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ABSTRACT

There 1s growing concern in most developing countries regarding the use of technologies that
are inappropriate to local conditions. In the area of treating surface water to drinking water
quality, consideration of alternative treatment methods is receiving great attention particularly
with regard to small and medium community water supplies. In Zambia, surface water
treatment to potable water is mainly by conventional methods. A recent evaluation of these
methods revealed that operation and maintenance problems associated with the chemical pre-
treatment stage were rampant, particularly in small and medium community water supplies.
To date, there have been hardly any studies on alternative methods. The current trend in the
water sector is largely inclined towards addressing the rehabilitation of water supply systems
so that private sector participation is facilitated. One of the sector principles, however, is to

consider alternative treatment methods to alleviate current problems.

The combination of roughing and slow sand filtration systems has emerged to be an
appropriate alternative to conventional methods in most small and medium community water
supplies. Roughing filtration as a pre-treatment method neither requires expert supervision nor
chemicals. However, current studies elsewhere reveal that adequate design guidelines for
roughing filters are not yet fully established. Slow sand filtration, as the main and final
filtration stage, is excellent in producing potable water. However, new applications of slow
sand filtration require pilot testing to ascertain their suitability. Operation and maintenance
needs of roughing and slow sand filtration systems are reported to be simpler and economical
compared to conventional systems. Nevertheless, for new applications, and where local

experience is lacking, this can only be ascertained through pilot studies.

The principal objective of the study was to evaluate the potential of a combination of
roughing filtration and slow sand filtration systems for small and medium community water
supplies in Zambia (using local materials) as alternatives to conventional systems. A pilot
plant encompassing up-flow roughing filtration in layers and slow sand filtration processes
was designed, constructed and investigated. Local filter media were used for the filtration
processes. The pilot plant treated Kafue River water and high turbidity simulated raw water.

The use of simulated raw water was inevitable since the investigation period did not cover the




rain season when high turbidity raw water is common. The characteristics of the actual Kafie
iver water during the period of investigation were: daily average turbidity < 5 NTU, total
suspended solids < 5 mg/l, faecal coliforms < 200 FC/100 ml. Those of the simulated raw
water were: daily average turbidity < 300 NTU, total suspended solids < 2000 mg/L and
faecal coliforms < 4000 FC/100 ml. The performance of the pilot plant was evaluated by
analyzing the quality of the filtrates. Roughing filters were operated at filtration rates ranging

from 0.4 to 1.25 m/h, while slow sand filters were run at an average filtration rate of 0.24 m/h.

Up-flow roughing filters in layers managed to pre-treat raw water to quality suitable for slow
sand filtration, by significantly reducing the levels of turbidity, total suspended solids and
faecal coliforms. There was no significant difference in performance, with respect to turbidity
and suspended solids removal, of the roughing filters by varying filtration rates from 0.4 to
1.25 m/h. However, the removal of faecal coliforms was slightly lower at 1.25 m/h. The final
slow sand filtrates showed acceptable turbidity levels (<1 NTU). However, faecal coliform
levels occasionally exceeded the less than 1 FC/100 ml recommendation by the World Health
Organization. Hence, slow sand filtrates may still require disinfection to guarantee potable
water supply. Because of the sufficient pre-treatment provided by roughing filtration, slow
sand filters were characterized by longer filter-runs than those reported for slow sand filters
applied in Zambia, and elsewhere where chemical pre-treatment methods are used. The
operation and maintenance of the pilot plant was easy, simpler and economical, managed by a

local, compared to reported operation and maintenance requirements of conventional systems.

It was therefore concluded that the use of roughing and slow sand filtration systems has great
potential for small and medium communities in Zambia. Local materials can readily be
utilized to construct these systems. The systems are able to treat raw water of high turbidity to
potable water without the use of pre-treatment chemicals. Operation and maintenance
procedures are relatively easy and can even be met at community level management. The
results of the study provide the first basis for designing roughing and slow sand filtration

systems in Zambia based on local practical investigations.
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Chapter one 1 INTRODUCTION

Chapter one

INTRODUCTION

1.1 Background

The treatment of raw water to potable quality is a world wide problem. Conventional water
treatment processes (coagulation, rapid mixing, flocculation, sedimentation, slow or rapid
sand filtration, disinfection) are widely used in developed and developing countries [Schulz
and Okun, 1984]. The chemical pre-treatment stage (coagulation, rapid mixing, flocculation,
sedimentation) improves raw water to quality suitable for effective performance of the main
treatment (slow or rapid sand filtration). Chemical pre-treatment combined with rapid sand
filtration has disadvantages, particularly pronounced in poor developing countries [Wegelin et
al., 1991]. These disadvantages include high capital and operating costs, and the need for
expert supervision for the complex operation and maintenance. These setbacks have rendered
conventional processes inappropriate in most developing countries, especially for small water
supply systems [Visscher et al., 1987; Wegelin et al., 1991]. In most developing countries,
equipment, spare parts, and chemicals have to be imported and small water supply systems are
usually unable to attract skilled manpower and adequate funding. Slow sand filtration alone is
an effective, cheap, and easy to operate and maintain option, and it has been widely

recommended in most developing countries.

One of the early mistakes in the sole use of slow sand filtration was to subject it to highly
turbid raw water [Graham et al., 1994]. In an attempt to pre-treat such raw waters to quality
acceptable for slow sand filtration, chemical pre-treatment has been widely applied. However,
where chemical pre-treatment is not efficient due to lack of reliable chemical supplies,
equipment and expert supervision, slow sand filters are fed with inadequately pre-treated raw
water which leads to rapid clogging of the filters and accompanying problems of frequent
cleaning. Frequent cleanings reduce the production reliability and increase running costs.

Short filter-runs are also not effective in removing pathogens [Visscher et al., 1987).
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Of the various pre-treatment options which can alleviate slow sand filter clogging problems,
roughing filtration has emerged to be an appropriate method. It has received considerable

attention because it does not use chemicals [Wegelin, 1996; Galvis et al., 1996].

Multi-stage filtration by roughing and slow sand filtration systems is regarded as an
alternative to conventional water treatment methods in most developing countries [ Wegelin,
1996; Wegelin et al., 1991; Galvis et al., 1996; Clarke et al., 1996; Shenkut, 1996]. The
systems are economically competitive and are less demanding in operation and maintenance.
They are being applied in developed and developing countries. Studies in Colombia have
shown that running costs are reduced by a factor of more than five where the systems are
applied instead of conventional methods [Galvis et al., 1993]. Lambert and Graham (1995)
report that the systems have a long service life which reduces annual depreciation rates of the
capital costs. Roughing and slow sand filters are of equal technical level, and their operation is
characterised by a high process stability which permits treating raw water of fluctuating
quality [Galvis et al., 1993; Wegelin, 1996]. They make full use of natural purification,
without any use of chemicals. In combination with terminal disinfection, the systems provide
multi-barriers to water borne diseases [Clarke, 1996]. Well operated slow sand filters are even
capable of producing potable filtrates without disinfection. However, the main disadvantage
of roughing and slow sand filtration systems is the low production capacity (water produced
(m®) per filter area (m?) per day) compared to conventional systems using rapid sand filtration.
This aspect limits their application to small and medium water supply systems although there

are known applications in large cities, especially where land is abundant.

Logsdon (1994) and Sharpe et al. (1994) suggest that the best way to determine if slow sand
filtration will treat a specific raw water is to conduct pilot plant studies. Wegelin (1996) states
that the three salient concerns that can be answered by roughing and slow sand filtration pilot
plant studies are: (1) can roughing filters reduce raw water turbidity to levels acceptable for
reasonable slow sand filter operation, (2) establishing filter-runs of slow sand filters or the rate
of head-loss increase, and (3) establishing design values of a proposed full-scale plant. The
first concern centres on pre-treatment efficiency of roughing filters with regard to turbidity
and suspended solids reduction. The second concern is crucial in determining the filter

capability to treat a specific pre-treated raw water. The last concern aims to optimise the
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treatment plant design. Other pilot research concerns include effectiveness of available filter
media and filter cleaning [Collins at el., 1994]. The problem with new filter media for slow
sand filtration is the "bleeding out" of turbidity from sands that contain excessive amounts of
clay. Logsdon (1994) reports that one slow sand filter plant in the USA produced filtrates with
turbidity above 1 NTU for over a year, occasionally exceeding raw water turbidity. Hence,
pilot studies of new filter media are significant, even though they may meet the grain size
specifications. Pilot studying of the hydraulic cleaning of roughing filter media is vital as well
since back-washing as practised in rapid sand filters is impossible because of the heavy coarse
filter media used. Collins et al. (1994) report that adequate guidelines for the design of
roughing filters are not yet fully available and research on these filters is still necessary.
Operation and maintenance characteristics of roughing and slow sand filtration systems can be

studied on pilot plants if local practical experience is not available.

In Zambia, surface water treatment employs conventional methods, and direct filtration by
slow sand filters without any pre-treatment [Holzhaus and Versteeg, 1993]. Slow sand filters
are usually applied in rural areas and townships. The number of rapid sand filters is about
twice as high as that of slow sand filters and they are mainly applied in large cities. The
potential of roughing and slow sand filtration systems has not been studied in Zambia
[Versteeg and Holzhaus, 1993]. The study of these systems would provide alternatives to the
current conventional systems which are characterised by operation and maintenance problems.
This is particularly significant for small and medium water supply systems where the
problems of conventional systems are rampant. For sustainable use of these systems in

Zambia, local experience is also significant.

1.2 Rationale

The water sector in Zambia is undergoing reforms which include the conversion of existing
water supply systems into commercially viable utilities. The current approach is mainly
considering rehabilitating these systems to improve their operation and reduce maintenance
requirements and possibly attract private sector participation. The promotion of appropriate

technologies is also one of the sector principles [GRZ, 1994].
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In 1992, fourteen townships’ water supply systems in Zambia were studied, seven of which
use slow sand filters [Holzhaus and Versteeg, 1993]. Mwiinga (1994) studied the water
treatment facilities at Monze township (Zambia) which use slow sand filtration. The main
conclusions from these studies indicated that many problems faced related to lack of funding
and inappropriate designs that have resulted in inadequate operation and maintenance of the
facilities. Most water treatment systems in Zambia have been rehabilitated before. However,
original problems usually do not take long to resurface. Currently, conventional water
treatment methods used in most townships Zambia in are characterised by the following

problems:

a) The main treatment stage (rapid or slow sand filtration), is usually fed with inadequately
pre-treated raw water, resulting in rapid clogging of the filter media. In some cases the

filters are subjected to treating raw water directly.

b) Poor funding, inadequate tariffs and tariff structures, and inappropriate use of generated
income have led to lack of chemicals, equipment, spare parts and inability to attract skilled

personnel.

¢) Inadequate or inappropriate designs: shallow filter-beds which shorten retention times,
hence reducing purification efficiencies further, filter medium coarser than recommended
is often used permitting deep penetration of turbid matter resulting in low quality filtrates.

In some cases there is incorrect control of filtration rates.

d) Lack of skilled or expert manpower for operation and maintenance requirements. Operators

lack training and sensitisation in operation and maintenance.

e) Lack of adequate stocks of filter media(usually imported) to replace depleting filter-beds

due to frequent cleanings.

The above problems are the rationale for carrying out this study. It is evident that the need to
consider alternative technologies for the treatment of surface water in Zambian townships is
enormous. Hence the need to study on the potential of roughing and slow sand filtration
systems in Zambia. A pilot plant comprising up-flow roughing filters in layers and slow sand
filters was constructed and used to realise the objectives of the study, presented in the

following section.
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1.3 Objectives

The overall objective of the study was to investigate the potential of using a combination of
up-flow roughing filtration in layers(URFL) and slow sand filtration (SSF) as an alternative to

conventional water treatment systems in Zambia. The functional objectives were:

a) to investigate and compare the ability of URFL to pre-treat surface raw water to quality

acceptable to slow sand filtration with reported data from elsewhere.
b) to investigate the treatability of Kafue River water by URFL-SSF systems.

c) to study the filter-run times of URFL and SSF, and compare with results reported

elsewhere,
d) to establish the suitability of local filter media for URFL -SSF systems,

e) to investigate the influence of filtration rates on the performance of up-flow roughing

filters in layers,

f) to investigate the operation and maintenance aspects of URFL-SSF systems, with emphasis

on the cleaning procedures.

1.4 Scope

The performance of URFL to pre-treat surface raw water to quality acceptable for SSF was
investigated by analysing the levels of turbidity, total suspended solids and faecal coliforms in
grab samples of the raw and pre-treated water. Levels of these parameters in URFL filtrates

were then compared to values that are recommended for effective performance of SSF.

The ease with which Kafue River water can be treated to potable water (treatability) was
studied with respect to filter-run times and quality of the final filtrate. During the study
period, the quality of the actual Kafue River water was: turbidity <5 NTU, TSS < 5 mg/L,
faecal coliform < 200 FC/100 ml). The ability of URFL-SSF systems to treat highly
contaminated and polluted Kafue River water, common during the rain season was achieved
by simulation of the raw water (daily average turbidity up to 300 NTU, total suspended solids
up to 2000 mg/L and faecal coliform levels up to 4000 FC/100 ml) since the investigations

were carried out over a period which did not include the rain season.
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A filter-run of URFL was defined as the operation period of time over which the head-
loss/filter resistance or filtrate quality remained acceptable. For SSF, the filter-run was
considered to be the period of time over which the head-loss remained acceptable. SSF filtrate
quality usually does not deteriorate with time. The minimum appropriate filter-runs

recommended in literature are one week and one month for URFL and SSF respectively.

The establishment of the suitability of the local filter media for URFL-SSF systems was
limited to one source of the filter media. The investigations of the availability of various filter
media sources is beyond the scope of this study. The suitability of the filter media used was
assessed by their capacity to produce acceptable filtrates. The availability aspects were not

analysed quantitatively, but visual observations were made.

The influence of filtration rates on URFL performance was studied with average filtration

rates of 0.4, 0.5, 0.75, 1.0 and 1.25 m/h. Each filtration rate was tested for at least two weeks.

The operation and maintenance aspects were assessed by comparing with conventional
systems. The need of expert supervision for operation and maintenance, and the ease of filter

cleaning aspects were the key considerations.
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Chapter two
LITERATURE REVIEW

2.1 General

The treatment of surface water by RF-SSF systems has emerged to be competitive to
conventional methods in small and medium water supplies. The systems have particularly
become more attractive in developing countries because of their simplicity in design,
operation and maintenance. They are characterised by low operating costs since the pre-
treatment by RF does not need chemicals. The main treatment by SSF is very effective in
producing potable filtrates. The operation of the systems is less likely to go wrong under less
experienced operators because of their simplicity in design. Construction of these systems

usually utilises local materials and labour, thus providing economic benefits.

This chapter mainly presents a literature review on RF-SSF systems. However, since RF and
SSF are different processes characterised by unique operation and maintenance aspects, they
are presented in separate sections. Firstly, SSF is reviewed in detail, being the main treatment
process, so that the need for incorporating RF as the pre-treatment step is clearly perceived.
After identifying the need for pre-treating raw water, several pre-treatment methods are briefly
reviewed to justify the selection of roughing filtration. A detailed review of roughing filtration
is thereafter presented. The economic aspects of RF-SSF systems are also presented. The
chapter also presents a review of water treatment practices in Zambia, with emphasis on SSF
and the associated problems, and ends with a review of pilot plant studies since this study was

based on a pilot water treatment plant.

2.2 Slow sand filtration

2.2.1 Components of a slow sand filter

A slow sand filter is a box containing a filter-bed (with supernatant raw water ) provided with
a scum outlet/overflow, an under-drain system, supporting gravel for the filter-bed, an inlet

and outlet structure, and filtration rate control devices (see Figure 2.2-1 (a) and (b)).
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(a)Filter box
It is usually constructed of reinforced concrete, but fero-cement, stone or brickwork
masonry can also be used [Visscher et al., 1993]. It should be water tight to prevent water

losses and possible contamination from shallow ground water or surface runoff.

(b)Inlet structure
[t allows raw water inflow into the filter box without making the filter-bed surface uneven
[Visscher et al., 1994; Huisman 1989]. Uneven filter-bed surface may result in puddles of
water when the filter is drained for cleaning, and make cleaning by scraping difficult. An
inlet structure can be a box which at the same time can be used to drain the supernatant
water during maintenance (see Figure 2.2-1). However, an inlet pipe provided with a baffle

plate below the discharge end (above the filter-bed surface) can suffice.

(c)Supernatant water layer
The is the raw water layer on top of the filter-bed which provides the hydraulic head to
drive the raw water through the filter-bed.

(d)Scum outlet and overflow provision
The scum outlet removes scum formed from algae and floating materials on the surface of

the supernatant water. It also serves as an overflow for the supernatant water.

(e)Filter-bed
The filter-bed constitutes the filter media, which usually is fine sand(0.15 < d,;< 0.35, dg, < 5).

(f) Under-drain system and support gravel
Under-drain systems, located at the bottom of the filter-bed, evenly collect filtered water.
Layers of graded gravel are placed on top of the under-drains to support the sand and
prevent it from reaching and blocking the openings of the under-drains. The latter is
achieved by ensuring that the pore size of the gravel layer in contact with the sand is less

than the d,, of the sand.

(g)Outlet structure

The outlet structure normally consists of two sections separated by a wall equipped with a

weir (see Figure 2.2-1).
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The weir crest level is set above the sand surface level to prevent below atmospheric
pressures (negative pressures) in the filter-bed which can lead to the release of dissolved
air. The resulting air bubbles promote short circuiting; raw water passing through the sand
is insufficiently filtered [Huisman, 1989]. Outlet structures ensure that filtration rates are
independent of the fluctuating water levels in the clear water tanks. Purification
mechanisms in SSF consume oxygen resulting in low oxygen levels in filtrates [Huisman,
1989]. Low oxygen levels permit anaerobic conditions to set in, which produce taste and
odour producing substances. Acceptable oxygen levels are usually restored through

appreciable aeration provided by gravity flow over the outlet weir.

(h)Filtration rate control
Slow sand filtration rates are controlled either at the inlet line or outlet line of the filter (see
Figures 2.2.1 (a) and (b)). Inlet and outlet controlled filters are characterised by variable

and constant supernatant water levels respectively.
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Figure 2.2-1: Components of inlet (a) and outlet (b) controlled slow sand filters
[ Source: Visscher, 1988]
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(i) Inlet-controlled or variable supernatant water filters (refer to Figure 2.2-1 (a))
The filtration rate (quotient of the inflow rate (m*/h) and surface area of the filter-bed (m?))
is set by adjusting the inflow rate, using valve ‘a’ on the inlet line, to the equivalent
filtration rate. The initial low supernatant water level rises with time due to filter-bed
clogging, to compensate for the head-loss and thus ensure a constant filtration rate. When

the supernatant water reaches a set overflow, the filter is due for cleaning.

(ii)Outlet-controlled or constant supernatant water layer filters (refer Figure 2.2-1 (b))
The filtration rate is set by adjusting valve ‘E’. To compensate for the increasing head-loss
with time and maintain a constant supernatant water level, hence constant filtration rate,
valve ‘E’ is frequently opened. When this valve is fully opened and further increase in

head-loss results in lower than desired filtration rate, the filter is due for cleaning.

The disadvantage of (ii) is the need for almost daily adjustments of filtration rate control
valves. This increases the amount of work for operators and chances of human error in
setting filtration rates. In (i), once desired inflow rates are set, no further manipulation of
the control valve is required. The rising supernatant water level compensates for head-loss
and also gives a clear indication of head-loss development. However, the initial low
supernatant water level may make the removal of scum and floating objects difficult. This
problem can be eased by installing an adjustable overflow pipe within the supernatant
depth. Fixed supernatant water levels in (ii) make the removal of scum and floating objects
much easier. The reduced amount of work in (i) and the fact that filtration rate control is

not subjected to human error makes them preferable.

2.2.2 Mechanisms of slow sand filtration

The treatment of raw water by SSF is brought about by various processes, which include
screening, sedimentation, adsorption, bio-chemical and bacteriological or micro-biological.
Basically, particles to be removed have to be transported to the grain surface where they
should remain attached before being transformed by biological and bio-chemical processes
[Wegelin, 1996]. Three SSF mechanisms are distinguished: transport, attachment and
transformation. In nature no such partition of these mechanisms is present. Their interaction is

still not fully understood [Huisman, 1989; Wegelin, 1996; Galvis et al., 1993].
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(a)Transportation mechanisms

(i) Screening

It removes particles too large to pass through the pores of the sand. It takes place almost
entirely at the surface of the sand because of the small pores. The smallest pore is roughly
one sixth of the grain size [Huisman, 1989]. With 0.15 mm diameter sand grains, particles
larger than 0.02 mm in diameter are completely removed. Further partial removal of
smaller particles (down to 5 or 10 um) is enhanced by reduced pore openings due to the
continuous particle deposition [Huisman, 1989]. Colloidal matter (0.001-1 pm), bacteria

(0.3-10 pm), and viruses (0.01-1 um) are hardly removed in this way [Barret et al., 1991].

(ii)Sedimentation

Sedimentation removes easily settled particles by gravity. Such particles are retained
within the top layer of the sand and on the sides of the sand grains. It plays a perceptible
role in removing particles larger than 10 pm [Yao et al., 1971]. In principle, the large part
of the combined surface area of all the sand grains is available for sedimentation in slow
sand filters, making sedimentation more effective than in an ordinary sedimentation tank in

which deposits only form at the bottom.

Sedimentation depends on the surface loading rate (quotient of inflow rate{m’/h} and
settling area{m’}) and the particle settling velocity(m/h). The settling velocity is influenced
by mass density, particle size and shape, viscosity and hydraulic conditions of the water.
Particles with settling velocities greater than the surface loading rate are removed. Hence,
the large settling area provided by sand grains lowers the surface loading rate to promote

particle removal. Natural flocculation of colloidal particles aids sedimentation.

(iii)Interception
The pore openings of the sand are gradually reduced by accumulation of particles
[Wegelin, 1996; Galvis et al., 1993]. Particles already retained on the sand grains intercept

those trying to pass. Interception is significant in SSF because of the small pore space.
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(iv)Hydrodynamic forces
Hydrodynamic forces (inertial and centrifugal) ensure continuous water flow through the
sand pores [Galvis et al., 1993]. The flow-lines of water around sand grains are not straight
but curved. Due to inertial and centrifugal forces, particles within the flow-lines are forced

to leave and come into contact with the sand grains where they remain attached.

(b)Attachment mechanisms
The removal of suspended and colloidal particles by attachment is considered to be the
most important purification process during SSF [Huisman, 1989]. Unless attachment

occurs, the removal of particles can not be effective.

Electrostatic and mass attraction are the main forces that hold particles once they have
made contact with sand grains. A combination of these forces is referred to as adsorption
[Galvis et al., 1993; Wegelin, 1996]. These forces exert their influence over small fractions
of the pore space, hence efficient adsorption is only bossible after transport mechanisms
have brought particles in the vicinity of the sand grains. Adsorption is effected passively
when a particle is retained by a slimy sticky gelatinous coating formed around the sand
grain by previously deposited bacteria and organic matter, and actively by electrostatic and

mass attraction forces.

(c)Transformation mechanisms

(i) Bio-chemical processes

Bio-degradable organic matter accumulated on the sides of sand grains is oxidised and
broken down to smaller aggregates and finally into water, carbon dioxide and inorganic
salts (nitrates, sulphates and phosphates) [Huisman, 1989; Wegelin, 1996]. Soluble
manganese and iron compounds are oxidised to easily precipitated insoluble oxides. Bio-
chemical actions play an important role in removing colour and dissolved solids as well.
They yield good results when enough time is available and temperature is not low
[Huisman, 1989]. Compared to rapid sand filters, slow sand filters provide higher retention

times since filtration rates are lower.
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(ii)Bacteriological or micro-biological processes

These processes are most important in removing pathogenic micro-organisms. As filtration
progresses, a thin dirty layer of retained impurities is developed on top of the sand. This
layer is called the “Schmutzdecke” (German word meaning dirty skin) [Huisman, 1989;
Visscher at al., 1987; Barret et al., 1991]. It is reported to be biologically active and
responsible for the removal of pathogens. Predatory organisms in this layer eliminate
pathogenic organisms. Micro-biological life thrives when particles of organic origin are
retained. Bacteria and other organisms will form a sticky and slimy layer around the grains
or may build a chain of organic material on the pores in which the organisms thrive. Micro-
organisms produce antagonistic actions, such as killing or at least weakening intestinal

bacteria with chemical (antibiotics) or biological poisons (Viruses) [Huisman, 1989].

2.2.3 Design of slow sand filters

The design process of slow sand filters for a particular location can be split into two stages.
The first stage deals with the system capacity, main components and sizing of the water
supply, and estimating construction and operating costs. First stage results are used as a basis
for fund-raising, planning and organisational aspects. The second stage involves the

preparation of structural designs, and specifications for the equipment and materials.

This section only presents the design criteria of a slow sand filter unit with respect to its
components presented in section 2.2-1, to aid the design of the pilot plant for this study. The
systems capacity, main components of the water supply (design period, population and daily
water demand, water demand per capita, raw water intake/pumps, balancing reservoirs, clear
water storage/pumping, the distribution system), and structural designs and specifications

were not reviewed as they are beyond the scope of the study.

The design of a slow sand filter unit depends on local conditions and usually maximises the
use of local materials to lower construction costs. Therefore, the design criteria given by
different authors should be seen as guidelines rather than absolute. Visscher et al. (1994)

suggest that it is more important to understand the rationale behind given criteria. Table 2.2-1
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presents some design guidelines from literature, and a review of these guidelines is presented

thereafter.

Table 2.2-1: Design criteria for slow sand filters

Recommended level

Design Criteria Wegelin Ten States Visscher et Schulz Huisman
(1996) Standards al. (1987, & Okun (1989)
USA 1994) (1984)
(1987)
1.Design period (years) no data no data 10-15 no data 10-15
2.Operation period (h/d) no data no data 24 24 24
3.Minimum # of filter units 2 no data 2 2 2-4
4 Filter-bed area( m* filter) 10-50-(100) no data 5-200 10-100 15-(100-200)
5.Filtration rate (m/h) 0.1-0.2 0.08-.024 0.1-0.2 0.1-0.2 0.1-03
(0.2-0.3) 0.1%)
6.Depth of filter-bed (m)
=> Initial 0.8-1.0 0.80 - 0.8-09 1-1.4 (1%) 09-12
= Minimum 0.6 no data 0.5-0.6 0.5-0.8 0.6-0.7
7.Sand size specifications
= Effective size, d (mm) 10.15-0.35 0.3-0.45 0.15-0.30 0.15-0.35 0.15-0.35
= Uniformity coefficient: 2-5 <25 <5 1.5-3 <3
no data no data <3* <2%* <*
8.Supernatant water depth (m) 1-1.5 >0.90 1 1-1.5(1%) 1-15
9.Height of under-drain 02-05 0.40-0.60 0.3-0.5 0.3-0.5 0.2-0.3
system + support gravel layer (0.4%)
(m)
10.Free board(m) no data no data 0.1 0.2 no data
* means the preferred value, # means number
(a)Operation period

The operation of SSF should be continuous to ensure effective bacteriological

performance. Intermittent operation disturbs the transformation mechanisms. These

mechanisms take place in different steps within the filter-bed and require continuous

supply of nutrients present within the raw water. Intermittent operation impairs the supply

of nutrients and upsets this balance [Huisman,

1989]. Although, transformation

mechanisms are able to adjust to suit operation changes, this asks for time. It has been
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shown conclusively that an unacceptable deterioration of the bacteriological quality of

filtrates occur four to five hours after filters recommence operation | Visscher et al., 1994].

(b)Number of filter units and filter-bed area
To ensure uninterrupted water supply, at least two slow sand filters should be installed.
Greater operational flexibility can be increased by h;ving more than 2 filters. Whether
more than two filters are used or not depends on the maintenance and cost aspects [Barret
et al., 1991]. No additional units need to be provided for standby. When one filter is out of

operation, filtration rate(s) of the others is(are) increased to maintain desired output.

The filter surface area may be determined by the time required for cleaning, the layout and
shape of the filter units. Cleaning should be completed as quickly as possible, preferably

within 24 hours, so that the micro-biological life is not starved to death..

(c)Filtration rate (m/h) ‘
SSF rates (0.1-0.3m/h) are much lower than those of RSF (> 20 times) since they are
applied to improve the bacteriological quality [Wegelin, 1996]. Low filtration rates provide
longer retention times which give more time for effective performance of transformation
mechanisms. Attempts to design for higher rates so as to install a smaller plant and thus
reduce on construction costs, may result in frequent clogging of the sand and filtrates of
lower bacteriological quality. Temporary increase of the filtration rates up 0.4 m/h does not
have any adverse effect on the effluent quality [ Visscher et al, 1994; 1987]. The
maximum rate can even be higher than 0.3 m/h depending on the raw water quality. In
Amsterdam (Netherlands) SSF operate at a yearly average of 0.48 m/h and has a design

filtration rate of 0.65m/h because of very good pre-treated raw water [ Kors et al., 1996].

(d)Filter media and depth
Sand is exclusively used in SSF. It should be inert, durable and free from clay and organic
matter. Important parameters of the sand for slow sand filters are the effective grain size
(d,) and grain size distribution defined by the uniformity coefficient (UC). These
parameters are determined from sieve analysis of the sand (see Figure 2.2-2). The effective

diameter is the sieve opening through which 10% (by weight) of the grains will pass, while
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the uniformity coefficient is the ratio between the effective diameter and the sieve opening

(dg) through which 60% (by weight) of the grains will pass [Hazen, 1913].
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Figure 2.2-2: An example of sieve analysis results for SSF sand

Huisman and Wood (1974) stated that: "Ideally, the effective diameter of the sand, d,,,
should just be small enough to ensure good quality filtrate and to prevent penetration of

clogging matter to such a depth that it can not be removed by scraping".

The effective diameter usually lies in the range of 0.15-0.35 mm. It has been asserted that
the bacteriological quality of SSF filtrates deteriorate with increasing effective diameter
[Barret et al., 1991; Visscher et al., 1994]. Pore openings increase with increasing grain
size. Large pores may not permit full establishment of the Schmutzdecke since particles
will penetrate deep into the filter-bed. However, large sand sizes (d,, >=0.4) have shown to
be capable of producing bacteriologically safe water as long as the raw water is not heavily
polluted and the filter-bed is biologically mature [Barret et al, 1991]. However, d,,
varying from 0.15-0.35 mm can be used with confidence. The key to successful use of sand
in SSF is to have a mature filter-bed. The upper limits on the UC aim at having a filter-bed
with sufficient porosity, and lower limits prevent using very fine sand which would clog
rapidly. The use of local sand instead of one which meets the strict specification can save

on costs as revealed by some applications in Canada and USA [Barret et al., 1991].

The maximum sand depth is determined by the number of scrapings desired before re-
sanding is needed and constraints on the filter box depth [Barret et al., 1991]. Suspended

matter removal hardly depends on the sand depth. The minimum sand depth limitations
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relate to the biological and biochemical performance. Huisman (1989) reported that the
transformation mechanisms need a certain depth of sand, normally determined from pilot
studies. Studies done by Bellamy et al. (1985a) revealed that deeper filter-beds show better
coliform removals (Im and 0.5 m filter-beds showed 97% and 95% coliform removals
respectively). Deeper filter-bed allow a longer operation period before a filter is re-sanded.
However, the trade-offs would include stronger walls to handle additional hydraulic
pressures and higher initial head-loss. Further, these trade-offs are small compared to the
benefits of longer operation periods (see theoretical calculation examples in Appendix A).
Despite various recommendations on the minimum and initial sand depths, minimum

values vary from 0.30-0.80 m. An initial depth of 1m has become traditional.

(e)Supernatant water depth and freeboard
The supernatant water provides sufficient hydraulic head to overcome the resistance of the
filter-bed, and prevent air-binding. In practice, a depth between 1-1.5 m is usually
sufficient, although 1.0 m has become conventional. The free-board accommodates and
facilitates scum removals. A minimum depth of 10 cm is sufficient. In case of roofed
filters, the combined depth of the supernatant water and freeboard should be deep enough

to permit a tall man to clean the filter freely.

(f) Under-drain and support gravel systems
The depth of the under-drain system and support gravel varies depending on the
availability of desired materials, and economical aspects. Usually, under-drain systems
consist of main and lateral drains made of perforated pipes. Filter-bottoms made of stacked
bricks, concrete slabs, or porous concrete may also be used. Graded gravel layers are
placed on top of under-drain system to support the sand and aid in the uniform collection of
filtered water. The top layer ( in contact with the sand) should not allow sand penetration

into under-drain system and block the openings [Huisman, 1989; Barret et al., 1991].

2.2.4 Operation and maintenance aspects

The main task of operating and maintaining a SSF plant is to ensure uninterrupted supply of

potable water. A plant operator or caretaker should be knowledgeable and trained for the
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various tasks involved. To assist the operator, a detailed schedule of his tasks should be drawn

clearly (see example, Table 2.2-2).

Table 2.2-2: An example of a schedule of activities for SSF caretakers
[Source: Visscher et al., 1987]

Frequency Activity

1. Daily = check the raw water intake

= Visit the slow sand filter

check the rate of filtration and adjust if necessary
check water level in filter

Check the level in the clear water well

sample and check water quality

remove scum and floating objects

check all pumps

up-date log book of the plant

UUOOOOO

2. Weekly check & grease all pumps and moving parts
check stocks of fuel and order if necessary
check the distribution network
communicate with users

clean the site of the plant

LJuuy

scrape the filter-bed(s)
wash the scrapings and store the retained sand
clean the clear water well

3. Monthly or less frequently

vy

4. Yearly or less frequently

Y

check the filter and clear water well for water tightness

5. Every 2 years or less frequently re-sand the filter unit(s)

Table 2.2-2 does not show tasks which are carried out occasionally. These are hereby

presented and discussed.

(a)Starting up a new filter (refer to Figure 2.2-1)
The sand of a new slow sand filter, operating for the first time, usually has air entrapped
within its pores. This air is driven out by back-filling from the bottom, otherwise starting a
filter by directly filling from the top may not drive out all the air. Entrapped air can cause
air locks, and possibly short circuiting. The back-filling valve ‘C’ is opened to allow water
to flow upwards from the bottom. When the supernatant water level is about 0.1-0.2 m,
valve 'C' is closed. To achieve complete air removal, back-filling rate should be low (0.1-
0.20m/h). Clean water is preferred for back-filling because raw water may contaminate the

sand and prolong maturation periods. However, for just commissioned filters, clean water
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may not be available, then temporary connection between the pre-treatment unit outlet or
raw water source and valve 'C' can be made.

During back-filling, the surface of the sand may become irregular. With an irregular sand
surface, puddles of water form when a filter is drained for cleaning. Therefore, after back-
filling to slightly above the sand surface, the filter should be drained again until the water

level is about 10 cm below the sand surface to allow levelling.

In inlet controlled filters, when the back-filling has increased the supernatant water level up
to 0.1-0.2m, it is stopped and the inlet valve is slowly opened to a filtration rate of 0.02

m/h which is increased every hour until the design rate is reached [Visscher et al., 1987].

Outlet controlled filters are charged by slowly filling the filter through the inlet valve up to
its working supernatant water level. Then the filter is put to service by opening the
regulatory valve E (see Figure 2.2-1(b)). The initial rate should be low (0.02m/h) and
increased gradually by 0.02m/h every hour until the design rate is reached [Visscher et al.,
1987]. High initial rates for a new or just cleaned filter can cause breakthrough of
coliforms since the filter is not yet mature. The filtrate is chlorinated until quality analysis

show that the filter-bed has matured ( <1 FC/100 ml).

(b)Filter-bed Cleaning
Slow sand filters are conventionally cleaned by scraping off the top dirty layer (see Figure

2.2-3). Cleaning is due when the maximum head-loss is reached.

Figure 2.2-3: The scraping operation during cleaning of slow sand filters
[ Source: Barret et al., 1991]







