
Now we’ll get into some design aspects of slow sand filtration.  Aerial photo of Astoria, OR 

(a 5 MGD) was taken by Frank Wolf in 2010.  Other photos are from GoogleMaps 

downloaded in 2013.
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This is a schematic from the 1974 World Health Organization (WHO) “Slow Sand Filtration” 

design manual (Huisman & Wood, 1974. pg 18).
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This is figure 18 showing more details on the filter controls.  Figure 18 is from the 1974 

World Health Organization (WHO) “Slow Sand Filtration” design manual (Huisman & Wood, 

1974. pg 64).
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This is another schematic from the USEPA.

4



A more detailed schematic is shown here, beginning with the raw water inlet into the filter 

box.  The filter box is equipped with a drain and water for backfilling with filtered water.  

Supernatant (or headwater) filters through the sand bed and support gravel, out of the 

under drains through a flow meter and control valve and into a flow control structure.  The 

adjustable weir keeps the sand bed from de-watering when the filtration rate declines 

towards the end of a filter run.  The weir is adjustable to facilitate draining the filter bed 

during cleaning.  Filtered water then flows to the clearwell for disinfection.  Piezometers are 

shown where they can be used to measure headloss across the filter bed as well as the 

tailwater level.
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This is an example of a “Gooseneck” style weir construction showing process control 

monitoring points.
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Gravity Fed system

7



Telescoping Valve
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This slide compares slow sand and rapid rate filtration, both utilize similar media (sand), 

however, there are some important differences.  For example, slow sand filters are design 

to operate continuously, where rapid rate plants are meant for intermittent operation.

9



Filtration rates for rapid rate filters is roughly 40 times that of slow sand filters and the sand 

effective size is roughly twice that of slow sand media.  Retention time above the slow sand 

bed is measured in hours rather than minutes and the filter run is weeks long rather than 

days long for rapid rate plants.  The removal mechanism for slow sand filters incorporates a 

biological process without the addition of any coagulation chemicals.  Coagulation is critical 

for effective rapid rate filtration.  Due to the coagulation, rapid rate plants are far less 

sensitive to elevated raw water turbidity.  In spite of all these differences, the removal 

efficiencies for Giardia are the same at 3.0-log and both are capable of producing finished 

water with very low turbidity.
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Even with the best design, there are a number of variables that can have a big impact on 

performance.  Raw water characteristics like turbidity, color, and colloidal content for 

example.  Other critical variables include sand size and uniformity, flow control and 

management of air binding, headloss development, sand bed depth, filtration rate and flow 

variability.  Allowing sufficient time to mature once a filter has been newly sanded (usually 

4 – 6 weeks) and allowing the filter to ripen once cleaned (24 – 48 hours) are very critical to 

optimal performance.
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There are a number of design references, such as the one shown here.
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The “Manual of Design for Slow Sand Filtration” covers design in great detail.
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There are, however, 3 main design references that have either stood the test of time, like 

the manuals on slow sand filtration produced by the World Health Organization and the 

International Research Center for Community Water Supply and Sanitation or that are 

commonly referenced by State regulatory agencies, such as the Ten States Standards.
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Since the Ten States Standards were developed with the participation of many state 

agencies, are widely recognized, and lay out fairly concise specifications for slow sand 

filters, I will use this reference to discuss a little about each specification.
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A pilot study of at least a year should be conducted to determine the suitability of slow 

sand filtration for the available source water and required system demands.  Pilot testing 

can also uncover unanticipated O&M issues.
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Pilot tests can be small scale like the one on the left with a 12-inch diameter column or 

large scale like the 4 pilot columns on the right.  The one on the left was used to pilot 

media used in Alsea, Oregon.  The pilot study used by Walla Walla Washington in 2010 was 

used to evaluate media from 3 different sources in 3 of the columns.  A 4th column was 

used to evaluate the effects of a roughing filter.
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Pilot testing  yields information on what raw water characteristics may adversely impact 

performance and operation such as algae, cold temperatures, etc..  Pilot test results can be 

used to evaluate different sand characteristics and determine how much filter area is 

needed to meet the anticipated demand.  It can also be used to estimate operation and 

maintenance costs associated with cleaning and re-sanding.  
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So what are the features of a full scale plant that should be considered in designing pilot 

filters?  Most properly designed slow sand filters have the same basic design elements, 

with some variations.  There is a raw water inlet (#2 in the diagram) and usually some way 

to remove surface scum (#1) and drain the headwater for cleaning (#3).  In a mature filter, 

there is the schmutzdecke filter skin, filter bed, and underdrain system with some sort of 

effluent flow control, which is typically either a valve or moveable weir.  The underdrain 

system also functions to drain the filters for cleaning or resanding.  During cleaning, the 

filter bed should not be completely drained, but rather drained just enough to allow the 

bed to be walked upon or to allow machinery to safely operate during cleaning.  In this 

example, this level is dictated by the design of the outlet chamber (#11) and overflow weir 

(#8).  In other cases, this level is controlled by valves.  The water level is maintained in this 

example by the overflow weir indicated by #8 in the diagram.  Once cleaned, there is often 

the ability to slowly refill the filter bed with filtered water from another filter as shown by 

#5.  This allows air that gets into the filter bed during cleaning to be purged.  This 

“backfilling” continues until the headwater is roughly 1-ft above the filter bed, which 

protects the bed from scouring that can occur when top filling with raw water commences.  

There should be the ability to filter to waste for at least 48 hours until ripened (#4).
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A schematic is an excellent way to ensure that key features of a full-scale plant are 

incorporated into a pilot filter.  Pilot testing schematics can be simple, but should clearly 

show key features that can simplify operation and improve data collection.  This is a

schematic of the pilot filter used at Humbug Mountain State Park in Curry County, Oregon.
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This design incorporates a layer of granular activated carbon for organics removal.  This is 

sometimes called a “GAC sandwich”.  These plans are for a pilot filter for the City of Salem.
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This is another schematic of a pilot filter used by the City of Walla Walla in 2010-2012.
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This is a section view of the filter used by the City of Walla Walla, WA.
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This is another schematic of a pilot filter.
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Pilot filters can be made out of various materials, but should be made fairly durable so that 

they can be retained for future studies.  Pilot filters should be designed in order to 

accommodate the entire sand bed, support gravel and under drain system as well as the 

headwater that would be expected from the full scale installation.  Larger diameter filters 

can help mitigate short-circuiting at the sidewalls, however, a lip built into the filter below 

the sand bed can help compensate for smaller diameter filters.
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Filter media and support gravels should be supplied, washed, and installed in a similar 

manner to that anticipated with the full scale installation.  This helps to determine the filter 

wash-out and maturation periods that more closely resembles full-scale conditions.  The 

pilot filter should also be covered or left uncovered like the anticipated full-scale design.
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The pilot filter should also be covered or left uncovered like the anticipated full-scale 

design.  It may be advantageous to incorporate provisions for covering the pilot filter in 

order to study differences in filter performance or to evaluate filter covers at a later date.  

This photograph of excavated media was taken in 2012 at the Camp Tillicum Retreat in 

Yamhill County, Oregon for a newly installed full-scale filter that was being filtered-to-waste 

until fully mature.
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Here is another example of a pilot filter.  Note the sample ports at various column depths.  

This is not typical, but it demonstrates how a pilot filter can be used to evaluate the 

removal mechanisms at work throughout the filter bed.
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Even with the best design, there are a number of variables that can have a big impact on 

performance.  Raw water characteristics like turbidity, color, and colloidal content for 

example.  Other critical variables include sand size and uniformity, flow control and 

management of air binding, headloss development, sand bed depth, filtration rate and flow 

variability.  Allowing sufficient time to mature once a filter has been newly sanded (usually 

4 – 6 weeks) and allowing the filter to ripen once cleaned (24 – 48 hours) are very critical to 

optimal performance.
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The number of filters needed, can be determined using this equation.  This equation 

assumes that the filters are all to be of equal size, only one filter is taken off-line at a time 

for cleaning, and that peak day demand is the design flow for the plant (i.e., peak hour and 

fire flow demands can be met by available distribution system storage).  Notice, the desire 

to keep the filter area to a manageable size in order to facilitate cleaning operations and 

minimize filter down-time.  A low rate of 0.05 gpm/sqft is chosen for design as it represents 

what may be needed should scraping have to occur during colder water temperatures or 

for filters left in service that may be near the end of their filter run during the remainder of 

the year (cleaning should generally be scheduled to avoid very cold weather).
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For planning purposes, system demands should be estimated for a minimum of 20 years 

into the future.  Filters should be designed with enough surface area to meet peak day 

demands with the largest filter out of service without making drastic flow changes.  Even 

though installations may be small, a minimum of two filters should be installed to allow for 

taking one filter off-line for several days during cleaning and ripening.  The filter area should 

be large enough to meet these demands, while maintaining a filtration rate between 0.1 

and 0.16 gpm/ft2.  Should storage not be enough to meet peak hour demands, then the 

filter area should be expanded to meet these demands as well.  Typically this is not needed 

when storage is capable of meeting 3 or more days of average demand.
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This diagram shows three mechanisms to prevent short circuiting along the interface with 

vertical side walls and the filter sand bed.  The WHO manual indicates that the most 

effective precaution is to give the walls a slight outward batter, so as to obtain the 

advantages of sloping walls and to use grooved or roughened surfaces.
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This photograph shows how a circular basin can be divided to provide more cells, making 

cleaning easier since only 1/3 of the basin needs to be cleaned at a time.
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Ramps allow to get equipment and new sand in and old sand out of vertical walled filter 

boxes.  This photograph shows the two of the filters for Falls City, OR.
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Removable stop logs allow for cleaning filters used by the City of Banks, OR.
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These schematics show the construction of an in-ground filter with a liner and sealed pipe 

penetrations.
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This photo shows a covered “Blue Future” filter installed at the Jewell School District #8 in 

2009. The green tank on the left is the filter, the taller green tank on the right is the raw 

water control tank, and the small grey tank in the middle is the effluent control tank.  These 

filters are designed to be harrowed rather than scraped.  Harrowing will be discussed a little 

later.
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Note the difference in biomass development following scraping (Campos et. al, 2002/2006).  

This information can be obtained during a pilot study.
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This table shows some of the differences experienced in filters with and without a cover.  

Although there are some important differences, deciding to cover the filters may be 

dictated by site constraints (space, temperatures, etc.) and the amount of filter area 

needed (is it practical?).
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This equation is used to determine the filtration rate (or hydraulic loading rate) of slow sand 

filters.

60



61



62



underdrains are typically constructed of PVC (NSF-61), which has minimal head loss.
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Common configurations include laterals that connect to a main drain system.  Smaller filters 

will often have only 1 main drain like the one shown on the right.
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Here is a plan view of the underdrains for the City of Cannon Beach, Oregon.
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This shows a detail of the lateral pipe perforations of the underdrain system for filter cell #2 

for the City of Astoria, Oregon.
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Velocity in the laterals and main should not exceed 0.75 fps (0.23 m/sec).  This diagram 

shows the configuration of the main drain pipe and laterals.  Note the spacing of laterals at 

3 – 5 feet apart (1-2 meters).  Drain holes should be 5/64” – 5/32” in diameter (2-4 mm) 

and spaced every 4 to 12 inches apart (0.1 – 0.3 meters).
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This diagram illustrates how the spacing of laterals can impact the flow of water through 

the underdrains (indicated by streamlines) and the resulting increase in headloss and 

decrease in filtration rate with larger lateral spacing.
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Keep laterals spaced away from filter walls to help prevent sidewall effects where unfiltered 

water can slip past the filter media down the sidewall.
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Design recommendations from the IRC manual are included here.  One addition is the 

provisions for air release holes at the ends on top of the laterals to purge air pockets in the 

laterals upon initial filling.
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Plan the work and provide an adequate budget for media – it will pay off in the long run!
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Various sources all fall within 16 – 35 inches, however, most recognize 20 – 24 inches as a 

minimum level the sand bed ought to be allowed to operate with.
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As covered in the discussion on removal mechanisms, a certain amount of sand ranging 

from 20 – 24” is needed to ensure that the removal mechanisms remain available for the 

entire life of the filter bed.  In order to ensure this, an added sand allowance is needed to 

account for successive cleanings over the life of the filter.
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This is used to determine the additional sand allowance needed to account for successive 

cleanings over the life of a filter.
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This example shows how one would use the same formula to determine the additional 

sand allowance needed to account for successive cleanings over the life of a filter.
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Media selection is critical to proper operation and should be primarily silica sand, due to it’s 

durability and availability.
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Sieves are numbered in one of two ways.  Sieves larger than the #4 sieve are designated by 

the size of the openings in the sieve.  Smaller sieves are numbered according to the number 

of openings per inch.  The thickness of wire must be accounted for in determining the 

opening.  For example, a #10 sieve has 10 openings per inch.  The openings are only 0.0787 

inches (2.0 mm) because the sieve is made using 0.0237” thick wire.  Since there are 9 

wires within an inch to make up 10 openings per inch, the wire accounts for the remaining 

0.213” inches.
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One critical sand specification is the effective size.  The effective size (or diameter) is 

typically expressed as D10 and indicates the grain diameter in millimeters at which 10% of 

the total grains of a given sample are smaller and 90% of the total grains are larger, based 

on weight.  The effective size for slow sand media should be between 0.2 mm to 0.35 mm.  

Ten States Standards recommends a range of 0.15 – 0.35 mm, but the 0.15 mm 

specification often only restricts production without any added benefit.
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The effective size is determined by doing a sieve analysis.  So for example, you take a 

measured quantity of sand and weigh it.  Then you sift it through a series of sieves with 

progressively smaller screens and weigh the portion of sand retained on each sieve.
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Then you determine the % of the sample, by weight, that passes (is finer than) each 

successive sieve. This example shows how data from a sieve analysis is tabulated.
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The tabulated results are plotted on a graph of % passing versus sieve (i.e., grain size).  D10

is where a horizontal line drawn from the 10% passing mark intersects the sieve size – that 

sieve size intersected is the D10.
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The uniformity coefficient, denoted by “U” or “Cu”, is determined by dividing D60 by D10.

Similar to D10, D60 is the sieve size through which 60% of the sample by weight passes and 

40% is retained.  You will not usually see D60 referenced, however, it is used to determined 

the uniformity coefficient, which is an important specification for slow sand filter sand. 
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The uniformity coefficient is related to the distribution of grain sizes of soils.  Uniformly 

graded soils have soil grains that are mostly the same size.  This keeps the pore spaces 

between the grains open.  Well graded sand has a broader size distribution (higher 

uniformity coefficient), which results in the fines filling up the pore spaces of the media 

resulting in less space for biological removal mechanisms to work and higher head loss.

85



Quiz – What is d10, d60 and UC for this sieve analysis?
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Answer: D10 = 0.15 mm, D60 = 0.3 mm and UC = 0.3/0.15 = 2.0.  This example illustrates how 

the mass retained on each sieve relates to the determination of d10, d60 and UC.
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This slide shows how to identify D10, D60, and UC graphically.
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Shown here are sand sizes from 0.15 – 0.35 mm. Photo from www.slowsandfilter.org.
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This chart illustrates the results of a sieve analysis for sand primarily within the 

recommended specifications.
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This chart illustrates the results of a sieve analysis for sand with an effective diameter larger 

than the recommended specification, although the uniformity coefficient is just within the 

specifications.
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% of fines passing the #200 sieve should not be more than 0.03% by weight.  The more 

fines, the longer it will take for turbidity in a newly sanded filter to clear.  Acid solubility 

should be less than 5%.  Media with more acid soluble content, think of limestone, could 

eventually end up with an undesirable effective diameter or uniformity coefficient in the 

presence of acidic waters.  Sand beds are typically 30 to 36 inches in depth and should not 

be allowed to drop below 20-24 inches.  Some references indicate lower levels may still 

provide adequate filtration, but as discussed earlier, this may inhibit removal mechanisms 

that occur deeper in the sand bed.  Another thing to consider is where the sand is going to 

come from.  Finding one or more local sources keeps transportation costs low.  Not all 

quarries can provide sand meeting the desired specifications.  Some systems have made 

provisions for cleaning and stockpiling sand that has been removed during the scraping 

process.  This sand should then be analyzed for conformance with the desired 

characteristics and can then be re-used in subsequent re-sanding efforts.
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Some suppliers of slow sand filtration sand.
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Design should incorporate a way to measure sand bed depth.  A keyway can serve to both 

indicate the minimum sand depth (when the top of the keyway is reached), while 

interrupting flow down the sidewall. 
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This construction plan shows “marks” at 18” sand depth on the liner of a sloped filter wall 

(cell #3) for the City of Astoria (1993)
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This table summarizes some of the main specifications for sand and bed depth.
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There are standard mesh sizes for grading sand and gravel.  Some of these mesh sizes likely 

to be used in slow sand filters identified under ASTM E11 are shown here for reference.
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Photos of gravel from Phil’s Topsoil, Inc., 

http://www.philstopsoil.com/stone_and_sand.html
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Top photo of gravel from Phil’s Topsoil, Inc., 

http://www.philstopsoil.com/stone_and_sand.html

Bottom photo of gravel from The Gravel Guy – Don Brown. http://thegravelguy.com/gravel/
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Photos of gravel from The Gravel Guy – Don Brown. http://thegravelguy.com/gravel/
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Photos of gravel from Phil’s Topsoil, Inc., 

http://www.philstopsoil.com/stone_and_sand.html
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A filter fabric layer originally installed for filter cell #2 for the City of Astoria, Oregon was 

later removed in 1993 due to clogging.
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This is filter influent piping for the City of Corbett, OR.
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Even in smaller covered filters, influent energy should be minimized.
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This picture shows a splash plate under the inlet piping for an enclosed slow sand filter for 

the Jewell School District #8 in Clatsop County, Oregon.
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These designs allow influent water to enter a filter bed without the risk of scouring the 

sand bed.
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These designs allow influent water to enter a filter bed without the risk of scouring the 

sand bed.
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Screened probes at the top and bottom of the filter sand can allow easy measurement of 

head loss with simple piezometers mounted outside the filter.  This diagram illustrates how 

headloss is greatest in the schumtzdecke and top few centimeters of sand towards the end 

of the filter run.  This diagram also shows how design ensures an even distribution of flow 

by having a much higher headloss through the drain pipe orifices compared to the 

underdrain piping.
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The filtration rate should be continuous with rate changes needed to accommodate system 

demands made gradually over a period of several days or weeks.  Operating this way keeps 

a constant supply of nutrients and dissolved oxygen needed for healthy biological activity.  

Filtration rates should not exceed 0.1 gpm/ft2 and should not drop below 0.03 gpm/ft2.
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Influent control regimes use a weir box and/or valves to control the flow of water into the 

filter. The outlet weir structure is still in use to ensure that the water level never drops 

below the sand bed during normal operation.
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In inlet controlled filters, the rate of filtration is set by the filter inlet valve.  Once the 

desired rate is set, no further adjustment of the valve is needed.  At first the headwater 

level will be relatively low, but will gradually rise as the filter plugs.  Once the level has 

reached the scum outlet or overflow, the filter has to be cleaned.  Inlet control reduces the 

amount of work and keeps a constant rate of delivery of water into the filter.
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Some systems use influent float control valves in order to control the headwater level 

above the sand.  This shows the location of the inlet float control valve on the inside of a 

small package filter.  [This photo is from Camp Yamhill in Yamhill County, Oregon.]
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Effluent control regimes use a weir box and/or valves to control the flow of water out of the 

filter. The outlet weir structure ensures that the water level never drops below the sand 

bed during normal operation.  This prevents a vacuum from developing and air being 

entrained in the sand bed should headloss due to plugging increase to high levels.
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In outlet control, the effluent is restricted at the beginning of the filter fun to keep flows 

down to 0.1 gpm/sf or less, while the headwater level is maintained by adjusting the filter 

inlet.  Daily or every couple of days the valve has to be opened a little further to 

compensate for the increase in headloss, causing a slight variation in the rate of filtration.  

Inlet and outlet flows have to adjusted periodically to balance flows into and out of the 

filter throughout the filter run.
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A telescoping valve serves the same function as an effluent weir.  Water can either flow 

over the V-notch weir into or out of the slip pipe.
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Here is an example of a telescoping valve installed for the City of Cannon Beach, Oregon.
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These photos show the interior of the basin outlet control structure with the two filter 

effluent pipes and the single telescoping valve outlet pipe.  A visible site tube allows 

operators to see and measure the position of the telescoping valve.  For Cannon Beach, 

filtered water flows into the telescoping valve slip pipe and out to the clearwell.
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For the City of Sumpter, water flows from the filter underdrain up through the telescoping 

valve slip pipe and into the control structure.
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These are examples of floating effluent weirs.
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Facilities needed if designing for harrowing are shown here.  Note the additional piping and 

controls to allow cross-flow of raw water, which is used to flush debris out of the filter bed 

during harrowing through a waste collection system,  as well as up-flow of filtered, but 

unchlorinated water, to prevent debris from being driven deeper into the sand bed during 

harrowing.
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Wet harrowing is a common method of cleaning small filters.  This is often accomplished 

with just a stiff-tined garden rake.  With the water level lowered to about 6” above the 

sand, the top 2-3 inches of sand is agitated.  The material suspended by the raking action is 

then decanted from the top of the filter through a harrowing valve and waste piping.  A 

slow backflush using filtered (but unchlorinated water) helps keep the suspended material 

from being driven down into the filter.
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This shows the location of the inlet float control valve as well as the harrowing waste line 

on the inside of the filter.  [This photo is also from Camp Yamhill in Yamhill County, Oregon.]
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Challenging source waters may require additional treatment.  For example, roughing filters 

may be used prior to slow sand filtration to combat high turbidity, calcite contactors may be 

used after filtration to increase pH with corrosive waters, and ozone prior to filtration may 

be needed to address DBP precursors.  These processes may all be piloted if needed.
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Pilot testing may reveal that roughing filters are needed.  Changes to water quality over 

time also may dictate the need for roughing filters at a future date.  Pre-planning ensures 

this flexibility.
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Roughing filters can be 90% effective in removing particles larger than 10 microns and 72% 

effective at removing particles in the 2-5 micron size range.  This diagram shows the basic 

elements of a roughing filter, with the gradual gradation of larger and larger size media.
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Roughing filters can be upflow, downflow, or horizontal in configuration with filtration rates 

of 0.12 – 0.62 gpm/ft2.  They are cleaned by flushing at high hydraulic rates, sometimes 

generated by the rapid opening and closing of inlet and outlet valves.
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Calcite contactors like this limestone contactor can help increase the pH in corrosive 

waters.
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Not commonly used in conjunction with slow sand filters in the Northwest is the use of 

ozone.  Ozone is an effective means of addressing DBP pre-cursors as well as high iron and 

manganese.  The use of ozone may lead to shorter filter runs and, hence, more frequent 

filter cleaning.
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Also not commonly used in conjunction with slow sand filters in the Northwest is the use of 

GAC.
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Although not common, nonwoven synthetic fabrics may be used to assist with cleaning 

while minimizing sand removal.  It does this by trapping macro particulate matter in the 

mat rather than the sand, which means that you do not have to scrape the sand to restore 

headloss.
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Pilot testing may reveal that aeration is needed.  Changes to water quality over time also 

may dictate the need for aeration at a future date.  Pre-planning ensures this flexibility.
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It is important to account for monitoring requirements as part of the design process.  This 

ensures that sample taps and flow monitoring is adequate to support operations.
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Design should include development of an Operation and Maintenance Manual.  Some of 

the tasks that should be included are shown here.  More about this will be discussed later 

as we get into operations.
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Again, the key references are shown here.
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The “Manual of Design for Slow Sand Filtration”  covers design in great detail.
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Here is a more recent publication, which covers design as well.
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