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ABSTRACT

Rapid sand �lters are a familiar and mature technology, but their mechanical

sophistication limits their sustainable application particularly in developing coun-

tries. Conventional rapid sand �lters require pumps, elevated tanks, or multiple �l-

ter units to generate high �ow rates for backwashing. Stacked rapid sand �ltration

is introduced here as a more robust and sustainable alternative. The AguaClara

stacked rapid sand �lter (SRSF) can backwash itself with no additional �ow, which

eliminates the need for pumps or other expensive equipment.

The �rst part of this study presents laboratory and �eld proof-of-concept

demonstrations of this novel technology. The multi-layer con�guration of the SRSF

allowed a laboratory unit to be loaded at 1.4-1.83 mm/s (120-160 m/day) per layer

and backwashed at 10-11 mm/s (860-950 m/day) with the same or similar total

�ow rate. The �ltered e�uent met U.S. EPA drinking water standards. The back-

wash cycle was also demonstrated, and �ushing of contaminants from the sand

bed was e�ective even with 5-10 NTU backwash water. A test stacked �lter unit

also demonstrated satisfactory �ltration performance and e�ective backwashing at

several water treatment plants in Honduras.

The second part of this study presents a novel control system for the SRSF

based on �uidics. The �uidic control system, which permits changing from �ltra-

tion to backwash modes of operation with a single valve, was developed in the

laboratory and applied in the �rst full-scale SRSF. The water level in the �lter is

regulated by a siphon pipe, which conveys �ow during backwash and which con-

tains an air trap to block �ow during �ltration. The state of the siphon pipe and

the ensuing state of the �lter are controlled by a small-diameter air valve.
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CHAPTER 1

INTRODUCTION

The stacked rapid sand �lter (SRSF) is a novel unit process invented by the

Cornell AguaClara program. It is a self-backwashing �lter: a single SRSF unit

can carry out the �ltration and backwash cycles at the same �ow rate without the

requirement for pumps, elevated tanks, or multiple �lter boxes. Its development

was motivated by the global need for more robust and sustainable municipal-scale

water treatment technology. Consistent with the design philosophy of AguaClara,

the SRSF runs entirely by gravity. The AguaClara program as a whole seeks

to design more a�ordable water plants carrying out chemical dosing, rapid mix,

�occulation, sedimentation, �ltration, and disinfection, and thus improve potable

water service in cities and towns around the world.

The SRSF required two key innovations: a new geometry of the sand bed in a

rapid sand �lter, with inlets and outlets spaced throughout the bed to make six

layers that would �lter in parallel and be backwashed in series; and a new control

system to provide the �ow patterns required by this novel geometry. This thesis

consists of the development and testing of these two innovations, and the research

described here served to demonstrate the viability of the SRSF and ultimately

bring it to full scale.

The �rst part of this thesis (Chapter 2) describes the sand bed geometry of

the SRSF. The process theory is discussed to explain how the SRSF carries out

�ltration and backwash at the same �ow rate while still maintaining �ltration

and backwash velocities in the typical design range for rapid sand �ltration. A

laboratory system was used to test the �ltration and backwash cycles in the SRSF,

to show that it was possible for an SRSF to achieve adequate performance during

�ltration and e�ective contaminant removal during backwash.
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The second part (Chapter 3) describes an innovative system of �uidics to control

the SRSF. The �uidic system uses one air valve to control �ow to four inlets and

three outlets and thus set the mode of operation of the SRSF. The central element

of this system is a backwash siphon pipe, which conveys �ow during backwash

and contains an air trap to block �ow during �ltration. The �uidic control system

was tested in the laboratory, and at the �rst full-scale installation of the SRSF in

Támara, Francisco Morazán, Honduras.

Chapter 4 summarizes the major conclusions from this research and suggests

areas that may bene�t from additional investigation. The SRSF has realized en-

couraging success to date, but there remain a number of interesting topics for both

laboratory and full-scale research.
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CHAPTER 2

STACKED FILTERS: A NOVEL APPROACH TO RAPID SAND

FILTRATION

2.1 Abstract1

Rapid sand �lters are a familiar and mature technology, but the mechanical so-

phistication they incorporate in industrialized nations limits their sustainable ap-

plication in developing countries. Conventional rapid sand �lters require pumps,

elevated tanks, or multiple �lter units to generate high �ow rates for backwashing.

Stacked rapid sand �ltration is introduced here as a more robust and sustainable

alternative. A stacked rapid sand �lter can backwash itself with no additional

�ow, which eliminates the need for pumps or other expensive equipment. This

study presents laboratory and �eld proof-of-concept demonstrations of this novel

technology. The multi-layer con�guration of stacked rapid sand �lters allowed a

laboratory unit to be loaded at 1.4-1.83 mm/s (120-160 m/day) per layer and

backwashed at 10-11 mm/s (860-950 m/day) with the same or similar total �ow

rate. The �ltered e�uent met U.S. EPA drinking water standards. The back-

wash cycle was also demonstrated, and �ushing of contaminants from the sand

bed was e�ective even with 5-10 NTU backwash water. A test stacked �lter unit

also demonstrated satisfactory �ltration performance and e�ective backwashing at

several water treatment plants in Honduras.

1The contents of this chapter are in press for publication in the Journal of Environmental

Engineering, with co-authors M.L. Weber-Shirk, A.N. Cordero, S.L. Co�ey, W.J. Maher, D.
Guelig, J.C. Will, S.C. Stodter, M.W. Hurst, and L.W. Lion.
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2.2 Background

Untreated or insu�ciently-treated surface water is responsible for a large portion

of the health problems caused by poor water quality around the world (Mihelcic

et al., 2009). The unit process sequence of �occulation, sedimentation, �ltration,

and disinfection e�ectively removes turbidity and pathogens from surface water in

many municipalities in the industrialized world. However, municipal-scale drinking

water treatment � even the familiar and reliable processes in a rapid sand �ltration

plant � have shown limited economic viability and technical e�ectiveness in many

less developed areas of the globe (Whittington and Hanemann, 2006; Mintz et al.,

2001). Large-scale water treatment processes have generally been developed for

application in a `First World' milieu where electric grids are reliable, technical

expertise is available to support operation and maintenance, supply chains exist for

replacement of machined parts, and communities have su�cient economic resources

to a�ord sophisticated treatment systems. Water treatment projects outside of

this context often face more di�cult technical, material, or economic constraints

(Hokanson et al., 2007; Ahrens and Mihelcic, 2006).

The development of more e�cient water treatment processes also can bene�t

the industrialized world. Substantial investments will be needed to maintain and

improve American water treatment infrastructure in the coming decades (ASCE,

2009), and the same is true in other developed countries. While many alternatives

exist for water treatment (such as membrane processes), it is likely that rapid

sand �ltration plants will remain an important part of the technology portfolio for

municipal-scale infrastructure. More sustainable and e�cient processes for plants

of this type will be desirable, especially with an increasing emphasis being placed on

the energy costs and carbon footprint associated with water infrastructure (Stillwell

et al., 2010).
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Rapid sand �lters are important in surface water treatment because they re-

move residual suspended solids following �occulation and sedimentation to produce

low-turbidity e�uent (Reynolds and Richards, 1996). Rapid sand �lters also e�ec-

tively remove pathogenic cysts such as Cryptosporidium (Gitis, 2008). Rapid sand

�lters are run in the forward (typically down�ow) direction to remove solids from

the in�uent water, and must be �uidized and backwashed for cleaning once the

bed is fully loaded. One reason rapid sand �ltration (as practiced in industrialized

countries) is di�cult to implement in resource-poor communities is that high �ow

rates are necessary to backwash �lters, and achieving these �ows requires one or

more of the following:

� Electric pumps. High �ow velocities can be achieved by pumping backwash

water through the �lter. Electricity for the pump, however, adds considerable

operating cost, and pumping is impractical for communities without reliable

electrical service.

� Elevated storage. A tank at a high elevation can be used to generate large

�ows for backwashing; however, the provision of an additional tank adds to

the cost of the �ltration system, and the volume of water typically consumed

for backwash can signi�cantly reduce the net volume of clean water produced.

� Multiple �lter units. A bank of parallel �lters is an alternative to pumps or

elevated tanks. One �lter can be taken o�ine for backwashing, and �ow is

diverted to this �lter from all of the other �lters to produce a high up�ow

velocity. Because the backwash velocity tends to be 6-7 times the �ltration

velocity, 7-8 individual �lter units are needed, which adds to the capital cost

and operational complexity of this scheme.

This study introduces a novel self-backwashing rapid sand �lter for municipal scale

water treatment. The stacked rapid sand �lter (SRSF) presented here can operate
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using the same volumetric �ow rate for both �ltration and backwash. Thus, the

SRSF can be backwashed by gravity in any situation where a low elevation drain

is available. The SRSF also has a smaller footprint and construction cost relative

to multiple �lter units. As a result, the SRSF is expected to be a robust and sus-

tainable technology for municipal-scale drinking water facilities around the world.

The objective of this study was to validate the SRSF concept in both laboratory

and �eld experiments, by demonstrating adequate �ltration-cycle performance and

e�ective backwashing.

2.3 Process Theory

2.3.1 Traditional rapid sand �lter design

There are two modes of operation for a rapid sand �lter:

1. Filtration. Turbid water passes through the �lter media and suspended solids

are removed by transport and attachment to the sand grain surfaces (Yao

et al., 1971). The �lter operates in �ltration mode until turbidity removal

declines or until the head loss through the �lter increases to an excessive

level.

2. Backwash. Water passes through the �lter in the reverse direction at a ve-

locity su�cient to �uidize the �lter bed media, detaching captured solids

from the media and transporting them out of the �lter. The �lter operates

in backwashing mode until the �lter bed media has an acceptably low level

of attached solids. At the end of backwashing, the �lter media settles, and

the �ltration process begins again. Often, the �lter is rinsed to remove any

trace of backwash water before e�uent is sent to clean water storage.
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Table 2.1: Process variables and typical values in single-media rapid sand �lters.

Variable Unit Typical Range Reference

Loading rate m/day 100 - 230 AWWA, 1971
Backwash velocity m/day 860 - 1200 Davis and Cornwell, 2008
In�uent turbidity NTU 1 - 10 Davis and Cornwell, 2008
Turbidity removal % 90 - 98 Reynolds and Richards, 1996

Bed depth m 0.5 - 0.75 Reynolds and Richards, 1996
Media e�ective size mm 0.35 - 0.70 Reynolds and Richards, 1996

In both �ltration and backwash modes, the approach velocity or loading rate V is

de�ned as the �ow Q per unit area of the bed ABed, as in Eq. (2.1):

V =
Q

ABed

(2.1)

Typical design parameters for single-media rapid sand �lters are shown in Table

2.1.

2.3.2 Stacked rapid sand �lter geometry

A stacked rapid sand �lter consists of a sand bed in a single vessel, with inlets

and outlets placed through the wall at several points to create multiple layers (see

Fig. 2.1). During �ltration mode, each layer of the SRSF receives a portion of the

total �ow and acts as an independent �lter operating in parallel with the other

layers. Depending upon its position relative to the in�uent and e�uent piping,

either downward or upward �ow will occur through a layer. During backwash,

the entire �ow moves through the sand bed in the same direction from bottom to

top and the layers are �uidized. Fig. 2.1 illustrates �ow through a stacked �lter

column during both modes of operation.

In a traditional rapid sand �lter, the approach velocity can only be changed

by varying the total �ow through the system. The stacked con�guration of the

SRSF allows for the scaling of loading rate and backwash velocity by the number
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(a) (b)

Open valve

Slotted pipe

Flow in filter layer

Closed valve

Inlet / outlet flow

Sand bed

Figure 2.1: Conceptual diagram of �ow in a six-layer SRSF system during (a) �l-
tration mode and (b) backwash mode, showing both the division and the direction
of �ow in the �lter bed. Note that both cycles can be run at the same total �ow
rate.
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of layers, NLayer. The layers of the SRSF operate in parallel during �ltration mode,

so the total �ow is divided among the layers and the �ow rate QFiltration in each

layer is:

QFiltration =
QTotal

NLayers

(2.2)

This calculation assumes that each layer receives an equal share of the total �ow.

It is important to note that �ow will be divided equally in parallel among several

sand layers of uniform depth and composition, as long as head losses in the sand

and not head losses in the inlet plumbing control �ow distribution. The �ltration

cycle approach velocity VFiltration in each layer can be calculated by substituting

Eq. (2.2) into Eq. (2.1):

VFiltration =
QTotal

NLayerABed

(2.3)

In backwash mode, the total �ow passes through all �lter bed layers in series, so

the number of e�ective layers is now NLayer = 1. As a result, Eq. (2.3) becomes:

VBackwash =
QTotal

ABed

(2.4)

Setting the �ow rates equal in Eqs. (2.3) and (2.4) gives:

VBackwash = NLayerVFiltration (2.5)

Eq. (2.5) shows that the SRSF, unlike a traditional rapid sand �lter, can use the

same total �ow rate for both �ltration and backwashing, and the backwash velocity

will still be NLayer times greater than the �ltration velocity. The number of layers

in the SRSF can be selected based on the desired ratio of backwash velocity to

�ltration loading rate. Backwash velocities are typically around six times the

�ltration loading rate, so a six-layer SRSF satis�es this condition.
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2.3.3 Stacked �lter backwash hydraulics

The head HLBackwash required to backwash the SRSF can be approximated with

the same relationship that is typically used to predict backwash head loss for a

single-media rapid sand �lter:

HLBackwash = HFilter (1 − ε)

(
ρSand
ρWater

− 1

)
(2.6)

where HFilter is the settled depth of the sand, ε is the settled bed porosity, ρSand

is the density of the sand particles, and ρWater is the density of water (Davis and

Cornwell, 2008). With typical parameters of ε = 0.4 and ρWater = 2650 kg/m3,

the backwash head loss is 0.99 times (or roughly equal to) the height of the settled

�lter bed. This head requirement re�ects the energy input needed to suspend the

sand particles in the water column, and it is independent of velocity, provided that

the up�ow velocity is su�cient to �uidize the particles. Note that the backwash

head loss in the SRSF may di�er slightly from the prediction of Eq. (2.6). It may

be higher because of minor losses around the inlet and outlet pipes that are placed

through the sand bed, or it may be lower because some of the sand in the bed is

displaced by these inlet and outlet pipes.

Successful operation of the backwash cycle for the SRSF requires the following

conditions:

1. All �ow enters through the lowest inlet pipe and exits at a point above the

sand bed.

2. Water passes through the sand at a su�cient velocity. As long as the �lter

has been sized with Eq. (2.4) to provide a typical rapid sand �lter backwash

velocity, this velocity is expected to be su�cient to �uidize the sand and

provide an adequate degree of expansion.

3. Su�cient head is available over the backwash exit point to suspend the sand
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grains. This head should be approximately equal to the sand bed height with

typical �lter sand, plus any extra head required to overcome minor losses due

to pipes in the sand bed.

2.3.4 Implications for design and applications

The costs associated with backwashing are an important limitation to the widespread

application of rapid sand �lters in municipalities in the developing world. As dis-

cussed above, the infrastructure required to backwash conventional �lters repre-

sents a signi�cant capital cost. In addition, backwash may require as much as 5-7%

of the total volume of water treated by a conventional system (Nasser et al., 2002;

Cornwell and MacPhee, 2001) which adds to the operating cost. Some studies

have sought to reduce the net loss of water to backwashing by mixing some of the

backwash water with raw water and recycling it through the treatment process

(Yang et al., 2006). A survey of 362 water treatment plants in the U.S. revealed

that 226 of these plants recycle their backwash wastewater (Arora et al., 2001).

The SRSF concept is a distinct and novel solution to the problem of improving

backwash e�ciency. Implementation of the SRSF into a drinking water treatment

system presents a number of possible bene�ts over the implementation of a tradi-

tional rapid sand �lter. Capital costs are expected to be lower, because the SRSF

is self-backwashing and no pumps, elevated tanks, or redundant �lter units are

required. Operating costs and operational simplicity are also likely to improve,

because the SRSF requires no electrical equipment, and the total �ow rate to the

�lter need not be adjusted to start the backwash cycle.

The bene�ts listed above would make the SRSF a preferable option to tradi-

tional rapid sand �lters for drinking water treatment in many parts of the world.

If this novel technology is shown to be viable, it would realize gains in e�ciency

11



Table 2.2: Comparison of SRSF with conventional rapid sand �ltration alterna-
tives.

Parameter Unit SRSF Design
Conventional Designs

Pumps Storage Multi-unit

Con�guration Sand bed with Pumps deliver Tanks provide 7 �lter units

6 �lter layers backwash �ow backwash �ow in parallel

Special equipment Inlet / outlet Electric pumps Elevated tank Header for

manifolds and controls and valves �ow control

Filter boxes Number 1 1 1 7

Filter box area m2 per �lter box 0.91 5.46 5.46 0.91

Filter cycle �ow L/s per �lter box 10 10 10 1.4

Backwash �ow L/s 10 60.1 60.1 10

Note: Assumed plant capacity is 10 L/s. Assumed loading rates are 1.83 mm/s
(160 m/day) for �ltration and 11 mm/s (950 m/day) for backwash. Values marked
in bold highlight the implementation advantages of the SRSF compared to con-
ventional �lters.

illustrated by the design example in Table 2.2. This table compares the overall di-

mensions and �ows of the SRSF to conventional alternatives for a hypothetical 10

L/s water plant serving a few thousand consumers in a small city in the developing

world.

Some water savings may also be realized by the SRSF system. The placement

of inlets and outlets throughout the sand bed in an SRSF creates multiple points

of high solids concentration at the end of a �ltration cycle. All six �lter layers

are then backwashed in series with the same water, which should produce a very

concentrated waste stream. The concentration of removed solids in the backwash

water is anticipated to allow the backwash cycle to be completed in a relatively

short amount of time at the same �ow rate used for the �ltration cycle, which

would reduce the loss of treatable water to backwashing waste.
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Figure 2.2: Schematic for the experimental SRSF system, showing a six-layer SRSF
column along with the apparatus for alum and clay dosing; the pressure sensors to
measure �ltration and backwash head losses; and the in�uent and e�uent turbidity
sampling systems.

2.4 Materials and Methods

2.4.1 Laboratory stacked �lter system

Two SRSFs (four-layer and six-layer) were constructed in 4� (10.16 cm) PVC pipe

columns, with inlet and outlet pipes spaced to make 20 cm layers. The �ltration

and backwash cycles were demonstrated with simulated sedimentation tank e�u-

ent, using the system illustrated in Fig. 2.2. During �ltration, the SRSF was

loaded at 1.4-1.83 mm/s (120-160 m/day) per layer, in the range of typical design

loading rates for rapid sand �ltration. During backwash, similar �ow rates were

used to achieve up�ow velocities of 10-11 mm/s (860-950 m/day) in all layers.

These backwash velocities are also in the range of typical design values.
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The layer inlets and outlets used ½� (1.27 cm) pipe with 0.008� (0.203 mm)

well-screen slots (Big Foot Manufacturing, Cadillac, MI). Single slotted pipes were

su�cient as the inlets and outlets in this small-diameter laboratory �lter, because

this laboratory �lter column e�ectively had one inlet pipe for every 10 cm of

�lter width. Note that a full-scale SRSF would require slotted pipe manifolds to

distribute �ow through the sand. To promote uniform �ow through the width of

the �lter layers, these manifolds should have a slotted pipe spacing smaller than the

layer depth but large enough for �ow to pass between the pipes during backwash.

The ratio of pipe spacing (10 cm) to layer depth (20 cm) was 0.5 in this study;

future research is needed to optimize this value for a full-scale design.

The head loss in the in�uent piping was limited to 10% of the head loss through

the clean sand bed to promote uniform distribution of �ow among the layers of the

�lter. Speci�cally, the piping components were sized such that their head losses

were small compared to the frictional losses in the sand bed. The �lter media

was typical rapid sand �ltration sand with an e�ective particle diameter of 0.45

mm and a uniformity coe�cient of approximately 1.4 (Ricci Bros. Sand Co., Port

Norris, NJ).

2.4.2 Control of parameters and data acquisition

The laboratory system utilized tap water from the Ithaca, NY municipal system

(hardness ≈ 150 mg/L as CaCO3, alkalinity ≈ 113 mg/L as CaCO3, pH ≈ 7.7;

Foote et al., 2010). In a reservoir upstream of the SRSF, hot and cold water were

blended to achieve a room-temperature mixture, and air was bubbled through the

reservoir to strip any excess dissolved gas from the water.

The tap water was modi�ed by addition of kaolin clay and alum to create a

model sedimentation tank e�uent, which a SRSF system would be treating in prac-
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tice. Simulated settled-water turbidity in the range of 5-10 NTU (Nephelometric

turbidity units) was maintained by mixing a concentrated clay stock solution into

the in�uent. Water exiting a sedimentation tank at a coagulation-�occulation plant

also typically contains residual coagulant, which is important for the e�ectiveness

of the �ltration process because it promotes attachment of suspended particles to

the �lter media (Yao et al., 1971). Therefore, 1.5 mg/L alum (Al2(SO4)3�14H2O)

was added to the �lter feed water by dosing from a concentrated stock. This sim-

ulated settled water was used for �ltration cycles, and also for several backwash

cycles as a �eld-scale SRSF might be used.

In-line data logging turbidimeters (MicroTOL, HF Scienti�c) were used to mon-

itor the in�uent and e�uent turbidity and to assess �lter performance. Samples

were continuously pumped through the turbidimeters at greater than 0.83 mL/s to

prevent settling of particles in the sample lines. A dilution stream of clean water

was pumped into the backwash turbidimeter at a constant �ow rate to achieve a

dilution factor of 9.9, so that the high turbidity in the backwash water could be

measured within the turbidimeter's detection range.

Head loss across the �lter bed was continuously measured and logged using an

electronic pressure sensor with computer data acquisition, installed in the column

just above the top of the sand bed as shown in Fig. 2.2. This sensor measured

the height of water from its own elevation to the free water surface in the �lter

column. The sensor was zeroed when the water was at the level over the outlet

weir re�ecting the clean bed head loss, so that it tracked the increase in head loss

over the course of a �ltration cycle as suspended solids accumulated in the bed of

the �lter. Note that because there are multiple parallel paths through layers of the

stacked �lter, the �ltration cycle head loss is equivalent to the head loss through

any one path.
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A second pressure sensor was placed at the level of the bottom inlet to the

SRSF as shown in the Fig. 2.2. This sensor was used in conjunction with the �rst

pressure sensor to measure the head loss across the sand bed during the backwash

cycle. During backwash, as water �owed up from the bottom inlet through the

sand bed, the di�erence between the pressures measured by the two sensors was

the backwash head loss.

2.4.3 Performance analysis

During the �ltration cycle, performance of the �lter was quanti�ed as the nega-

tive logarithm of the fraction of remaining turbidity pC* (often referred to as log

removal), as in Eq. (2.7):

pC∗ = − log

(
Effluent Turbidity

Influent Turbidity

)
(2.7)

The e�uent turbidity was also compared to the applicable U.S. drinking water

standard, which speci�es less than 0.3 NTU in 95% of samples and less than 1

NTU at all times (US EPA, 2010).

Performance of the SRSF during the backwash cycle was observed to determine

the extent to which the �lter bed had �uidized and to monitor whether contami-

nants had been removed from the bed. The expansion of the bed was measured,

and the expanded bed porosity εExp was calculated for each bed expansion accord-

ing to Eq. (2.8):

εExp = 1 − D

De

(1 − ε) (2.8)

where: the settled-bed porosity ε was assumed to be 0.4, D is the depth of the

�lter (1.2 m for the six-layer system), and De is the expanded bed depth. In

addition, data from the backwash e�uent turbidimeter (shown in Fig. 2) was used

to calculate the amount MRemoved of retained contaminants that had been �ushed
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from the bed, as in Eq. (2.9):

MRemoved = QBackwash

tBackwash∑
t=0

NTUt∆t (2.9)

where: QBackwash is the backwash �ow rate, NTUt is the measured backwash

turbidity at any time t, and ∆t is the time interval between data points (5 s

in this study). In essence, Eq. (2.9) is an integral of the turbidity vs. time

function over the period of tBackwash for which the backwash was run. The result

of this calculation has units of NTU-L, which is approximately proportional to

contaminant mass because NTU is closely related to volumetric suspended solids

concentration (Davis and Cornwell, 2008).

2.4.4 Field demonstration unit

An additional SRSF unit was utilized for a �eld demonstration. This �lter was

constructed using a 3� (7.62 cm) clear PVC pipe, with six 20-cm �lter layers. The

smaller 3� diameter column was selected for easier transportation and setup at

water treatment plants in the �eld. Otherwise, this �eld demonstration unit was

run under similar conditions as the laboratory SRSF: it was loaded at 1.83 mm/s

(160 m/day) per layer during �ltration and backwashed at 11 mm/s (950 m/day),

and it used the same �lter media and inlet/outlet pipes as the laboratory �lter.

The �lter was tested at several municipal drinking water treatment plants in

Honduras that were designed and built in conjunction with the Cornell Univer-

sity AguaClara program. These facilities treat surface water supplies by coagu-

lation/�occulation, sedimentation, and disinfection. The plants have capacities

ranging from 6-55 L/s. They are located in small towns and cities, and each plant

serves several thousand residents (Weber-Shirk, 2011). Additional information

about the AguaClara program can be found at http://aguaclara.cee.cornell.edu.
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The demonstration SRSF was connected via a siphon to the top of the up�ow

sedimentation tanks at each plant, as shown in Fig. 3. The �lter then treated

settled waters with turbidities from 1-5 NTU. The settled water was also used for

backwashing. The �lter was positioned so that su�cient head would be available to

�uidize the sand bed; that is, a head of HLBackwash was available over the height of

the backwash trough to provide for expansion of the sand bed as illustrated in Fig.

3. In this demonstration SRSF, the settled sand bed occupied the 1.2 m distance

HFilter between the lowest and highest inlets, so about 1.2 m of head was required

to backwash the �lter as shown in Eq. (2.6). During �ltration cycles, samples

were taken from the �ltered e�uent and measured for turbidity using hand-held

turbidimeters (MicroTPW, HF Scienti�c) to assess the performance of the SRSF.

2.5 Results and Discussion

2.5.1 Filtration cycle performance

The laboratory SRSF treated water over a range of in�uent turbidities and �ltra-

tion velocities comparable to typical conditions for rapid sand �ltration, as shown

in Table 2.3. The �ltration test results presented below show that the SRSF can

e�ectively treat settled water and can meet applicable standards for water quality.

The SRSF treatment process performs at or near the level of conventional rapid

sand �lters, and acceptable performance is possible with the novel stacked con�gu-

ration. The SRSF removed suspended solids in experiments with in�uent turbidity

as high as 12 NTU and produced treated e�uent around 0.1-0.3 NTU, showing

that the SRSF process is appropriate for the typical range of rapid sand �lter in�u-

ent turbidities. Observations for an example experiment are shown in Fig. 2.4(a)

where in�uent and e�uent turbidities are plotted as a function of time and reveal
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Sedimentation 
Tank

Filter Unit

HLBackwash

HTrough

Ball Valve       
(for flow control)

HFilter

Siphon

Figure 2.3: Diagram of the SRSF �eld demonstration unit showing its connection
to the water treatment plant sedimentation tank. The �ow directions and head
requirement for the backwash cycle are shown here to illustrate the constraint on
vertical placement of this �lter. The �lter bed is drawn in expanded form, but
note that the height HFilter is de�ned as the settled bed height.
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Table 2.3: Bench-scale SRSF performance under various �ltration-cycle conditions.

Filtration Previous Post-ripening Averages Samples Length

Velocity Backwash In�uent E�uent
pC*

above 0.3 of Run

(m/day) Cycle Water (NTU) (NTU) NTU (%) (hr)

120 Clean (tap) 5.53 0.14 1.61 0.2% 24.3

160 Clean (tap) 5.84 0.13 1.65 0.8% 25.2

160 5 NTU 5.22 0.11 1.69 0.1% 20.9

144 Clean (tap) 10.7 0.16 1.84 4.4% 10.1

144 Clean (tap) 12.0 0.24 1.70 13.5% 9.6

144 10 NTU 11.6 0.17 1.83 6.4% 9.8

a ripening period (Region A) leading to a consistent e�uent turbidity around 0.2

NTU (Region B). After 10 hours of run time the performance decreased with the

onset of particle breakthrough from the �lter bed (Region C). In Fig. 2.4(b), the

calculated pC* shows performance consistent with conventional �lters. The SRSF

achieved a pC* of 1.6-1.8, which corresponds to a high percent removal of turbidity

(97.5-98.5%). This percent removal is within the expected range for rapid sand

�lters (Reynolds and Richards, 1996). Conventional �lters are expected to produce

better quality water than the SRSF because each layer of the SRSF is shallower

than a conventional �lter bed, but the turbidity removal performance of the SRSF

is still satisfactory for drinking water treatment applications.

Increased head loss accompanies particle removal by a �lter, as the suspended

particles and coagulant retained in the sand bed create a greater resistance to

�ow. Fig. 2.4(c) shows a roughly linear head loss increase during the course of

the �ltration cycle, which is the head loss pattern that is expected for e�ective

depth �ltration (Baumann and Oulman, 1970). In design of rapid sand �lters, the

head loss increase is an important parameter governing the length of the �ltration

cycle: a terminal head loss is speci�ed, and the �lter is to be backwashed when the

head loss reaches this value. The �ltration cycle shown in Fig. 2.4 would produce

water of appropriate quality with less than 43 cm speci�ed as the terminal head
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Figure 2.4: Data from an example �ltration cycle run at 144 m/day. The three
regions demarcated on these graphs are (A) a ripening period, (B) a period of good
�lter performance, and (C) a decline in turbidity removal. Note that these regions
are demarcated with respect to the U.S. EPA drinking water standard of 0.3 NTU.
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loss, and a similar terminal head loss was observed for the other �ltration trials.

Note that the head loss during �ltration mode through the SRSF is lower than in

a conventional rapid sand �lter because the �lter media depth per layer is smaller

in the SRSF, and total head loss is proportional to depth.

Over the course of several trials, the performance study yielded a consistent

�lter bed capacity (de�ned here as the product of turbidity removed and run time)

of around 100 �NTU-hr.� The treated e�uent in the example in Fig. 2.4 meets

EPA drinking water standards of <0.3 NTU for a period of approximately 10 hours

with 12 NTU in�uent, while other experiments with in�uent turbidity of 5 NTU

allowed the SRSF a run time of more than 20 hours before needing backwash.

The �NTU-hr� parameter is a property of the particular in�uent water used in

these trials, so terminal head loss is considered a better determiner of �ltration

cycle time. It should be generally noted, however, that the SRSF is expected to

have a shorter cycle time than a conventional �lter. The SRSF has reduced bed

capacity because of its shallower layers and smaller total sand volume compared

to conventional technology (as shown in Table 2.2).

2.5.2 Backwashing bed expansion

A stacked �lter can be e�ectively �uidized for backwashing just like a conventional

rapid sand �lter. The novel concept of performing backwash and �ltration at

the same total �ow rate is viable from the perspective of the physical process of

backwashing. There are some physical backwashing characteristics, however, that

are unique to the SRSF system.

Typical backwash velocities of 10-12 mm/s (860-1000 m/day) were found to

be e�ective in achieving bed expansion within the recommended design range of

15-30% (Davis and Cornwell, 2008). Traditional rapid sand �lter design relates
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Figure 2.5: Plot of expanded porosity for increasing backwash velocities, showing
experimental data points and a power-law regression equation. The initial poros-
ity of the bed when fully settled during a �ltration cycle was 0.4, and expanded
porosity was calculated from measured bed expansion using Eq. 2.8.

backwash velocity to expanded-bed porosity with an empirical power-law equation

of the following form (Weber, 1972):

VBackwash = Ke (εExp)
ne (2.10)

The bed expansion of the laboratory SRSF was measured across a range of up�ow

velocities. A regression analysis generated the values Ke = 114.33 mm/s and ne

= 3.46 (Fig. 2.5), and the experimental data �t the model in Eq. 2.10 quite

well (R2 = 0.997). While the speci�c values of Ke and ne are a function of the

particular sand medium used in a given �lter, the SRSF displays the same general

relationship between backwash velocity and bed expansion as in conventional rapid

sand �lters.
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Table 2.4: Observed bed expansion at two backwash velocities.

Inlets Layers Bed Expansion
Closed Fluidized 10 mm/s 11 mm/s

1 2 9% 11%
1,2 4 16% 20%
1,2,3 6 21% 27%

Note: Inlets are numbered as in Fig. 6. Bed expansion is reported as a percent of
the total 1.2 m sand bed depth.

The measured head loss for backwashing was around 1.18 m, also consistent

with typical rapid sand �lters and with the prediction of Eq. (2.6). The head

required to �uidize the SRSF is slightly less than the 1.2 m height of the sand bed,

which re�ects the volume of sand displaced by the inlet and outlet pipes in the

sand bed. A unique property of the SRSF system is that its �uidization can be

controlled to occur two layers at a time. Table 2.4 shows the observed expansion as

the six-layer laboratory SRSF was �uidized in two-layer incremenets. This feature

stems from the con�guration of inlets and outlets: each layer will �uidize when

it experiences the full backwash velocity at the inlet below it, regardless of the

status of the other layers of the �lter. This, in turn, depends on the state of the

inlet valves during backwash mode, as illustrated in Fig. 6. Similar observations

were made for settling the sand bed after backwashing: (1) opening an inlet valve

allows the layers below that inlet to settle, and (2) opening an outlet valve allows

the layers above that outlet to settle. Opening an inlet valve reduces the �ow

to layers below that inlet, and therefore the velocity that these layers experience;

similarly, opening an outlet allows �ow out of that outlet and reduces the velocity

experienced in the layers above.
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Figure 2.6: Con�guration of the inlet valves of an SRSF to �uidize (a) two layers,
(b) four layers, and (c) all six layers. When the inlet valves are set such that the
entire backwash �ow is passing upwards through a pair of layers, these layers will
�uidize because they are experiencing the full backwash velocity.
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Figure 2.7: Plot of e�uent turbidity over time during a 950 m/day backwash cycle.
The readings from the backwash turbidimeter were scaled by the sampling system
dilution factor to produce the curve shown in this graph.

2.5.3 Contaminant removal during backwash

The removal of contaminants from the �lter bed was successfully demonstrated

with the laboratory SRSF, and the bed �uidization was su�cient to clean the

sand bed in preparation for another �ltration cycle. In Fig. (2.7), the turbidity

of backwash e�uent is shown over the course of a backwash cycle with all six

�lter layers �uidized, to illustrate the removal of suspended solids that had been

retained in the sand bed during �ltration. The contaminants were �ushed out over

a relatively short period of time, producing a concentrated waste stream with a

turbidity as high as 6200 NTU at its peak.

Virtually all of the contaminants loaded to the �lter bed were removed dur-

ing this test. During the �ltration cycle preceding the �lter backwash, 110 NTU

in�uent was pumped into the �lter over a period of 1.5 hours at 4.8 L/min (144

m/day), while the �lter produced 1 NTU e�uent. These observations correspond
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to a total solids loading of 47,000 NTU-L. A total suspended solids recovery of

46,500 NTU-L (i.e., 98.9% recovery) was observed during the backwash cycle in

Fig. (2.7).

In practice, the length of the backwash cycle should be minimized to reduce

loss of water to backwash e�uent. Fig. (2.7) shows that a 15-minute backwash

cycle, as used in this test, is much longer than needed. About 94% of the solids

loaded to the bed had been removed after 5 minutes of backwash, and about 97%

had been recovered at 7 minutes. This suggests that for the conditions used in this

research, a 7 minute backwash cycle time would be su�cient, and any additional

backwashing would consume water without providing much added bene�t in the

form of cleaning the sand bed.

2.5.4 Use of settled water for backwash

Loss of �ltered water during operation of the SRSF in the �eld can be reduced if

sedimentation tank e�uent is used to backwash the �lter. When a �ltration cycle

ends, water would continue �owing from the sedimentation tanks into the �lter

at the same �ow rate, but it would be redirected to the bottom inlet to �uidize

and backwash the SRSF. This backwash method was evaluated to determine if it

diminished the performance of the �lter.

In several laboratory experiments the SRSF was backwashed with the same

5-10 NTU simulated settled water that served as in�uent during the �ltration

cycle. Results suggest that a stacked �lter can be e�ectively backwashed with

settled water without its performance being a�ected. As shown in Table 2.3,

the pC* and e�uent turbidity achieved during a �ltration cycle did not change

signi�cantly after backwashing with 5-10 NTU water. The ripening time also was

not noticeably a�ected. An interpretation of this result is that the turbidity in the
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settled in�uent water is small compared to the large amount of turbidity in the

�lter bed at the onset of backwash and does not signi�cantly a�ect the �ushing

of contaminants from the �lter. In addition, most suspended particles introduced

into the �lter bed with the backwash water are e�ectively retrained by the �lter

media when the �ltration process resumes.

If backwash is to be performed with settled water in the �eld, eliminating

contact of backwash water with clean-water plumbing becomes an important design

consideration. The placement of a trough or channel for �ltered water must be

such that backwash e�uent will not have a path to mix with treated water for

distribution. In addition, a short ��lter-to-waste� period, lasting perhaps 1-2 �lter

residence times, is recommended to rinse the SRSF inlet and outlet pipes which

were exposed to backwash water. These practical issues must be addressed as the

SRSF system moves toward full-scale implementation.

2.5.5 Field demonstration results

The �eld demonstration was carried out to test the performance of the SRSF at

operating drinking water treatment facilities, under the conditions it would face

at a full-scale installation. The results from the laboratory studies indicate that

both the �ltration and backwash cycles can be successfully carried out in the �eld,

and the SRSF �eld test was expected to produce water meeting EPA standards

for turbidity. Some variation from laboratory results was anticipated, because

parameters such as the total sand bed capacity vary depending on the nature of

the suspended particles in the in�uent water.

The �rst test site for the SRSF demo unit was the AguaClara water treatment

plant in Támara, Francisco Morazán, Honduras. Settled water from the Támara

plant had turbidity in the 2-3 NTU range, which meets the Honduran standard of
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Figure 2.8: Results of the �rst SRSF �eld demonstration at the Támara water
treatment plant in Francisco Morazán, Honduras, where the �lter was loaded at 160
m/day with sedimentation tank e�uent for around 1 hour to gauge the turbidity-
removal performance of the system.

5 NTU for treated water, with about 0.5 mg/L alum residual. Filtration of this

water was quite e�ective � in the �rst test (Fig. 2.8) the �lter ripened in about

20-25 minutes to produce water less than 0.3 NTU, and achieved e�uent quality

as low as 0.19 NTU. In the second test (results not shown), the �lter ran overnight

producing water around 0.5 NTU. The run concluded after about 18 hours, as

the head loss in the �lter increased 28 cm and the e�uent turbidity approached 1

NTU.

At the AguaClara water treatment plant test site in Agalteca, Francisco Morazán,

Honduras, settled water turbidity was in the 0.5-1 NTU range. SRSF �ltration

was initially not e�ective with the cleaner in�uent water in Agalteca, and a 1

mg/L dose of alum was then added to the �lter in�uent for part of the test. In

samples without alum addition, there was no discernable or consistent di�erence
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between the in�uent and �ltered water; with alum added, the �lter performed con-

sistently better and achieved as low as 0.31 NTU e�uent. These results indicate

that addition of alum to the in�uent can improve �lter performance when needed.

Similar results for coagulant addition to rapid sand �lters have been demonstrated

in laboratory and full-scale pilot tests reported by Lin et al. (2011).

2.6 Conclusions

Stacked rapid sand �ltration is presented in this paper as a robust and sustainable

technology that can address the limitations of conventional rapid sand �ltration

for municipal drinking water treatment facilities around the world. Backwashing

conventional rapid sand �lters requires expensive systems such as electric pumps,

elevated storage tanks, or large banks of parallel �lters. A stacked rapid sand �lter,

meanwhile, is self-backwashing at the same �ow rate used for �ltration, and it does

not require pumps or other electrical equipment.

E�ective backwashing bed expansion, e�cient removal of contaminants from

the sand bed during backwash, and adequate �ltration-cycle performance of the

SRSF system have been demonstrated in the laboratory and in �eld tests. Because

the SRSF concept has been shown to be viable, it could be used at full scale to

realize signi�cant bene�ts relative to conventional �lters: reduced complexity of

implementation and operation; savings in capital and operating costs, and possible

reductions in water lost to backwashing.

Further research should consider the design and operational details required

for implementation of a full-scale stacked rapid sand �lter. In addition, laboratory

investigation of issues such as alum-�lter interaction, �ow distribution among �lter

layers, and backwashing hydraulics can help to optimize the technology.
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CHAPTER 3

A NOVEL FLUIDIC CONTROL SYSTEM FOR AGUACLARA

STACKED RAPID SAND FILTERS

3.1 Abstract1

Infrastructure for water treatment faces numerous challenges around the world,

including the high failure rate of digital, electronic, pneumatic, and mechanical

control systems due to their large number of components and their dependency

on proprietary parts for repair. The development of more e�cient, reliable, easily-

repaired water treatment controls that rely on simple �uidics rather than on so-

phisticated systems has the potential to signi�cantly improve the reliability of

drinking water treatment plants, particularly for cities and towns in developing

countries. The AguaClara stacked rapid sand �lter (SRSF) has been proposed as

a more robust and sustainable alternative to conventional rapid sand �lters be-

cause each �lter can backwash at the same �ow rate used for �ltration without

requiring pumps or storage tanks. The viability of stacked rapid sand �ltration

has been demonstrated through previous laboratory studies and at a municipal

water treatment plant. This paper presents a novel control system for the SRSF

based on �uidics. The �uidic control system, which permits changing between the

�ltration and backwash modes of operation with a single valve, was developed in

the laboratory and applied in the �rst full-scale SRSF. The water level in the �l-

ter is regulated by a siphon pipe, which conveys �ow during backwash and which

contains an air trap to block �ow during �ltration. The state of the siphon pipe

and the ensuing state of the �lter is controlled by one small-diameter air valve.

1The contents of this thesis chapter have been submitted to the Journal of Environmental

Engineering, with co-authors M.L. Weber-Shirk, J.C. Will, A.N. Cordero, W.J. Maher, and L.W.
Lion
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3.2 Introduction

In many cities and towns, drinking water infrastructure is inadequate, under-

performing, or technically de�cient (Lee and Schwab, 2005). Failure of water

treatment systems is part of the reason why an estimated 1.8 billion people lack

access to safe drinking water (Onda et al., 2012). Moreover, the high capital and

operating costs of water treatment systems have been identi�ed as major barriers

to their more widespread implementation in developing countries (Hokanson et al.,

2007). In industrialized countries, water treatment systems are more widely avail-

able, but there is nevertheless a signi�cant need of capital for maintenance and for

new water infrastructure in the coming decades (ASCE, 2009).

Water treatment plants that rely on digital, electronic, pneumatic, and mech-

anized control systems have multiple failure modes that result in a short mean

time between repair events. The failures of mechanized plants are due to compo-

nent failures, reliance on proprietary parts that are unavailable in the local supply

chains, high energy costs, and designs that fail to provide adequate feedback to

the operator for successful water treatment. For example, 20 modular mechanized

water treatment plants were installed in Honduran cities in a program that ended

in 2008. By the beginning of 2012, 50% of the plants had been abandoned due

to control system failures and signi�cant energy costs (Smith, D.W., 2012, Agua

Para el Pueblo-Honduras, personal communication).

The choice of technology is a crucial factor to achieve sustainability for water

projects (Breslin, 2003), and the use of technology that is inappropriate for its con-

text has been implicated as the reason for many failures of infrastructure systems

(Moe and Rheingans, 2006). Water treatment plants can be designed for sustain-

able operation and a long useful life by simplifying the control system, eliminating

dependence on electricity, minimizing the number of moving parts, designing the
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unit processes to provide operator feedback, using locally available materials, and

simplifying operation and maintenance procedures. Although water treatment

plant mechanization and automation might normally be expected to reduce labor

requirements and thus operating costs, the need for highly skilled professionals

with di�erent expertise to maintain the control systems of automated plants may

actually increase labor costs. In addition, the parts required for automated systems

are not readily available in many parts of the world.

The need for resilient water treatment plant designs that are high-performing

with low capital and operating costs led to the search for an improved �ltration

design by the AguaClara program at Cornell University in 2010. Initial evaluation

of existing technologies revealed none meeting these requirements. Slow sand �lters

require too much level land (a scarce resource in mountainous terrain) to treat large

�ow rates, and rapid sand �lters require either enclosed �lter vessels, pumps, large

storage tanks, or sets of six �lters working together to achieve the high velocities

required for backwash. The capital costs of the rapid sand �lter options are high,

often out of reach for small to mid-size communities, and the closed-vessel pressure

�lter option does not give plant operators visual feedback on the condition of the

�ltration system. For this reason, pressure �lters are not considered appropriate

for normal surface water treatment, and design guidelines limit their use to iron

and manganese removal (WSCGL, 2007).

The AguaClara stacked rapid sand �lter (SRSF) was invented to address the

need for a robust, lower cost, high-performing, and sustainable alternative to con-

ventional rapid sand �lters (Adelman et al., 2012). The SRSF uses the same �ow

rate for the �ltration and backwash cycles, and it therefore does not require the

pumps or elevated storage tanks needed to backwash conventional �lters. The

SRSF works by placing inlets and outlets made of well-screen pipe within the �lter
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Figure 3.1: Diagram of �ow in the sand bed of an SRSF during (a) �ltration and
(b) backwash. Note that the total incoming �ow rate QPlant is the same during
both cycles of operation.

sand bed, creating multiple layers that �lter in parallel but that are backwashed

in series. Using the same �ow rate for both cycles, the SRSF achieves a backwash

velocity equal to the number of layers times the �ltration velocity. The typical

design ranges of �ltration and backwash velocities for rapid sand �ltration di�er

by approximately a factor of six, making six �lter layers a reasonable choice for de-

sign. Flow through the bed of a six-layer SRSF during the �ltration and backwash

cycles is shown in Figure 3.1.

The viability of the SRSF was �rst demonstrated through laboratory studies

and a small-scale �eld demonstration by Adelman et al. (2012), and the �rst gener-

ation full-scale 12 L/s SRSF was built in 2011 at the municipal water plant serving

the town of Támara, Francisco Morazán, Honduras (Will et al., 2012). The initial

report of the SRSF by Adelman et al. discussed the requirement for �ow to be

provided to the layers of the sand bed as shown in Figure 3.1, but no control sys-

tem was proposed to achieve this. This paper presents a novel system of �uidics
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to control the SRSF, supported by theoretical analysis, experimental demonstra-

tions, and full-scale implementation. This system consists of inlet and outlet boxes

with riser pipes and a siphon with an air valve to control the mode of operation.

The �uidic control system eliminates the need for digital, electronic, pneumatic, or

other mechanized controls and allows the operator to select the mode of operation

of the �lter with a single small-diameter air valve.

3.3 Materials and Methods

3.3.1 Pilot-scale apparatus

A pilot-scale apparatus (Figure 3.2) was developed for laboratory studies of the

proposed �uidic control system, starting from the apparatus used by Adelman et al.

(2012) for the original proof-of-concept studies. The SRSF in this system was built

in a 4� (10.16 cm) diameter clear PVC column with six 20 cm layers. The inlet and

outlet pipes were 1/2� (1.27 cm) PVC with 0.2 mm well-screen slots spaced at 1/8�

(0.318 cm) provided by Big Foot Mfg. in Cadillac, MI. The sand bed consisted of

typical rapid sand �lter sand, with an e�ective size of 0.45 mm and a uniformity

coe�cient of 1.4 (Ricci Bros. Sand Co., Port Norris, NJ). Water was applied to

this �lter at a total �ow rate of 5.3 L/min, giving a backwash velocity of 11 mm/s

when the �ow passed through all layers in series and a �ltration velocity of 1.83

mm/s when the �ow was divided among the six layers. These values are consistent

with typical design values for �ltration and backwash velocities in single-media

rapid sand �lters (Reynolds and Richards, 1996).

The experimental apparatus also included �uidics controls to set the mode of

operation of the SRSF by controlling air entry to and exit from a siphon system.

Important components of this �uidics control system are shown in Figure 3.2,
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Figure 3.2: Pilot-scale experimental apparatus including an SRSF column, inlet
and outlet boxes, a backwash siphon, an air valve, and pressure sensors. Note that
the water levels shown here are for the �ltration cycle.
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including an inlet box where water enters the SRSF from upstream processes,

an outlet box for �ltered water, a backwash siphon, and an air valve. These

components regulate the water levels and �ow paths during each cycle of operation.

3.3.2 Control of parameters and data acquisition

Raw water for the laboratory apparatus came from a temperature-controlled reser-

voir which blended hot and cold tap water to achieve a room temperature mix.

This prevented excess dissolved gases in the cold tap water from in�uencing the

hydraulics of the system. The tap water came from the Cornell University water

system, and had an average pH of 7.7 with roughly 150 mg/L as CaCO3 of hard-

ness and 120 mg/L as CaCO3 of alkalinity (Foote et al., 2012). The pump shown

in Figure 3.2 was used along with a �ow control valve to supply water to the inlet

box at a constant rate of 5.3 L/min. In the municipal scale �lter discussed below,

the inlet box is gravity-fed by placement just below the sedimentation tank outlet,

and no pumping of water is required.

Important water levels in the system were tracked using di�erential pressure

sensors (PX26 series, Omega Engineering Inc., Bridgeport, NJ). These sensors were

installed at the locations indicated in Figure 3.2, with their positive side connected

via �ttings to the inlet box or �lter column and their negative side exposed to the

atmosphere to correct for variations in atmospheric pressure. The sensors were

calibrated to measure pressure in units of centimeters of water, so that the water

level could be tracked in the inlet box and the �lter column during experiments.

Data from these pressure sensors was logged to a computer via the laboratory

process control and data acquisition system described by Weber-Shirk (2009).
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Figure 3.3: Fluidics control system for the SRSF, showing water levels during
(a) �ltration and (b) backwash. Important head losses during each cycle are also
identi�ed.

3.4 Results and Discussion

3.4.1 Overall control system

The SRSF �uidic control system uses the backwash siphon to set the water level in

the �lter and thereby control the mode of operation (Figure 3.3). Only one valve

is required to operate this �lter - the air valve used to �ll or empty the siphon pipe

by establishing or releasing an air trap.

When the siphon pipe is blocked by air, the SRSF is in �ltration mode. Water is

forced to exit over the weir in the outlet box, and the water level in the inlet box and

in the �lter are high enough to overcome the �ltration head lossHLFilter. This head

loss is attributable to �ow through the inlet and outlet plumbing, slotted pipes,

and sand bed along any one of the six parallel paths through the �lter. The clean
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bed head loss during the �ltration cycle can be estimated with familiar models such

as the Carmen-Kozeny equation or the Rose equation (see, for example, Reynolds

and Richards, 1996).

When there is water �ow in the siphon, the SRSF is in backwash mode. The

water level in the �lter is just high enough for �ow to pass through the siphon and

exit the system over the backwash weir. The water level in the inlet box drops until

it provides the total required backwash head loss HLBW . The head hL required

to �uidize a sand bed of depth HSand is given by Equation (3.1):

hL = HSand (1 − ε)

(
ρSand
ρWater

− 1

)
(3.1)

where ε is the porosity of the sand, ρSand is the sand density, ρWater and is the

density of water. Based on both typical properties of �ltration sand and on ex-

perimental observation, hL is approximately equal to the depth of the sand bed in

both conventional and stacked rapid sand �lters (Adelman et al., 2012). The total

backwash head loss includes losses in the inlet plumbing or siphon pipe. The riser

pipes on the entrance to the top three inlets prevent these inlets from receiving

�ow during backwash, causing all �ow to be directed to the bottom inlet in order

to �uidize the sand �lter media and backwash the �lter.

3.4.2 Experimental evidence of mode transitions

The e�ectiveness of the �uidic control system to set the mode of operation of the

�lter was con�rmed using the laboratory apparatus. Figure 3.4 shows the temporal

variation of the water level in the inlet box and the �lter column as the control

system was used to set both cycles. In the experiment shown, the SRSF started

in �ltration mode, was changed to backwash, and then was returned to �ltration.

Water levels in the �gure are measured relative to the top of the settled sand bed.

42



0

50

100

150

200

0 5 10 15 20 25

Run Time  (min)

W
at

er
 E

le
va

tio
n 

(c
m

)

Top of Filter Inlet Box

A
C D

B
E

Riser pipe 
elevation

Backwash 
head loss

0

50

100

150

200

0 5 10 15 20 25

Run Time  (min)

W
at

er
 E

le
va

tio
n 

(c
m

)

Top of Filter Inlet Box

A
C D

B
E

Riser pipe 
elevation

Backwash 
head loss

Filter column Inlet box

Figure 3.4: Water level traces from the pilot-scale apparatus, showing the water
level change in the inlet box during the change from �ltration to backwash and
the return to �ltration mode of operation.

The data presented in Figure 3.4 is divided into �ve �zones� illustrating the

important steps in the transition between �ltration and backwash cycles using the

�uidics control system:

� Zone A. The system is in �ltration mode, with the water level high enough in

both the inlet box and the �lter column for �ow to exit over the outlet weir.

The inlet box level is a few centimeters above the water level in the �lter

column, which represents the head loss in the inlet plumbing. The top of the

siphon pipe is completely submerged by the water in the �lter column, but

is maintaining an air trap to prevent water from escaping to the backwash

weir.

� Zone B. The air valve is opened and then closed over an interval of approx-

imately 5 s. This time interval is also used in the full-scale SRSF. Opening

the air valve allows the trapped air to escape, so that the siphon can �ll
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and water can begin �owing out over the backwash weir. Once there is �ow

in the siphon, the water level quickly drops from its former level above the

siphon pipe in both the �lter and the inlet box. This transition takes about

1 minute in the laboratory �lter and about 3 minutes in the �eld.

� Zone C. The system is in backwash mode. The water level in the �lter column

is a few centimeters above the elevation of the backwash weir, representing

the head loss in the siphon pipe. The water level in the inlet box is high

enough to provide the 1.2 m backwash head loss (equal to the depth of the

sand bed), but below the top of the highest three riser pipes. This directs

all �ow from the inlet box to the bottom inlet of the �lter.

� Zone D. The air valve is opened and then closed, again for about 5 s in the

lab and the �eld. This allows air to be pulled into the siphon, cutting o�

�ow in the siphon pipe and re-forming the air trap. Because the water can

no longer exit via the backwash siphon, it must rise in both the inlet box and

the �lter column so it can once again exit over the outlet weir. The elevation

of the riser pipes in the inlet box is evidenced by the short horizontal section

on the inlet box curve, between about 12 and 14 minutes of run time.

� Zone E. The system has returned to �ltration mode. Once again, the height

of water in the �lter column re�ects the elevation of the outlet weir plus the

clean-bed �ltration cycle head loss.

This data in Figure 3.4 provide good evidence that the �uidic control system

works as proposed. The e�ectiveness of this control system was also con�rmed

by the success of the SRSF in the �eld. The �rst full-scale SRSF in Támara can

successfully transition between �ltration and backwash just as was observed in the

pilot-scale system (Will et al., 2012).
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3.4.3 Fluidic control of the mode of operation

Controls based on �uidics are used to select which inlets and outlets are active

during �ltration and backwash modes. Flow to the top three inlets must cease

during backwash so that all of the water is forced into the bottom of the �lter. The

top three inlets are turned o� by lowering the water in the inlet box to be below the

level of the three inlets, as shown in Figure 3.3(b). It is also important that outlet

pipes not be hydraulically connected during backwash, to prevent backwash water

from preferentially traveling through the pipes instead of through the �uidized sand

bed. The outlet pipes are disconnected from each other by lowering the water level

in the outlet box to be below the top of the outlet pipes.

The successful transition in �ow was based on an analysis to determine the

relevant head losses in the system. The placement of the inlet box and the length

of the riser pipes depend on both the �ltration and backwash cycle head losses.

In addition, the energy losses between the entrance to the bottom inlet manifold

and the siphon exit can be used to estimate where the water levels will be in the

unused inlet and outlet pipes during backwash. The water levels in these pipes

are illustrated in Figure 3.3(b), and the outlet box must be placed as shown in the

�gure to prevent short-circuiting during backwash.

Changes in water levels in the transition from �ltration to backwash mode are

set by the siphon and controlled by the air valve. To initiate backwash, the air

valve opens the siphon pipe, closes three inlet pipes, closes three outlet pipes, and

increases the �ow rate through the bottom �lter inlet. To initiate �ltration, the

air valve closes the siphon pipe, opens three inlet pipes, and opens three outlet

pipes. The use of �uidics thus eliminates seven large-diameter valves - one on each

inlet pipe and each outlet pipe - that would otherwise be required to control �lter

operation.
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Figure 3.5: Diagram of �ow and water levels in the siphon pipe and key dimensions,
including (a) during the backwash cycle, (b) just after the siphon is broken to end
backwash, and (c) after water has risen to the clean-bed �ltration height.

3.4.4 Backwash siphon air trap hydrostatics

The siphon pipe and its air trap are the central elements of the SRSF �uidic system,

and the design of this siphon is critical to the operation of the control system. The

hydrostatics of the SRSF siphon were characterized in the laboratory apparatus.

Figure 3.5 shows the siphon during backwash mode, the initial air volume that is

taken into the pipe just after the air valve is opened to cut o� backwash �ow, and

the hydrostatic equilibrium observed during the �ltration cycle.

At the end of the backwash cycle, the siphon is broken by opening the air

valve. Because the siphon is under negative gauge pressure when it is conveying

backwash water, as in Figure 3.5(a), air will enter the pipe when the air valve is

opened. The initial volume of air that is pulled into the siphon pipe at the end

of the backwash cycle occupies the lengths L1, L2, and L3 in the siphon pipe, as

shown in Figure 3.5(b). As the SRSF transitions to �ltration mode and the water
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level rises (Zone D in Figure 3.4), this air volume is pushed along the siphon into

the position shown in Figure 3.5(c).

The siphon pipe geometry must be designed so that the air trap can be main-

tained as the water level rises in the �lter box. The lower U-shaped portion of

the siphon pipe remains �lled with water that acts as a �water seal,� and the back

pressure on this side of the pipe must be su�cient to resist the pressure exerted

on the air trap by the water in the �lter column. The density of air is su�ciently

small compared to the density of water that the pressure can be assumed to be

constant in the air trap, so the hydrostatic pressures at points 1 and 2 in Figure

3.5(c) must balance:

P1 = P2 = ρWatergH1 + PAtm (3.2)

where P1 and P2 are the absolute pressures at points 1 and 2, PAtm is atmospheric

pressure, ρWater is the density of water, g is the gravitational acceleration, and H1

is the length de�ned in Figure 3.5(c). Because the pressures balance as shown in

Equation (3.2), the di�erence in height from the water in the �lter column to point

1 and the vertical displacement of the water seal from the backwash weir to point

2 will have an identical value H1. The increase in hydrostatic pressure will cause

the air in the trap to compress slightly from its initial volume:

PAtmVInitial = P1VCompressed (3.3)

where VInitial is the initial air volume and VCompressed is the volume of the air trap

in its compressed state. From the geometry of the system, the initial volume in

the air trap is approximately:

VInitial = ASiphon (L1 + L2 + L3) (3.4)
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where ASiphon is the cross-sectional area of the siphon pipe and L1, L2, and L3

are the pipe lengths de�ned in Figure 3.5(b). Note that this initial air volume is

conservatively taken to exclude the length L0 that remains submerged as a result

of the water level in the column during backwash. Once the water has risen in the

�lter as in Figure 3.5(c), the air volume is:

VCompressed = ASiphon (L2 + L3 +H1 +H2) (3.5)

where H2 is the distance between the water level in the upstream side of the siphon

pipe and the horizontal section of the siphon pipe.

The system of Equations (3.2) through (3.5) can be used to analyze the equi-

librium condition in the siphon pipe at any point during �ltration. Substitut-

ing Equations (3.2), (3.4), and (3.5) into Equation (3.3) and dividing through by

ASiphon gives:

PAtm (L1 + L2 + L3) = (ρWatergH1 + PAtm) (L2 + L3 +H1 +H2) (3.6)

A useful result of Equation (3.6) is that it is possible to solve for the position of

water levels in the siphon pipe, given the height of water in the �lter, HRise. In

order to do this, H2 is de�ned geometrically as:

H2 = L0 + L1 − (HRise −H1) (3.7)

where HRise is the height of water in the �lter from the inlet of the siphon pipe. If

the water in the column has risen by a given amount HRise, Equation (3.7) can be

substituted into Equation (3.6) to eliminate all unknowns except for H1:

PAtm (L1 + L2 + L3) = (ρWatergH1 + PAtm) (L0 + L1 + L2 + L3 + 2H1 −HRise)

(3.8)

It is therefore possible to �nd the position of the water levels on both sides of the

siphon pipe by solving for H1 in Equation (3.8).
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An important failure mode can also be identi�ed from Equation (3.6) - that

is, the height of water H3 that will cause water to begin spilling over into the

horizontal section of the siphon pipe. This is the maximum water height that

the air trap can resist before failing, and it can therefore be used as a design

constraint to select an appropriate vertical geometry of the siphon system. This

failure mode takes place when H2 goes to zero, so the maximum value of H3 is

found by subjecting Equation (3.6) to this condition and noting that when H2 = 0,

H1 must be equal to H3Max:

PAtm (L1 + L2 + L3) = (ρWatergH3Max + PAtm) (L2 + L3 +H3Max) (3.9)

Given the geometry of an SRSF siphon, Equation (3.9) can be solved for H3Max,

the maximum height of water that the air trap can support during a �ltration

cycle.

The siphon was evaluated experimentally in laboratory tests to validate this

model. Following a backwash cycle, the water was allowed to rise in the column,

and the locations of water levels in the siphon system were measured. Dimensions

of the experimental siphon and the lengths measured during this experiment are

shown in Figure 3.6.

For four di�erent heights HRise of water in the column, the lengths a, b, and

c were measured, and Equation (3.8) was solved to predict these lengths given

the physical dimensions of the siphon in Figure 3.6(a). For these calculations, we

used the dimensions of the apparatus L0 = 6 cm, L1 = 1.30m, L2 = 16 cm, and

L3 = 1.32m, and an atmospheric pressure of PAtm = 1 atm. The results of this

experiment are shown in Table 3.1. The measured values of a and c were the same

at each point as predicted by Equation (3.2), and the model underestimated the

measured values of a, b, and c by 3-6%. The error in the predicted values comes

from our estimate of the initial air volume in the siphon pipe - in reality, this initial
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Figure 3.6: Diagram of (a) dimensions and (b) observed water levels for the
laboratory-scale siphon system. The water in the �lter column was allowed to
rise a height HRise over the top of the sand, and the lengths a, b, and c were
measured.
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Table 3.1: Predicted and measured values of a and b in the experimental siphon,
given HRise

HRise (cm)
a (cm) b (cm) c (cm)

Predicted Measured Predicted Measured Predicted Measured

107.8 45.1 47.6 73.2 75.8 45.1 47.6

125.0 52.7 55.2 63.7 66.2 52.7 55.2

142.5 60.6 63.2 54.1 56.7 60.6 63.2

168.0 71.9 74.5 40.0 42.5 71.9 74.5

air volume is larger than the volume shown in Figure 3.5(b), because the water

passing through the U-shaped tube on the outside of the �lter has momentum

when the siphon is broken and it is expected to fall below the levels shown in the

�gure. However, our estimate of the initial air volume represents a minimum value,

and it would therefore be appropriate to use the model for a conservative design.

3.4.5 Backwash siphon air valve sizing

The state of operation of the entire system is controlled by the air valve on the

backwash siphon. This valve must accomplish two key functions. The �rst is to

allow the air in the siphon trap to escape when the �lter is to be backwashed, as

at the beginning of Zone B in Figure 3.4. The second is to break the siphon and

pull in a new volume of air when backwash is �nished and a new �ltration cycle is

to be started, as in Zone D.

The �rst function is readily accomplished. When the air valve is opened, the

positive gauge pressure on the air trap forces the air to be quickly expelled into

the atmosphere. To accomplish the second function, the air valve must allow a

su�cient volume of air to enter so that the air trap can be re-formed in a reasonable

amount of time. The desired �ow rate of air to break the siphon and re-establish

the air trap therefore sets the minimum required diameter of the air valve. The
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target air �ow rate QTarget of air is based on a desired time tDesign to �ll the siphon:

QTarget =
V0

tDesign

(3.10)

where V0 is the initial air volume de�ned in Equation (3.4).

In addition to the target �ow rate, sizing this valve requires that the relevant

driving head and head losses be identi�ed. The initial driving head h0 in this

situation is a result of the negative gauge pressure in the upper portion of the

siphon during backwash:

h0 = ∆zV alve +
V 2
Siphon

2g
+ hLSiphon (3.11)

where ∆zV alve is the elevation of the air valve tee over the backwash water level in

the �lter column, VSiphon is the �ow velocity of water in the siphon, and hLSiphon

is the head loss between the siphon entrance and the air valve tee. This equation

is dimensionally consistent, as long as all lengths and head losses are expressed in

consistent units (e.g. cm of water). When the air valve is initially opened there is

a net pressure of h0 forcing air into the system, but once the siphon pipe is �lled

with air, the pressure in the pipe approaches 1 atm and the driving head drops to

zero. Therefore, the air valve should be designed for an initial �ow rate of twice

the target �ow, because this will produce an average �ow of QTarget over a period

of tDesign, given that the driving head will decline from h0 to zero. Because minor

losses dominate over the short length of the air valve pipe, the minimum size of

the air valve DV alve can be calculated with a minor loss equation:

DV alve =

√
QDesign

π

(
8K

ghL0Air

)1/4

(3.12)

where QDesign = 2QTarget; the coe�cient K incorporates all minor losses along the

path of air entering the system, including the air pipe entrance, the air valve itself,

the air pipe exit, and any other adaptors or �ttings; and h0Air is the initial driving
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head h0 from Equation (3.11) converted into units of air:

h0Air =

(
ρWater

ρAir

)
h0 (3.13)

where ρAir is the density of air.

In the �eld, the goal to minimize air valve size was motivated by the desire

to reduce construction costs. Using a wood board and hole saws to replicate the

ori�ce size of standard ball valves, a series of tests were performed on the full-

scale �lter starting with a 3� PVC ball valve and covering the siphon opening with

successively smaller ori�ces. The tested hole sizes included 2�, 1 1/2�, 1�, 3/4�, and

1/2� nominal pipe sizes. Both initiation and breaking of the siphon were tested to

ensure that neither transition would fail due to insu�cient air leaving or entering

the siphon. Successful termination of backwash was de�ned as having the water

from the vertical section of the siphon pipe return to the �lter box, indicating that

the water in the siphon had been displaced by air.

Observations in the �eld showed that the air valve could be as small as a 1/2�

brass ball valve (actual diameter 19/32� or 1.508 cm). No further testing was

done with smaller valves, not only because the 1/2 in valve met the goal of cost

reduction and no smaller valve sizes were readily available, but also because the

time to initiate and terminate backwash would be unacceptably long for smaller

ori�ce sizes. The full-scale siphon has an air trap volume of approximately 44 L and

a �ll time of 5.6 s, yielding an average air �ow rate of 7.8 L/s. The initial driving

head of h0 = 1.25 m for air �ow into the full-scale siphon gives a K value of 2.65

in Equation (3.12). This is consistent with the nature of the minor losses in the

system: the entrance to the air pipe could be thought of as a projecting entrance

with K = 1, the exit from the air pipe into a much lower velocity zone would have

an additional K = 1, and there is some additional minor loss attributable to the

open ball valve.
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3.5 Conclusions

A novel system of �uidic controls has been developed for the SRSF to set its mode

of operation, and this system has been successfully deployed at a municipal water

treatment plant. The �uidic control mechanism is based on a siphon pipe controlled

by an air trap and by water levels changes that are designed to automatically con-

trol three inlets and three outlets. The use of a single small-diameter air valve to

�ll and empty the siphon with air simpli�es operation and completely eliminates

all of the failure modes associated with digital, electronic, and pneumatic controls

that are common in mechanized water treatment plants. In addition, the cost of

the air control valve is negligible in comparison with conventional digital, elec-

tronic, and pneumatic control systems. This novel system was tested in pilot-scale

experiments, which demonstrated the transition between the �ltration and back-

wash cycles. Physical models were proposed for the hydrostatics of the siphon and

for air �ow in the control valve, and these models were validated by observations

with the laboratory and full-scale systems.
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CHAPTER 4

OVERALL CONCLUSIONS AND IMPLICATIONS

4.1 Conclusions of the Two Studies

Taken together, these two studies describe the SRSF and provide evidence for

the e�ectiveness of the two key innovations upon which it depends. The novel

geometry of the sand bed creates six layers using four inlets and three outlets, and

it is possible to use the same �ow rate to achieve good quality water during �ltration

and clean the sand bed during backwashing. The �uidic control system provides

the required �ow patterns during both �ltration and backwash, and the single air

valve on the backwash siphon pipe sets the mode of operation by controlling �ow

to all of the inlets and outlets.

The results of these studies were applied to bring the SRSF to scale. The

sand bed geometry found to be e�ective in Chapter 2 was applied to a �eld-scale

�lter, where the vertical arrangement of six layers at 20 cm each was the same and

the plan-view area was scaled to the �ow rate to be treated. The required area

of the full-scale SRSF was sized based on the desired backwash velocity, and the

selection of a typical rapid sand �lter backwash velocity gave an acceptable loading

rate for �ltration as well. The �uidic control system described in Chapter 3 is also

scalable. The physical models developed for the backwash siphon air valve and air

trap hydrostatics were used to produce a full scale control system design, and were

e�ectively applied to the �rst full-scale SRSF in Támara.

4.2 Future Work for Laboratory Research

Continued laboratory research on the SRSF will be required to gain a better fun-

damental understanding of the technology and to further re�ne its design and
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operation. Important questions for ongoing laboratory research include:

� Layer �ow distribution. The calculation of the �ltration loading rate relies on

the implicit assumption that �ow is equally divided among the six layers, and

it stands to reason that this will be the case as long as head loss along each

path through the �lter is dominated by identical layers of sand. However,

there would be value in further empirical and theoretical investigation of this

issue to develop a clear design guideline for the inlet and outlet plumbing.

� The self-healing nature of �ow distribution problems. Even if the �ow in an

SRSF is not distributed evenly among the six layers, it is possible that this is a

'self-healing' problem. A layer with higher �ow would entrain and accumulate

suspended solids at a higher rate than a layer with lower �ow, so the head loss

coe�cient for the path through the higher-�ow layer would likely increase at

a greater rate. Ultimately, this e�ect would be expected to push the system

back towards even �ow distribution, but further experimental observation is

needed to determine whether this is the case. Preliminary data from pressure

sensors in each layer of the pilot-scale SRSF suggests that this self-healing

e�ect does indeed occur in a stacked �lter.

� Up�ow and down�ow performance. Further testing can show whether or

not there are relevant di�erences in turbidity removal performance between

up�ow and down�ow layers in the SRSF. It is also worth investigating how

the nature of the up�ow layers a�ects the terminal head loss for the SRSF

�ltration cycles. When increased head loss during a �ltration cycle leads to

a hydraulic gradient near of near 1 cm head loss per 1 cm of layer depth in

the up�ow layers, it is possible that these layers may start to lift or shift

and release entrained particles. Preliminary bench-scale data implies that

the turbidity removal performance of up�ow and down�ow layers is virtually
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identical, but more data is needed on the question of terminal head loss.

� Layer con�guration. The geometry proposed in Chapter 2 of six layers at 20

cm each appears to provide for both reasonable loading rate and layer depth.

Given that an eight-layer SRSF would have to be unreasonably deep, the only

other reasonable con�guration would involve four layers. It is possible that

four 20 cm layers is a viable con�guration, but if a backwash velocity of 11

mm/s is selected to provide adequate bed expansion for cleaning, the loading

rate during the �ltration cycle would be higher than the recommended range

for rapid sand �ltration. Preliminary data from a four-layer SRSF suggests

that the high �ltration velocity does in fact adversely a�ect particle removal,

and leads to inadequate �lter performance.

� Sand media selection. It would be useful to specify guidelines for appro-

priate sand media to be used in the SRSF. The e�ective diameter of the

media a�ects many design and operating parameters including the required

backwash velocity, the run time, and the head losses; the uniformity is also

important, because a highly varied media may stratify signi�cantly and lead

to mal-distribution of �ow in di�erent layers of the SRSF.

Beyond its self-backwashing nature, the SRSF may have some additional funda-

mental advantages. Firstly, there is virtually no surface removal observed during

the �ltration cycle. This stands to reason because all �ow is injected into the �lter

bed at high velocity from the slotted pipes, thus eliminating areas of the �lter

where surface removal could occur. In conventional �ltration theory, the entrain-

ment of suspended particles of any type by depth-removal mechanisms leads to a

linear increase in head loss over the course of a constant-rate �lter cycle. This is

consistent with the SRSF performance data presented in Chapter 2.
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In addition, the four in�uent injection points would lead to four zones in the

SRSF where entrained solids are concentated at the end of the �ltration cycle, as

opposed to one such zone in conventional �lters. The SRSF may therefore produce

a more concentrated waste stream during backwash, which would lead to reduced

required volume to �ush out each unit mass of contaminant. Both the elimination

of surface removal and the production of more concentrated backwash water must

be further investigated before they can be claimed as advantages of the SRSF.

4.3 Future Work for Field Implementation

Additional research with the full-scale �lter in Támara will also be important to

address practical issues related to fabrication of parts, maintenance, and operation.

Building and running the �lter at scale involves a host of challenges that cannot be

addressed simply through laboratory research, and the experience in Támara has

certainly produced - and will continue to produce - important lessons to improve

the implementation of future �lters.

The �lter has performed well in the �eld so far, producing water signi�cantly

below the U.S. EPA standard for turbidity. It therefore represents a major water

quality improvement for the AguaClara treatment plants. However, some impor-

tant lessons have already been learned through the �rst full-scale implementation.

The original design of the �lter inlet box speci�ed a weir too close to the inlet riser

pipes, which led to signi�cant air entrainment and reduced both particle removal

performance and �ltration cycle run time. This weir was removed to correct the

problem, and the layout of the inlet box for future �lters must consider the pos-

sibilty that air may enter the sand bed if there is a zone of highly turbulent �ow

too close to the inlet pipes.
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One other important lesson learned concerns the fabrication of inlets and outlets

for the �lter. The original design used a trunk pipe along one wall of the �lter box

with slotted pipes attached perpendicularly, along with a series of elbows and tees

to support the slotted pipes at the opposite wall. Unfortunately, the connections

to the trunk pipe were not su�ciently sand-tight, and the length of �ltration cycles

was reduced by sand entering the manifolds. Some pipes also broke out of their

tee connections becasue they had been slotted all the way to the end. In future

�lters, the tees and elbows will be replaced by another smaller trunk line, which

will likely prove simpler to construct. Slotted pipes with short un-slotted zone at

each end, along with better connections between the slotted pipes and trunk lines,

will also be required.

Several other challenges remain as the SRSF moves towards more widespread

implementation. Mud balls - large agglomerations of media and entrained particles

- may grow large enough to escape removal during backwash and accumulate in

the bottom of the �lter. In many rapid sand �lters, compressed air scour is used to

eliminate mud balls. In the SRSF, the elimination of surface removal may prevent

mud balls from forming in the �rst place, thus eliminating any need for air scour;

however, further operational data will be needed to validate this hypothesis.

Perhaps more signi�cantly, the outlet pipes in an SRSF are exposed to backwash

water by virtue of their placement in the sand bed. This creates the risk that

contaminants from the backwash water may make their way into the treated water

e�uent. In a conventional �lter, the water at the end of a backwash cycle must

pass through the sand bed again to reach the underdrain and outlet. In a stacked

�lter, most of the water in the box at the end of backwash is never treated -

instead, it remains in the top of the �lter box to be drained via the siphon pipe

at the start of the next backwash - but the outlet plumbing certainly comes in
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contact with backwash water. Therefore, a short �lter-to-waste period is currently

employed in Támara to rinse the �lter plumbing and �ush away any remaining

contaminants, and the operator begins sending water to the distribution system

only when it appears clear enough to do so. In-line continuous logging of the �lter

e�uent turbidity in the �eld would be an important data collection step to ensure

that the operator is using a reasonable time for �lter-to-waste - su�ciently long

to reduce the e�uent turbidity to below acceptable standards, but not excessively

long so as to waste potable water.

Finally, the presence of the �lter in an AguaClara plant changes the nature

of the entire process, so it is possible that plant operating parameters such as

the required dosing of coagulant and disinfectant will change. With the SRSF, it

should be possible for the AguaClara plants to meet EPA standards virtually all

of the time, but doing so will require optimization of the treatment process at the

plant scale.
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