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ABSTRACT 

 

Slow sand filters (SSF) have been used to treat surface water to drinking water standards 

for over a century.  Today many cities, including London still treat surface waters to drinking 

water standards, however because there are viruses that are not efficiently removed by a slow 

sand filter and are not killed by chlorine, communities have turned to the use of micro filtration 

and/or reverse osmosis to provide safe drinking water.  These technologies are much more 

efficient if organics are removed and turbidity reduced to less than 1 Nephelometric Turbidity 

Units (NTU).  The greenhouse industry is another potential user of slow sand filters.  They are 

not able to recycle irrigation drainage water without it being treated to reduce bacteria, virus, and 

fungi.    

The objective of this research was to develop management strategies for SSF that 

specifically meet the needs of entities using SSF for pretreatment of potable water or use in a 

greenhouse.  This data was used to test a scour system that resulted in scouring 80 percent of the 

organic layer in the filter and suspending the solids for 40 minutes.  A conceptual design was 

done for a full scale SSF that took advantage of the scour and suspension data to clean the SSF at 

the end of a run cycle.  SSF were able to consistently produce water with a turbidity less than 1 

(NTU) and with the infiltration capacity of 0.27 m
3
m

-2
.  For greenhouse effluent a 1,000 square 

meter greenhouse that is discharging 3,600 L d 
-1

 of drainage water would require a 12.6 m
2
 SSF, 

and the SSF for the community requiring treatment of 4.7 million liters per day of raw water  

was 730 m
2
.  The innovative cleaning system based on an air/water jet was developed to clean 

the SSF.  Experiments were run to determine the amount of time that the solids were suspended 

and a scour system developed to exceed these times.  The entire time for cleaning and recovery 
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of the SSF was an average of 118 minutes for the greenhouse system and 170 minutes for the 

SSF serving a small community.   
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CHAPTER 1: INTRODUCTION 

Problem Definition 

Small and large communities in developed or developing countries have a need for a 

simple method to reduce bacteria, virus, fungus, protozoan parasites, and the turbidity of raw 

water from drinking water sources (lakes, streams and canals).  There is a similar need to treat 

water in greenhouses desiring to recirculate irrigation water.  Traditional methods include 

filtration followed by disinfection, including ozone, ultraviolet, chlorine or heat.  The first 

method used to treat drinking water was slow sand filtration and this is still a viable solution.  

Advantages of slow sand filtration include: ease of operation, ability to function during short 

power outages, and ability to treat a wide range of water qualities.  Disadvantages include need 

for large tracks of hand labor needed to clean the systems, and need to build redundant capacity 

because of the down time associated with cleaning and maturing.  In summary, they are a viable 

option to remove harmful constituents and reduce turbidity because they are a low technology, 

low energy system with built in buffer, as opposed to ozone and UV, which require a higher 

level of technician to operate the system and are susceptible to power outages.   

A slow sand filter (SSF) consists of a layer of sand that is supported by a layer of gravel 

(Figure 1).  There is a drain system in the 

gravel layer that captures the treated water.  

The water column above the sand provides 

the pressure to drive the system.  SSFs can 

be built to operate in two scenarios: 1) 

constant head, variable flow; or 2) constant 

flow, variable head. 

Fig. 1. Slow Sand Filter Cross-Section 
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When the purpose of a SSF is to remove bacteria, virus, and fungi from a drinking water 

source or greenhouse effluent, the scientific community agrees that the treatment ability of a SSF 

is based on having a mature organic layer on top of the sand at the sand/water interface. This 

layer is referred to as the Schmutzdecke Layer (SL).  Schmutzdecke is German for dirt cover.  It 

is a layer of bacterially active organic matter 

located at the water/sand interface, Figure 2.  

The value of the SL is treatment; the negative 

aspect is that over time it greatly reduces the 

infiltration rate of the filter.  Other 

mechanisms for treatment within the SSF are 

important and include (Weber-Shirk, 2001):  

• Straining by the sand media and SL 

• Electrochemical attachment to the media and organics within the SL and filter 

• Biological attachment to biofilms within the SL and filter 

• Capture by predators, both suspension feeders and grazers 

These mechanisms are present when having a semi-mature or mature SL.  The time to 

obtain a mature SL depends on the temperature and organic loading of the source water.  Under 

ideal conditions the time to obtain a mature SL can be hours.  These conditions include: 

 Temperature 

 Organic loading of source water 

 Nutrient loading of source water 

Fig.2. Schmutzdecke Layer 
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The experiments at the University of Arizona used greenhouse irrigation effluent, which 

met the conditions considered as ideal.  The water temperature was a fairly constant 24ºC, the 

organic loading was algae based, and the water source was high in nitrogen, phosphate, and iron. 

Over time the SL will become so thick that it impedes the flow of water through the SSF 

to the point it must be removed.  The removal of the SL typically involves drying the SSF and 

physically, typically manually, digging out the SL and loading it in wheel barrows. This effort 

takes time and manpower.  Once the SL was removed water would be re-introduced to the SSF; 

there can be a delay of up to a month for the SL to mature before filtration can begin.  The 

cleaning process takes about 20% of the cycle time, which resulted in the construction of 20% 

larger facilities then needed for redundancy.  A management strategy to increase the cycle time 

was to reduce the loading of the SSF.  Typical loading rates for extended cycle times are 0.2 m
3
 

m
-2

 h
-1

 however when shorter run times are permissible the loading rate can be 0.27 m
3
m

-2
 h

-1
 ,a 

35% increase in filter capacity.   

When considering higher loading rates and corresponding shorter times between 

cleanings a cleaning strategy that allows for a quick turnaround is needed, as is the ability to 

accept the resultant water quality or add additional treatment or disinfection to meet desired 

water safety.  In the case of recirculating water in a greenhouse, meeting the 1 NTU requirement 

provides a high degree of treatment.  In the case of potable water, using a microfiltration or 

reverse osmosis treatment system after the SSF will result in a safe water supply.  When using 

the SSF as the primary treatment mechanism prior to potable water then the water must be 

disinfected using chlorine, UV, or ozone.  

 



14 

 

 

  

Dissertation Format 

This dissertation consists of 2 published papers.  Appendix A is an article that has been 

submitted to United States Committee on Irrigation and Drainage (USCID) for review, 

presentation, and publication in October, 2013.  This article covers the use of a SSF to treat 

drainage water from a greenhouse so that the water can be reused.  The second article, Appendix 

B, is a paper that was peer reviewed and published in the Proceedings of the Thai Society of 

Agricultural and Biosystems Engineering , 6
th

 International symposium (April 1, 2013).  This 

paper covers the management of a SSF to pretreat raw water prior to tertiary treatment by 

microfiltration or reverse osmosis systems. 
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CHAPTER 2: PRESENT STUDY 

The methods, results, and conclusions of this study are presented in the two papers 

appended to this dissertation.  The first paper, Appendix A, covers the management of the SL 

when it is used to filter effluent from a greenhouse so that the irrigation drainage water can be 

reused.  The second paper, Appendix B, presents the SSF as a pretreatment system for 

microfiltration or reverse osmosis.  The following is a summary of the most important findings in 

this document.   

 A slow sand filter was constructed at the University of Arizona’s Control Environment 

Agricultural Center (CEAC), and it was operated in the following phases: 

 Phase 1: Establish a mature SL 

o Operate for a month to establish a living filter 

o Clean SSF when capacity dropped to 65% of initial treatment capacity 

 Phase 2: Effluent (treated water) turbidity 

o Turbidity was measured over time to determine how long water would need to be 

diverted (wasted) until the desired turbidity of <1 NTU was achieved 

 Phase 3: Scour cleaning system 

o A jets of water, and air and water were used to scour and suspend the SL layer 

o The length of time that 80% of the material was suspended was visually estimated 

Phase 1: Establishment of a Mature Slow Sand Filter 

 

The CEAC SSF was continuously operated for a month to establish a mature SL At the 

end of the first phase of operation the SL layer was completely removed, reducing the depth to 
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the ports by approximately 2 cm. The purpose of the ports was to collect water samples from the 

various levels to determine the turbidity of the water with respect to depth.   

Figure 2 SSF Setup at CEAC  

Phase 2: Treatment  

 

Treatment mechanisms within the SSF include straining; electrochemical attachment to 

the organics and sand media within the SL; biological attachment to biofilms within the SL and 

sand media; and capture by predators suspended in the water (Weber-Shirk, 1999).  The CEAC 

SSF was first operated for a month to establish a fully mature SL, which allowed bacteria to 

become establish a SL and within the SSF.  During phase 2, turbidity testing, each run began 

with a clean filter.  The filter was cleaned by draining water to just below the sand level and then 

the SL was physically removed.  The filter was then filled with water to a depth of 15 cm above 

the sand, and was operated throughout the test at this elevation.  Turbidity measurements were 

taken using a HF Scientific turbidity meter (model DRT-15CE).  Turbidity measurements were 

taken of the influent, 5 cm sample port (Figure 3), and effluent every minute for the first 15 

minutes, then every 5 minutes for the next 15 minutes, then every 10 minutes for the next hour, 

at which time the readings were taken 6 hours later and then daily until the run was terminated.  

The turbidity testing phase was operated over 

three months for a total of 8 runs.   

The CEAC SSF was operated with a 

content head, and the flow decreased as the SL 

thickened and became denser.  This operating 

scenario resulted in flows too low to measure 

Fig. 3 Side View of CEAC Slow Sand Filter 
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with the flow meter.  A second data set of operational data was used to determine the hydraulic 

loading capability of the filter.  This data was collected by the United States Bureau of 

Reclamation at the Twin Peaks pumping plant on the Central Arizona Project.  This study’s  pilot 

SSF was operated using a constant flow and measured the change in pressure head needed to 

overcome the clogging mechanisms in the SL.  The USBR study resulted in a sustainable 

infiltration rate of 0.27 m
3
/m

2
 h

-1
 for an average of 16 days between cleanings.   

The CEAC study resulted in the ability of the SSF to meet the 1 NTU treatment goal 

within an average of 110 minutes, illustrating that the greenhouse effluent was ideal for slow 

sand filtration.  The key components for growth of a SL are water temperature, nutrient loading, 

dissolved oxygen and algae content of the source water.  After running the SSF for 8 cycles the 

turbidity goal of less than 1 NTU was attained within an average of 110 minutes.  The average 

run time at 1.38 lps was 22 days which is an acceptable time period when an effective cleaning 

system is available.  The average run time at 1.0 lps was 30.5 days. 

Figure 3 U SBR SSF Pressure Head Over Time  

Therefore, a SSF treating irrigation drainage water, at a rate of 0.27 m
3
/m

2
 h

-1
, from a 

1,000 m
2
 greenhouse would be treating 3,600 liters of water per day, which equates to a 13.2 m

2
 

SSF.  A 730 m
2
 SSF treating water from an open water source (canal, lake, or river) with a 

natural turbidity of less than 10 NTU would consist of a sand filter would have the capacity to 

treat 4.7 million liters of water per day.  Please note that results from an open water source will 

vary with source water temperature, so the basic data should be collected when planning a 

project in another region.  
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Phase 3: Scour Cleaning System 

 

Historically SSFs have been avoided because of the effort to clean the filter.  The missing 

link was a fast and automated method to clean the filter.  The concept tested in this research 

centered around suspending the SL and draining it off of the SSF before it had a chance to settle.  

Suspension tests were done using a water jet, and a water plus air jet.  The addition of air to the 

scouring system resulted in the doubling of the percent area scoured to approximately 80% and a 

fifty percent increase in the amount of time the material stayed in suspension, from an average of 

22 minutes to an average of 38 minutes, as illustrated in Figure 4. Observations from this method 

of cleaning the SSF are: 

 Sand substrate remains saturated and 

water is continuously moving through 

the substrate, so the bacteria in the 

substrate remain active 

 Retaining 20% of the organics in 

the SSF contributed to the 

relatively fast recovery time for 

the SSF 

 

 The data collected at the CEAC SSF was used to prepare conceptual designs for cleaning 

systems.  These systems were not built, but design data is provided so that they could be 

formally designed and constructed.  The first paper includes a concept to treat drainage water 
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from a 1,000 m
2
 greenhouse operation growing tomatoes.  This concept included a 65 m

2
 SSF 

with the scour system mounted to a rail on top of the SSF. 

The second paper provides a concept for a SSF that would be used to treat a surface water 

source to potable water standards for a small community (approximately 8,000 people) used a 

single span mini center pivot system to deliver water and air evenly to the surface of the sand 

filter.  A pivot was chosen because they are a robust infrastructure that could support the 

scouring system a constant distance above the sand surface.  A standard size span is 30.5 m.  The 

pivot moves 3.2 m per minute, so it can do a complete revolution in 60 minutes.  The average 

suspension time when scouring with water and air was 38 minutes. In order to meet this 

requirement, the sand filter would be divided into two halves for cleaning.  Each half is scoured 

in 30 minutes, leaving 8 minutes to drain the water off of the filter.  Assuming there is a 10 cm 

depth of water on the filter when the scouring takes place, then the outlets from the filter will 

have to drain at a rate of 31 liters per second.  
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Appendix A is an article that has been submitted to United States Committee on Irrigation 

and Drainage (USCID) for review, presentation, and publication in October, 2013.  This article 

covers the use of a SSF to treat drainage water from a greenhouse so that the water can be 

reused.   

1.0 Abstract 

 

Recycling of the nutrient solution used to irrigate tomatoes and other fruit and vegetables 

in greenhouses can increase water use efficiency and reduce the contamination of local water 

sources.  The nutrient solution cannot be recycled without treatment because of potential 

contamination of the entire plant system with bacteria, viruses, and/or fungi that could affect 

plant productivity.  Ozonation, pasteurization and chemigation are the techniques to treat the 

nutrient solution, but are often expensive and not always effective.  Slow sand filter (SSF) is a 

technology that is relatively inexpensive to purchase and operate.  Data was collected from two 
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SSF to verify treatment efficacy and associated hydraulic characteristics.  SSF were able to 

consistently produce water with a turbidity less than 1 Nephelometric Turbidity Units (NTU) and 

with the infiltration capacity to treat 0.27 m
3
m

-2
h

-1
 of greenhouse effluent; which, equates to 

treating 3,600 L d 
-1

  of drainage water from a 1,000 m
2
 of greenhouse.  The recovery rate for the 

filter was an average of 110 minutes.  Ideal growing conditions for bacteria responsible for the 

treatment of the water in the SSF included warm and consistent water temperature, high nutrient 

content, and organic loading in the water.   

The SSF was able to sustain a hydraulic loading rate of 0.27 m
3
m

-2
 h

-1
 for 16 days.  At 

the end of this period the organic layer that was present at the sand/water interface reduced the 

infiltration rate because of the formation of the Schmutzdecke layer (SL).  Once the SL has 

reduced the hydraulic capacity of the SSF to unacceptable levels, it must be removed for further 

use of the SSF.  Pilot SSF are cleaned by shoveling the organic material into buckets or wheel 

barrows.  Large facilities like the 80 million liter per day facility in Salem Oregon use a specially 

designed vehicle that is equipped with an auger to remove the SL.  The debris is then conveyed 

to dump trucks and the beds are leveled.  An efficient method to maintain and revive the filter 

was devised and tested, and was found to be an effective means to continue using the SSF 

without having to completely dry and physically remove the SL.  The air/water jet cleaning 

system scoured and suspended approximately 80% of the organic material for nearly 40 minutes.   

The scour cleaning system allowed for the filtration system to return to operation within 140 

minutes, as compared to draining the filter overnight and losing a day to clean the filter.  Design 

parameters for the cleaning system are presented. 
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2.0 Introduction and Background 

 

2.1  Greenhouse Operations 

 

Greenhouses produce 9.4 times the annual yield, on a kg m
-2

 basis, of tomatoes per year 

compared to the open field (Graeme, 2007).  Water conservation is very important in arid and 

semi-arid agricultural regions.  Tomato water use efficiency (WUE) is a standard measurement 

of the yield of tomatoes (kg) per unit use of water (m
3
).  In the San Joaquin Valley tomato water 

use efficiency (WUE) ranges from 10 kg m
-3

 for surface irrigation to 25 kg m
-3

 for drip irrigated 

plants (Hanson, B R. 2006).  The purpose of this study is to look at the use of a SSF to treat the 

irrigation drainage water so that it can be reused, thereby increasing the WUE in greenhouse 

production.  For that reason we are only reviewing the water use associated with plant 

evapotranspiration, and not the total water use of the greenhouse.  The total water use would 

include the plant use and the water needed to cool the greenhouse.  A study done at the 

University of Arizona measured the WUE for a discharging greenhouse irrigation system and 

estimated the WUE for a non-discharging system.  The discharging system does not recirculate 

the drainage water from individual irrigations; it is expelled or discharged from the greenhouse.  

The WUE for the discharging system over a 209-day season was 30 kg m
-3

 and the WUE 

estimated if the system was non-discharging was 59 kg m
-3

 (Sabeh N.C. 2011).  This study 

estimated that 50 percent of the irrigation water was discharged.  The water is discharged 

because the root zone must be leached with excess irrigation water to keep the salinity of the root 

zone within an acceptable range. The water would have a high electrical conductivity (EC) and 

include nitrates in the range of 600 to 900 parts per million (ppm) (McAvoy, 1994).  The 
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Environmental Protection Agency regulates discharges from industries and the Maximum 

Contaminant level for Nitrate is 10 ppm (EPA, 2009).  The drainage water is not directly 

recycled because of the potential to spread harmful bacteria, virus, and/or fungi that are present, 

unless a means for sterilization is available.  The expenses for equipment and operation costs are 

generally prohibitive. 

The accurate delivery of nutrients and water are key to achieving high yields of quality 

greenhouse tomato fruit.  Depending on the irrigation water quality a leaching requirement is 

needed to maintain the desired EC in the root zone.  During a 209 day growing season in Tucson, 

Arizona water use for tomatoes in a greenhouse used 4.3 L m
-2

 d
-1

 to 7.2 L m
-2

 d
-1

 (Sabeh, 2011).   

The nutrient requirements of tomatoes changes through the season, but for a mature plant, the 

primary nutrient concentrations are 100 ppm N, 50 ppm P, and 150 ppm K.  A 50% drainage rate 

results in a 3.6 L m
-2

 d
-1

 discharge rate which equates to an annual loss of 0.075 kg of N 0.0375 

kg of P, and 0.112 kg of  K per m
2
 of greenhouse per growing season.  For a 1,000 m

2
 

greenhouse tomato operation this equates to 75 kg N, 37.5 kg P, and 112 kg of K, which 

represents added expenses and loss of income to the grower, and gain of nutrient contaminants to 

the environment.  Please note that the reuse of irrigation drainage water would require an 

increase in the sophistication of equipment monitoring the EC and nutrients in the irrigation 

source water.  Also, if fusarium is a concern, data from Calvo-Bado, 2003, showed that the SL 

would need to be a minimum of 7 days old to remove an average of 80 percent of fusarium 

spores and over 10 days old to remove over 97 percent of the spores.  

The effluent and its associated nutrients are still valuable resources for the plants in the 

greenhouse.  A recirculating  system would reduce the amount of fresh water salts introduced to 

the irrigation system; however water quality and nutrient levels would need to be closely 



27 

 

 

  

managed, often requiring the use of more sophisticated and expensive controls (Sabeh N. C. 

2011)  Thus, it is often stored in ponds without any plant benefits, while creating a saturated bog 

area with a high nutrient and salinity content, resulting in a plume of plant nutrients, now soil 

and water contaminants that will then migrate to the regional groundwater. 

Techniques have been developed and are in use in large greenhouse operations for 

recycling and re-using drainage water.  The most common methods to treat the effluent, prior to 

recycling, are (Van Os, 2001 and Marlow, 2008): 

 Ozone Treatment 

o 10 g h
-1

 m
-3

 with an exposure time of 1 hour is sufficient to kill bacteria and 

viruses 

 Ultra-Violent radiation (UV) Disinfection 

o Bacteria and fungi recommended dose is 100 mJ cm
-2

 and viruses is 250 mJ 

cm
-2

 

 Heat treatment 

o Heat nutrient solution to 95⁰C for 30 seconds 

o Slow Sand Filter 0.2 to 0.27 m hr
-1

 filter rate  

o Natural removal of harmful bacteria by beneficial bacteria and filtering action 

in the water column, at the sand/water interface, and through the filter. 

Slow sand filters are a desired option to remove harmful bacteria because they are a low 

technology, low energy system with built in buffer.  Ozone and UV require a higher technical 

level to operate and require power.  Therefore, depending on the design of the system, if the 
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power goes out untreated water can contaminate the irrigation water for the house.  Heat 

treatment involves a lower technical operator, but is a very energy expensive operation.  

 

2.2  Slow Sand Filtration 

 

A slow sand filter consists of a water-tight 

container filled with a lower layer of gravel and an 

upper layer of sand (Figure A.1).  There is a drain 

system beneath the gravel layer that captures the 

treated water.  The greenhouse drainage water, 

supernatant, to be treated was applied to the sand 

layer creating a water column above the sand which provides the pressure force to move the 

water through the sand bed system.  An organic layer, typically 1 to 5 mm thick, forms at the 

sand/water interface and known as the Schmutzdecke layer (SL).  The sand bed typically consists 

of 0.6 m to 1.2 meters of a fine sand (average diameter = 0.26 mm) with a very high coefficient 

of uniformity (cv = 3.6).  The sand is over a layer of gravel, in which was placed drainage pipes 

to collect the treated water. 

 The SSFs can be designed to operate in either of two scenarios, with: 1) constant head, 

variable flow; or, 2) constant flow, variable head.  Constant head systems utilize a float valve to 

keep a constant depth of water over the sand layer.  The flow rate decreases over time as the SL 

thickens.  Constant head systems are the most common full size system constructed.  Pilot scale 

constant head systems are difficult to monitor because the flow rates decrease to a trickle.  

Fig. A.1. Details of a Slow Sand Filter 

Figure 

8 SSF  
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Therefore, the variable head system is often used for pilot scales.  This system supplies a 

constant flow rate to the SSF, over time the depth of water in the SSF increases as the head 

needed to overcome pressure losses in the SL increases. 

The scientific community agrees (Haig, SJ., 2011) that the ability of a SSF to treat 

effluent is because of a mature organic layer on top of the sand at the sand/water interface. This 

layer is referred to as the Schmutzdecke Layer (SL).  ‘Schmutzdecke’ translates from 

German as ‘dirt cover’.  It is a layer of bacterially active organic matter located at the water/sand 

interface, Figure A.2.  Typical thicknesses of the SL range from 1 to 5 mm.   

The SL is the primary zone of treatment of 

the effluent and consists of decomposing organic 

matter (algae) and silica and therefore acts as an 

initial zone of biological activity, providing some 

degradation of soluble organics (Biosandfilter.org 

2004).  Over time the SL thickens and the density 

increases, so it is the component of the SSF which limits the infiltration rate and thus the 

capacity for filtering the effluent.  There are also other mechanisms within the SSF which are 

important for treatment, and include (Weber-Shirk, 1999):  

 Straining by the sand media and SL 

 Electrochemical attachment to the media and organics within the SL and filter 

 Biological attachment to biofilms within the SL and filter 

 Capture by predators, both suspension feeders and grazers 

Figure 9 SL 

Fig.A.2. Schmutzdecke Layer Photograph 
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The growth rates of bacteria adhering to the sand particles within the SSF and within the 

SL are dependent upon water, food and oxygen.  Their growth rate also depends on temperature, 

and the growth rate is directly related to the time to form a mature SL.  The conditions in a 

greenhouse are ideal for the bacteria in a SSF.  They have an abundance of food (N, P, and K), 

the flow rate is constant and the temperature of the water is constant and relatively warm. 

There is no industry standard definition of a “mature” SL because the maturity relates to 

the treatment goals.  For this study a mature SL is one that removes over 99.9 percent of bacteria, 

virus, fungus, and turbidity less than 1 NTU; and a semi-mature SL is one that is removing over 

90 percent of bacteria, virus, and fungus and results in a turbidity of less than 1 NTU.  The SL 

does not immediately form at the sand/water interface, however if the top 20 cm of sand are not 

removed, then some form of treatment is found to begin upon renewal of the filtration process.  

The active treatment zone in the USBR SSF is illustrated in Figure A.3.  Note that in the top 20 

cm of the filter the sand is bound together with 

bacteria, indicating that treatment is readily 

occurring within this zone.  

The time required to obtain a mature 

SL depends on the ambient temperature (20 to 

40 ⁰C) and concentration of suspended organic 

material in the source water.  In general, 14 to 

30 days is typically required to obtain a 

“mature” SL.   However, the SL continues to grow and will become sufficiently dense that it 

impedes the flow of effluent through the SSF, and at some time it must be removed.  The 

removal of the SL typically involves drying the SSF and physically, typically manually, 

Fig. A.3. Active Treatment Zone of USBR Slow 

Sand Filter 
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extracting the SL and disposing of it. This requires time and labor.  There may be a delay of up 

to one month for the SL to again mature before effective filtration would begin.  This typical 

cleaning process required about 20 percent of the cycle time, which required the construction of 

20 percent larger capacity facilities than would be needed for processing capacity.  The ideal 

growing conditions for a SSF located in a greenhouse, treating greenhouse effluent, resulted in a 

management strategy to increase the hydraulic capacity of the filter, knowing that it would result 

in shorter cycle times.  Typical loading rates for extended cycle times are less than 0.2 m
3
m

-2
 h

-1
.  

The semi-mature SL meets the goals for the re-use of the drainage water in a greenhouse.  

The goal of 1 NTU combined with a loading rate of 0.2 m
3
 m

-2
 h

-1
 allowed for run times of 30 

days; however, when shorter run times are permissible the loading rate can be 0.27 m
3
 m

-2
  h

-1
.  

Operating the SSF at the higher treatment rate allowed for a 35% decrease in the size of the 

filter.  A slow sand filter treating effluent, at a rate of 0.27m
3
 m

-2
 h

-1
, from a 1,000 m

2
 tomato 

production greenhouse would be treating 3,600 L of water per day and would require a 13.2 m
2
 

SSF. 

 

2.3  Goals/Objectives 

 

The first purpose of this study was to determine operational parameters that were 

necessary to design and to manage the SSF to effectively and sufficiently treat nutrient solution 

effluent such that it could be recycled within the greenhouse irrigation system.  The second part 

of the study evaluated a procedure to revive the hydraulic capacity of the SSF without having to 
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physically remove the SL by scarifying and suspending the organic layer allowing it to drain 

from the SSF without having to shut down for an extended time.   

The expected results were to include recommendations on the management of the SL to 

maximize the infiltration rate through the filter while achieving targeted effluent water quality 

goals.  This was accomplished by verifying that although most of the treatment occurs in the top 

3 to 5 cm of the sand layer, additional treatment is occurring within the remaining layers of the 

sand, and if the SL and SSF are not completely drained, dried and cleaned at the end of the 

useful cycle then  the time needed to again begin to process effluent into high quality water was 

significantly reduced.  Expectations were to have a mature SL in hours, not weeks or months, 

after cleaning.  Therefore we did not have the opportunity to wait for lab results on bacteria 

counts.  Instead, turbidity of the effluent and visual observations of the SL were used as 

indicators of maturity of the SL. The treatment goals were to have SSF effluent turbidity of less 

than 1 NTU. 

 

2.4  Methods and Materials 

 

The results of two SSF studies were evaluated for management of the SL.  One SSF was 

constructed at the CEAC and the other was a U.S. Department of the Interior, Bureau of 

Reclamation (USBR) facility located at the Twin Peaks pumping plant on the Central Arizona 

Project. 
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3.0  Design and Construction of Slow Sand Filters 

 

3.1  CEAC SSF 

 

The SSF system at the University of Arizona Controlled Environment Agriculture Center 

(CEAC) consisted of the concrete SSF tank, a fill tank inside the greenhouse with a pump to 

deliver the water to the SSF, and an underground tank under the hydroponic tomato production 

system that collected the irrigation drainage water from the plants, a diversion valve that allowed 

for the delivery of the drainage water to a holding tank, and a 1.9 m
2
 SSF.  The water collection 

and delivery system for the SSF are illustrated in Figure A.4.   

The nutrient effluent collection system was installed at the discharge end of the 

hydroponic system which produced tomatoes in a top drip irrigated hydroponic system, and 

included a nutrient collection system for all drainage from the crops.  The irrigation drainage 

water was collected and drained into an existing 7560 L tank buried under the greenhouse.  This 

tank was 

 

Figure 10 SSF  Setup at C EAC  

Fig.A.4. Details of Slow Sand Filter at the 

Controlled Environment Agricultural Center 
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plumbed to the sanitary sewer with an automatic float switch control to empty the tank when 

filled.  The outlet piping was modified to add the ability to divert water from discharging to the 

sanitary sewer to an 1890 L plastic buffer tank.  The irrigation drainage tank normally pumped 

the drainage water out to the regional sewer system based on a pump controlled by a float valve 

in the tank.  When water was needed for the SSF study the sewer outlet valve was closed and a 

valve that connected to piping going into the buffer tank was opened.  The sump pump in the 

buried tank was switched from automatic to manual control to fill the tank.  At the end of the fill 

cycle the valves were reversed and sump pump put back onto automatic operation.  The buffer 

tank was a 1,900 L plastic tank that would be filled at the beginning of a run cycle, and then 

filled periodically during the operation of the SSF.  The tank was used to measure the volume of 

water delivered to the SSF. 

The SSF was constructed in a 3780 L rectangular precast concrete tank.  The tank was 

2.75 m long by 1.67 m tall, by 1.5 m wide and located outside and adjacent to the greenhouse.  

The surface area of this tank was larger than desired, so foam inserts were added to the tank to 

reduce the surface area to 1.9 m
2
. A 20 cm layer of 1cm diameter gravel was placed in the 

bottom of the tank around a 5 cm perforated drain pipe.  The gravel was covered by a geotextile 

fabric that kept the sand from infiltrating down into the gravel layer.  A 0.6 m layer of sand with 

particle size of 0.26 mm and a coefficient of uniformity of 3.6 was placed in the tank.  As 

discussed above, the active biological region is in the top 20 cm, but additional sand is placed in 

the filter to allow for the migration of bacteria within the filter.  The depth is limited to 1.2 m as 

this is the limit for keeping the filter in an aerobic state.  This highly uniform sand was used 

because it allows for the consistent movement of water through the sand bed.  If there were small 

sand grains in the mix then they would get in between the other particles and clog the filter.   
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The slow sand filter was equipped with a series of outlet sample ports.  The purpose of 

the ports was to collect water samples from the various levels, representing effluent with specific 

zones where treatment was occurring.  The ports allowed for samples to be collected and 

turbidity measured with respect to depth.  These were located one each, at the inlet to the SSF 

above the sand layer, 5 cm and 10 cm below the sand/water interface and the outlet.  

 

3.2  USBR SSF 

 

The U.S. Department of the Interior, Bureau of Reclamation (USBR) constructed a SSF 

pilot plant located at the Twin Peaks 

pumping plant.  The purpose was to treat raw 

Central Arizona Project water, which is 

water diverted from the Colorado River near 

the Havasu Dam approximately 270 miles 

upstream from the pumping plant.  The 

USBR built a SSF that consisted of a 4.9 m 

diameter by 3.0 m tall galvanized steel tank, 

Figure A.5.  A 15 cm layer of 2.5 cm diameter 

gravel was placed in the bottom of the tank 

around perforated pipe drainage  system.  The next layer above was an additional 15 cm of 2 cm 

diameter gravel.  The final gravel layer was 16 cm of 1 cm diameter gravel.  The gravel was 

covered by a geotextile fabric that kept the sand from infiltrating down into the gravel layer.  A 

Fig. A.5. USBR Pilot Slow Sand Filter at Twin 

Peaks Pumping Plant Cross-Section 
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0.9 m layer of sand with particle size of 0.26 mm and a coefficient of uniformity of 3.6 was 

placed in the tank (Moody, 2002).  The same sand was used in the CEAC filter. 

 

4.0  Operation of SSF  

 

The CEAC and USBR SSFs were operated to determine changes to turbidity and 

hydraulic capacity of the systems over time.  The testing procedures and results for the USBR 

SSF are found in their report (USBR 2002) on their pilot study.  The testing procedures for the 

CEAC SSF are detailed below.  The CEAC SSF was first operated for a month to establish a 

fully mature SL.  The standard procedure for operating the SSF during the first month was: 

 

1. Fill 1,900 L buffer tank 

a. Close greenhouse sump sewer discharge valve  

b. Open buffer tank valve 

c. Switch greenhouse sump pump from automatic operation to manual, which would 

start the pump. 

d. Fill the tank to a minimum of 1,800 L 

2. Document Conditions at beginning of Cycle 

a. Measure and note beginning water surface elevation in the SSF.  If this was the 

first time the SSF was being operated after a cleaning cycle then it would be 0 cm.  

Typically there would be water ponded on the SSF, so the depth of this ponded 

water was measured and noted so that a mass balance could be calculated. 

b. Read and note flow meter total flow 
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c. Obtain 250 ml water sample from the ponded water on the SSF. 

d. Obtain 10 ml samples of water from the 5 cm port and the outflow. 

3. Turn on pump in buffer tank and deliver 1,800 L of water to the SSF 

4. Test turbidity of collected water samples using HF scientific DRT-15CE Turbidimeter 

a. Calibrate DRT-15CE 

i. Turn on DRT-15CE 

ii. Wait approximately 1 minute for readings to stabilize 

iii. Insert 0.02 NTU reference standard into measurement port 

1. Extract sample by holding black plastic lid 

2. Do not open sample 

3. Wipe off any condensation or residue that may have contaminated 

the outside of the test sample with a light duty non-abrasive tissue 

(VWR International one-ply white wiper 11.4 X 21.3 cm light duty 

tissue wiper) 

iv. Wait approximately 30 seconds for reading to stabilize.   

v. Use reference adjustment (arrows up and down located below the readout 

screen) to adjust the reading to 0.02 NTU 

vi. Fill test sample bottle to a depth of approximately 4.5 cm.  Note the 

sample zone for the instrument is from 1.5 cm to 3.5 cm 

vii. Wipe off outside of bottle using non-abrasive tissue 

viii. Set meter range to maximum testing value, typically 10 NTU. 

ix. Insert dry and clean sample bottle into meter 

x. Wait approximately 30 seconds for reading to stabilize 
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xi. Read and note resultant turbidity (NTU) 

xii. Repeat as necessary for source, 5 cm, and treated water 

5. Fill SSF daily for 30 days 

6. After mature SL was achieved and the SSF was a living organism the SL was physically 

removed by hand using a metal dustpan. 

 

Once the SSF was a living organism we were able to remove the SL and begin testing the 

filter for removal efficiency of turbidity.  Each of the 8 runs began with a clean filter.  The filter 

was cleaned by draining water to just below the sand level and then the SL was physically 

removed.  The filter was then filled to a depth of 15 cm, and was operated throughout the test at 

this elevation.  Turbidity was measured with a HF Scientific turbidity meter (model DRT-15CE).  

Turbidity was measured at the influent (dip sample from water within the SSF), 5 cm sample 

port, and effluent every minute for the first 15 minutes, then every 5 minutes for the next 15 

minutes, then every 10 minutes for the next hour, at which time the turbidity was monitored after 

6 hours later and then once daily until the run was terminated.   

During the tests we were able to observe the changes in turbidity with respect to time.  As 

previously stated, the primary purpose of the tests was to verify that the treated water had a 

turbidity of less than 1 NTU.  Funding restrictions and time delays associated with bacterial 

treatment led the study to use turbidity as an indicator of treatment.  Treatment goals were 

considered to be achieved when the SSF reduced turbidity to less than 1 NTU while maintaining 

an infiltration rate of 0.27 m hr
-1

, which is considered a moderately high rate for a SSF.  This 

level of turbidity removal can be achieved when the influent turbidity was less than 10 NTU by 

filtration through the sand, with what could be described as a partially mature SL. 
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4.1  Hydraulic capacity of SSF over time 

 

The hydraulic capacity of the CEAC SSF was difficult to measure.  The flows were so 

low at the CEAC study that the flow meter was not reliable.  Water volumes were tracked 

between the supply tank and changes in storage in the SSF, but they did not always provide 

accurate data as there were times when the supply tank went dry before the test was over.  

Therefore, the slow sand filter hydraulic capacity ratings are based on the USBR study.  The 

USBR SSF filter was operated at two flow rates: 1.38 lps (0.27 m
3 

m
-2

 h
-1

) and 1.0 lps (0.20 m
3
m

-

2
 h

-1
).  The filter was operated at two different rates to see how the flow rate impacted the time 

between cleaning the SL.  The time to cleaning the filter was determined when the pressure drop 

required to infiltrate the constant flow of 1.38 lps was 1.15 m of water.  The filter pressure drop 

was calculated as the inlet water level, which was kept at a constant rate of 1.4 m above the sand, 

minus the outlet sight tube manometer.  The initial pressure was an average of 0.15 m at the 

beginning of each run.    

 

4.2  Suspension of SL 

 

A management strategy that requires frequent cleaning cannot be economically viable 

without a creative means to quickly and effectively remove the SL.  The concept involved 

hydraulically scouring and suspending the organic matter.  It can then be drained from the tank.  

A series of experiments were run to determine the effectiveness of scouring with just water and 

scouring with a combination of water and air.   
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The procedure for maintenance on the SL was: 

1. Fill SSF with greenhouse drainage water daily   

a. If water depth in SSF was less than 5 cm add 1,800 L of greenhouse drainage  

b. If Water level greater than 5 cm, add water to the SSF until water depth was 15 

cm 

c. Repeat daily for 1 week and visually verify that the SL covered 100% of the sand 

2. Scour sand using jet system with only water 

3. Visually estimate the percentage of the organics suspended by the jet system 

4. Begin timer and stop timer when approximately 80% of the organics had settled 

5. Add 5 cm of water to SSF 

6. Repeat jet cleaning 

7. Drain water off of SSF 

8. Fill SSF to 15 cm and begin operation of SSF 

9. Repeat 3 times (3 weeks) 

 

The system developed to scour the SL consisted of 

two horizontal Bex spray nozzles with “zip-tip” 

configuration.  These nozzles produced a thin, but wide jet 

of water at a flow rate of 0.106 lps at a pressure of 413 kPa.  

The nozzles were mounted 39.4 cm apart on a wand,  

Figure A.6.  The wand was pulled across the SSF one time 

to scour the bottom.  During the suspension test the wand 

was pulled across the SSF one time at a rate of 0.05 m s
-1

.   

Fig.  A.6. Scour Wand and Nozzle 

for Suspending Schmutzdecke 

Layer 
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The wand developed to scour the SL was then modified to add air at a flow rate of 0.053 

lps (413kPa) to the water to provide additional scour force and to enhance the suspension of the 

organics of the SL.  A visual estimate of the percentage of the bottom of the SSF that was 

scoured was made as was the time it took for approximately 20 percent of the solids to settle 

back onto the sand in the SSF.  This was repeated weekly for 3 weeks.   
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5.0  Results 

 

5.1  Turbidity and Hydraulic Capacity Results 

 

The two studies showed that an infiltration rate of 0.27 m
3
m

-2
 h

-1
 for an average of 16 

days between cleanings was sustainable.  The ability of the SSF to return to meet the 1 NTU 

treatment goal within an average of 110 minutes illustrates that the greenhouse effluent was ideal 

for slow sand filtration.  The key components for growth of a SL are water temperature, nutrient 

loading, and organic content of the source water.  The CEAC SSF was able to attain the turbidity 

goal within an average of 110 minutes, as illustrated in Figure A.7.   

 Ports at different depths allowed for 

the tracking of the slug of poor quality water 

as it migrated down through the SSF after the 

flow of raw water to the SSF was resumed.  

The average change in the turbidity between 

the 5 cm port and the outlet was after the first 

5 minutes of operation after the SSF was 

cleaned was1.0 NTU, when the influent 

turbidity was less than 10 NTU.  This change 

is tracking the plug of higher turbidity down 

through the SSF.  The plug of poor quality, initial, water was tracked through the sand bed.  

When the 5 cm port turbidity data is shifted by 25 minutes the average change in the turbidity 

Elapsed Time (min) 

Turbidity (NTU) 

Fig. A.7.  Turbidity of CEAC 

SSF Effluent Over Time after 

removal of SL. 

Figure 11 Tur bidity 

Over Time  
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reduces to 0.068 NTU.  The change in turbidity between the 5 cm port and product water port is 

illustrated in Figure A.8.  

The average run time for the USBR at 1.38 

lps was 22 days (Figure A.9).  This figure shows 

that the pressure head, depth of water in the filter, 

took an average of 22 days to increase to the 

maximum allowable value of 1.4 m (55 inches) 

before the run was terminated and SL removed.  

The average was based on 6 full runs of the SSF.  

The relatively short run time period between cleanings would be acceptable when a cleaning 

system is available that could clean the SSF with no manual labor within a 2 hour time period.  

 

  

Fig. A.9  USBR SSF Pressure Head Over Time 

Fig. A.8. Graph Tracking Plug of Poor 

Quality Water Through the CEAC Slow Sand 

Filter 
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5.2  Suspension Results 

 

Explicit data on suspension time was not obtained.  The time of suspension was 

estimated by visually noting the time for approximately 20 percent of the solids to settle back 

down to the sand.  Typical pre and post scour photos are found in Figures A.10 and A.11.  The 

darkness of Figure A.10 was indicative of a SL that was covering the bottom of the SSF after 1 

week.  The lighter color in Figure 11 is representative of the clean sand typically present after 

cleaning and removing approximately 80% of the SL. 

 

 

The addition of air to the scouring system resulted in the doubling of the percent area 

scoured to approximately 80% and a fifty percent increase in the amount of time the material 

stayed in suspension; from an average of 22 minutes to an average of 38 minutes, as illustrated in 

Figure A.12.  The averages were based on three observations.  Observations from this method of 

cleaning the SSF were: 

 

Figure 12 U SBR SSF 

Pressure Head Over 

Time  

Figure 13 SSF  

Before Scour 

Figure 14 SSF  

After Scour 

Fig. A.11 Slow Sand Filter After Being Scoured Fig. A.10. Slow Sand Filter Before Being 

Scoured 
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 Sand substrate remains saturated and water is continuously moving through the 

substrate, so the bacteria in the substrate remain active 

 Retaining 20% of the organics in the SSF contributed to the relatively fast recovery 

time for the SSF 
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Fig. A.12  Slow Sand Filter  

Suspension and Scour 

Water

Water + Air

Figure 15 SSF  

Suspension 

Scour  
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6.0  Discussion 

  

The temperature, nutrient loading, and organic loading of the source water made for ideal 

growing conditions in an SFF.  These factors allow for the SSF to recover turbidity levels of less 

than 1 NTU in an average of 110 minutes.  A SSF would be a desirable addition to any 

greenhouse because it allows for recycling of effluent.  This would result in considerable cost 

savings and reduce pollutant loading on the local water supply.  Historically SSFs have been 

avoided because of the effort required  to clean the filter. 

Using the suspension data a cleaning system was designed.  A slow sand filter treating 

effluent at a rate of 0.27 m
3
 m

-2
 h

-1
  from a 1,000 m

2
 tomato production greenhouse would be 

treating 3,600 L of water per day and would require a 13.2 m
2
 SSF. The proposed SSF would be 

2 m wide and 6.6 m long and 2 m deep.  The scour tests were conducted with the wand moving 

0.5 m s
-1

.  Therefore the wand would traverse the SSF in 2.2 minutes. 

The cleaning concept uses a rail mounted spray bar that traverses the filter in 3 minutes 

and drain the filter in less than 5 minutes.  The total time to clean the SL is 8 minutes, which is 

much less than the 40 minutes it takes for the suspended organics to settle.  At the end of the 

scour phase a drain valve is opened and the organics/water drain out of the SSF.  Assuming there 

is a 10 cm depth of water on the filter when the scouring takes place, then in order to drain the 

water from the filter in 5 minutes, the SSF would have to drain at a rate of 12 lps. 

Figure 16 

Spray 

Nozzles  
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The spray bar would have drop tubes 

hanging down so that the spray nozzles are 5 cm 

above the sand, as illustrated in Figure A.13.  Each 

drop tube would be hard piped and equipped with a 

horizontal wand with spray nozzles pointed 20⁰ 

forward of vertical.  The nozzles are flat “V” spray 

nozzles that are typically used to spray clean 

concrete.  Bex spray nozzles were the brand tested, and to control the pattern and flow rate 9.5 

mm nozzles with a spray pattern of 80⁰ were used.  The flow rate through one of these nozzles at 

345 kPa is 0.106 lps.  The goal was 50% water and 50% air.  The nozzles would be spaced every 

15 cm along the bar.  The net width of the sand filter is 1.9 m; therefore, the total number of 

nozzles is 12.  The air and water flow rates are total of approximately 1.2 lps, or 0.64 lps each.   

 

6.1  SSF Design Summary  

 

 Illustrated in Figure A.14 

 Treat 3,600 liters of water per day  

 SSF would consist of a 13.2m 
2
  SSF 

o 2 m by 6.6 m concrete basin 

o 2 m deep 

o Fill rate 0.04 lps 

 Flushing system 

Fig. A.13. Spray Nozzle Wand for 

Scouring System 

Fig. A.14. Slow 

Sand Filter 

Schematic – Plan 

View 
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o Drop tubes spaced 0.32 m 

o Nozzles spaced 15 cm  

o Flushing water rate 0.64 lps 

o Flushing air rate 0.64 lps 

o Flushing pressure 345 kPa 

o Drain rate 12 lps 

 

The entire time the SSF is out of service is equal to the time to remove the SL plus the 

time it takes the filter to mature sufficiently so that the effluent turbidity meets the goal of being 

less than 1 NTU.  On the average this is equal to: 

 Minutes for SL removal (8 minutes) + 110 minutes = 118 minutes 

Disrupting the flow of clarified water to the nutrient tank for 118 minutes may not be 

acceptable; a storage tank full of clarified water could be used to meet the nutrient flow during 

the cleaning cycle.  Based on the results of this study a 13.2 m
2
 sand filter would produce 150 

liters of water per hour.   The size of the storage tank to store 118 minutes of treated water would 

be: 

(118 min/60 min hr
-1

 )*150 L hr
-1

 = 295 L 

  

Figure 17 SSF  
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7.0  Conclusions and Recommendations 

 

A slow sand filter is a good match with greenhouses to enable the operator to clean and 

reuse the irrigation drainage water from the greenhouse.  A 1,000 m
2
 greenhouse would require a 

13.2 m
2
 SSF.  The SSF can be effectively cleaned using an air/water jet cleaning system which 

results in high treatment capacity and the SSF being out of service for less than 2 hours every 22 

days. 

Further research is needed to optimize the jet cleaning system.  Variables that could be 

optimized include jet angle, jet pressure, and air/water ratio.  Fusarium removal efficiencies 

should verified when using management strategies based solely on turbidity. 
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APPENDIX B: MANAGEMENT OF THE SCHMUTZDECKE LAYER OF A SLOW 

SAND FILTER FOR PRETREATMENT OF POTABLE DRINKING WATER 

 

*Peter A. LIVINGSTON
1
 and Donald SLACK

1
 

1
Department of Agricultural and Biosystems Engineering, University of Arizona, Tucson 

Arizona USA 

 

This article is a paper that was peer reviewed and published in the Proceedings of the 

Thai Society of Agricultural and Biosystems Engineering , 6
th

 International symposium (April 1, 

2013).  This paper covers the management of a SSF to pretreat raw water prior to tertiary 

treatment by microfiltration or reverse osmosis systems. 

1.0  ABSTRACT 

 

Slow sand filters (SSF) have been used to treat surface water to drinking water standards 

for over a century.  All of London’s drinking water is from the Thames River and it is treated 

using a SSF.  Today many cities still treat surface waters to drinking water standards, however 

because there are viruses that are not efficiently removed by a slow sand filter and are not killed 

by chlorine, communities have turned to the use of micro filtration and/or reverse osmosis to 

provide safe drinking water.  These technologies are much more efficient if organics are 

removed and turbidity reduced to less than 1 NTU prior to entering these systems.  A cost 

effective pretreatment method to reduce turbidity is through the use of a SSF.   
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The objective of this research was to devise management strategies for SSF.  A design 

was done for a full scale SSF, complete with an innovative method to clean the SSF at the end of 

a run cycle.  

 

2.0  RATIONALE 

 

The slow sand filters (SSF) were invented and implemented in the early 1800’s as a 

means to protect consumers against Cholera (Graham, 1998).  The treatment ability of a SSF is 

based on having a mature Schmutzdecke Layer (SL), which is a layer of bacterially active 

organic matter located at the water/sand interface.  The value and use of SSFs continues today, 

however they are not necessarily being used as the primary treatment process for drinking water 

supplies, but as a pre-treatment system for membrane filters. A SSF is a low tech, easy to operate 

water treatment system that can produce high quality water for a minimal cost.   

SSFs have gone out of favor with water treatment professionals for large community 

water systems because land requirements are high (Hendricks, 2006).  The average loading rate 

for a SSF treating water to potable standards has an infiltration rate from 0.1 to 0.3 m hr
-1

, which 

equates to an average of 2 million liters per day per hectare.  A community that uses an average 

of 570 liters per day per capita would require nearly 285 hectares of basins per million people 

served.  The land, capital and operational costs exclude this technology for primary treatment.   

Treating surface water to potable standards requires a fully mature SL.  However, there 

are many applications where water treatment is needed but the operator is willing to give up a 

degree of reliability for a higher treatment capacity, mainly as a pretreatment method for 
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membrane filters, including reverse osmosis (RO) and micro-filtration (MF) systems (Moody, 

2002). When using a SSF as a pre-treatment system, the role of the SSF is to reduce turbidity and 

remove some organic and inorganic contaminants.  The RO and MF systems are the safeguard 

for removal of pathogens.    

 For example, Tucson Arizona, USA is looking to deliver Central Arizona Project Water 

(CAP), a surface water source with a total dissolved solids (TDS) content of 600 to 700 mg L
-1

, 

to its customers; however, the target delivery TDS is 100 mg L
-1

 (Moody, 2002).  An effective 

and economical treatment system could use a SSF for pretreatment followed by the parallel use 

of RO and MF to obtain the desired dissolved solids content and a safe drinking water source, as 

illustrated in Figure B.1.  The average loading rate for SSF pre-treating water for a RO or MF 

system would be 46 million liters per day per hectare, nearly a ten-fold increase over the 

traditional system.   

Fig. B.1 Typical Use of Slow Sand Filtration Technology 



54 

 

 

  

 

The SSF is only being used to pre-treat the surface water by removing organics and reducing the 

turbidity to less than 1 Nephelometric Turbidity Unit (NTU) (Moody, 2002).  The purpose of this 

research was to provide recommendations on the management of the SL to maximize the 

infiltration rate through the filter while achieving water quality goals.  This will be done by 

verifying that most of the treatment occurs in the top 20 cm of the sand layer.  The second part of 

the study looked at means to scarify and suspend the organic layer so that it could be 

drained from the SSF without having to dry the filter and then mechanically or physically 

remove the top layer.  

 

2.1  History of Slow Sand Filtration 

 

Slow sand filtration (SSF) began in 1829 on the north bank of the Thames River, when 

James Simpson put the first successful slow sand filter system into operation (Graham, 1988).  

Simpson noted that the filter clogged, but convinced the Chelsea Water Works Company that 

scraping and cleaning or replacing the top layer of sand was worth the level of treatment, as this 

system protected consumers from Cholera.  Simpson also noted that the sand bed had to go 

through a “fermentation” stage before it was effective.  By 1839 there were 5 Chelsea filters in 

operation, and in 1852 the London City government required that water sold to the public had to 

be filtered.  Slow sand filtration is still the most common means of filtering potable water 

delivered to London.   

After the success of the Chelsea SSF, plants were built throughout Europe.  The health 

benefits of SSF treatment were dramatically demonstrated in 1892, when there were over 8,600 

Figure 18 

Typical Use 

of SSF 

Techno logy  
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deaths from cholera in Hamburg  (1.34-percent of population) and only 343 deaths in the nearby 

town of Altona (0.2-percent of population).  According to Cosgrove( 909) cholera in Hamburg 

went right to the boundary of Altona, and stopped. 

The first SSF was commissioned in the United States in  Poughkeepsie, NY in 1872.  

This SSF treated water from the Hudson River, a river known as a receiver of raw sewage from 

upstream communities.  Although not highly successful, many other communities in the 

northeast built SSF treatment systems.  By 1900 nearly 260,000 people in 20 communities relied 

on SSF treatment systems for their daily water supply (Hazen, 1895). 

 

2.2  Study Background 

 

As discussed, the original intent of a SSF is to remove bacteria and virus from source 

water, typically rivers, so that the water was safe to drink.  This took a mature SL, which could 

take over a month to develop, depending on temperature, and by then the hydraulic capacity of 

the SSF was already reduced.  Over time the SL would thicken and further reduce the hydraulic 

capacity to the point where the operator would terminate flow to the filter, and then wait until it 

had drained and dried.  At that point, men and wheel barrows would physically remove the SL.  

This effort took time and manpower.  Once the SL was removed water would be re-introduced to 

the SSF, and with a month delay until the SL was mature begin.  The cleaning process took about 

20% of the cycle time, which resulted in the construction of 20% larger facilities than needed 

and the systems were large because they were sized to meet the demand when the treatment 

capacity was impacted by the SL. 
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SSFs are being tested to pre-treat water prior to a micro filtration (MF) system or a 

reverse osmosis (RO) filtration system.  Both of these systems use membranes to filter out 

bacteria and viruses.  The reverse osmosis membranes are fine enough and are operated at such a 

high pressure that they also remove dissolved solids from brackish and ocean water.  The MF 

and RO systems will quickly clog if the turbidity of the source water is greater than 1 NTU 

(Moody, 2002).   

Therefore, the purpose of this study is to determine operation parameters necessary to 

manage the SSF to produce water with a turbidity less than 1 NTU.  This study assumed that the 

turbidity of the source water is less than 10 NTU, typical for a clear river.  If the turbidity of the 

source water is greater than 10 NTU then a high capacity gravel filter can be placed prior to the 

SSF. 

 

The SSF was operated to determine the following: 

 

 Treatment capacity over time  

o Beginning treatment capacity 

o Clean SSF when capacity dropped to 50% of initial treatment capacity 

 Effluent (treated water) turbidity 

o Turbidity was measured over time to determine how long water would need to 

be diverted (wasted) until the desired turbidity of <1 NTU was achieved 

o Suspension time after cleaning 

o A jet of air and water were used to scour and suspend the SL layer 

o The length of time that 80% of the material was suspended was measured 
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3.0  SSF CAPACITY AND TURBIDITY MANAGEMENT 

 

The management goal of the SSF is to reduce turbidity to less than 1 NTU, a level desired 

by operators of MF and RO systems.  This level of turbidity removal can be achieved by 

filtration through the sand, and does not require a mature SL An immature SL does assist in 

turbidity removal, but it occurs very quickly in a SSF, typically within an hour of cleaning the 

system when the supply water has an influent turbidity greater than 5 NTU.   

Testing done at the University of Arizona’s Controlled Environment Agriculture Center 

(CEAC) and by the U.S. Bureau of Reclamation (USBR) at the Marana pilot SSF verified the 

ability of a SSF to consistently reduce turbidity to less than 1 NTU with an immature SL 

(Moody, 2002).  The next step was to devise a method to clean the SSF quickly and 

economically. 

 

3.1  Construction of Slow Sand Filter 

 

The test SSF system at the CEAC was constructed of a 1,000 gallon concrete tank.  This 

tank had more surface area than was required, so foam inserts were added to the tank before the 

sand was added.  The net area of the filter was 1.9m
2
.  The sand in the filter had a mean diameter 

of 0.26 mm and a coefficient of uniformity of 3.6.  This highly uniform sand was shipped in 

because the lower the uniformity coefficient the higher the grain size uniformity, which promotes 

the vertical movement of water and decreases clogging.  There was 20 cm of gravel below the 

sand.  The outlet pipe was a 5 cm diameter perforated pipe located within the gravel layer. 
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The system was installed at the western greenhouse located at the CEAC.  This house is 

typically used to grow hydroponic tomatoes.  The irrigation water is collected and drains into an 

existing 2,000 gallon tank buried under the greenhouse.  A pump in the tank was used to fill a 

temporary 500 gallon poly tank, the water supply for testing the SSF.  The water was delivered 

to the SSF using a pump in the poly tank, as illustrated in Figure 2. 

The slow sand filter was equipped with a series of test ports, Figure B.2.  The ports were 

located above the sand layer, 5 cm below the sand/water interface, 10 cm below the sand/water 

interface, and within the gravel layer.  The purpose of the ports was to collect water samples 

from the various levels to determine the turbidity of the water with respect to depth.   

 

 

Figure 19 SSF  at CEAC  

During the tests we were able to observe the changes in turbidity with respect to time.  As 

previously stated, the primary purpose of the tests was to verify that the treated water had a 

turbidity of less than 1 NTU. 

Fig. B.2 Slow Sand Filter at the University of Arizona Controlled 

Environment Agricultural Center 
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The USBR SSF consisted of a 4.8 m diameter by 3 m high galvanized steel tank.  A 15 

cm layer of 2.5 cm diameter gravel was placed in the bottom of the tank around a perforated pipe 

drainage system.  The next layer was an additional 15 cm of 2 cm diameter gravel.  The final 

gravel layer was 15 cm of 1 cm diameter gravel.  The gravel was covered by a geotextile fabric 

that kept the sand from infiltrating down into the gravel layer.  A 0.9 m layer of sand with 

particle size of 0.26 and a coefficient of uniformity of 3.6 was placed in the tank (Moody, 2002).  

The same sand was used at the CEAC filter. 

 

4.0  Operation of CEAC SSF 

 

The SSF was first operated for a month to establish a mature SL and allow bacteria to 

become established within the SSF.  Once the SSF 

was a living organism the SL was removed and  

future tests were able to achieve an average water 

quality better than 1 NTU within an average of 110 

minutes, as illustrated in Figure B.3.  Having ports 

at different depths allowed us to track the slug of 

poor quality water that would migrate down through the SSF after the flow of raw water to the 

SSF was resumed. 

 

Figure 20 
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Figure B.3. Treated Water Turbidity 
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4.1  Hydraulic Capacity of SSF 

 

The hydraulic capacity of the test SSF was difficult to measure.  The flows were so low 

that the flow meter was not reliable.  Water volumes were tracked between the supply tank and 

changes in storage in the SSF, but they did not always provide accurate data as there were times 

when the supply tank went dry before the test was over.  Therefore, the slow sand filter hydraulic 

capacity ratings are based on the USBR study.  This study was done using the same sand as the 

CEAC study.  The USBR SSF was an 18.6m
2
 filter that was operated for a year.  The filter was 

operated at two flow rates: 1.38 lps and 1.0 lps.  The filter was operated at two different rates to 

see how the flow rate impacted the time between cleaning the SL.  The time to cleaning the filter 

was determined when the pressure drop required to infiltrate the constant flow of 1.38 lps was 

1.15 m depth of water.  The filter pressure drop was calculated as the inlet water level, which 

was kept at a constant rate of 1.4 m above the sand, minus the outlet sight tube manometer.  The 

initial pressure was an average of 0.15m at the beginning of each run.   The average run time at 

1.38 lps was 22 days, which is an acceptable time period when an effective cleaning system is 

available.  The average run time at 1.0 lps was 30.5 days. 

 

4.2  Suspension of Organic Layer 

A management strategy that requires frequent cleaning cannot be economically viable 

without a creative means to quickly and effectively remove the SL.  The concept involved 

hydraulically scouring and suspending the organic matter.  It can then be drained from the tank 

to an evaporation pond or for other agronomic uses.  A series of experiments were run to 
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determine the effectiveness of scouring with just water and scouring with a combination of water 

and air.  The testing procedure was: 

 Fill tank with water and let organics grow on bottom for 1 week. 

 Verify that 100% of bottom of tank was covered with organics 

 Scour tank bottom using jet system with only water 

 Note time 

 Estimate percentage of organics that were disturbed 

 When approximately 20% of the organics had settled to the bottom note the ending time 

  The scour system consisted of two horizontal Bex spray nozzles with “zip-tip” 

configuration.  These nozzles produce a thin, but wide jet of 

water.  The nozzles were mounted 39.4 cm apart on a wand, 

Figure B.4.  The wand was pulled across the SSF one time 

to scour the bottom.  During the second round of tests an air 

supply was added to the water to provide additional scour 

and suspension to the organics.  A visual estimate of the 

percentage of the bottom of the SSF that was scoured was made and the time it took for 

approximately 20-percent of the solids to settle back onto the floor of the SSF was made.  This 

was repeated 3 times each, with only water and water plus air.   

Typical pre and post scour photos are found in Figures B.5 and B.6.  The darkness of 

Figure 5 was indicative of a SL that was covering the bottom of the SSF after 1 week.  The 

lighter color in Figure B.6 is representative of the clean sand typically present after cleaning and 

removing approximately 80% of the SL. 

Fig. B.4. Scour Wand with Air 
Figure 

22 

Scour 

Wand 

with 

Air 

Figure 21 SSF  Before Scour Figure B-6 SSF After Scour  
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The addition of air to the scouring system resulted in the doubling of the percent area 

scoured and a fifty percent increase in the amount of time the material stayed in suspension, as 

illustrated in Figure B.7. 

 

  

Figure 23 

SSF 

Suspension 

Scour  

Fig. B.5  Slow Sand Filter Before Being Scoured Fig. B.6.  Slow Sand Filter After Being Scoured 
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5.0  CLEANING SYSTEM 

 

One of the original cleaning systems was used to clean a SSF in Yuma Arizona (Hazen, 

1895).  This system was based on parallel railroad tracks supported 

by large timbers, Figure B.8.  It was reported to be effective, but 

cumbersome.   

The goal of this project was to design a system to effectively 

remove the SL layer from a 730 square meter (sm) sand filter.  This 

filter would have the capacity to treat 4.7 million liters of water per 

day.  This would provide sufficient water for about 8,240 people.   

The concept is to use a single span mini center pivot system to 

deliver water and air evenly to the surface of the sand filter, Figure B.9.  A pivot was chosen 

because they are a robust infrastructure that will hold the scouring system a constant distance 

above the sand surface.  The specified pivot is a Greenfield 4, 

mini-pivot, made by Lindsay Manufacturing.  A standard size 

span is 30.5 m.  The pivot moves 3.2 m per minute, so it can do 

a complete revolution in 60 minutes.  The average suspension 

time when scouring with water and air was 38 minutes. In order 

to meet this requirement, the sand filter would be divided into 

two halves for cleaning.  Each half is scoured in 30 minutes, 

leaving 8 minutes to drain the water off of the filter.  

Fig. B.8. Blaidsdell SSF 

Washing Machine 

Fig. B.9.  Greenfield Center 

Pivot 

Figure 25 Blaidsdell SSF Washing Mac hine 

Figure 24 Greebfield 
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Assuming there is a 10 cm depth of water on the filter when the scouring takes place, 

then the outlets from the filter will have to drain at a rate of 31 liters per second. 

Pivot systems come pre-plumbed for outlets and 

associated drop tubes, Figure B.10.  The drop tubes are 

spaced every 1.52 meters.  Each drop tube would be hard 

piped and equipped with a horizontal wand with spray 

nozzles pointed 20⁰ forward of horizontal.  The nozzles 

are flat “V” spray nozzles that are typically used to spray 

clean concrete.  Bex spray nozzles were the brand tested, 

and to control the pattern and flow rate 9.5 mm nozzles with a spray pattern of 80⁰ were used.  

The flow rate through one of these nozzles at 345 kPa is 0.106 lps.  The goal is 50% water and 

50% air.  The nozzles are spaced every 15 cm along the bar.  The net width of the sand filter is 

24 m.  Therefore, the total number of nozzles is 160.  The air and water flow rates are total of 17 

lps, 8.5 lps each.   

This would require a 10 cm diameter supply water delivery pipe, and the standard 10 cm 

galvanized pipe provided with the pivot system will be sufficient to carry the water.  A separate 

airline would be hung from the pivot pipe.  This line will have hoses and quick connections to 

inject the air into the drop tube.  The main airline will need to be loose at the beginning tower so 

that it can wrap around the vertical pipe a minimum of 1.5 times while the pivot is rotating.  The 

pivot has a standard control system that will automatically reverse direction upon completing a 

360⁰ circle.  A regenerative blower will provide sufficient air and pressure to feed the system. 

 

Fig. B.10. Center Pivot with 

Drop Tubes for Cleaning a Slow 

Sand Filter. 

Figure 26 CP 

with Drop Tubes  
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Design Summary (Illustrated in Figures B.11 and B.12) 

 Treat 4.7 million liters of water per day 

 Each SSF would consist of a round basin that looks like a donut with the pivot tower in 

the middle and wheeled tower at end 

o 0.6 m deep 

o 24 m radius of sand over gravel 

o 25 cm drain pipe serving each half 

o Drop tubes spaced 1.5 m 

o Nozzles spaced 15 cm 

o Flushing water rate 8.5 lps 

o Flushing air rate 8.5 lps 

o Flushing pressure 345 kPa 

 

Figure 27 Side View of SSF  

Fig. B.11. Cross Section of Slow Sand Filter with Capacity to Treat 4.7 mL per day 
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The entire time the SSF is out of service is equal to the time to remove the SL plus the 

time it takes the filter to mature sufficiently so that the effluent turbidity meets the goal of being 

less than 1 NTU.  On the average this is equal to: 

60 minutes for SL removal + 110 minutes = 170 minutes 

Disrupting the flow of clarified water to the RO system for 170 minutes would not be 

acceptable, so a storage tank full of clarified water could be used to meet the RO flow during the 

cleaning cycle.  Based on the results of this study, a 730 sm sand filter would produce 196,000 L 

of water per hour.   A storage tank to store 170 minutes of treated water would be: 

(170 min/60 min hr
-1

 )*196,000 Lhr
-1

 = 555,000 L 

Fig. B.12. Plan View of 4.7 ML per Day Slow Sand Filter 
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6.0  SUMMARY 

 

Traditional SSFs were designed and operated to remove pathogens.  The hydraulic capacity of 

these filters had average infiltration rates of 0.2 m hr
-1

.  When the SSFs are cleaned every 22 

days the resultant final infiltration rate was 0.27 m hr
-1

, an increase of 35 percent.  At the end of 

a treatment cycle the SL has to be removed by hand the time out of service and cost to remove 

the SL did not justify the increased treatment capacity.  The introduction of a fast and efficient 

means to clean the SL and regenerate the SSF will allow for increased use of SSFs to pretreat 

water prior to microfiltration or reverse osmosis filtration. 
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