.3 

mg/L, with an average of 91.9 mg/L (Figure 4.23).   
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Figure 4.23 Concentrations of calcium measured in samples taken from the 5000 L holding tank, 500 L tank and 

final effluent from October 2015 to September 2016 

The concentrations measured in the samples taken from the filter modules (Figure 4.24), ranged from 

2.6 to 168.5 mg/L and exhibited an increasing trend. At the start of the sampling period, the 

concentrations ranged from 16.0 to 39.8 mg/L, while at the final sampling instance, concentrations 

ranged from 101.3 to 152.2 mg/L.  

 

 

Figure 4.24 Concentrations of calcium measured in samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 
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4.3.5.4 Magnesium 

The concentrations of magnesium measured in samples from the 5000 L holding tank and 500 L tank 

ranged from 3.9 to 10.2 mg/L and 1.3 to 7.5 mg/L, with averages of 6.4 mg/L and 4.3 mg/L, respectively 

(Figure 4.25).  The concentrations measured in the final effluent samples had an average concentration 

of 6.2 mg/L with a minimum of 2.6 mg/L and maximum of 10.1 mg/L (Figure 4.25).   

 

 

Figure 4.25 Concentrations of magnesium measured in samples taken from the 5000 L holding tank, 500 L tank 

and final effluent from October 2015 to September 2016 

Concentrations of magnesium measured in samples taken from the filter modules were similar for 

Filters 1, 2 and 4, ranging from 2.9 to 10.7 mg/L and average of 5.2, 5.2 and 5.4 mg/L respectively. 

Although the range in samples taken from Filter 3 was similar (1.4 to 10.8 mg/L) and similar average of 

4.7 mg/L, the trends observed were notably different.  The average concentration measured in the 

samples from all the filter modules was 5.1 mg/L (Figure 4.26).   
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Figure 4.26 Concentrations of magnesium measured in samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 

 

4.3.5.5 Sodium adsorption ratio 

The average calculated SAR for samples taken from the 5000 L and 500 L tanks was 1.4 and 1.1, with a 

range of 0.8 to 2.0 and 0.5 to 1.5, respectively (Figure 4.27).  The average SAR calculated for final 

effluent samples was 0.9, with a range of 0.5 to 1.6 (Figure 4.27).   

 

 

Figure 4.27 The sodium adsorption ratio calculated from samples taken from the 5000 L holding tank, 500 L 

tank and final effluent from October 2015 to September 2016 
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The average SAR for samples taken from the filter modules was 1.7 mg/L with minimum and maximum 

SAR of 0.4 to 10.7 (Figure 4.28).  The average SAR from all samples from the filter outlets was 1.1, 

excluding two outliers of 5.3 and 10.7 from Filter 3. 

 

 

 

Figure 4.28 The sodium adsorption ratio calculated from samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 

 

4.3.5.6 Cation ratio of soil structural stability 

The CROSS values calculated from samples taken from the 5000 L holding tank and 500 L tank had 

minimum and maximum of 1.9 to 8.7 and 1.3 to 4.6, and averages of 5.0 and 3.3, respectively (Figure 

4.29).  The CROSS values calculated from final effluent ranged from 1.3 to 8.6 with an average of 3.7 

(Figure 4.29).   
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Figure 4.29 The cation ratio of soil structural stability calculated from samples taken from the 5000 L holding, 

tank 500 L tank and final effluent from October 2015 to September 2016 

 

The CROSS value calculated from all samples taken from the filter modules had an average of 7.3, and 

4.7 when two outliers of 36.6 and 36.4 from Filter 3 were removed (Figure 4.30). 

 

 

Figure 4.30 The cation ratio of soil structural stability calculated from samples taken the filter outlets 1, 2, 3 & 

4 from October 2015 to September 2016 
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4.3.5.7 Potassium to sodium ratio 

The K:Na ratio calculated from samples taken from the 5000 L and 500 L ranged from 1.0 to 8.8 and 1.0 

to 4.6, with averages of 3.0 and 2.2, respectively (Figure 4.31).  The average ratio calculated from final 

effluent samples was 3.1, with a range of 1.0 to 10.1 (Figure 4.31).   

 

 

Figure 4.31 The Potassium to Sodium ratio calculated from samples taken from the 5000 L holding tank, 500 L 

tank and final effluent from October 2015 to September 2016 

The ratio for samples taken from the 4 filter modules ranged from 1.1 to 10.8, with an average of 4.1 

(Figure 4.32).   

 

 

Figure 4.32 The Potassium to Sodium ratio calculated from samples taken from the filter outlets 1, 2, 3 & 4 

from October 2015 to September 2016 
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4.3.5.8 Electrical conductivity 

The EC measured in samples taken from 5000 L holding tank and 500 L tank ranged from 346 to 1062 

μS/m and 146 to 995 μS/m respectively, with averages of 715 μS/m and 576 μS, respectively (Figure 

4.33).  The EC measured in the final effluent samples had an average of 885 μS/m with a minimum of 

623 μS/m and a maximum of 1429 μS/m [Figure 4.33 (C)].   

 

Figure 4.33 The electrical conductivity measured in samples taken from the 5000 L holding tank, 500 L tank 

and final effluent from October 2015 to September 2016 

The EC measured in samples taken from the four filter modules had an average of 1029 μS/m. When the 

maximum value (4770 μS/m, obtained during the low flow period) was excluded, the average was 890 

μS/m (Figure 4.34).   

 

Figure 4.34 The electrical conductivity measured in samples taken from the filter outlets 1, 2, 3 & 4 from 

October 2015 to September 2016 
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4.3.6 Total solids 

The concentration of total solids measured in the final effluent samples had an average of 908 mg/L 

with a range of 485 to 1520 mg/L, (Feb to September 2016).  This can be seen in Figure 4.35. 

 

 

Figure 4.35 Total solids in sample from final effluent form BSF February to September 2016 

4.3.7 pH 

The pH measured in samples taken from the 5000 L holding tank and 500 L tanks ranged from 4.46 to 

7.26 and 4.42 to 6.64, respectively (Figure 4.36).  The pH measured in final effluent samples the 

sampling periods ranged from 6.63 to 8.14, with only two instances when the pH was below 7 (n=21) 

(Figure 4.36).   

 

 

Figure 4.36 The pH measured in samples taken from the 5000 L holding tank, 500 L tank and final effluent from 

March 2015 to September 2016 
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Excluding outliers (pH 9.50 to 9.55) from Filter 3, the pH measured in samples taken from the filter 

modules during the sampling period ranged from 6.64 to 8.39 (Figure 4.37 ).   

 

Figure 4.37 The pH measure in samples taken from filter outlets 1, 2, 3 & 4 from May 2015 to September 2016 

4.4 Four hour batch test 

The results given in Section 4.3 were used to determine the long-term treatment performance of the 

BSF system.  However, by taking grab samples at a particular time point, inconsistencies can come into 

play because of the long HRT of the BSF system. Determinations of removal performance may be 

inaccurate when using concentrations measured in influent and effluent samples taken at similar times.  

To evaluate the effect of snapshot sampling, a batch test was performed on the 21st of August 2015, 

where samples were taken at hourly intervals over a 4 hour period and results compared.  During the 4 

hour batch test the flow rate was 398 L/day. The influent was defined as the inflow from the 5000 L 

tank, with the pump switched off for the duration of the study. 

4.4.1 Chemical oxygen demand 

There was an overall COD removal efficiency of 72% with an average influent COD concentration of 1263 

mg/L.  There was a 9% reduction in the COD concentration between the samples taken from influent 

and the 500 L tank (1149 mg/L).  The samples taken from Filter 3 and 4 had the highest and lowest 

average COD concentrations of all the filters (711 mg/L and 139 mg/L, respectively). The average COD 

concentration in the final effluent (FE) samples was 360 mg/L and the average from the four filter 

modules was 413 mg/L, which was slightly higher.  The COD concentrations remained consistent in 

samples taken from each site throughout the testing period (Figure 4.38).   
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Figure 4.38 Chemical oxygen demand concentrations measured in samples taken from all outlets during a 4 

hour batch test 

 

4.4.2 Volatile Fatty Acids 

Samples taken from Filter module 3 exhibited the highest average VFA concentration of 442 mgAAE/L, 

which increased over the testing period (Figure 4.39).  This increase in VFA concentration over the 

testing period was seen at all the sampling locations other than in samples from Filter 1.  The samples 

from Filter 4 exhibited the lowest VFA concentrations, with an average and minimum of 106 and 51 

mgAAE/L, respectively. The concentration of VFAs in the samples from the final effluent had an average 

concentration of 240 mgAAE/L while the combined average from the samples from the filter outlets was 

245 mgAAE/L.  The samples taken from the 5000 L holding tank and 500 L tanks had average 

concentrations of 220 and 223 mgAAE/L, respectively.   
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Figure 4.39 Volatile fatty acid concentrations in samples taken from all outlets during the 4 hour batch test 

 

4.4.3 Total phenolics 

There was a consistent concentration of total phenolics in samples taken from each site (Figure 4.3.9). 

There was an average removal efficiency of 75% from the 5000 L holding tank to the final effluent, and 

the average concentration of total phenolics in the final effluent was 4.7 mgGAE/L.   

 

 

Figure 4.40 Total (poly) phenolics concentrations from samples taken from all outlets during the 4 hour batch 

test. Note: due to similarities in results, the results from final effluent and samples taken from the 

filter modules are superimposed on one another 
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4.4.4 Inorganic constituents  

The inorganic constituents measured were sodium, potassium, calcium and magnesium, (Figure 4.41-

Figure 4.44) which were also used to calculate the SAR, CROSS, ESP and K:Na ratio (Figure 4.45–Figure 

4.47).   

 

4.4.4.1 Sodium  

The maximum average sodium concentration was determined in samples taken from Filter 3 (11.20 

mg/L), which was higher than the influent from the 5000 L holding tank (9.86 mg/L) (Figure 4.41).  The 

lowest average sodium concentration (7.61 mg/L) was determined in samples from Filter 4, while the 

concentration in the final effluent was 8.73 mg/L.   

 

 

Figure 4.41 Sodium concentration in samples taken from all outlets during a 4 hour batch test 

 

4.4.4.2 Potassium 

Samples from the 5000 L holding tank and 500 L tank had substantially higher average concentrations 

(73.43 and 55.74 mg/L, respectively) than the other samples. The final effluent had an average 

concentration of 18.28 mg/L, which was a 75% reduction in potassium concentration across the system 

(Figure 4.42).   
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Figure 4.42 Potassium concentration in samples taken from all outlets during a 4 hour batch test 

4.4.4.3 Calcium 

The calcium concentrations measured in the samples taken from the filters and final effluent (range: 

63.97 to 227.84 mg/L) were higher than those in the influent from the 5000 L (19.69 mg/L) and 500 L 

(19.50 mg/L) tanks, an increase 5 fold increase.  Samples taken from Filter 3 exhibited the highest 

average concentration of 198.1 mg/L, while the samples from the final effluent had an average 

concentration of 120.39 mg/L which was slightly lower than the average for all four filters (133.25 mg/L) 

and Filter 4 had the lowest average (69.88 mg/L) (Figure 4.43).   

 

 

Figure 4.43 Calcium concentrations in samples taken from all outlets during a 4 hour batch test.  Note: due to 

similarities in results, the results from final effluent and samples taken from the filter modules are 

superimposed on one another 
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4.4.4.4 Magnesium 

The magnesium concentrations in the samples are shown in Figure 4.44. The concentration in the 

samples from the 5000 L holding tank and 500 L tank exhibited the lowest average concentrations of 

1.84 and 1.63 mg/L, respectively.  Samples taken from Filter 3 again had the highest concentration (7.53 

mg/L) which was more than double that of the average of samples from the final effluent (2.84 mg/L).  

There was an increase in concentration of 55% across the system.   

 

 

 

Figure 4.44 Magnesium concentrations in samples taken from all outlets during a 4 hour batch test 

 

4.4.4.5 Sodium Adsorption Ratio 

There was a 62% reduction in the SAR in samples from the 5000 L holding tank to the final effluent 

(average 0.57 to 0.22) (Figure 4.45). The average SAR in samples from the filters ranged from 0.20 to 

0.24.  
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Figure 4.45 Sodium adsorption ratio calculated from samples taken from all outlets during a 4 hour batch test. 

Note: due to similarities in results, the results from final effluent and samples taken from the filter 

modules are superimposed on one another 

 

4.4.4.6 Cation ratio of soil structural stability 

There was a reduction of CROSS of 82% (Figure 4.46).  The 5000 L holding tank had an average 

concentration of 2.86 which was reduced to 0.52 in the final effluent sample.   

 

 

Figure 4.46 Cation ratio of soil structural stability calculated from samples taken from all outlets during a 4 

hour batch test. Note: due to similarities in results, the results from final effluent and samples 

taken from the filter modules are superimposed on one another 
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4.4.4.7 Potassium to Sodium ratio 

There was a 72% reduction K:Na ratio with an average final effluent ratio of 0.52 and an average ratio of 

2.86 in the 5000 L tank (Figure 4.47).   

 

 

Figure 4.47 Potassium to Sodium ratio calculated from samples taken from all outlets during a 4 hour batch 

test. Note: due to similarities in results, the results from final effluent and samples taken from the 

filter modules are superimposed on one another 

 

4.4.4.8 Electrical conductivity 

There was a marked increase in the average EC between samples taken from the influent (5000 L tank 

and 500 L tank 495 and 389 μS/m, respectively) and the filter modules (1053 to 1070 μS/m). Samples 

taken from the final effluent had a lower average EC (953 μS) compared to samples taken from all the 

filter outlets (Figure 4.48).   
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Figure 4.48 Electrical conductivity measured in samples taken from all outlets during a 4 hour batch test 

 

4.4.5 pH 

Figure 4.49 shows as the marked increase in pH of the acidic WWW, with the pH of the final effluent 

samples ranging from 7.36 to 7.57. The pH in the influent samples from the 5000 L holding tank and 500 

L tank ranged from 4.19 to 4.71 and 4.25 to 4.40, respectively.   

 

 

Figure 4.49 The pH measured in samples taken from all outlets of 4 hour batch test.  Note: due to similarities 

in results, the results from final effluent and samples taken from the filter modules are 

superimposed on one another 
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4.5 Hydraulic analysis of the biological sand filtration system 

4.5.1 Analysis of the flow rate of the system over the experimental period  

The flow rates are shown in Figure 4.50.  Two methods were initially used to determine flow rates. 

Firstly, the average monthly volumes of wastewater treated were calculated from the average flow rates 

(Q). From the data obtained over the entire 610 day study period (02/2015 to 09/2016), an average flow 

of (i) 636 L/day (19.1 m3/month) was calculated. When the outliers from the start-up period were 

removed, an average flow of (ii) 13.4 m3/month (441 L/day) was calculated. The flow rates measured 

during the acclimation period were statistical outliers, this can be seen in Section 5.2.5.   

 

Secondly, from all the measured flow rates (Q), a trapezoidal calculation equation (4.2) was used to 

estimate the volume of WWW treated between two sampling times (T). When data obtained over the 

entire 610 day study period was inserted in Equation (4.2), it was estimated that (i) 640 L/day (19.5 

m3/month) was treated. However, it was estimated that (ii) 12.8 m3/month (413 L/day) was treated 

after the acclimation period.  This can also be written as 0.140 m3/ m3 of sand. This method assumed a 

linear decrease or increase in flow rate between the two sampling points.  

 

Both of the methods are flawed as they do not depict the actual achieved flow rates.  As the exact flow 

rates between sampling incidences were unknown, the average for the period after acclimation using 

the trapezoidal method of measuring the flow rate was used (Q of 413 L/day) in all subsequent 

calculations.    

 

∑ 𝑉𝑜𝑙𝑛 = 𝑄𝑛−1(𝑇𝑛−1) + 0.5[(𝑄𝑛 − 𝑄𝑛−1)(𝑇𝑛−1 − 𝑇𝑛)] (4.2) 

 

 

Figure 4.50 Biological sand filter system flow rate since start-up. The highlighted red marker indicates the flow 

rate that was measured during the 4 hour batch test.  
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4.5.2 Hydraulic retention times of biological sand filtration system 

The HRT was calculated for the initial design for one filter module however the entire BSF system should 

be taken in to account as the 5000 L, 500 L and hydraulic control tanks contribute to treatment 

performance and retention times.  The HRT was calculated using porosity values determined for Phillipi 

dune sand (Welz et al., 2015), and therefore only reflect the HRT at start-up.  The porosity decreases 

during operation due to the build-up of functional biomass and solids retention (Peszynska et al., 2016). 

Peszynska et al, (2016) further developed models in order to determine the growth of biofilm in porous 

substrate and the hydraulic properties, however the actual measurement of biomass within a treatment 

system is challenging to determine.   

 

With the initial flow rate of 1900 L/day there was a HRT of 2.4 days for the entire system and 0.45 days 

for one filter.  In comparison, using the average flow rate of 413 L/day (Section 4.5.1), the HRT was 

determined to be ±11.2 days for the entire system.  The HRT in the 5000 L, 500 L and 100 L outlet tank 

was respectively 7.4, 1.2 and 0.48 days with a HRT of 2.0 days in a filter module.  The time between 

filling the 5000 L holding tank was 3.1 days between filling, with the average flow rate.  The maximum 

HRT for the system was 23.4 days and 4.4 days in a filter module.  The calculations for the average flow 

rate can be seen in Appendix H in Sections H. 1 and H. 2.  

 

When the BSF was initially instilled the system had a HRT of 2.4 days and a HRT of 0.45 days within one 

filter module (Q = 1900 L/day).  After the acclimation period and the decline of the flow rate (413 L/day) 

the HRT for the system was 11.2 days 

4.6 Hydraulic loading rate and organic loading rate 

In order to compare the BSF to other treatment systems on a large scale the HLR and OLR must be 

determined, sample calculations can be seen in Appendix K.  The HLR can be calculated using the flow 

rate, for one filter module, divided by the volume of the filter [Equation (2.7)].  This is done using the 

cross-sectional area (𝐴 = 0.438𝑚2) multiplied by the length of the filter (1.68m) to calculate the 

volume.  The BSF had an average HLR of 161 L/m3 of sand day-1 from July 2015 to September 2016, after 

acclimation.  There was a maximum HLR during this period of 222 L/m3 of sand day-1 and a minimum of 

67 L/m3 of sand day-1.  The HLR can be seen in Figure 4.51.  The HLR can also be written in terms of the 

cross-sectional are of the filter. Using this method an average HLR of 270 L/m2 was calculated, with a 

range of 112 to 373 L/m2. 

 

The OLR can be calculated by multiplying the HLR by the influent COD, Equation (2.10).  The OLR was 

calculated from June 2015 to the end of sampling.  As no samples were taken on the following times the 

average COD (1265 mg/L) for the 5000 L holding tank will be used; July, August 2015, March 2016.  

These values will only be used graphically, marked with a red data point, and will not be used for any 

further calculations.  The calculation for the HLR and OLR can be seen in Appendix K for the 25th of 

August 2016 and follow the method outlined in section 2.7.2.  The HLR are plotted against the OLR in 

Figure 4.51.  The average OLR from July 2015 to September 2016 was 205 gCOD/m3 of sand day-1 with 

minimum and maximum loading rate of 83 and 338 gCOD/m3 of sand day-1.  This too can be rewritten in 

terms of cross-sectional area of the filter module as an average OLR of 344 gCOD/m2 of sand day-1 with a 

range of 139 to 568 gCOD/m2 of sand day-1.   
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The organic removal rate (ORR) can be calculated using the HLR multiplied by the difference of COD 

across the system (2.11).  This is used to quantify the mass of organics removed by a cubic meter of 

filtration media in a day.  There was an average ORR of 164 gCOD/m3 of sand day-1.  The BSF pilot-scale 

system converted on average 483 gCOD/day.    

 

 

Figure 4.51 Comparisons of hydraulic loading rates and organic loading rate for BSF from July 2015 to 

September 2016  
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Chapter 5 Discussion 

5.1 Treatment performance of the biological sand filtration system 

In order to ascertain whether the BSF system is a viable option for the treatment of WWW at small 

wineries, the removal efficiencies of a number of different parameters were determined.  The 

wastewater from the 5000 L holding tank provided the most accurate representation of the influent to 

the filter modules, and was therefore defined as the ‘influent’ (see Section 5.1.1 for explanation).  

Similarly, the final effluent was defined as ‘effluent’, and the effluent from the outlets of the four filter 

modules (mean value) was defined as ‘filter/s’. This terminology has been used throughout Chapter 5 

for ease of interpretation.    

5.1.1 Overall organic removal measured by chemical oxygen demand 

The COD test is used as proxy for the concentration of organics in wastewater. It is the most widely used 

parameter employed to assess organic removal performance, and by legislative authorities to assess 

effluent quality in terms of organic load. In this study, the average COD for the effluent from the BSF 

system was 336 mg/L (n=24) with a range of 28 - 1382 mg/L, with a minimum removal efficiency of 44% 

and a maximum of 98% (n=16).  The COD concentration of the influent ranged from 424 to 2185 mg/L 

(n=16).  The performance tended to improve with operation time (Figure 5.1), which is promising. 

However, further research is required to determine whether this trend will continue long-term.   

 

 

Figure 5.1 The chemical oxygen demand concentration measured in samples taken from the influent and 

effluent samples plotted against the removal efficiency  
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A removal efficiency of 74% was achieved during the 4 hour batch test, and constant degradation of 

COD was noted within the 5000 L holding and 500 L tanks (Figure 4.38).  The COD measured in the 500 L 

tank was 9% less than that in the 5000 L tank during the batch test, and 22% for the testing period (n=6).   

 

The effluent COD was compared to the average filter (Figure 5.2).  There were instances when the COD 

in the effluent samples was below or above the minimum or maximum concentrations measured from 

the filter samples.  The average difference was 106 mg/L COD (4.5 - 382 mg/L COD).  It was hypothesised 

that this was due to degradation and accumulation of contaminants within the outlet pipe, as suggested 

by Ramond et al. (2013).   

 

Figure 5.2 The chemical oxygen demand concentration of effluent and average of all four filter modules, 

including the 4 hour batch test results (August 2015), February 2015 to September 2016 

There were large variances in the COD concentrations measured in samples from the settling basin and 

the influent, with no obvious trends been seen.  The 5000 L tank was only filled intermittently (third day 

on average), while wastewater was continually added and extracted from the settling basin. In addition, 

the fill cycle in the 5000 L tank took place automatically when the level dropped to 67%, so that there 

was always residual WWW within the tank.  The difference in COD concentrations between the settling 

basin and influent was not significant (paired 2-tailed t-test; p>0.5; n=15), but the correlation between 

the two was low (Pearson co-efficient 0.45). For more accurate interpretation of BSF performance (e.g. 

removal efficiencies), the WWW from the 5000 L tank was defined as the ‘influent’ in preference to the 

WWW from the settling tank (Section 5.1).   

 

The COD concentration in the effluent was significantly lower than that in the influent (paired 2-tailed t-

test; p<0.01; n=24).  In this study, there was an 81% and 78% reduction in COD from the 5000 L (n=16) 

and 500 L tank (n=6). The removal efficiency for this system is comparable with other treatment systems 

reported in literature (Table 5.2).   

 

Due to the long HRT within the system it was assumed that the influent was behaving as a rudimentary 

digester, accounting for the COD removal during the 4 hour batch test. Further analyses will be 

performed to verify this (e.g. gas analyses, redox measurements, more regular COD testing between fill 
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cycles).  When employing grab sampling, as in this study, an accumulation of residual substrates and 

metabolites from previous waste streams may skew the removal efficiency calculations as described by 

Welz & le Roes-Hill (2014).  In addition, there was a long HRT in the system, and the fluctuating 

composition of WWW fed to the 5000 L holding tank may have resulted in vastly different 

compensations between the sampled influent and effluent.  To determine the short-term stability, a 

batch test was performed which showed minimal variation over the 4 hours.  

 

WWW is a nutrient deficient WW which is often fed with nutrients to assist bioremediation (Artiga et al., 

2007; Andreottola et al., 2005; Kalyuzhnyi et al., 2001).  For example, researchers have dosed the raw 

WWW with varying concentrations of nutrients to attain COD:N:P ratios of 502:5:1 (Da Ros et al., 2016), 

400:7:1 (Ganesh et al., 2010) and 30-60:2:1 (GWRDC, 2011).  No nutrients where added in this study and 

a COD:N:P ratio for the effluent was 272:1.3:1 (n=11).  This shows that the BSF operated under nutrient 

deficient conditions and still maintained a high removal efficiency.  It is recommended that further work 

should be performed on the effect of adding nutrients to the system.   

 

5.1.2 Volatile fatty acids 

The average concentration of VFA measured in samples from the influent and settling basin was 565 and 

253 mgAAE/L, respectively. Although it appeared that there was an overall increase in the VFA 

concentration during residence of WWW in the 5000 L tank, there was no consistency in the VFA 

concentration trends between samples taken from the settling basin and the influent, possibly for 

reasons outlined in Section 5.1.1. The increase in VFAs in the holding tank could be linked with the 

notion that the tank acted as an digester.  While VFAs are described as being readily biodegradable, 

acidogenic accumulation can occur when alternative electron acceptors such as oxygen and nitrates are 

unavailable; high concentrations of VFAs can inhibit sensitive microbial species such as methanogens 

(Lasko et al., 1997).  WWW typically has low concentrations of nitrates (Vymazal, 2009). For example, 

Welz et al. (2016) found that the total nitrogen concentration in the majority of WWW samples taken 

from 4 wineries over the course of one year were < 10 mg/L. In addition, the long residence time in the 

5000 L tank would have led to oxygen depletion.  Therefore it could be expected that VFAs would 

accumulate due to the lack of available electron acceptors.   

 

The average concentration of VFAs in the effluent samples was 191 mgAAE/L, which is equivalent to 204 

mg/L COD.  This contributed to on average 54% (n=22) of the effluent COD.  There were four instances 

where the organic fraction of the effluent mainly consisted of VFAs. There is a lack of knowledge 

regarding the biological formation and degradation of different substrates within biological WWW (Welz 

et al., 2014).  However, this study supports the results of Welz et al. (2011), Welz et al. (2014) and Welz 

& le Roes-Hill (2014) whom showed that VFAs were formed in BSFs from sugars, ethanol and phenolics.   

 

The VFA concentration in samples taken from the filter modules was highest in Filter 3 in all but two 

occurrences (October, November 2015). This was attributed to that fact that surface pooling occurred, 

possibly increasing the redox status within the sand substrate.  The VFA concentrations in the effluent 

and filters samples followed a very similar pattern, with the exception of April 2016, when a peak of 433 

mgAAE/L was measured in the effluent (Figure 5.3).   
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Figure 5.3 The volatile fatty acids represented in terms of chemical oxygen demand concentration of effluent 

and average of all four filter modules, including the 4 hour batch test results (August 2015), May 

2015 to September 2016 

When the concentrations of VFAs in the effluent samples were converted to COD terms, the average 

concentration was 139 mgCOD/L after the acclimation period (July 2015 to September 2016), with a 

maximum of 936 mg/L in March 2016. If the contribution of VFAs were then removed from the total 

COD values the average removal rate of non-VFA COD was 95% [67-100% (n=14)]. 

5.1.3 Total phenolics 

The biodegradation of phenolic compounds occurs mainly under anaerobic conditions (Achak et al., 

2009).  Degradation in olive mill WW has been attributed to bacteria and fungi (D’Annibale et al., 2006; 

Pradhan and Ingle, 2007).  Olive mill WW exhibits significantly higher phenolic concentrations than 

WWW, and Achak et al. (2009) achieved between 87 and 97% reduction in phenolic content using 

diluted olive mill WW with an initial concentration of 4.59 g/L.  When phenolic compounds are applied 

to a sand substrate they can be converted into phenolates (for example C6H5O-), which can be retained 

by the cations within the sand to form, for example, iron and aluminium oxide, calcium carbonate and 

silicates (Achak et al.,2009; Macheiz et al., 1990).  The interaction with metals result in the adsorption, 

adsorption and desorption of phenolics (Tharayil et al., 2006).  Oxidation of phenolics can also occur via 

chemical transformation coupled with iron and/or manganese reduction (Polubesova et al., 2010), or via 

biodegradation.  The sand used in this study mainly consists of silica (84.59% ± 0.50) and calcium 

carbonate (7.66 ± 0.03) with 12.7 ± 5.1 mg/kg iron, which could play an important role in chemical 

adsorption of phenolics. Welz et al. (2012) found that approximately half of the phenolics were removed 

by biodegradation and half via adsorption in acclimated sand microcosms. 

 

Furthermore, the BSF system in this study showed a 67% (n=13) average reduction in the concentration 

of total phenolics (range 0 to 100%; Figure 5.4).  It is possible that phenolics can accumulate in BSFs and 

leach out if saturated when the rate of biodegradation is exceeded (Achakl et al., 2009; Mekki et al., 

2007; Welz et al., 2012).   
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Figure 5.4 The total phonics represented in terms of chemical oxygen demand concentration of the influent 

and removal efficiency across the system from October 2015 to September 2016  

5.1.4 The neutralisation of acidic winery wastewater 

As found in experimental BSF systems (Ramond et al., 2013; Welz et al., 2014; Welz & le Roes-Hill, 

2014), the WWW was neutralised within the BSF system. The pH in the holding tank ranged from 4.46 to 

7.26, while the pH of the effluent ranged from 6.63 – 8.14 (Figure 5.5).  This can be attributed to both 

abiotic and biotic mechanisms, including dissolution of calcite (calcium carbonate mineral) and/or 

aluminosilicates from the sand (Millar et al., 2010; Welz & le Roes-Hill, 2014). This is supported by the 

fact that a 26% increase in calcium concentration from holding tank to effluent was achieved. 

Neutralisation of synthetic WWW also took place in BSFs containing sand without aluminosilicates or 

carbonates, suggesting biotic mechanisms (Ramond et al., 2013). Even the formation of VFAs in the 

system did not lead to an increase in the acidity of the effluent.  There were 3 occurrences (highlighted 

by a red dash circle in Figure 5.5) where the pH values within the different filter outlets were highly 

variable.  There was no flow through the system in December 2015 and January 2016, which may have 

contributed to the higher pH values in February and March 2016 due to concentration of dissolved 

calcite within the filters.   
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Figure 5.5 The pH of effluent and average of all four filter modules, including the four hour batch test results 

(August 2015), April 2015 to September 2016 

5.1.5 Salts 

Jesus et al. (2017) found that several physicochemical factors acted simultaneously to remove salts from 

CWs containing clay, and Ramond et al. (2013) found a build-up of sodium within the superficial outlet, 

but not the inlet of a lab scale BSF. This suggests that sodium, and possibly other inorganic constituents 

can build up within a BSF during treatment of WWW with high concentrations, and subsequently leach 

out at a later stage when the concentrations within the influent decrease thus showing an increasing 

and/or decreasing in concentrations across the filters from snap shot sampled taken at different 

sampling times.  In this study, the temporal concentrations of sodium, potassium and magnesium in the 

influent and effluent samples were fairly consistent, showing that little to no removal took place.   

 

In contrast, the calcium concentration showed on average 1.6 fold increase from average concentration 

of 50.6 mg/L (19.7-104.0 mg/L) to 93.7 mg/L (21.9-160.7 mg/L) from influent to effluent.  This was 

attributed to the dissolution of calcite as discussed in Section 5.1.4.   

 

The BSF system achieved an average decrease in SAR (29%) and CROSS (30%) from influent to effluent.  

This decrease in SAR and CROSS increased the safety of the water for irrigation.  All the CROSS values in 

the effluent were below the limits suggested by Laurenson et al. (2012), which were given in Section 

2.3.1.2.  Although there was a perceived increasing trend in the concentration of sodium in samples 

taken from the 5000 L, 500 L and final effluent during the sampling period as seen in Figure 4.19, the 

decrease in SAR was consistent.  There are many factors which could have affected this increase from 

the different cellar practices due to the new winemaker to different cellar activates at different times of 

the year to the increased scarcity of water. The K:Na ratio within the influent ranged from 1:1 to 8.8:1, 

with a maximum K concentration of 285 mg/L.  The maximum concentration recorded within the 

effluent was 305 mg/L with a K:Na ratio ranging from 1:1 to 10.1:1.  The K:Na ratio therefore sometimes 

exceed the ratio suggested by Christen et al. (2009) of 3:1, but was within the maximum limit of 1000 

mg/L.  Irrigation using water with high K concentrations can damage the soil structure and reduce 
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infiltration into soils (Marchuk & Rengasamy, 2010, Rengasamy & Marchuk, 2011).  The results tie into 

the importance of measuring the CROSS, because the commonly used SAR does not take into account 

the concentration of K, which can also be detrimental to soil structure.  Nevertheless, certain plants can 

uptake K and the crops K demand can be matched to the WW K concentration (Arienzo et al., 2008a).  

Crops such as banana (Musasapientum) and lucerne (Medicago sativa) have a remarkable ability to 

accumulate potassium (Noy & Feinmesser, 1997).  There was a noted increase in conductivity across the 

system which could be attributed to the dissolution of ions with varying electrical conductivity within 

the substrate which were not measured together with the increase in calcium, however further research 

must be done.   

5.2 Volumetric performance 

5.2.1 Volume of winery wastewater treated by the biological sand filtration system 

 

The quantity of WWW generated was compared to the treatment capacity of the pilot system and other 

similar systems, and is discussed in detail in Section 5.2.4.   

 

The set-up of the BSF system ensured that partial treatment of the WWW can result in improved quality 

because the effluent was returned to the settling basin, thereby creating a dilution effect. Serrano et al. 

(2011) showed that treated WWW fed to the inlet of a CW treating high strength WWW can successfully 

improve the negative effects of organic overloading.  Using the black box method, Sheridan (2003) 

determined that a small winery crushing less than 100 tonnes of grapes generates an average of 900 L 

WWW/day over the course of one year. It was calculated that the pilot BSF system, with an average flow 

rate of 413 L/day could treat approximately half of this volume.   

 

At the pilot site, the WWW was directly quantified from the volume of water used, and no losses were 

accounted for. Using this method, an average of 2728 L WWW/day was generated, so that about 17% of 

the total volume of WWW was theoretically treated. However, there were months with lower and 

higher water usage/WWW generation, so the treatment capacity varied from month to month (Table 

5.1).  

 

Table 5.1 The monthly water used by the cellar converted directly to wastewater consumption and 

the percentage treated by the biological sand filter system at a flow rate of 413 L/day 

Month July  Aug Sept Oct Nov  Dec Jan  Feb Mar Apr May June Avg. 

WW m3/month 224 59 41 33 69 31 50 101 162 42 70 100 82 

WW L/day 7467 1967 1367 1100 2300 1033 1667 3367 5400 1400 2333 3333 2455 

% treated by 

BSF 
6% 21% 30% 38% 18% 40% 25% 12% 8% 30% 18% 12% 17% 
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5.2.2 The hydraulic retention time 

The theoretical HRT calculated using the method discussed in Section 2.7.1 for a single BSF module was 

0.32 days, which is relatively short (refer to Appendix A Section A. 3 for calculation).  Due to the 

accumulation of functional biomass within the filter media, a 78% reduction in the system flow rate 

occurred after start-up.  As biological growth occurs within a substrate the following physical properties 

can change (i) permeability, (ii) porosity, and (iii) mass transport parameters (Peszynska et al., 2016). 

The change in porosity could not be determined, so using the initial porosity and the average system 

flow rate after start-up (Q = 413 L/day) to calculate the HRT of a single BSF module after start-up was 2.1 

days (refer to Appendix H Section H. 1 for calculation)  

 

From on-site observations, it was found that the entire filter modules were not saturated, and the HRT 

was adjusted accordingly. Small diameter pipes were inserted into the sand medium, and trial holes 

were dug in order to determine the functional water levels. The saturated zones were then estimated 

(Figure 5.6). A straight line from the height of the WW at the inlet to that at the outlet using a trapezium 

long section (or mid-point of long section) was used to determine the volume.  The volume of sand 

within the one percent fall was added to the total functional (saturated) volume of the substrate. The 

adjusted total volume of functional sand in the filter reduced from 0.736 m3 to 0.617 m3 and the HRT 

reduced from 2.1 days (50.1 hours) to 1.8 days (42.0 hours) with a flow of 413 L/day. It is acknowledged 

that the functional saturated zones are in a state of flux. This was not taken into consideration when 

determining the HRT. 

 

Figure 5.6 A schematic of a long section of the water levels obtained in a biological sand filter module, and 

related infrastructure  

The HRT of 2.1 days for one filter module, achieved after start-up, was significantly shorter than the HRT 

of other biological systems used to treat WWW, including single BSF modules containing river sand 

(Welz et al., 2011). Yet, the HRT of the entire pilot system, which included the 5000 L holding tank, 500 L 

balancing tank, filter modules and outlet structure was ±11.2 days and was comparable to other systems 

(Table 5.2).  For example, a full-scale HSSF CW operated with a HRT of 7 days achieved a COD removal 

efficiency of 60% (influent COD 2000-12000 mg/L) (Mulidzi, 2010).  In laboratory-scale studies using BSFs 

filled with river (Malmesbury) sand to treat synthetic and authentic WWW, COD removal efficiencies of 

97.8-99.8% were achieved with a HRT of 22 days (Ramond et al., 2013; Welz et al., 2012).  Welz et al. 

(2015) reported 76% reduction in COD with a theoretical HRT of 13 days (± 1 day) in a lab scale BSF using 

dune (Phillipi) sand, the same type of sand used in this study.  In a batch operated anaerobic lagoon, 

Montalvo et al. (2010) achieved a 91% removal efficiency with influent CODs of 8700 and 18700 mg/L 

and respective HRTs of 30 and 54 days.   
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5.2.3 The hydraulic conductivity and flow rates  

The flow rates achieved during the start-up (acclimation period) gradually decreased and then stabilised 

for the rest of the study period. Importantly, the filters never clogged completely and continued to 

function throughout the study period.  

 

A decrease in K in CWs has been attributed to several factors namely: solids entrapment, biofilm 

clogging, vegetation contribution (in planted wetlands), chemical effects, and clogged matter 

composition (Knowles et al., 2011).  In planted systems, decomposition and humification of the plant 

matter can clog the pores with organic material, especially at the surface (Siegrist & Boyle, 1987; Varma 

& Buscot, 2005). Organic material from the WW and plants (in planted systems) serve as a microbial 

growth substrate, and the amount of microbial biomass/biofilm increases (Varma & Buscot, 2005; Zhao 

et al., 2017.  The microbial biofilm attached to the sand particles reduces the pore size and can also lead 

to surface sealing, especially at the inlet (Siegrist & Boyle, 1987; Tufenkji, 2007 Metcalf and Eddy, 2004).  

Liu et al. (2003) found a higher amount of biomass accumulation on course sand compared to fine sand, 

based on unit surface area.  Large quantities of biomass can plug the interstitial pores and the K can 

tend towards the K of the biomass itself (Wallace and Knight, 2006).  Although the biomass contributes 

to clogging, the microbial population that is acclimated to a particular WW is the most important 

functional component for organic biodegradation (Juwarkar et al., 2009; Semple et al., 2007; Welz et al., 

2011; Welz et al., 2012). 

 

The K for the Phillipi dune sand used in this study was determined by the constant head method using 

vertical flow columns (Appendix A) (I Smith, unpublished).  The initial K was determined, and thereafter 

the columns were fed with synthetic WWW which resulted in the formation of biomass and the 

subsequent reduction in K of 51% from 0.286 to 0.140 mm/s after 3 months (Appendix A.1).  However, 

vertical K is not always comparable with horizontal K, but this is dependent on the type of substrate and 

the packing of the material (Cartwright & Hensel, 1995; Ritzema, 1994).   

 

Darcy’s equation (Section 3.4.2), was used to determine the theoretical horizontal K in the BSF system 

(refer to Appendix I for calculations).  At start-up, the system flow rate was 1900 L/day and the 

calculated K was 0.199 mm/s.  After 4 months, the theoretical K reduced by 42% to 0.115 mm/s with a 

flow rate of 1094 L/day.  The theoretical K values obtained were less than those determined 

experimentally by the constant head method, but the 42% reduction due to clogging was less.  After 4 

months, the flow rate/K continued to drop, with an average of flow rate of 413 L/day recorded between 

July 2015 and September 2016, which translated into a theoretical K or 0.044 mm/s, which is a 78% 

reduction.  The lowest recorded flow rate was 144 L/day, which was converted to a theoretical K of 

0.015 mm/s.   

 

An integration method was used to determine the most favourable height of the outlet to achieve the 

optimal discharge rate (Using method described in Section 3.4.2, calculations can be seen in Appendix J 

and Table J.1).  With a K value of 0.044 mm/s, an outlet height of 223 mm and a fall of 197 mm 

theoretically gives a flow of 110 L/day.filter-1.  From the observations of the change in water level shown 

in Figure 5.6, approximately 23% of the volume of sand was unused due to the design of the system.  

This excludes the loss of treatment due to potential preferential flow patterns within the filter module.  

The fall across the filter which was chosen for this study was 150 mm. Comparing this to the calculated 

optimum fall across the system of 197 mm showed a theoretical difference of 0.005 m3/dayfilter-1 which 
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is only a 5% difference in flow rate.  This additional flow should be weighed against the difference in 

theoretical volume of sand within the BSF being occupied by WW.  The lower the outlet, the less sand is 

in contact with WW, which effectively translates to a reduction in the theoretical HRT.  Manipulating the 

outlet height could have an adverse effect on the WWW treatment performance, and further research 

should be performed to optimise the outlet height.   

 

 

Figure 5.7 The effect of height of sand in the discharge within a biological sand filter using a hydraulic 

conductivity of 0.044mm/s 

 

Caselles-Osorio and Garcia (2006) reported a 36% reduction in the relative inlet K compared to the 

outlet K due to biofilm clogging in a HSSF CW fed with WW containing glucose.  It was further reported 

that the relative outlet K was the same within in a duplicate CW fed with starch.  The duplicate CW had 

an accumulation of starch.  Nevertheless, the inlet and outlet relative K was the same.  It was assumed 

that the readily biodegradable nature of glucose could have caused the growth of additional biomass.  It 

was concluded that different WW can result in different biomass formation rates.   

 

Mace and Amrhein (1999) showed that synthetic drain water applied to soil reduced the K of the soil. 

This was largely reversible with the application of surface gypsum when the SAR was 1-8, but 

irreversible plugging occurred due to clay dispersion and internal swelling when the SAR was 5-8.  This 

suggests that sodium in the WWW could contribute to the reduction in K in BSF systems, but further 

research is required to verify this.   

 

A mitigating option and operational possibility for the reduction of clogging within a HSSF CW is 

intermittent operation, which has the ability to reverse clogging (Nguyen, 2001) and the ability to 

mineralize sludge or clogged material on surface layers and restore the infiltration rate to subsurface 

layers (Batchelor & Loot 2007; Knowles et al., 2011).  Achak et al. (2009) showed that resting a sand 

filter dosed with olive mill WW for 3 days resulted in regeneration of the K and both Achak et al. (2009) 

and McKinley et al. (2011) hypothesised that the hydraulic and organic loading rates could be adjusted 

to reduce the effects of clogging.  In spite of this, the biomass is seen as a positive within the system as 

the functional microbial communities which are acclimated to the particular WW are seen as functional 

microbial groupings which have the ability to treat WW by means of biodegradation (Juwarkar et al., 

2009; Semple et al., 2007; Welz et al., 2011; Welz et al., 2012).  Further research to determine the best 

operational parameters, such as mode of operation, to manage biomass accumulation is recommended.   
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5.2.4 Organic and hydraulic loading rates 

Two of the parameters used to determine and compare the treatment performance are the HLR and 

OLR.  These parameters can be used to show the quantity and strength of organics applied to the system 

and subsequent removal of organics in terms of ORR.  In literature, the HLR and/or OLR is often 

calculated using only the surface or cross-sectional area (m2), but the use of total reactor volume (m3) 

allows better comparison between different systems. For example, a slender vessel can have a high 

cross-sectional loading rate but relatively low overall loading rate, while the converse is true for a wide, 

shallow vessel.  

 

The influent COD, COD removal efficiency, HLR, OLR and HRT for this study was compared to other 

systems used for the treatment of WWW and olive mill WW (Table 5.2).  The BSF pilot-scale system 

operated under comparable OLR, with the exception of a two-stage fixed bed reactor described by 

Andreottola et al. (2005).   

 

Achak et al. (2009) used a vertical flow sand filter for the treatment of 50% diluted olive mill WW, with a 

starting HLR of as 68.2 L/m3 of sand day-1, which decreased to 5.0 L/m3 of sand day-1 over a 10 week 

period. The HLR reduction was due to the accumulation of biomass and high suspended solids within the 

WW and resulted in the experiment being terminated.  The COD reduction for the first 4 weeks was        

> 70% and increased to > 90% after the 6th week (Achak et al., 2009).  This followed a similar trend to the 

treatment performance of the BSF in this study, as the efficiency improved with time.   

 

Andreottola et al. (2005) showed a full-scale two-stage fixed bed bioreactor treating WWW removed 

91% of the COD.  The system has a treatment capacity of 100000 population equivalent installed at a 

winery producing 350 tons of grape a year (30% red, 70% white).  The fixed bed reactor was filled with 

polypropylene spherical shaped media with a void ratio of 95% (d=110 mm).  This system achieved high 

removal efficiencies with high organic loading but is not a viable treatment option for a small winery 

within South Africa due to the high set-up costs and skills requirement.   

 

Montalvo et al. (2010) reported on a two adjacent pilot-scale batch fed aeration lagoon treating 790 

L/day and 170 L/day, respectively.  While both ponds removed 91% of the COD with comparable OLR to 

the BSF system used in this study, it can be assumed that the long retention time and cost of aeration 

makes the system less economical.  

 

Mulidzi (2010) achieved 60% and 80% COD removal for a CW with retention times of 7 and 14 days, 

respectively.  The results compared with those found with the BSF system. However, the additional 

complexity and maintenance of a CW cannot be negated.   
 

Ramond et al. (2013) reported removal efficiencies of 98% by an experimental BSF fed bi-weekly with 

WWW (COD of 2304 ± 628.8 mg/L), with an OLR of 16.4 gCOD/m3 of sand day-1.  Although a high 

removal efficiency was achieved, the OLR and HLR was low due to the low K of the river sand used in the 

system.  
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Rozema et al. (2016) showed 98.9% removal of COD treating a combination of WWW (4250 L/day) and 

domestic WW (12435 L/day) with a 4 cell vertical flow CW.  The system operated at a relatively low OLR 

compared to the BSF in this study. A large portion of the WW was domestic, making comparison 

between the two difficult. The presence of domestic WW may enhance microbial activity because of the 

addition of nutrients to WWW (which has a high carbon to nitrogen ratio). A disadvantage of adding 

domestic wastewater is the potential introduction of pathogens.    

 

Serrano et al. (2011) reported an average COD reduction of 73.3% across a two-stage CW fed by a 

hydrolytic upflow sludge bed for the treatment of WWW mixed with domestic WW from a cellar 

producing up to 315 KL of white wine per year.  The system achieved an average HLR of 19.5 mm/day 

and surface OLR of 30.4 g/m2day-1.  The OLR for the first stage vertical flow CW achieved a 29-70% 

reduction in COD with a hydraulic loading rate of 30.7 – 332.9 L/m3 day-1.  Comparing the results of the 

first stage to the BSF for this study shows similar OLR. However, the addition of a second stage 

horizontal flow CW increased the removal efficiency. Similar results may be obtainable if the BSF 

modules are operated in series.   

 

Welz et al. (2011) using incremental loading of a synthetic WW (ethanol) with an OLR ranging from 3.4 

to 187.3 gCOD/m3 of sand day-1 (theoretical COD = 474 – 26333 mg/L) achieved almost complete organic 

degradation with a maximum effluent COD of 365 mg/L under the highest influent concentration in an 

experimental BSF. The synthetic WW only contained ethanol, which is a readily biodegradable organic 

molecule (Malandra et al., 2003; Serrano et al., 2011). This could explain why the removal efficiency was 

higher than that in the in-situ pilot system used in this study. Welz et al. (2011) found that a higher ORR 

could be achieved when the ethanol concentration was incrementally increased (incremental priming). 

Incremental priming enhanced the COD removal efficiency and the stability of a BSF by allowing the 

bacterial communities to gradually adapt to the WW (Welz et al., 2011, Welz et al., 2012).  This is 

challenging to perform on-site as the influent strength cannot be controlled.  To overcome this, the 

initial flow rate, and consequently OLR of the BSF system used in this study could have been reduced by 

increasing the outlet height. The rate could then have been slowly increased by lowering the outlet 

height, effectively achieving incremental priming.   
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Table 5.2 Comparison of operational parameters for selected winery wastewater and olive will 

wastewater treatment systems  

Process 

description 

COD 

Influent 

(mg/L) 

COD removal 

efficiency 

(%) 

HLR 

(L/m3 day-1) 

OLR  

(gCOD/m3 day-1) 

tHRT 

(days) 
References 

Sand Filter* 

Lab Scale  

30830  

± 1690 
>70 - 90 5.0 -68.2# 2102.6 – 154.1# 7 – 101# 

Achak et al., 

2009 

Two-stage fixed 

bed reactor 
6957 ± 4300 

Total: 91 

Stage 1: 80 

Stage 2: 51 

NG 

 

Stage 1: 2400 

(200-8000) 

Stage 1: 1300 

(200-4500) 

NG 
Andreottola 

et al., 2005 

Pilot-scale fed-

batch aerated 

lagoons 

1:8700 

2:18700 

91 

91 

29# 

15.7# 

137# 

294# 

30 

54 

Montalvo et 

al., 2010 

Full-Scale 

HSSF 

1: 2000 - 

12000 

2: 2000 - 

12000 

60 

 

80 

 

25# 

 

50# 

 

75± 

 

450# 

 

7 

 

14 

 

Mulidzi 

(2010) 

Experimental  

BSF 

2304.4  

± 628.8 
98 7.1# 16.4# 22 

Ramond et 

al., 2013 

CW VF 

WWW and 

Domestic WW 

2117 98.9 
22 mm/day 

23# 

34 g/m2day-1 

48# 
NG 

Rozema et 

al., 2016 

CW two-stage 

(VF/HF)  

VF: 1558 ± 

1023 

HF: 711 ± 

769 

73.3 

VF: 29-70 

HF: 13-79 

VF: 77-215 

mm/day 

55-154# 

HF: 13-36 

mm/day 

1.3-3.6# 

VF: 43-466 g/m2day-1 

30.7 – 332.9# 

HF: 3.6–55 

g/m2day-1  

0.4-5.5# 

NG 
Serrano et 

al., 2011 

Experimental  

BSF 

15800 a 

7587 a 

99.5 - 99.8 

97.9 - 95.7 

7.1# 

7.1# 

112 

54 

22 

22 

Welz et al., 

2011 

Pilot BSF 1265 81% (44-98%) 161 205 11 This study  
a tested with synthetic readily biodegradable COD: ethanol  

* 50% Olive mill wastewater and 50% domestic wastewater 
# Calculated from information given in article NG = Not given  

VF = Vertical Flow HF = Horizontal flow 

HSSF = Horizontal subsurface flow tHRT = theoretical hydraulic retention time 

5.2.5 Correlation of the flow rate with the influent organic concentration 

It was hypothesised that there would be a correlation between biomass clogging and the concentration 

of organic (food) present for microbial growth. The relationships between the measured flow rate, the 

effluent, and the COD were therefore investigated (Appendix L, Figure L.1-L.4). Only values obtained 

after the start-up period were considered because Ramond et al. (2012) have shown that it takes 90 

days for the microbial communities to acclimate to the prevailing conditions in BSFs. There was a 

statistically significant negative correlation between the effluent flow rate and the influent COD from 

the influent (r = -0.7, p < 0.01; Figure 5.8), supporting the hypothesis.     
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Scatterplot of L/day Flow Final Effluent against mg/L  COD 5000L

 mg/L  COD 5000L:L/day Flow Final Effluent:   r = -0,7398; p = 0,0059; r2 = 0,5473
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Figure 5.8 Relationship between effluent flow rate and chemical oxygen demand in influent samples from 

the influent including a 95% line of confidence 

5.3 Compliance of treated effluent with legislation  

Within South Africa, effluent must conform to the amended GA (2013) in terms of Section 39 of the 

National Water Act, 1998.  The winery used in this study used < 50 m3WW/day for irrigation, and was 

therefore subject to the relevant GA limits for irrigation of biodegradable industrial wastewater of this 

volume (Table 2.1).  

 

In terms of COD, all the effluent concentrations complied with the legislative requirements (≤ 5000 

mg/L; Figure 4.12), but so did every sample from the influent (5000 L holding tank) (Figure 4.12).  All of 

the samples from the settling basin but one adhered to the GA (maximum values of 7265 mg/L; Figure 

4.2, Figure 4.3).   

 

Although the SAR was reduced by the BSF system (Section 4.3.5.5; Figure 4.27 & Figure 4.28), all 

samples from the influent were < 2, and complied with the GA limit of ≤ 5.  

 

The pH of the effluent complied with the legislative limits (Figure 4.36 & Figure 4.37), but 68.9% and 

65.2% of the samples from the 5000 L holding tank and the settling basin (average), respectively, did not 

(Figure 4.11 & Figure 4.36).  68.9% and 60.9% of samples from the 5000 L tank and settling basin 

exhibited lower pH values in terms of the GA limit of 6 to 9.  In addition, 4.43% of samples from the 

settling basin exhibited higher pH values than the GA Limits.   
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In terms of electrical conductivity, 100% of samples of influent and effluent samples complied with the 

GA limit of ≤ 200 ms/m. It was not envisioned that a BSF would remove salts from the waste stream, but 

rather be used with a tandem sustainable treatment system, such as phytoremediation system, to take 

up salts.   

 

The faecal coliforms were not enumerated in the effluent as this was outside the scope of the research.   

 

Although the untreated WWW from the study site complied with the GA in terms of COD and SAR, the 

reduction of these after treatment should still be seen in a favourable light from an environmental 

perspective. The results showed that in terms of the current legislation, the system is a viable treatment 

option for removal of COD and pH neutralisation at this winery.    

 

The system is envisaged as a pre-treatment of effluent before irrigation, and therefore not all of the 

parameters listed in the GA for release of effluent into a schedule 1 river or tributary were measured 

(Table 2.2).  With the exception of SAR and pH, the parameters that were measured in the effluent from 

the BSF system did not generally comply with the stringent limits as seen in Figure 4.12, Figure 4.16, 

Figure 4.17, Figure 4.18, Figure 4.19, Figure 4.27, Figure 4.33, and Figure 4.36.    

5.4 Hydrological data and the effect of precipitation and evaporation on the 
operation of biological sand filter modules 

The ability of the BSF to handle a storm with high intensity precipitation is important.  The top 10 

instances of precipitation since 1984, together with monthly averages of precipitation and evaporation 

can be seen in Appendix M.  The maximum recorded precipitation was 190.8 mm/day on 11th of April 

1993, but no hourly data was available, so peaks could not be ascertained.   

 

From the available data, the potential ability of the filter to handle precipitation was evaluated, 

(calculations seen in Appendix M, using Darcy’s equation, outlined in Section 3.4.2).  The filter has an 

available freeboard of approximately 100 mm which works out to approximately 200 L.  If the filter is 

filled to the top and a K of 0.043 mm/sand is used with a potential head of 250 mm, the flow rate would 

equate to 11 L/hr from the inlet across the length of the filter.  On the other hand, if the filter is fully 

saturated, the water has a shorter distance to travel.  Therefore, using a point 0.100 m and 0.020 m 

away for the outlet, a theoretical flow rate of 185 L/hr and 927 L/hr was calculated.   

 

This data can be converted to a rainfall intensity or infiltration rate of 6 mm/hr, 95 mm/hr and 474 

mm/hr, respectively.  The calculations can be seen in Section M. 2 and Table M.3 with the integration of 

the different points at a spacing of 0.020 m.  The change in infiltration due to the distance from the inlet 

can be graphically seen in Figure 5.9.  Therefore, once the filters’ 100 mm of freeboard is occupied by 

precipitation, the filter should overflow when the rainfall intensity is above the average infiltration rate 

of 6 - 474 mm/h.  The filters should theoretically be able to handle a severe storm without overflowing.  

This was confirmed by the fact that there was no evidence of overflow during the study period.   
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Figure 5.9 The relationship between the infiltration rate and the distance from the inlet in a fully saturated 

biological sand filter with a hydraulic conductivity of 0.044 mm/s 

As the BSF is open to the environment, so not only will precipitation have an effect the concentration of 

the WWW within the filter, but so too could evaporation.  While precipitation will dilute the 

concentration, evaporation will increase the concentration of constituents within the BSF.  The rate at 

which evaporation of water from porous media (e.g. soil and rock) takes place is affected by several 

environmental factors together with the physical characteristics of the substrate such as the hydraulic 

conductivity, capillary characteristics, and thickness of the layers (Shokri et al., 2010; Wilson, 2009).  Salt 

can raise the level of water within a clay substrate due to capillary reactions and the evaporation results 

in the concentration of salts, which may reduce removal efficiencies (Jesus et al., 2017). In this study, 

the loss due to evaporation was not taken into account as the filters had a relatively small surface area 

of water and the effects were assumed to be negligible on the final effluent.   

5.5 Operational observations and troubleshooting 

Due to the nature of the pilot system there were some general observations, highlights and problems 

encountered during the operation of the BSF system.  Where possible, problems will be addressed 

during the design of future systems (Table 5.3, Table 5.4, Figure 5.10, Figure 5.11). Possible remedial 

actions are outlined in Table 5.3 and Table 5.4.   

 

The sand did not clog over the operational period, although the casing of Filter 3 did suffer excessive 

bulging, resulting in temporary surface flow (Figure 5.10, C, K, O).  This filter also showed the highest 

tendency for plant and microbial growth within the surface water (Figure 5.10, G).   

 

In terms of visible changes, the colour of the sand at the surface of filters 1, 2 & 4 only changed at the 

inlet, where it became darker than the original sand (Figure 5.10).  The discoloration did not penetrate 

the deeper layers of the sand, as evidenced by core samples that where taken on the 18th of April 2016 

(Figure 5.10M).  
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There was either intermittent or permanent microbial growth on the surface of the tanks and/or in the 

pipes of the system. In some instances, these led to operational problems and clogging of the pipes 

(Figure 5.11).   

 

The change in WW level across the filter resulted in a large volume of sand which is was not used 

(effective dead space). This reduced the treatment capacity of the entire system.  There was possibly a 

longer retention time of wastewater in Filter 3 and 4 due to a longer pipe length from the 500 L 

balancing tank than Filter 1 and 2.  Filter 3 did not perform as well as the other Filters, strongly 

suggesting that surface flow is undesirable.   

 

Table 5.3  Description of problems encountered with the biological sand filtration system and possible 

mitigating or remedial action table 1 of 2 

Date of First 

occurrence 
Description Occurrences Remediation/ mitigating actions 

February 

2015 

Bulging of filter modules when sand was applied.  

Excessive bulging occurred when filter modules 

were filled too high. Therefor a height of 420 mm 

was chosen.  However Filter 3 still bulged 

excessively.   

Permanent 

The filters could be filled lower or 

partially buried to reduce the 

pressure on the tank.   

February 

2015 

Long retention time within outlet structure and 

possibly a poor extraction of treated WW from the 

filter module due to singular outlet and a possible 

reduction in usable volume. 

Permanent 

Decrease the size of the outlet 

structure and increase the amount 

of outlet fittings within the outlet 

side of the filter.   

March 2015 

Foam/sludge/microbial mat floating on the surface 

of the WW within the 5000 L and 500 L tank.  No 

negative effect unless sludge clogs pipes [Figure 

5.11(A-D)]. 

Permanent None. 

March 2015 

Build-up of algae floating on the surface and 

growing on the walls of the flow control tank 

[Figure 5.10 (N)].  The algal sometimes entered the 

effluent pipe and caused partial blockages.  

Permanent 

Removal of algae from surface 

water bi-weekly. Future tank to be 

UV resistant.  A floating ring 

around the outlet pipe could 

reduce the amount of floating 

algae entering the effluent pipe.   

March 2015 

Rat-tailed maggots assumed to be Hover Fly 

(Eristalinus taeniops) were found within the inlet 

channel of the BSF.  They were also found within 

the settling basin.   

Mainly in 

spring and 

summer 

with no 

consistency. 

None. 

March 2015 
Growth of plants and grass within the filter 

module.  
Permanent. 

Monthly removal of plants from 

filter bed. 

March 2015 

Distinct smell coming from the 5000 L holding tank 

and 500 L balancing tank when taking off the lid.  

The BSF did have a slight smell however only slight 

Permanent. None 
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Table 5.4  Description of problems encountered with the biological sand filtration system and possible 

mitigating or remedial action table 2 of 2 

Date of First 

occurrence 
Description Occurrences Remediation/ mitigating actions 

April 2015 

The gradual collapse of the inlet channel and the 

observed thickening and saturation of the inlet 

channel with organic material.   

Permanent. 

The reformation of inlet channel 

by increasing the depth of the 

channel and reducing width by 

hand.  This could reduce the 

chance of humification and the 

possible degradation of affected 

substrate.   

November 

2015 

Clogging of effluent pipe. Low Disconnect pipe and rinse with 

fresh water.  

November 

2015 

June 2016 

An oily type substance floating on the surface of 

Filter 2 and 3 inlet channel. The substance gave a 

rainbow effect on the surface of the water as it 

refracted the light.    

Low None 

January 

2016 

Livestock climbed into the BSF and walked on the 

sand.   
Low 

Fence the area to reduce the 

chance of outside interference.   

March 2016 

The clogging of the Aqua-Brooks float due to the 

very low flow rate resulted in accumulation of 

microbial growth on the small opening in the 

outlet of the valves. The valve within the 500 L 

tank clogged. However, the filter modules valves 

did not clog.   

Low 

The float valves should be held 

fully open for 2 minutes monthly 

and be cleaned every 6 months to 

reduce the chance of clogging.   

April 2016 Major disturbance of the sand within Filter 2 and 4 

due to winemaker rinsing bins into filter module. 

This resulted in a high amount of suspended solids 

and can be seen in Figure 5.10 (P) 

Low The sand was re-levelled and the 

inlet channel was reformed.   

April/May 

2016 

After an extended period of surface flow within 

filter module 3. the surface flow halted.  No 

additional media was added to the filter yet there 

was visible microbial growth on the surface of the 

filter (Figure 5.10 O).  The exact mechanism which 

ceased the surface flow is unknown.   

Low None 

July 2016 

Field mice used the sand underneath the filter 

modules as a burrow in April 2015. They removed 

the sand under the filter and the filters sunk into 

the ground.  This could lead to the introduction of 

preferential flow paths as the bottom of the tank is 

no longer level. 

Permanent 

There should be some form of 

protection against this, possibly a 

base material used for filling 

instead of compacted sand.   
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Figure 5.10 Photographs of filter module 1-4 on 19th of February 2015 (A-D), on the 20th of April 2015 (E-H), on 

the 25th of August 2016 at the end of testing (I-L), core samples taken from the inlet channel of 

filter 3 on the 6th of May 2016 (M), the hydraulic control tank algal growth or biofilm on the 18th of 

April 2016 (N), filter 3 after surface flow had stopped and the picture is showing the microbial 

blanket on surface of filter on the 18th of April 2016 (O), filter module 4 after the cellar rinsed bins 

containing solids into filter (P)   
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Figure 5.11 Photographs of the 500 L tank microbial mat, biofilm, sludge on the 19th of November 2015 (A), the 

500 L tank on the 22nd of February 2016 (B), on the 1st June 2016 (C) and on the 25th of August 2016 

(D) 

5.6 Financial cost of the system 

In order to determine the financial validity of the system, the capital expenditure, installation, 

maintenance and operation costs were taken into consideration. The system did not require any running 

costs (no energy or chemicals) over 610 days, and maintenance requirements (approximately 30 

minutes bi-weekly of unskilled labour) could theoretically be performed by existing staff and therefore 

easily absorbed by the winery. The costs were therefore attributed to the capital and installation costs 

of R50 136 (updated to reflect costs in February 2017), summarised in Section 3.4.6, with a detailed 

breakdown in Appendix E.   

 

If the capital outlay of the system is linearly distributed over a 10 year period, the system would cost 

R5013 per year or R167 per month.  However, there will be an additional maintenance and consumable 

costs to replace parts of the system.  The following estimates for replacement periods of the different 

items are: sand (every 3 years), batteries (every 5 years) and the pump (every 5 years), in the worst-case 

scenario.  This must be considered together with inflation (6%) of the consumable items only.  The 

distribution of the costs can be seen in Table 5.5.This would equate to a yearly replacement cost of 

R7529 for the first year, and the following years can be seen in Table 5.6.  When the sand requires 

replacing, at current cost, this was estimated as R 6000 (for replacement of sand, disposal of spent sand 

and labour).  It must be noted that the sand was not clogged after the 610 day period of this project, 

and the system is still operational as of August 2017. For the 11th year the running cost would be R7578, 

which would be the inflated cost of the consumables only.   

Table 5.5  Consumable costing and replacement periods for the biological sand filter in the worst-case 

scenario for a 10 year operational period 

Description  Costs 

Replacement 

Period (years) Cost per year 

Cost per m3 with 

flow of 413 L/day 

Replacement of sand R 6000 3 R 2000 R 13 

Replacement of Battery R 6618 5 R 1324 R 9 

Replacement of Pump R 4540 5 R 908 R 6 

Other permanent components R 32978 10 R 3298 R 22 

Total R 50136 

 

R 7529 R 50 
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Table 5.6  Yearly cost of biological sand filter, for a 10 year period, including inflation of consumables at 6% 

Years 1 2 3 4 5 6 7 8 9 10 

Infrastructure  R 3298   R 3298   R 3298   R 3298   R 3298   R 3298   R 3298   R 3298   R 3298   R 3298  

Consumables  R 4232   R 4485   R 4755   R 5040   R 5342   R 5663   R 6003   R 6363   R 6745   R 7149  

Total  R 7529   R 7783   R 8052   R 8338   R 8640   R 8961   R 9300   R 9661  R 10042  R 10447  

 

Using the monthly cost of the system including the additional maintenance and replacement costs of 

consumables and a flow rate of 413 L/day the system would cost R 50/m3 of WW, the yearly distribution 

of this cost can be seen in Table 5.7, which includes inflation of the consumables at 6% per year.   

Table 5.7  Cost per m3 of treated effluent using a biological sand filter, for a 10 year period, including 

inflation of consumables at 6% 

Years 1 2 3 4 5 6 7 8 9 10 

Infrastructure  R 22   R 22   R 22   R 22   R 22   R 22   R 22   R 22   R 22   R 22  

Consumables  R 28   R 30   R 32   R 33   R 35   R 38   R 40   R 42   R 45   R 47  

Total  R 50   R 52   R 53   R 55   R 57   R 59   R 62   R 64   R 67   R 69  

 

The financial saving for using a solar pump and completely offline system cannot be negated.  Assuming 

only a 0.75 Kw pump is used for this system with a flow rate of 1.5 m2/hr and a cost of electricity of 

R2.10 Kw/hr the monthly electricity cost would be R17.35 per month and R211 per year.  If this is 

converted to a cost R0.58 per m3 comparing this to the cost for the solar system at R15 per m3 shows a 

high financial deficit due to the solar system.  This is due to the high initial cost of the solar system plus 

the possibly inflated replacement costs of the solar consumables.   
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Chapter 6 Conclusions and recommendations  

6.1 Conclusions 

In South Africa, WWW is a problem that has not been sufficiently addressed, particularly at small to 

medium sized wineries. Although the WW from some small wineries falls within the GA guidelines for 

‘beneficial’ irrigation, greener practices, water scarcity and the heightened need for environmental 

protection requires increased implementation of simple and affordable WWW treatment technologies. 

 

This study involved comprehensive characterisation of the WWW and monitoring of physicochemical 

parameters to assess the performance of a BSF system treating WWW at a small winery in the Western 

Cape, South Africa.   

 

Highlights of the study in terms of system performance include: 

(i) The system improved the effluent quality by reducing the COD by 81% (range:44-98%) with an 

average influent concentration of 1265 mg/L (range:424-2185 mg/L).  The system treated 413 L/day 

WWW on average after start-up with a HLR of 143 L/m3 sand day-1 (range: 67-222/m3 sand day-1).  The 

OLR of 205 gCOD/m3 of sand day-1 (range: 83-338 gCOD/m3 sand day-1) competes well with other 

methods available for treating WWW.  

  

(ii) The phenolic content of the WWW was reduced by 67%, and there was a 29% decrease in the SAR. 

WW with a high SAR can cause sodicity, which has an adverse effect on soil structure, and phenolics are 

potentially toxic to plants and microbial populations. The BSF system thus reduced the potential impact 

of the WWW on the receiving pasture.  

 

(iii) The BSF system effectively neutralised the generally acidic WWW without the addition of chemicals.  

 

(iv) The factors described in (i)-(iii) led to a reduction in the potential microbial toxicity, phytotoxicity, 

and sodicity of the WWW, rendering it more suitable for irrigation. In addition, the COD concentration, 

SAR, pH and EC in all the effluent samples adhered to the applicable GA for < 50 m3WW/day for 

irrigation.   

 

(v) The BSF modules did not clog, and produced a stable flow rate after the acclimation period. There 

was a strong negative correlation between K and the OLR i.e. the K decreased during periods of high 

organic loading and increased again during periods of low organic loading. The increase was assumed to 

be attributable to degradation of accumulated organic solids and biomass.  As expected, there was also 

a significant reduction in the K of the filters after start-up due to the build-up of functional biomass. In 

spite of this, the flow rate was still satisfactory, and biomass plays a crucial role in the treatment of 

WWW. The initial reduction in K should therefore not be viewed as a negative.  

 

➢ Results of this study strongly suggest that a BSF system may present a viable treatment solution 

for WW treatment at small wineries.  The pilot system tested was affordable and sustainable, 

requiring minimal maintenance and inputs, and no significant economic inputs after installation.   
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6.2 Recommendations and future research 

It is recommended that ongoing research should be conducted on the physicochemical treatment and 

hydraulic performance of the system to establish longevity. This can be achieved by monitoring:  

(i) The COD and phenolic removal performance, (ii) The effluent flow rates, and (iii) WW neutralisation, 

including the rate of calcite dissolution from different areas within the sand matrix. 

 

Future designs should focus on (i) allowing a greater volume of the sand matrix to be used by reducing 

the ‘low flow’ and dead zones, (ii) avoiding surface flow and short circuiting, (iii) preventing bulging of 

the filter modules by changing the casing to a stronger material, half-burying the modules, and/or 

providing a concrete base, (iv) minimising algal growth by using tanks and pipes impermeable to 

sunlight, (v) decreasing the retention time, for example, by increasing the number of outlets or changing 

the mode of operation to vertical flow. 

 

It is possible that digestion takes place in the holding tank. It is recommended that this is investigated 

further with a view to optimisation.  For example, the effect of mixing by stirring or the provision of an 

angular inlet at the bottom of the tank.   

 

It is recommended that research should be conducted on the effect of the OLR, biomass and SAR on K 

and HRT.   

 

Different modes of operations should be explored (continuous v/s batch mode). For example, the use of 

batch mode could increase the redox potential within the currently generally anaerobic system and 

enhance bioremediation rates.  Resting periods introduced as part of batch-mode operation have also 

been shown to assist with hydraulic flow in constructed wetlands, and requires further investigation in 

BSFs treating WWW. Vertical flow should also be explored to take advantage of the ability to achieve 

higher flow rates and redox potential.  
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 Appendices 

Appendix A. Flow calculations for sand filter modules 

A. 1. Hydraulic conductivity 

The intrinsic K of the Phillipi sand was determined by I. Smith (Unpublished) experimentally by means of 

a constant head method described by Ritzeman (1994) using the Darcy’s equation (2.5).  Three acrylic 

columns with a diameter of 300 mm were filled with Phillipi sand to the height of 0.62 m and three 

constant heads where used and the time to fill a known volumes of discharge of 0.02 m3.  This resulted 

in a recorded K before (Kmax = 0.286 mm/s) and 3 months after start up (Kmin = 0.144 mm/s).  The 

reduction in K was due to feeding of the sand with synthetic WWW to simulate the potential reduction 

in K due to biomass accumulation within a BSF.  A sample calculation can be seen below and the results 

for the testes can be seen in Table B.1 and B.2.   

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

0.02
841⁄ = −𝐾𝜋

0.32

4
[
−0.745

0.62
]  

𝐾 = 0.000280 𝑚/𝑠  

𝐾 = 0.280 𝑚𝑚/𝑠  

Table A.1 Initial Hydraulic conductivity results from constant head by I. Smith  

Head 

(m) 

Colum 1 Colum 2 Colum 3 (Control) 

t1 (s) t2 (s) t3 (s) 
H/C 

(mm/s) 
t1 (s) t2 (s) t3 (s) 

H/C 

(mm/s) 
t1 (s) t2 (s) t3 (s) 

H/C 

(mm/s) 

0.745 841 841 841 0.280 790 790 790 0.299 892 892 892 0.265 

0.870 703 703 703 0.287 622 622 622 0.326 827 827 827 0.245 

1.120 553 553 553 0.283 550 550 550 0.307 554 554 554 0.285 

Average K 0.283 Average K 0.311 Average K 0.265 

The average hydraulic conductivity for Phillipi sand at start of filtration 0.286 

Table A.2 Hydraulic conductivity results from constant head by I. Smith after 3 months of filtration 

and control 

Head 

(m) 

Colum 1 Colum 2 Colum 3 (Control) 

t1 (s) t2 (s) t3 (s) 
H/C 

(mm/s) 
t1 (s) t2 (s) t3 (s) 

H/C 

(mm/s) 
t1 (s) t2 (s) t3 (s) 

H/C 

(mm/s) 

0.745 1500 1500 1500 0.157 1809 1809 1809 0.130 1022 1022 1022 0.231 

0.870 1455 1365 1365 0.144 1508 1508 1508 0.133 846 846 846 0.239 

1.120 1117 1042 1042 0.146 1285 1285 1285 0.130 616 616 616 0.256 

Average K 0.149 Average K 0.131 Average K 0.242 

The average hydraulic conductivity for Phillipi sand after 3 months of filtration 0.140 
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A. 2. Properties of Phillipi sand and filter modules 

The determination of the flow rate and velocity for a BSF was done using the Darcy’s Law.  The two 

hydraulic conductivities were used together with a sand height of 270 mm, which is the saturated height 

of sand at the outlet and a fall of 150 mm.  The flow rate is calculated with the volume of sand at the 

outlet of the filter.  The HRT used the full volume of sand.   

 

Maximum Hydraulic conductivity 𝐾𝑀𝐴𝑋 = 0.286 𝑚𝑚/𝑠  

Minimum Hydraulic conductivity 𝐾𝑀𝐼𝑁 = 0.140 𝑚𝑚/𝑠  

Length of filter 𝑙 = 1680 𝑚𝑚 

Gradient of filter bed = 1% 

Height of sand in filter = 420 𝑚𝑚 

Change in head ∆ℎ = 150 𝑚𝑚 

Height of saturated sand at filter outlet ℎ = 270 𝑚𝑚 

Flow type 𝐻𝑜𝑟𝑜𝑧𝑜𝑛𝑡𝑎𝑙 𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑓𝑙𝑜𝑤 

Porosity of sand 𝑃𝑡 =  0.292 ± 0.02 

A.2.1. Cross-sectional area of sand within trapezoidal filter  

The cross-sectional area of any height within the filter greater the 150 mm can be determined by 

Equation (3.1).  This formula was derived from the actual dimensions within the filter module seen in 

Figure A.1.  With the assumed change in water level from inlet to outlet can be seen in Figure A.2, with 

the outlet level of sand of 270 mm.   

 

Figure A.1 Cross-section of a filter module, X represents the height of sand.  (115 ≥ x ≥ 500 mm) 

 

𝐴 = (910 + 65) × 115 + (𝑥 − 115) × 1040 +  (𝑥 − 115) × 30  

∴ 𝐴 = 1070𝑥 − 10925 [𝑚𝑚2] (3.1) 

𝐴 = 1070(270) − 10925  

𝐴 = 277975 𝑚𝑚2  

𝐴 = 0.278 𝑚2  
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A.2.2. Velocity and discharge using Darcy’s Law for the maximum hydraulic conductivity 

 

Figure A.2 Long-section of a filter module showing fall across filter.   

𝑈 = −𝐾 
𝑑ℎ

𝑑𝑙
 (2.4) 

𝑈 = −0.286 ÷ 1000 × 60 × 60 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

𝑈 = 0.102 𝑚/ℎ𝑟  

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

𝑄 = −0.286 ÷ 1000 × 60 × 60 × 0.278 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

= 0.028 𝑚3

ℎ𝑟⁄   

= 0.682 𝑚3

𝑑𝑎𝑦. 𝑡𝑎𝑛𝑘⁄   

A.2.3. Discharge using Darcy’s Law with the minimum hydraulic conductivity 

𝑈 = −0.140 ÷ 1000 × 60 × 60 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

𝑈 = 0.050 𝑚/ℎ𝑟  

𝑄 = −0.140 ÷ 1000 × 60 × 60 × 0.278 × [
−0.100 − (1

100⁄ × 1.680)

1.680
]  

= 0.014 𝑚3

ℎ𝑟⁄   

= 0.334 𝑚3

𝑑𝑎𝑦. 𝑡𝑎𝑛𝑘⁄   

A. 3. Calculating hydraulic retention time 

To calculate the hydraulic retention time must be done with the entire volume of the filter using a Pt = 

0.292.   

A.3.1. Cross-sectional area of sand within trapezoidal filter with a sand height 420mm  

𝐴 = 1070(420) − 10925 (3.1) 

𝐴 = 438475 𝑚𝑚2  

𝐴 = 0.438 𝑚2  
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A.3.2. Calculating volume of water using full volume 

𝑉 = 𝑊𝑖𝑑𝑡ℎ × 𝐻𝑒𝑖𝑔ℎ𝑡 × 𝐿𝑒𝑛𝑔𝑡ℎ  

= 0.438 × 1.680  

𝑉 = 0.736 𝑚3  

𝑉𝑤𝑎𝑡𝑒𝑟 = 𝑉 ×  𝑃𝑡 (0.1) 

= 0.736 × 0.292  

= 0.215 𝑚3  

A.3.3. Hydraulic retention time K maximum 

𝐻𝑅𝑇 =
𝑉𝑤𝑎𝑡𝑒𝑟

𝑄⁄  (2.6) 

𝐻𝑅𝑇 = 0.215
0.028⁄   

= 7.67 ℎ𝑟  
= 0.3 days  

A.3.4. Hydraulic retention time for K minimum 

𝐻𝑅𝑇 = 0.215
0.014⁄  (2.6) 

= 15.35 ℎ𝑟  
= 0.6 days  

A. 4. Hydraulic calculation for pipe flow from 500 L tank to filter 

The hydraulic calculation for from 500 L tank to filter inlet was performed with differing heads and pipe 

diameters in order to calculate the correct influent flow rate to the filter module.  An example is 

provided, while the complete integration is provided in Appendix B.  The rational around the calculation 

can be seen in Section 3.4.3.  An example of the head provided by the 500 L tank can be seen in Figure 

A.3.   

 

Assumed friction factor 𝜆 =  0.05 

Total head 𝐻 =  0.4 𝑚 

Length of pipe l=  4 𝑚 

Water Density 𝜌 =  1000 𝑘𝑔 𝑚3⁄  

Kinematic Viscosity at 15°C (Metcalf and Eddy, 2004) 𝑣 = 1.14 × 106 𝑚2 𝑠⁄  

Pipe Diameter 𝑑 = 25 𝑚𝑚 

K-Values  

Sudden enlargement 25mm to 32mm Calculate 

Sudden contraction 32mm to 25mm x 2 Calculate 

Exit loss 𝐾𝐸𝑥𝑖𝑡 = 1 

Inlet Loss 𝐾𝐼𝑛𝑙𝑒𝑡 = 1 

Fully open gate valve 𝐾𝑜𝑝𝑒𝑛 𝑔𝑎𝑡𝑒 𝑣𝑎𝑙𝑣𝑒 = 0.17 

¼ open gate valve 𝐾1 4⁄ 𝑜𝑝𝑒𝑛 𝑔𝑎𝑡𝑒 𝑣𝑎𝑙𝑣𝑒 = 24 

90° bend x 4 𝐾90° 𝑏𝑒𝑛𝑑 = 0.75 
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T flow through  𝐾𝑇 𝑓𝑙𝑜𝑤 𝑡ℎ𝑜𝑢𝑔ℎ = 0.4 

T flow branch x 2 𝐾 𝑓𝑙𝑜𝑤 𝑏𝑟𝑎𝑛𝑐ℎ = 1 

 

 

Figure A.3 Diagram depiction points used for the calculation of flow rate using the Bernouilli equation   

A.4.1. K-Values 

The sum of the K values must be calculated to determine the minor losses within the fittings.   

 

Calculating sudden enlargement losses 25mm to 32mm  

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = [(
𝐴1

𝐴2
) − 1]

2

 (0.2) 

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = [(
𝜋0.0252 ÷ 4

𝜋0.0322 ÷ 4
) − 1]

2

  

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = 0.15  

 

Sudden contraction losses 32mm to 25mm K read off table C.2 in Appendix C 

𝐷2

𝐷1
=

0.025

0.032
  

𝐷1

𝐷2
= 0.78  

𝐾𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.15  

 

Calculating head loss due to minor losses.   

ℎ𝑀𝑖𝑛𝑜𝑟 = 𝐾 (
𝑈2

2𝑔
) (2.19) 

ℎ𝑀𝑖𝑛𝑜𝑟 = (0.15 + 0.15 × 2 + 1 + 1 + 0.17 + 24 + 0.75 × 4 + 0.4 + 1 × 2) (
𝑉2

2𝑔
)  

ℎ𝑀𝑖𝑛𝑜𝑟 = 32.02 (
𝑈2

2𝑔
)  
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A.4.2. Calculate the new frictional factor 

The Darcy-Weisbach equation is used to determine the head loss due to friction.    

ℎ𝑓 =
𝜆𝑙𝑈2

2𝑔𝐷
 (2.15) 

The starting point for the Bernoulli equation is point one which provide the head and the velocity at 

point 2 is calculated using the Bernoulli.  

ℎ1 +
𝑝1

𝜌𝑔
+

𝑈1
2

2𝑔
= ℎ2 +

𝑝2

𝜌𝑔
+

𝑈2
2

2𝑔
+ ℎ𝑓 + ℎ𝑚 (2.14) 

ℎ1 + 0 + 0 = 0 + 0 +
𝑈2

2

2𝑔
+

𝜆𝑙𝑈2

2𝑔𝐷
+ 𝐾 (

𝑈2

2𝑔
)  

ℎ1 =
𝑈2

2𝑔
(1 +

𝜆𝑙

𝐷
+ 𝐾)  

𝑈2 =
2𝑔ℎ1

(1 +
𝜆𝑙
𝐷 + 𝐾)

  

𝑈 = √
2𝑔ℎ1

(1 +
𝜆𝑙
𝐷 + 𝐾)

  

𝑈 = √
2 × 9.81 × 0.4

(1 +
0.05 × 4

0.025
+ 32.02)

  

𝑈 = 0.437 𝑚/𝑠  

The Reynolds number is calculated with the new calculated velocity.  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18)  

𝑅𝑒 =
0.437 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 9588  

Then the frictional factor can be calculated using the Blasius yield relationship for smooth pipes with 

turbulent flow using the calculated Reynolds number.   

𝜆 =
0.3164

𝑅𝑒0.25
 (2.17) 

𝜆 =
0.3164

95880.25
  

𝜆 = 0.032  
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This friction factor is used for the assumed friction factor 

Assumed friction factor 𝜆 =  0.032 

 

ℎ1 + 0 + 0 = 0 + 0 +
𝑈2

2

2𝑔
+

𝜆𝑙𝑈2

2𝑔𝐷
+ 𝐾 (

𝑈2

2𝑔
)  

𝑈 = √
2 × 9.81 × 0.4

(1 +
0.034 × 4

0.025
+ 32.02)

  

𝑈 = 0.451 𝑚/𝑠  

Calculating the new Reynolds number 

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
0.453 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 9896  

𝜆 =
0.3164

𝑅𝑒0.25
 (2.17) 

𝜆 =
0.3164

99430.25
  

𝜆 = 0.032  

When the assumed and the calculated friction factor are the same the integration is complete and the 

flow rate can be calculated.   

𝑄 = 𝑈𝐴  

𝑄 = 0.453 × 𝜋 × 0.0252 × 0.25  

𝑄 = 0.0002 𝑚3 𝑠⁄   

𝑄 = 0.801 𝑚3 ℎ⁄   

𝑄 = 19.230 𝑚3 𝑑𝑎𝑦⁄   

From the integration in Appendix B the desired flow rate of 0.709 m3/day was achieved by a 15 mm pipe 

together a ¼ open gate valve and a head of 200 mm and would feed the BSF at the correct rate.    

A. 5. Design of gravity flow from holding tank to 500 L tank 

In order to supply the 500 L tank, the sizing and flow rate of the pipe between the 5000 L holding tank 

and 500 L tank must be calculated in order to adequately fill the 500 L tank.  An assumed K is used to 

determine the actual K as described in Section 3.4.4.  

 

Assumed friction factor 𝜆 =  0.05 

Total head 𝐻 =  4 𝑚 

Length of pipe l=  20 𝑚 

Water Density 𝜌 =  1000 𝑘𝑔 𝑚3⁄  

Kinematic Viscosity at 15°C (Metcalf and Eddy, 2004) 𝑣 = 1.14 × 106 𝑚2 𝑠⁄  

Pipe Diameter 𝐷 = 25 𝑚𝑚 
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K-Values  

Exit loss 𝐾𝐸𝑥𝑖𝑡 = 1 

Inlet Loss 𝐾𝐼𝑛𝑙𝑒𝑡 = 1 

Fully open gate valve 𝐾𝑜𝑝𝑒𝑛 𝑔𝑎𝑡𝑒 𝑣𝑎𝑙𝑣𝑒 = 0.17 

90° bend x 4 𝐾90° 𝑏𝑒𝑛𝑑 = 0.75 

A.5.1. K-Values 

ℎ𝑀𝑖𝑛𝑜𝑟 = 𝐾 (
𝑉2

2𝑔
) (2.19) 

ℎ𝑀𝑖𝑛𝑜𝑟 = (1 + 1 + 0.17 + 0.75 × 4) (
𝑉2

2𝑔
)  

ℎ𝑀𝑖𝑛𝑜𝑟 = 5.17 (
𝑉2

2𝑔
)  

A.5.2. Calculate the new frictional factor 

ℎ1 +
𝑝1

𝜌𝑔
+

𝑈1
2

2𝑔
= ℎ2 +

𝑝2

𝜌𝑔
+

𝑈2
2

2𝑔
+ ℎ𝑓 + ℎ𝑚 (2.14) 

ℎ1 + 0 + 0 = 0 + 0 +
𝑈2

2

2𝑔
+

𝜆𝑙𝑈2
2

2𝑔𝐷
+ 𝐾 (

𝑈2

2𝑔
)  

𝑈 = √
2𝑔ℎ1

(1 +
𝜆𝑙
𝐷

+ 𝐾)
  

𝑈 = √
2 × 9.81 × 4

(1 +
0.05 × 20

0.025
+ 5.17)

  

𝑈 = 1.304 𝑚/𝑠  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
1.304 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 28 591  

𝜆 =
0.3164

𝑅𝑒0.25
 (2.17) 

𝜆 =
0.3164

28 5910.25
  

𝜆 = 0.24  
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This friction factor is used for the assumed friction factor 

Assumed friction factor 𝜆 =  0.024 

𝑈 = √
2 × 9.81 × 4

(1 +
0.024 × 20

0.025
+ 5.17)

  

𝑈 = 1.759 𝑚/𝑠  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
1.759 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 38 570  

𝜆 =
0.3164

38 5700.25
  

𝜆 = 0.023  

This friction factor is used for the assumed friction factor 

Assumed friction factor 𝜆 =  0.023 

𝑈 = √
2 × 9.81 × 4

(1 +
0.023 × 20

0.025
+ 5.17)

  

𝑈 = 1.787 𝑚/𝑠  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
1.787 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 39 193  

𝜆 =
0.3164

39 1930.25
  

𝜆 = 0.022  

This friction factor is used for the assumed friction factor 

Assumed friction factor 𝜆 =  0.022 

𝑈 = √
2 × 9.81 × 4

(1 +
0.022 × 20

0.025
+ 5.17)

  

𝑈 = 1.817 𝑚/𝑠  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
1.817 × 0.025

1.14 × 10−6
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𝑅𝑒 = 39 847  

𝜆 =
0.3164

39 8470.25
  

𝜆 = 0.022  

Calculate discharge 

𝑄 = 𝑈𝐴  

𝑄 = 1.817 × 𝜋 × 0.0252 × 0.25  

𝑄 = 0.0010 𝑚3 𝑠⁄   

𝑄 = 3.211 𝑚3 ℎ⁄   

The discharge is far greater than the flow rate of all 4 filters therefor a 25 mm pipe will adequately 

supply the 500 L tank and keep a constant head.   

A. 6. Design of pumping main 

The system curve must be calculated to plot against the pump curve to determine the duty point.  The 

description of the method used to calculate can be found in Chapter 3.4.5.  An assumed duty point was 

used to determine the friction factor and thus the system curve.   

 

Total head 𝐻 =  9.5 𝑚 

Length of pipe 𝐿 =  25 𝑚 

Water Density 𝜌 =  1000 𝑘𝑔 𝑚3⁄  

Kinematic Viscosity at 15°C (Metcalf and Eddy, 2004) 𝑣 = 1.14 × 106 𝑚2 𝑠⁄  

Pipe Diameter 𝐷 = 25 𝑚𝑚 

K-Values  

Sudden enlargement 15 mm to 25 mm Calculate 

Sudden contraction 90 mm to 25 mm Calculate 

Sudden contraction 25 mm to 15 mm Calculate 

Exit loss 𝐾𝐸𝑥𝑖𝑡 = 1 

Inlet Loss 𝐾𝐼𝑛𝑙𝑒𝑡 = 1 

Fully open gate valve 𝐾𝑜𝑝𝑒𝑛 𝑔𝑎𝑡𝑒 𝑣𝑎𝑙𝑣𝑒 = 0.17 

90° bend x 5 𝐾90° 𝑏𝑒𝑛𝑑 = 0.75 

 

A.6.1. Using the assumed duty point to determine the friction factor 

𝑄 =
𝑈

𝐴
  

𝑈 =
𝑄

𝐴
  

𝑈 =
0.62 ÷ 60 ÷ 60

𝜋 (
0.025

2 )
2  
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𝑈 = 0.351𝑚/𝑠  

𝑅𝑒 =
𝑈𝐷

𝑣
 (2.18) 

𝑅𝑒 =
0.351 × 0.025

1.14 × 10−6
  

𝑅𝑒 = 7 694  

𝜆 =
0.3164

𝑅𝑒0.25
 (2.17) 

𝜆 =
0.3164

76940.25
  

𝜆 = 0.03  

A.6.2. K-Values and Minor losses 

Sudden enlargement losses 15 mm to 25 mm 

 

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = [(
𝐴1

𝐴2
) − 1]

2

 (0.2) 

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = [(
𝜋0.0152 ÷ 4

𝜋0.0252 ÷ 4
) − 1]

2

  

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = 0.41  

Sudden contraction losses 90 mm to 25 mm and 25 mm to 15 mm and determination of K from table C.2 

𝐷2

𝐷1
=

0.025

0.090
  

𝐾𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.43  

𝐷2

𝐷1
=

0.015

0.025
  

𝐾𝐶𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.28  

Calculating head loss due to minor losses 

ℎ𝑀𝑖𝑛𝑜𝑟 = 𝐾 (
𝑈2

2 𝑔
) (2.19) 

ℎ𝑀𝑖𝑛𝑜𝑟 = (0.41 + 0.43 + 0.28 + 1 + 1 + 0.17 + 0.75) (
𝑈2

2 𝑔
)  

ℎ𝑀𝑖𝑛𝑜𝑟 = 4.04 (
𝑈2

2 𝑔
)  

A.6.3. Major losses using Darcy-Weisbach equation  

ℎ𝑓 =
𝜆/4 × 𝑙 × 𝑄2

3.03 × 𝐷5
 (2.16) 
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A.6.4. Determine system curve using a system curve  

ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ𝑆𝑡𝑎𝑡𝑖𝑐 + ℎ𝑓 + ℎ𝑚 (2.21) 

ℎ𝑡𝑜𝑡𝑎𝑙 =
𝜆𝑙𝑈2

2𝑔𝐷
+ 𝐾 (

𝑈2

2𝑔
)  

ℎ𝑡𝑜𝑡𝑎𝑙 =
λ/4 × 𝑙 × 𝑄2

3.03 × 𝐷5
+

𝐾 × 8 × 𝑄2

𝑔 × 𝜋2 × 𝐷4
  

ℎ𝑡𝑜𝑡𝑎𝑙 =

0.03
4

× 25 × 𝑄2

3.03 × 0.0255
+

4.04 × 8 × 𝑄2

9.81 × 𝜋2 × 0.0254
  

ℎ𝑡𝑜𝑡𝑎𝑙 = 7191194 𝑄2 (4.1) 

Equation (4.1) was used to determine the system cure with different flow rates.   
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Appendix B. Integration of flow rate 

Table B.1 Integration of flow rate table 1 of 3  
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Table B.2 Integration of flow rate table 2 of 3 
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Table B.3 Integration of flow rate table 3 of 3 
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Appendix C. K values for minor losses 

The K values for the various fittings have been expressed in Table C.1. For sudden enlargements, the K 

value must be calculated using equation (0.2) (Nalluri et al., 2009).  For sudden contractions, the K value 

can be found on the following Table C.1.   

Table C.1 K values for various fittings (Adapter from Nalluri et al., 2009; Upadhyay, 2010) 

Description K value 

Exit loss 1 

Inlet Loss 1 

Fully open gate valve 0.17 

¼ open gate valve 24 

90° bend  0.75 

T flow through  0.4 

T flow branch  1 

𝐾𝐸𝑛𝑙𝑎𝑟𝑔𝑚𝑒𝑛𝑡 = [(
𝐴1

𝐴2
) − 1]

2

 (0.2) 

  

Table C.2 K values for sudden contraction in circular pipe (Adapter from Nalluri et al., 2009) 

𝐷2
𝐷1

⁄  0 0.2 0.4 0.6 0.8 1.0 

K 0.5 0.45 0.38 0.28 0.14 0 
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Appendix D. Brochure for Aqua-brooks float valve 

 

 

Figure D.1 Brochure for Aqua-Brooks float value 
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Appendix E. Costing for Biological Sand filter 

The detailed cost of the different components used to build the BSF have been listed.   

Table E.1 Initial setup costing for biological sand filter treatment system, February 2015.  

Quantity Description  Price   Sub Total  

Solar Pump and Controls    R      19965.30  

1 

Shurflo 12V DC Diaphragm Premium Demand Pump 

Kit  R    10725.80   R    10725.80  

1  TE101 12VDC LIQUID LEVEL RELAY 1C/O  R         204.49   R         204.49  

1  ZRUV 11PIN BASE (RECTANGULAR)   R           80.21   R           80.21  

2  ALB-80 12VDC AUTOMOTIVE RELAY 80A   R           45.38   R           90.76  

1  BM00380/20 4-6MM YELLOW INS 6.3MM   R           11.90   R           11.90  

1  KEY-P6 PANEL KEY 6MM SQ POLYCARB  R             5.56   R             5.56  

1  RF-OV41 VERTICAL LEVEL SW M16 0.5A  R         265.34   R         265.34  

1  CP2/C 2WAY CONDUCTIVE PROBE UNIT   R         187.53   R         187.53  

2  BMF4001 ALUMINIUM PROFILE FOR S-PANEL   R         566.87   R      1133.74  

2  BMF4301 TRIANGLE BRACKET FOR S/PANEL   R         658.35   R      1316.70  

1  BMF4023 SOLAR PANEL END CLAMP 36MM  R         521.55   R         521.55  

1  BMF4004 S/STEEL SCREW M8X20 H/HEAD   R         472.82   R         472.82  

1  BMF4006 S/STEEL SCREW M8X20 HEX HEAD  R         198.36   R         198.36  

1  EC23406 FLEXIBLE SLOTTED TRUNKING   R         134.67   R         134.67  

1  DR35S-1M DIN 35 SLOTTED YELLOW RAIL  R           15.74   R           15.74  

1 INSULATION TAPE 10M RED   R             7.00   R             7.00  

1 INSULATION TAPE 10M BLK   R             7.00   R             7.00  

1  STB10-BK 10MM 16A 12WAY S/CONNECTOR   R           10.84   R           10.84  

1  STB10-BK 6MM 10A 12WAY S/CONNECTOR   R             8.15   R             8.15  

1  SW103/5 6MM BLACK SOLAR CABLE /5M  R         117.71   R         117.71  

10  16MM BLACK PERMOWELD CABLE P/M   R           31.57   R         315.70  

10  16MM RED PERMOWELD CABLE P/M   R           31.57   R         315.70  

10 CABLE HOUSE WIRE 6MM BLK (PER M)  R           12.60   R         126.00  

10 CABLE HOUSE WIRE 6MM RED (PER M)  R           12.60   R         126.00  

40 CABLE SURFIX 1.5MMX2CORE+E RND BLK (P/M)   R           11.20   R         448.00  

1  TJ-MG-3040 ENCLOSURE 300X400X180 GR   R         696.26   R         696.26  

1  MB-8060D320-O ORANGE STEEL ENCL.   R      1850.37   R      1850.37  

10 6MM SOLAR CABLE Black (ALVERN)  R           22.23   R         222.30  

2 P.V.C. 20MM CONDUIT (PER LENGTH)  R           14.95   R           29.90  

1 P.V.C. 20MM 3WAY BOX "Y"  R           11.60   R           11.60  

6 P.V.C. 20MM FEMALE ADAPTOR EA  R             1.70   R           10.20  

1 P.V.C. WELD GLUE WITH BRUSH 200ML  R           23.70   R           23.70  

1 P.V.C. BOX LID ROUND  R             1.70   R             1.70  

10 BOLTS MACHINE SCREWS GALV.CSK 4X10MM  R             0.30   R             3.00  

8 SURFIX GLANDS #1 ROUND WHITE"RED"  R             2.10   R           16.80  
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2 GLAND CONDUIT #0 "PUSH IN GLAND"  R             2.10   R             4.20  

1 Circute Breaker  2P 16A D 6kA DIN MCB 2M  R         248.00   R         248.00  

Pipes and Fittings    R      2947.67  

25 0.75MM THREAD TAPE  R             2.25   R           56.25  

4 20MM GATE VALVE   R           47.73   R         190.92  

1 25 X 15 MM MI X FI   R             5.06   R             5.06  

11 25MM PVC BALL VALVE  R           19.62   R         215.82  

11 25MM STRAIGHT MI X P  R             3.00   R           33.00  

15 40 X 25MM MI X FI  R             9.49   R         142.35  

9 40MM PVC BALL VALVE  R           38.34   R         345.06  

8 40MM STRAIGHT MI X P  R             7.89   R           63.12  

1 50 X 32MM MI X FI   R           10.90   R           10.90  

2 90 25 X 20MM MI X P  R             4.49   R             8.98  

5 90 25MM FI X P  R           18.39   R           91.95  

18 90 25MM MI X P  R             4.54   R           81.72  

13 90 25MM P X P  R             3.55   R           46.15  

13 NIPPLE 25 X 25MM MI X MI  R             5.38   R           69.94  

70 Pipe 25mm LDPE class 3/m  R             2.92   R         204.40  

35 Pipe 25mm LDPE class 6 /m  R             4.77   R         166.95  

2 Pipe 40mm LDPE class 3 /m  R             5.32   R           10.64  

2 Pipe 32mm LDPE class 6 /m  R             7.50   R           15.00  

10 T 25MM FI X FI X FI  R           19.66   R         196.60  

2 T 25MM P X MI X P  R             7.84   R           15.68  

4 T 25MM P X P X P  R             4.75   R           19.00  

100 TIE FOR 25MM PIPE  R             2.93   R         293.00  

2 T 25 X 20 X 25MM P X MI X P  R             7.59   R           15.18  

5 Aquabrooks Grey Ultra Low Pressure float valve   R         130.00   R         650.00  

Tanks and Filters    R    21223.44  

1 5000 L tank  R      3192.00   R      3192.00  

4 1000L drinking through (J)  R      2514.00   R    10056.00  

7 40mm FI Tank Connector   R           62.70   R         438.90  

4 40mm MI Tank Connector   R         666.90   R      2667.60  

4 100l Poly Drum  R      1060.20   R      4240.80  

1 500L Tank  R           67.26   R           67.26  

4 25mm MI Tank Connector  R           77.52   R         310.08  

4 50mm X 40mm MI x FI Two way Tank Connector  R           62.70   R         250.80  

General    R      6000.00  

1 5 m3 of Philippi, 10 mm Fill sand and delivery   R      3000.00   R      3000.00  

10 Labour  R         200.00   R     2 000.00  

1 Transport  R      1000.00   R      1000.00  

Total    R    50136.41  
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Appendix F. Published manuscript 
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Appendix G. Statistical analysis of final effluent flow rate 

The statistical analysis of all the data point used of flow rate from BSF system.   

 

Graphical Summary for L/day Flow Final Effluent

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
0

1

2

3

4

5

6

7

8

9

-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

 

Median, Inter-quartile Range & Non-outlier Range

Mean & 95% Confidence Interval

Mean & 95% Prediction Interval

Shapiro-Wilk p: 0,00021

Mean: 648

Std.Dev.: 523

Variance: 273852

Std.Err.Mean 107

Skewness: 1,423

Valid N: 24,00

Minimum: 100

Lower Quartile 306

Median: 506

Upper Quartile 636

Maximum: 1900

95% Confidence for Std Dev

Lower 407

Upper 734

95% Confidence for Mean

Lower 427

Upper 869

95% Prediction for Observation

Lower -457

Upper 1753

 
 

Figure G.1 Results of the statistical analysis of flow rates from the biological sand filtration system   
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Appendix H. Hydraulic retention time 

H. 1. Hydraulic retention time for Filter modules using average discharge 

The calculation of HRT for a filter with a flow rate of 413 L/day. 

H.1.1. Hydraulic retention time for Q of 413 L/day for a filter module 

𝐻𝑅𝑇 =
𝑉𝑤𝑎𝑡𝑒𝑟

𝑄⁄  (2.6) 

= 0.215
413 ÷ 1000 ÷ 4⁄   

= 49.98 ℎ𝑟  
= 2.1 𝐷𝑎𝑦𝑠   

H. 2. Calculation of systems hydraulic retention time 

The calculations of the entire systems HRT for a flowrate of 413 L/day 

H.2.1. Hydraulic retention time for 5000 L holding tank  

𝐻𝑅𝑇 = 𝑉
𝑄⁄  (2.6) 

= 3.050
413 ÷ 1000 ÷ 24⁄   

= 177.24 ℎ𝑟  
= 7.4 days  

H.2.2. Hydraulic retention time for 500 L tank  

𝐻𝑅𝑇 = 𝑉
𝑄⁄  (2.6) 

= 0.500
413 ÷ 1000 ÷ 24⁄   

=  29.06 ℎ𝑟  

= 1.2 days  

H.2.3. Hydraulic retention time for 100 L outlet structure  

𝐻𝑅𝑇 = 𝑉
𝑄⁄  (2.6) 

= 0.050
413 ÷ 1000 ÷ 24 ÷ 4⁄   

=  11.62 ℎ𝑟  

= 0.5 days  

H.2.4. The total hydraulic retention time for the system 

𝐻𝑅𝑇𝑇𝑜𝑡𝑎𝑙 = ∑ 𝐻𝑅𝑇  

= 177.34 + 29.06 + 11.62 + 49.98  

=   267.90 ℎ𝑟  

= ±11.2 𝑑𝑎𝑦𝑠  
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H.2.5. Hydraulic retention time between filling for 5000 L holding tank  

𝐻𝑅𝑇 = 𝑉
𝑄⁄  (2.6) 

= 1.3
413 ÷ 1000 ÷ 24⁄   

=  75.54 ℎ𝑟  
= 3.1 days  

H. 3. Calculation of Hydraulic retention time with adjusted volume 

𝑉 = 𝑊𝑖𝑑𝑡ℎ × 𝐻𝑒𝑖𝑔ℎ𝑡 × 𝐿𝑒𝑛𝑔𝑡ℎ  

= [1070 (420 − 0.5(150) + 0.5(1
100⁄ × 1680)) − 10925] × 1680  

= 616 917 840 𝑚𝑚3  
𝑉 = 0.617𝑚3  
𝑉𝑤𝑎𝑡𝑒𝑟 = 𝑉 ×  𝑃𝑡  
= 0.617 × 0.292  

= 0.180𝑚3  

H.3.1. Hydraulic retention time for Q of 413 L/day and new volume 

𝐻𝑅𝑇 =
𝑉𝑤𝑎𝑡𝑒𝑟

𝑄⁄  (2.6) 

𝐻𝑅𝑇 = 0.180
413 ÷ 1000 ÷ 24 ÷ 4⁄   

= 41.84 ℎ𝑟  
= 1.7 days  
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Appendix I. Achieved hydraulic conductivity calculations 

The following calculations are used to determine the K achieved by the filter modules from on-site flow 

rates and the Darcy’s equation.  

 

Calculating the achieved hydraulic conductivity for the initial flow rate of 1900 L/day 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

1900 ÷ 24 ÷ 60 ÷ 60 ÷ 4 ÷= −𝐾 × 0.278 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

= 0.199 𝑚𝑚/𝑠  

 

Calculating the achieved hydraulic conductivity for the flow rate of 1094 L/day after 4 months of 

filtration 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

1094 ÷ 24 ÷ 60 ÷ 60 ÷ 4 ÷= −𝐾 × 0.278 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

= 0.115 𝑚𝑚/𝑠  

 

Calculating the achieved hydraulic conductivity for the average flow rate of 413 L/day 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

413 ÷ 24 ÷ 60 ÷ 60 ÷ 4 = −𝐾 × 0.278 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

= 0.043 𝑚𝑚/𝑠  

 

Calculating the achieved hydraulic conductivity for the minimum recorded flow rate of 144 L/day 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

144 ÷ 24 ÷ 60 ÷ 60 ÷ 4 ÷= −𝐾 × 0.278 × [
−0.150 − (1

100⁄ × 1.680)

1.680
]  

= 0.015 𝑚𝑚/𝑠  
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Appendix J. Integration of outlet height optimization 

The following calculations are used to determine the theoretical flow rate by reducing the theoretical 

outlet height and thus reducing the saturated area of sand within the filter.  This was done to determine 

the optimum outlet height.  The change in head together with the saturated height of sand was used in 

terms of the Darcy’s equation.  The Darcy’s equation was combined with the cross-sectional area 

formula to determine the different discharge rates at different heights in an integrated formula.  The 

theoretical K, determined in Section Appendix I, of 0.044 mm/s was used.  This was used in an Excel 

spreadsheet to calculate the remaining data points at the different height, as seen in Table K.1.   

 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

𝐴 = 1070(𝑥) − 10925 (3.1) 

𝑄 = −𝐾 × ((1070(𝑥 × 1000) − 10925) ÷ 10002)

× [
−(0.420 − 𝑥) − (1

100⁄ × 1.680)

1.680
]  

(0.3) 

𝑄 = −(0.044 ÷ 1000 × 60 × 60)

× ((1070(0.400 × 1000) − 10925) ÷ 10002)

× [
−(0.420 − 0.400) − (1

100⁄ × 1.680)

1.680
] ∗ 1000 ∗ 24 

 

𝑄 = 34.7 𝑙/𝑑𝑎𝑦  
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Table J.1  Flow rates of biological sand filter for changing outlet heights using a k of 0.044 mm/s 

fall  

Hight of sand 

column 

cross-

sect Discharge fall  

Hight of sand 

column 

cross-

sect Discharge 

(mm) (mm) (m2) (L/day) (mm) (mm) (m2) (L/day) 

0 420 0.438 16.67 205 215 0.219 109.98 

5 415 0.433 21.37 210 210 0.214 109.71 

10 410 0.428 25.94 215 205 0.208 109.33 

15 405 0.422 30.40 220 200 0.203 108.82 

20 400 0.417 34.73 225 195 0.198 108.19 

25 395 0.412 38.94 230 190 0.192 107.44 

30 390 0.406 43.04 235 185 0.187 106.56 

35 385 0.401 47.01 240 180 0.182 105.57 

40 380 0.396 50.86 245 175 0.176 104.46 

45 375 0.390 54.58 250 170 0.171 103.22 

50 370 0.385 58.19 255 165 0.166 101.87 

55 365 0.380 61.68 260 160 0.160 100.39 

60 360 0.374 65.04 265 155 0.155 98.79 

65 355 0.369 68.29 270 150 0.150 97.07 

70 350 0.364 71.41 275 145 0.144 95.23 

75 345 0.358 74.41 280 140 0.139 93.27 

80 340 0.353 77.30 285 135 0.134 91.19 

85 335 0.348 80.06 290 130 0.128 88.98 

90 330 0.342 82.69 295 125 0.123 86.66 

95 325 0.337 85.21 300 120 0.117 84.21 

100 320 0.331 87.61 305 115 0.112 81.65 

105 315 0.326 89.89 310 110 0.107 78.96 

110 310 0.321 92.04 315 105 0.101 76.15 

115 305 0.315 94.07 320 100 0.096 73.22 

120 300 0.310 95.99 325 95 0.091 70.17 

125 295 0.305 97.78 330 90 0.085 67.00 

130 290 0.299 99.45 335 85 0.080 63.71 

135 285 0.294 101.00 340 80 0.075 60.29 

140 280 0.289 102.43 345 75 0.069 56.76 

145 275 0.283 103.73 350 70 0.064 53.10 

150 270 0.278 104.92 355 65 0.059 49.32 

155 265 0.273 105.99 360 60 0.053 45.42 

160 260 0.267 106.93 365 55 0.048 41.41 

165 255 0.262 107.75 370 50 0.043 37.26 

170 250 0.257 108.45 375 45 0.037 33.00 

175 245 0.251 109.04 380 40 0.032 28.62 

180 240 0.246 109.50 385 35 0.027 24.12 

185 235 0.241 109.83 390 30 0.021 19.49 

190 230 0.235 110.05 395 25 0.016 14.75 

195 225 0.230 110.15 400 20 0.010 9.88 

197 223 0.228 110.15 405 15 0.005 4.89 

200 220 0.224 110.12 410 10 0.000 -0.22 
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Appendix K. Hydraulic and organic loading rate 

 

Volume of filter module 

 

𝑉𝑜𝑙 = 𝐴𝑟𝑒𝑎 × 𝐿𝑒𝑛𝑔𝑡ℎ  

= (1070 × 420 − 10925) ÷ 10002 × 1.68  

= 0.438 × 1.680  

= 0.736𝑚3  

 

Hydraulic loading rate for August the 25th 2016 

 

𝐻𝐿𝑅 = 𝑄 ÷ 𝑉𝑜𝑙 (2.7) 

=
403

4
÷ 0.736  

= 137 𝐿/𝑚3 𝑜𝑓 𝑠𝑎𝑛𝑑. 𝑑𝑎𝑦−1  

 

Organic loading rate for August the 25th 2016 

 

𝑂𝐿𝑅 = 𝐻𝐿𝑅 × 𝐶𝑂𝐷 (2.10) 

= 137 × 1905 ÷ 1000  

= 261 𝑔𝐶𝑂𝐷/𝑚3 𝑜𝑓 𝑠𝑎𝑛𝑑. 𝑑𝑎𝑦−1  

 

Organic removal rate for August the 25th 2016 

 

𝑂𝐿𝑅 = 𝐻𝐿𝑅 × 𝐶𝑂𝐷 (2.11) 

= 137 × (1905 − 32) ÷ 1000  

= 253 𝑔𝐶𝑂𝐷/𝑚3 𝑜𝑓 𝑠𝑎𝑛𝑑. 𝑑𝑎𝑦−1  
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Appendix L. Correlations of flow rate and chemical oxygen demand 

The correlations done using Dell Statistica between different measured parameters from the system.  Correlations

L/day Flow Final Effluent

mg/L COD Final Effluent

mg/L COD 5000L

mg/L COD Average Basin

 

Figure L.1 Relationships between the following: final effluent flowrate and chemical oxygen demand, 

influent chemical oxygen demand (5000 L holding tank and average from settling basin) 

Scatterplot: L/day Flow Final Effluent vs. mg/L COD Final Effluent

mg/L COD Final Effluent = 258,93 + ,11962 * L/day Flow Final Effluent

Correlation: r = ,18100
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Figure L.2 Correlation between final effluent chemical oxygen demand and final effluent flow rate 

 



Appendix L  Correlations of flow rate and chemical oxygen demand       

- 140 - 

Scatterplot: mg/L COD 5000L vs. mg/L COD Final Effluent

mg/L COD Final Effluent = 117,76 + ,12314 * mg/L COD 5000L

Correlation: r = ,29082
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Figure L.3 Correlation between final effluent chemical oxygen demand and 5000 L holding tank COD 

Scatterplot: mg/L COD 5000L vs. L/day Flow Final Effluent

L/day Flow Final Effluent = 866,99 - ,2818  * mg/L COD 5000L

Correlation: r = -,4718
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Figure L.4 Correlation between final effluent flow rate and 5000 L holding tank chemical oxygen demand 
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Appendix M. Hydrological data and discharge calculation 

M. 1. Hydrological data for Jonkershoek weather station 

The hydrological data near to the testing location was analysed.  The information was gathered from 

The Department of Water and Sanitation of South Africa Hydrology page 

(http://www.dwa.gov.za/Hydrology/Verified/HyDataSets.aspx?Station=G2E013).  The monitoring 

station is Jonkershoek@Manor with a station number of G2E013 and the drainage region of G22F and 

coordinates of 33°57'50"S 18°55'42"E. The station has been operational since 13th of August 1968, 

however only monthly values where taken before May 1984.  The maximum precipitation from the 1st of 

May 1984 to 31st of September 2016 was 190.8 mm on the 11th of April 1993, the top ten instances of 

precipitation can be seen in Table M.1. The average monthly precipitation and evaporation can be seen 

in Table M.2.  The maximum daily precipitation is higher than the any of the monthly averages, showing 

this was a uniquely high rainfall. 

Table M.1 The then maximum precipitation instances for Jonkershoek@Manor; G2E013 

meteorology station from 13th of August 1968 to the end of August 2016 

Ranking 1st 2nd  3rd  4th  5th  6th  7th  8th  9th  10th  

Precipitation 

(mm) 

190.8 114.2 113.9 100.0 94.0 88.3 88.0 85.0 84.9 82.5 

Date 1993-04-

11 

1989-

03-13 

1992-

04-27 

2016-

07-14 

1991-

07-10 

1988-

08-28 

2003-

08-18 

2009-

07-12 

1995-

08-20 

2001-

07-03 

 

Table M.2  The average monthly precipitation and evaporation for Jonkershoek@Manor; G2E013 

meteorology station in December 2016 

Month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total  

Average 

Precipitation 
49.2 35.9 25.8 22 16.8 33.8 82.8 126.4 162.2 154.6 127.8 76.3 929.3 

Average 

Evaporation 
113.8 148.3 175.9 188.8 164.1 138.3 84.7 56.5 36.3 37.1 48.9 66.7 1262.6 

 

M. 2. Calculating the discharge and infiltration of a fully saturate biological sand filter 

In order to determine the theoretical infiltration rate of a fully saturated BSF the discharge must be 

determined.  The discharge will change depending on the point at which the water is infiltrating from, as 

the system is fully saturated the points at the inlet has the shortest distance to travel and thus the 

greatest flow rate and thus the greatest infiltration in terms of the Darcy’s equation, Section 3.4.2.  An 

integrated table was compiled with the different points of infiltration, Table M.3.   

  

http://www.dwa.gov.za/Hydrology/Verified/HyDataSets.aspx?Station=G2E013
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M.2.1. Discharge calculations for biological sand filter fully saturated due to precipitation at 

inlet 

Calculating the cross-sectional area 

𝐴 = 1070(𝑥) − 10925 (3.1) 

= 1070(420) − 10925  

= 438475 𝑚𝑚2  

= 0.438 𝑚2  

 

Calculating the flow rate 

𝑄 = −𝐾𝐴 
𝑑ℎ

𝑑𝑙
 (2.5) 

𝑄 = −0.044 ÷ 1000 × 60 × 60 × 0.438

× [
−(0.150 + 0.100) − (1

100⁄ × 1.680)

1.680
]  

  

= 0.011 𝑚3

ℎ⁄   

= 11 𝑙/ℎ𝑟  

= 0.264 𝑚3

𝑑𝑎𝑦. 𝑡𝑎𝑛𝑘⁄   

M.2.2. Converting discharge into infiltration 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 𝑙𝑒𝑛𝑔ℎ𝑡 × 𝑤𝑖𝑑𝑡ℎ (0.4) 

= 1.680 × 1.162  

= 1.952 𝑚2    

𝐼𝑛𝑓𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑄

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
 (0.5) 

=
0.011

1.952
× 1000  

= 6 𝑚𝑚
𝑑𝑎𝑦⁄   
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Table M.3  The integrated flow rate of a fully situated biological sand filter with 100mm of surface 

water due to precipitation 

Distance 

from inlet 

Length of 

filter 
Discharge 

Infiltration 

rate 

Distance 

from inlet 

Length of 

filter 
Discharge 

Infiltration 

rate 

(m) (m) (L/h) (mm/h) (m) (m) (L/h) (mm/h) 

0.00 1.68 11.0 5.6 0.84 0.84 22.1 11.3 

0.02 1.66 11.2 5.7 0.86 0.82 22.6 11.6 

0.04 1.64 11.3 5.8 0.88 0.80 23.2 11.9 

0.06 1.62 11.4 5.9 0.90 0.78 23.8 12.2 

0.08 1.60 11.6 5.9 0.92 0.76 24.4 12.5 

0.10 1.58 11.7 6.0 0.94 0.74 25.0 12.8 

0.12 1.56 11.9 6.1 0.96 0.72 25.7 13.2 

0.14 1.54 12.0 6.2 0.98 0.70 26.5 13.6 

0.16 1.52 12.2 6.2 1.00 0.68 27.3 14.0 

0.18 1.50 12.4 6.3 1.02 0.66 28.1 14.4 

0.20 1.48 12.5 6.4 1.04 0.64 29.0 14.8 

0.22 1.46 12.7 6.5 1.06 0.62 29.9 15.3 

0.24 1.44 12.9 6.6 1.08 0.60 30.9 15.8 

0.26 1.42 13.0 6.7 1.10 0.58 31.9 16.4 

0.28 1.40 13.2 6.8 1.12 0.56 33.1 16.9 

0.30 1.38 13.4 6.9 1.14 0.54 34.3 17.6 

0.32 1.36 13.6 7.0 1.16 0.52 35.6 18.2 

0.34 1.34 13.8 7.1 1.18 0.50 37.1 19.0 

0.36 1.32 14.0 7.2 1.20 0.48 38.6 19.8 

0.38 1.30 14.3 7.3 1.22 0.46 40.3 20.6 

0.40 1.28 14.5 7.4 1.24 0.44 42.1 21.6 

0.42 1.26 14.7 7.5 1.26 0.42 44.1 22.6 

0.44 1.24 14.9 7.7 1.28 0.40 46.3 23.7 

0.46 1.22 15.2 7.8 1.30 0.38 48.8 25.0 

0.48 1.20 15.4 7.9 1.32 0.36 51.5 26.4 

0.50 1.18 15.7 8.0 1.34 0.34 54.5 27.9 

0.52 1.16 16.0 8.2 1.36 0.32 57.9 29.7 

0.54 1.14 16.3 8.3 1.38 0.30 61.8 31.6 

0.56 1.12 16.5 8.5 1.40 0.28 66.2 33.9 

0.58 1.10 16.8 8.6 1.42 0.26 71.3 36.5 

0.60 1.08 17.2 8.8 1.44 0.24 77.2 39.5 

0.62 1.06 17.5 9.0 1.46 0.22 84.2 43.1 

0.64 1.04 17.8 9.1 1.48 0.20 92.7 47.4 

0.66 1.02 18.2 9.3 1.50 0.18 102.9 52.7 

0.68 1.00 18.5 9.5 1.52 0.16 115.8 59.3 

0.70 0.98 18.9 9.7 1.54 0.14 132.4 67.8 

0.72 0.96 19.3 9.9 1.56 0.12 154.4 79.1 

0.74 0.94 19.7 10.1 1.58 0.10 185.3 94.9 

0.76 0.92 20.1 10.3 1.60 0.08 231.6 118.6 

0.78 0.90 20.6 10.5 1.62 0.06 308.8 158.1 

0.80 0.88 21.1 10.8 1.64 0.04 463.3 237.2 

0.82 0.86 21.5 11.0 1.66 0.02 926.5 474.4 

 


