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ABSTRACT

There is 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 Kafue







River 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

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].

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].
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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., 1§96; 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 concemns 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 concem 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
treatment plant design. Other pilot research concerns include effectiveness of available filter
media and filter cleaning [Collins et al., 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
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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 alteratives 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].

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
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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.

c) 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 0of 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
It 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 supematant water.

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

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

welir (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.

(g)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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(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 (mz))
is set by adjusting the inflow rate, using valve ‘a’ on the inlet line, to the equivalent
filtration rate. The initial low supematant 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;5; Wegelin, 1996;s 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 um), and viruses (0.01-1 um) are hardly removed in this way [Barret et al., 1991].

(if) 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 um [Yao ef 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.

(iif) 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 possible 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.







Chapter two 13 LITERATURE REVIEW

(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 et al., 1987;,; Barret et al., 1991]. 1t 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
presents some design guidelines from literature, and a review of these guidelines is presented

thereafter.
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Table 2.2-1: Design criteria for slow sand filters

Recommended level

Design Criteria Wegelin Ten States Visscher et Schulz Hulsman
(1996) Standards al. (1987, & Okun (1989)
USA 1994) (1984)
(1987)
1.Design period (years) no data no data 10-15 no data 10-15
2.0peration period (b/d) no data no data 24 24 24
3. Mimimum # 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 0.1-0.3
(0.2-0 3) (0.1%)
6.Depth of filter-bed (m)
= Initial 0.8-1.0 0.80 08-0.9 1-14(1%) 09-1.2
= Mimmum 0.6 no data 0.5-0.6 0.5-0.8 0.6-0.7
7.Sand size specifications
= Effective size, do(mm) 0.15-0 35 03-0.45 0.15-0.30 0.15-0.35 0.15-0.35
= Uniformuty coefficient: 2-5 <25 <5 1.5-3 <3
no data no data <3* <2* <2*
8.Supematant water depth (m) 1-1.5 >0.90 1 1-1.5(1%) 1-1.5
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

(a2)Operation period

The operation of SSF should be contimuous 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
1989]. Although, transformation

of nutrients and upsets this balance [Huisman,

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.
Having more than 2 filters can increase operational flexibility. Whether more than two
filters are used or not depends on the maintenance and costs 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
(de) 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
the uniformity coefficient is the ratio between the effective diameter and the sieve opening

(deo) 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,o,
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;p >=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, do
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 aims 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
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
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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
various tasks involved. To assist the operator, a detailed schedule of his tasks should be drawn
clearly (see example, Table 2.2-2).

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

Frequency

Activity

1. Daily

=
=

UU<><><>O<>

check the raw water intake

Visit the slow sand filter

check the rate of filtration and adjust 1f necessary
check water level 1n 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

2 Weekly

yuusudy

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

3. Monthly or less frequently

scrape the filter-bed(s)
wash the scrapings and store the retamned sand

4. Yearly or less frequently

Yy

=

clean the clear water well

check the filter and clear water well for water tightness

5. Every 2 years or less frequently

re-sand the filter umt(s)

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

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

may not be available, then temporary connection between the pre-treatment unit outlet or

raw water source and valve 'C' can be made.
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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
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[ Source: Barret et al., 1991]
The cleaning procedure is as follows:

= clean the equipment including boots and feet
enter the filter box safely using a short ladder

protect the sand surface by covering with timber boards

y 4y

mark out narrow strips of sand surface and scrape desired depth (0.5-2 cm) depending
on extent of silt penetration. Other areas are scraped by moving the boards to areas
already scraped

remove scraped sand to washing platform

level the sand surface

check depth of sand

recharge the filter as described in (a)

L U R

allow for ripening or maturing, which should take a few days depending on the depth of
scraping and weather conditions.

slowly reduce the filtration rates of other filters whose rates wére increased because of

U

having taken one filter out of operation.

(c)Washing scraped sand

Scraped sand must be washed thoroughly, as soon as the scraping is completed to prevent
development of unpleasant smells. The washed sand should be dried and stored safely for re-
sanding purposes. Storing wet sand results in unpleasant smell. Using water from a hose is a

simple method for which a platform should be constructed (see Figure 2.2-4).

Figure 2.2-4: A platform for washing SSF Sand
[Source: Visscher et al., 1987}
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A simple check on how clean the sand is can be done by rubbing a handful of sand between
fingers. If there is a sign of dirty on the hands, the sand is not clean enough. The silt content
can be checked if possible. Values < 1% indicate enough washing [Visscher et al., 1987].

(d)Re-sanding
Re-sanding is necessary after successive scrapings have reduced the sand depth to the
minimum desired. Before re-sanding, the filter must be drained to the support gravel depth.
Small and large filters are re-sanded in different ways. For small filters, the old sand is
completely removed from the filter and stacked nearby. Then, new sand is placed on top of
a thin layer remaining on top of the support gravel. The old sand is then placed on top of
the new sand to desired depth to facilitate short ripening periods. In large filters, old sand is
moved to one side of the filter, the new sand is placed in position and the old sand replaced

on top of the new sand (see Figure 2.2-5). After re-sanding, the filter is re-charged as in (a).

{a) Sand bed lavel before resanding

)SIDDDD)DFI‘

>3 b p 2 03D R P D

al new sand

{¢) Plscoment of new sand ) () Completion of resanding with new
sand on bottom, old sand an top

Figure 2.2-5: Steps in re-sanding filter-beds of large slow sand filters
[ Source: Barret et al., 1991]
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(e) Record keeping
Day-to-today records give useful information about the performance of a SSF plant, the

work of the operators, and about planning improvements. These records include:

= water quality parameters such as residual chlorine in clear water reservoirs, turbidity of
raw water and filtrates, temperature, coliforms organisms

= interruptions of the filter operation

=> changes in filtration rates and flow rates

= filter cleaning

= filtered water production records for each filter

= head-loss development

2.2,5 Limitations of slow sand filtration use
The condition of the raw water, and contamination and pollution levels limit the application of
SSF as the sole treatment process. There are aspects not related to the state of the raw water

which can as well affect the choice of SSF.

(a) Contamination and Pollution levels
(i) Micro-biological contamination

If the raw water is heavily contaminated with pathogenic micro-organisms, SSF may not
produce bacteriologically safe filtrates [Galvis et al., 1993]. Di Bernardo (1991) suggests
200 FC/100 ml as the upper limit in raw water for SSF. Experiences in Colombia have
shown that SSF can handle raw water with FC exceeding 200 FC/100 ml [Wegelin, 1996,
Galvis et al., 1993]. These different experiences can be attributed to specific environmental

conditions in which the studies were conducted.

(ii)Organic matter loads

SSF is reported to show low removals of organic materials. Despite the aesthetic aspect, the
removal of colour has become important because of its ability to react with chlorine and
form harmful products [Galvis et al., 1993]. Colour is an indicator of humic acids (organic
matter), hence pollution. The removal of true colour by SSF is as low as 25% and can be
much lower when highly coloured raw water is treated [Barret et al., 1991; Cleasby et al.,
1984; Ellis, 1985].
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(iii) Turbidity (suspended solids)

Generally, turbidity refers to the cloudiness of water. It is an indirect indicator of the amount
of particles in water. It is reported to be a major limitation in most applications of SSF
[Galvis et al., 1993;; Schulz and Okun, 1984;. Barret et al., 1991;; Huisman, 1989;;
Wegelin, 1996]. Raw water with high turbidity levels easily clog the filter media and
reduce the filter-runs, necessitating regular cleaning, consequently high operation costs.
Upper limits of the raw water turbidity have been established in different applications, and
the majority of the references give an upper limit of 10 to 50 NTU. For best performance,
less than 10 NTU is considered very appropriate. However, with drinking water quality
norms becoming strict in recent years, upper limits of 5 NTU have been recommended
[Galvis et al., 1993]. Turbidity mainly caused by very fine particles of colloidal nature may

not only reduce filter-runs but also be difficult to remove.

Suspended solids can clog filter sand within hours. Wegelin (1996) limits maximum total

suspended solids to 5 mg/L in raw water for effective SSF.

(iv)Presence of algae, iron, and manganese

Algae present in raw water will grow in the supernatant water if nutrients and light are
available. Algae blooms prematurely block filter sand. They also cause the production of
taste and odour substances, and deposits of calcium carbonate which contribute to filter

clogging [Galvis et al., 1993].

The presence of insoluble oxides of iron and manganese may significantly contribute to the

blocking of the filter-bed.

(b)Raw water Conditions

(i) Temperature

Transformation mechanisms in SSF depend on raw water temperature. Coliform removal can
vary from 99% at 20°C to 50% at 2°C [Huisman, 1989]. Toms and Bayley (1988) report
filtrate FC levels exceeding 50 FC/100 ml for 4°C raw water. Clearly, biological processes
are directly related to temperature. Most tropical countries are characterised by high
temperature and hence slow sand filtration become appropriate. The strategy followed in

cold climates is to cover the filters and construct them in the ground. Low filtration rates
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(<0.10m/h) may cope with low temperatures because the retention times are then

augmented thereby providing more time for the biological actions.

(ii) Nutrient levels

Micro-organisms responsible for the bio-chemical activities in SSF require ample supply of
carbon, nitrogen and sulphates for their metabolism and growth. Therefore, raw water low
in these nutrients will inhibit the development of a mature Schmutzdecke. Addition of
nutrients can enhance the biological activities in SSF as reported by Bellamy et al.,
(1985a).

(iii) Dissolved oxygen (DO) levels

The absence of sufficient dissolved oxygen in raw water can cause anaerobic conditions
which produce taste and odour substances [Huisman, 1989]. Anaerobic conditions can
cause the re-suspension of insoluble iron and manganese oxides to soluble forms which
may reappear in filtrates, transportation mains or distribution systems when they get

oxidised to insoluble forms. Insoluble forms impair the aesthetic quality of the water.

(c)Other aspects affecting the use of slow sand filtration

Apart from the water quality and conditions limitations, other important restrictions to using

slow sand filters cited by Huisman (1989) include:

=> high construction costs per unit capacity for large installations in urban areas; about 3
times as large as for rapid sand filtration.

=> large area of land required; more than 5 times as much as for rapid sand filtration.

= large force of unskilled labour for the manual cleaning, compared to a fully automated

rapid sand filter; about 10 and 2 men, respectively.

According to Huisman (1989), the above disadvantages are pronounced in larger installations.
In developing countries, land and cheap labour are abundant, making SSF appropriate. Cost
comparisons made in India between SSF and RSF have shown that capital costs for SSF are
much lower than those of RSF up to a capacity of 3000 m’/day, and when operation and
maintenance costs are heeded the break-even was at 8000 m®/day [Visscher et al., 1987]. The
demand to increase filtrate quantity while reducing the land area use is cited as the cause of

reduced SSF use in the USA [Fox et al., 1994]. However, in the early 1980s, the use of SSF in







Chapter two: 25 LITERATURE REVIEW

the USA resurfaced for small communities that use surface water because of the effectiveness

of SSF to remove pathogens, and the simplicity associated with operation and maintenance.

Barret et al. (1991) suggest that slow sand filters are more appropriate for small communities
with populations up to 10000 persons. Although, there are known applications for over 10000
persons, it is generally acceptable to limit SSF to small communities because of their
simplicity in design, and hence low operation and maintenance requirements, which can easily
be met at village level management. Many other advocates of slow sand filters recommend
them for small communities [WHO; Wegelin, 1996; Huisman, 1989; Galvis et al., 1993;
Graham et al., 1996; Collins and Graham, 1994].

2.2.6 Practical performances

The use of SSF dates back to over one and half centuries. SSF is credited with being the first
drinking water treatment process used to improve the quality of water in both modern Europe
and the USA [Graham and Collins, 1996)]. Some historical events in the 18™ Century
underscored the use of SSF. Thousands of people died from epidemics of water borne diseases
(e.g. cholera) due to the use of unfiltered surface water. In locations were SSF was applied,
few victims were counted [Galvis et al., 1993]. It had then become clear that SSF improve the
bacteriological and biological quality of the water and hence contributed to the reduction in
the transmission of water borne diseases. To date, SSF has continued to be an important

component of surface water treatment systems in developed and developing countries.

In view of the simplicity in design, low technical, economical and organisational
requirements, SSF has become competitive with other treatment methods. Although, many
SSF advocates recommend it for small systems, it is applied in some large cities of Europe

(for instance Amsterdam, London and Zurich).

The efficiency of SSF depends on the condition and quality of raw water as illustrated in
section 2.2.5. A properly designed, constructed, operated and maintained slow sand filter is
able to produce filtrates with turbidity < 1 NTU. The effectiveness in removing coliforms is
usually subject to a mature filter-bed with a fully developed ScAmutzdecke. Average coliform
levels less than 1 FC/100 ml is easily achieved with such a filter-bed. Galvis et al. (1993)
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report that coliform counts greater than 100 FC/ 100 ml in raw waters can be reduced to less
than 1 FC /100 ml over an operational period exceeding one month. However, a just started
slow sand filter will show low removals of FC since the Schmutzdecke is then not fully
developed. Different periods through which the Schmutzdecke is fully developed (maturation
or ripening period) have been reported since it depends on the raw water quality. For a new
filter, the maturation period may take one to three weeks in tropical areas and longer in more
temperate regions [Visscher et al., 1987]. Low temperatures in temperate regions slow down
biological and bacteriological maturation of a filter-bed. A mature slow sand filter taken out
for cleaning would take a few days to one week to re-establish its maturity since the cleaning

process usually does not completely remove the Schmutzdecke layer.

Filter-runs of slow sand filters vary depending on the raw water quality. A filter-run of at least
one month is preferred for optimal operation [Wegelin, 1996]. Filter-runs greater than one
month are reported for raw water with low turbidity (<5-10 NTU) [Barret et al., 1991; Galvis
et al., 1993; Wegelin, 1996]. The characteristics of the particles causing turbidity affect the
clogging of filter-beds. This has been validated by cases in the USA where shorter filter-runs
(<1 month) were recorded for filters which were fed with low turbidity raw water (<1.5 NTU)
compared to longer filter-runs (6 months) for filters which were fed with higher turbidity raw

water (6-10 NTU).

Typical SSF treatment efficiencies reported in literature are presented in Table 2.2-3. For
effective performance of slow sand filters, it is imperative that adequate pre-treatment
methods are applied to cope with raw water quality limitations. The world wide needs for raw

water pre-treatment prior to slow sand filtration is enormous (see Figure 2.2-6).
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Table 2.2-3: Typical treatment efficiencies of slow sand filtration
[Source: Galvis et al., 1993; Wegelin, 1996; Ellis ,1985; Collins and Graham, 1994]

Parameter Typical reduction
1. Coliform organisms averaging less than 1
[number/100 ml]
2 Protozoan cysts 99 to 99.99 Y%removal even after filter scraping
3. Cercariae or schistosomiasis Virtually complete removal
4. Turbddity [NTU] generally reduced to less than 1
5. Total suspended solids complete removal
6. Colour 30 to 90 % with 30 % being mentioned as the most usual
efficiency
7. Organic matter COD 30 to 70 ; TOC 15 to 30 Organic matter such as humic
acids, detergents, phenols, and some pesticides and herbicides
are being removed from 5 to over 90%.
8. Iron and manganese Considerable removal
9. Heavy metals 30 to 90 % or even higher
4
SSF plants in
the country
> 100
® 10- 100
e <10
R Research &
. Development

Figure 2.2-6: Reported locations where SSF pre-treatment is required

[Source: Collins et al., 1994]
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Although Figure 2.2-6 does not show Zambia, the need for appropriate pre-treatment for SSF
has been recognised already [Holzhaus and Versteeg, 1993; Mwiinga, 1994]. The pre-
treatment paired with SSF has to have similar levels of simplicity in operation and
maintenance as slow sand filtration. The pre-treatment technologies applied prior to slow sand

filters are presented and discussed in the next section.

2.3 Pre-treatment technologies prior to SSF

Possible pre-treatment methods which can be used prior to SSF are classified into two
categories: chemical and non-chemical. This section briefly reviews these methods. However,
the chosen method for this study, roughing filtration (non-chemical), was further reviewed in

detail, and is presented in section 2.4.

2.3.1 Chemical pre-treatment

Chemical pre-treatment is conventionally applied for both RSF and SSF. Chemicals
(aluminium and iron salts) are added to raw water to aid the removal of turbid matter which
can not settle by gravity. Various processes are distinguished in chemical pre-treatment.

Details of the structures in which they occur are beyond the scope of this study.

(a)Coagulation: This is the process of adding the chemicals which destabilise the particles

responsible for turbidity. The destabilisation occurs within a few seconds.

(b)Rapid mixing: This process uniformly disperses the coagulant chemical throughout the

entire mass of water for the effective destabilisation action.

(c)Flocculation: To induce the removal of the initially small destabilised particles, rapid
mixing is followed by a period of gentle mixing called flacculation. Flocculation allows

small flocs to collide and form fewer but large and easily settleable particles.
(d)Sedimentation: This is usually the final process in chemical pre-treatment. It removes

flocculated particles, heavier than water, by gravitational settling.

The above processes normally occur in separate units, but can also take place in single units

called up-flow sludge blanket clarifiers or suspended solids contact tanks.
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Although chemical pre-treatment is applied prior to SSF, it is generally not suitable for small
communities because of the stringent and costly operation and maintenance requirements
[Galvis et al., 1993; Wegelin et al., 1991; Wegelin, 1996]. The processes of coagulation, rapid
mixing and flocculation require expert supervision. Most rapid mixing and flocculation
facilities are highly mechanical and require constant energy supply. Hydraulic mixers are

available, but are not flexible since once constructed, mixing intensities can not be adjusted.

The dosages of chemical coagulants are determined from laboratory tests (Jar Tests) and
depend on raw water quality. These tests need to be performed nearly daily since in practice it
is rare to have constant raw water quality, especially in wet seasons. A sufficient stock of
coagulant chemicals is also very vital for consistent performance of chemical pre-treatment
methods. Removal efficiencies of the sedimentation basins are greatly reduced without
chemical coagulants. Chemical pre-treatment is very sensitive to operational changes.
Improper operation leads to the formation of light flocs which are easily carried over to slow
sand filters. Schulz and Okun (1984) report of a case in Mharashtra-India where chemical pre-
treatment was used prior to SSF to treat raw water with turbidity ranging from 50-500 NTU.
Observations showed that light flocs were carried over to slow sand filters and caused rapid
clogging. The entire filter-bed was removed for cleaning. This clearly shows that
inappropriate pre-treatment can lead to a premature and rapid clogging of a slow sand filter.

Consequently, operation costs increase due to the resulting need for frequent cleaning.

The stringent operation requirements, need for expert supervision, daily laboratory tests and
continuous supply of chemicals, have rendered chemical pre-treatment inappropriate or
inapplicable for most small and large systems, especially in developing countries [Wegelin et
al., 1991]. Most of the water supply utilities in developing countries lack funding, and are
therefore unable to afford chemicals, spare parts, and skilled manpower. Moreover, the
operation and maintenance of chemical pre-treatment systems is not as simple as that of SSF,
making the combination inappropriate. Galvis et al. (1993) suggest that pre-treatment
methods prior to SSF should be as simple as slow sand filters themselves for compatibility

purposes during operation and maintenance.

Non-conventional pre-treatment methods that do not use chemicals are less complex, easy to

operate and maintain. They are receiving great attention as alternatives to chemical methods.







®
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2.3.2 Pre-treatment by non-chemical methods

(a) River-bank filtration (Infiltration wells)

River-bank filtration consists of infiltration wells along river banks characterised by
permeable soil formations (alluvial sand & gravel sediments). The wells can produce water
which may only need disinfecting [Engels and Poggenburg, 1989]. Limitations of river-
bank filtration include: (1) re-suspension of iron and manganese when the raw water in the
ground has dissolved oxygen levels less than 1 mg/L [Engels and Poggenburg, 1989], (2)
maintenance is difficult since the wells are underground, and (3) can only be used in

permeable soil formations, which can de a limiting factor in terms of production capacity.

(b) River-bed filtration (Infiltration galleries)
Figure 2.3-1 shows a layout and section of infiltration galleries in river-bed filtration.
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Figure 2.3-1: Layout of infiltration galleries in river bed filtration
[ Source: Smet et al., 1989]

River-bed filtration is used to draw river water and pre-treat it to quality acceptable for SSF.
Raw water is filtered through a natural or artificial river bed and collected in perforated
pipes placed in the river bed. Construction is difficult in water bearing aquifers, and
periodic blockage of the infiltration zone (located under water) makes either practical

cleaning or repositioning of the pipes and filter material difficult (see Figure 2.3-1). These
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disadvantages limit their use. An evaluation made in Colombia indicates that the systems

have low(about 20%) efficiencies [Galvis et al., 1993].

(c) Plain sedimentation

Plain sedimentation removes suspended particles from raw water by gravitation settling,
without chemical coagulants. The efficiency of plain sedimentation depends on the particle
sizes and the distribution of their settling velocities (v;). In practice, water is treated
continuously through the sedimentation basin. The surface-loading rate (v,) is the major
parameter that affects the performance of plain sedimentation. Sedimentation is effective if
raw water has high content of easily settling suspended solids (with vs > v,). Raw water
with a lot of colloidal particles is difficult to pre-treat by plain sedimentation because they
are too light to settle. The process does not save any practical purpose for the removal of

particles smaller than 0.01 mm [Schulz and Okun, 1984].

(d) Roughing filtration (RF)

The quality of raw water can be improved when passed through gravel. The efficiency of a
gravel layer is enhanced by greatly reduced settling distances for suspended solids
compared to the situation in a plain sedimentation tank (see Figure 2.3-2).
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Figure 2.3-2: Particle removal in a sedimentation basin and a roughing Filter
[ Source: Wegelin, 1996]

The contact frequency of particles with the settling surface becomes high compared to a

sedimentation basin where only the bottom is available for settling. This is attributed to the
presence of the small pore space system and large internal filter surface area in the gravel.
This increased contact promotes the removal of particles by other mechanisms other than
sedimentation. Such gravel layers are called Roughing Filters since they are composed of

relatively coarse (rough) materials [ Wegelin, 1996].

The significant advantage of RF is that no chemical is necessary to achieve almost similar

results of chemical pre-treatment methods. The operation and maintenance of RF is also
simpler. Roughing filters are more effective than plain sedimentation, and much easier to

operate and maintain than river-bed and river-bank filtration.

2.4 Roughing filtration

2.4.1 Components and types of roughing types

(a)Components

The basic components of a roughing filter include a filter box, filter media, inlet and outlet

structures and filter drainage facilities [ Wegelin, 1996].
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(i) Filter box
The filter-box contains the filter media and filter drainage facilities. It can be a single unit or

separate units depending on the type of roughing filter in question.

(if) Filter media

Any inert, clean and insoluble gravel having a large specific surface area to enhance
sedimentation, and high porosity to increase the storage capacities can be used for roughing
filtration [Wegelin, 1996]. Filtration tests have so far revealed that neither the roughness
nor the shape or structure of the filter media have a great influence on efficiency [Wegelin
et al., 1987]. Therefore, natural gravel, broken stones or rocks, broken burnt clay bricks,
plastics materials as chips, burnt charcoal and coconut fibre can be used [Wegelin, 1996].
For plastic media, attention has to be paid to up-lifting forces since it is lighter. Coconut
fibre should be used with care because it can flavour the water. Gravel has become the

conventional filter media in roughing filtration.

(iii) Inlet and outlet structures
These structures are necessary to regulate raw water flow, evenly distribute raw water and

evenly abstract pre-filtered water.

Inlet structures must be equipped with accurate flow measuring devices (e.g., V-notch weirs),
provided with an overflow to accommodate maximum head-loss. A flow measuring device
on the outlet is not recommended because backwater effects can create difficulties with

flow adjustment [ Wegelin, 1996].

(iv) Filter-drainage systems

Filter drainage facilities are essential for the hydraulic cleaning of the filters. They should be
able to collect wash water uniformly from the filter-bed. This is important to ensure even

cleaning of the filter-media.

(b)Types of roughing filters
Roughing filters are classified according to the location within the treatment area, main

purpose, flow direction, filter design and filter cleaning methods (see Figure 2.4-1).
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Figure 2.4-1: Types of roughing filters
[ Source: Wegelin, 1996]

(i) Intake and dynamic filters

These filters are usually located at the raw water intake site. They are applied to abstract raw
water, and pre-filter it to protect the main treatment plant against heavy suspended solids
common after heavy rains. Their filter media size increases in the direction of downward
flow. Therefore, most of the solids are retained on top of the filter-bed, and cleaning is
simply achieved by manually scouring the top fine filter media with a rake or shovel.
Suspended solids re-suspensions are flushed by the same raw water. Relatively high

filtration rates are applied. Usually one filter is adequate for a given treatment plant.

(ii) Roughing filters prior to SSF

These filters are located within the main treatment plant site, before SSF, to improve raw
water quality. They are operated as either up-flow, down-flow or horizontal-flow filters.
The flow direction identifies four main types: horizontal-flow roughing filters (in series)
(HRF), up-flow roughing filters in series (URFS), down flow roughing filters in series
(DRFS) and up-flow roughing filters in layers (URFL) (see Figure 2.4-1). The main
principle in roughing filtration is to filter raw water through gravel layers decreasing in size
in the direction of flow. Hence, for down-flow roughing filters in layers(), most suspended

solids would be retained at the bottom where the finest gravel layer is resulting in
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deteriorated filtrate quality and frequent hydraulic cleaning by draining. Therefore, it
would not be effective to have DRFL. -In HRF, URFS and DRFS, each gravel layer is
installed in separate compartments or boxes in series, while in URFL all the gravel layers

are placed in one filter box.

HRF, DRFS, URFS and URFL are deep bed filters which allow deep penetration of
suspended solids into the filter-beds because of the coarse filter media compared to either
RSF or SSF. These solids are only removed hydraulically by periodic draining or flushing
of the filter-beds [ Wegelin, 1996]. Practically, not all retained solids would be flushed out.
Hence, with time, the filter media is also changed due to remaining solids. After long
periods of operation, hydraulic cleaning is normally unable to restore the filter efficiency.

Then, the filter media is manually excavated and washed.

2.4.2 Mechanisms of roughing filtration

Mechanisms of roughing filtration are similar to those of slow sand filtration. However, the
extent of the effectiveness of each mechanism is not the same since roughing filters operate

under different conditions using coarser filter materials.

(a)Transport mechanisms
(i) Screening

Screening plays a minor role in RF since pore spaces of gravel are larger than those of sand in
SSF. With time and near the end of a filter-run, screening could play a perceptive role since

the pore spaces are reduced as a result of excessive accumulation of suspended solids.
(ii) Sedimentation

Unlike in SSF in which particles transported to the sand grains by sedimentation are retained
within the top thin layer of the filter-bed, sedimentation in RF takes place within the pores
of the whole filter-bed. It is reported to be the main transport process in roughing filtration
[Wegelin, 1996; Galvis et al., 1993]. Laminar flow conditions are necessary for effective
sedimentation and promotion of the natural agglomeration of smaller particles to larger and

heavier particles. These conditions are ensured by low roughing filtration rates. However,
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truly colloidal particles (<100 nm) could be difficult to remove by sedimentation because
they are too light to settle, and don't easily agglomerate naturally.

(iii) Interception

Suspended solids retained on the gravel intercept those trying to pass. Because of the large
porosity of the gravel used in RF, interception does not play a significant role [Galvis et
al., 1993]. However, it is possible that interception could play a perceptive role in the fine
gravel layers (1.6-6 mm) especially when the filter is close to reaching its allowable filter

load (weight of accumulated solids per filter volume).

(iv) Hydrodynamic forces
Hydrodynamic forces (inertial and centrifugal) could play a more perceptive role in RF since
RF is usually applied to remove suspended solids. Large suspended solids have greater

inertial and centrifugal forces, hence can easily leave flow lines.

(b)Attachment mechanisms

Attachment mechanisms ensure that suspended and colloidal particles brought in contact with
the gravel, by transport mechanisms, remain attached. The absence of the Schmutzdecke
makes attachment mechanisms the most likely means by which micro-organisms are
retained by RF. Electrostatic and mass attraction forces (adsorption) hold particles once
they have made contact with the gravel. Compared to adsorption in SSF, adsorption in RF
could be less pronounced due to the higher filtration rates (3 to 10 times). High filtration
rates may not allow sufficient time for adsorption.

(c)Transformation mechanisms
(i) Bio-chemical activity

Bio-chemical activity involves the oxidation of retained biodegradable organic matter into
smaller aggregates, and finally into water, carbon dioxide and inorganic salts (nitrates,
sulphates and phosphates). Soluble ferrous and manganous compounds are oxidised to
insoluble oxides which are readily precipitated. Bio-chemical actions also play an
important role in removing colour and dissolved solids. As mentioned in the case of SSF,
bio-chemical actions yield good results when enough time is available. Compared to SSF,
RF does not provide enough time because of higher filtration rates, and therefore these

actions are relatively less effective.
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(il) Bacteriological or micro-biological activity

The absence of a Schmutzdecke layer, due to the coarse filter-media, makes the micro-
biological activity less significant in RF. However, removal of coliforms by RF have been
reported which indicate the presence of micro-biological activity. It is also most likely that
adsorption plays a major role in removing coliforms in RF. Bacteria and other organisms
will form a sticky and slimy layer around the gravel grains, in which actions of micro-

organisms will thrive. This layer could be responsible for effective adsorption

2.4.3 Design of roughing filters

The main objective of roughing filtration is to remove suspended matter from raw water to a
level acceptable for effective SSF [Wegelin, 1996]. Pre-treated raw water with turbidity values
less than 10 NTU and total suspended solids less than 5 mg/L is generally suitable for SSF.
Roughing filter design parameters include operation period, number of filter units and size,
flow control and filtration rates, gravel size, number/depth of gravel layers, and under-drain

systems.

(a)Operation period
Roughing filters should run continuously because intermittent operation may disturb the bio-
chemical and micro-biological activities. Continuous operation is also essential for

complete development of attachment mechanisms.

(b)Number of filter units and size of each unit
A minimum of two filters operating in parallel is required to maintain desired plant output,

and also for the continuous production if one filter is undergoing maintenance.

Dimensions of a roughing filter are different depending on the type chosen. Structural

limitations, operation and raw water quality may decide the filter dimensions and shape.

The length of HRF normally varies from 5-7 m [Wegelin, 1996]. Raw water with high
suspended solids may probably require longer lengths to provide enough storage capacity.
Shallow HRF depths of 1-2 m and widths of 4-5 m are recommended to avoid leakage
problems which may result from cracks if larger values were used. In view of possible
manual cleaning, shallower depths of not more than 1 m are more suitable [Wegelin, 1996].
For URFL, DRFS, and URFS, Wegelin (1996) suggests depths varying from 80 to 120 cm.
Experiences in Colombia suggest depths varying from 85-125 cm for URFL and 50-80 cm
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for DRFS [Galvis et al., 1993]. Too deep filters may be characterised by inadequate
structural stability and possibilities of cracks, hence leakage, may not be ruled out. Filter
surface area perpendicular to direction of flow for URFL, DRFS and URFS should not

exceed 25-30 m? or 4-6 m® for HRF for easy maintenance.

(c)Flow control and filtration rates
(i) Flow control
The control of flow to roughing filters aims to equally and evenly distribute flow to each
filter for uniform hydraulic performance of all filters. It is necessary to limit maximum
flow through the filter units to avoid overloading the plant, otherwise there can be no
allowance to increase flow if need to increase arises when demand increases. The flow

control should permit the expected maximum head-loss (normally 10-30 cm ).

Weirs, overflow pipes, and valves, are used to control flows. The location of the outlet
structure controls the water level in the filter. Although, a normal effluent pipe can
maintain a desired water level, it would not allow for discharge measurements. V-notch
weirs allow accurate discharge measurements, while still maintaining a desired water level.

Flow control devices are used to set inflows equivalent to desired filtration rates.

(ii)Filtration rates
In roughing filters, filtration rates generally vary between 0.3-1.0 m/h [Wegelin, 1996,
Galvis et al., 1993]. Wegelin (1996) has shown that filtration rates can occasionally be

increased to 1.5 - 2 m/h if one of the filters is out of operation for maintenance.

Applied filtration rates have an impact on the penetration of the particles into the gravel
bed, and retention times. With increasing filtration rates, the performance is expected to
decrease since more solids would penetrate and eventually breakthrough. Studies by Galvis
et al. (1993) on filtration rates of 0.30-0.60 m/h show that the removal efficiency did not
vary much. Although filtration rates are reported to affect removal efficiencies, the removal
efficiency for a given filtration rate will significantly be affected by the quality of raw
water. It is easier to reduce high turbidity (say 1000 NTU to 100 NTU) than low turbidity
(10 NTU to 1 NTU). Raw water originating from clay bearing areas is more difficult to

treat because clay forms colloidal suspensions which do not easily settle.







Chapter two: 39 LITERATURE REVIEW

(d)Size and layout of the filter media

RF usually employs several layers of gravel with different sizes decreasing in size in the
direction of flow [Galvis et al., 1993; Wegelin; 1996]. Therefore, raw water first comes in
contact with coarse gravel. Arranging the gravel in this way ensures that fine gravel does
not directly treat highly turbid raw water, otherwise it would clog rapidly. However, in
intake or dynamic filters, the layout is opposite: raw water first comes in contact with fine
gravel to block high suspended solids from reaching the main treatment plant. This gravel
configuration also ensures easy cleaning by simply raking and flushing the top fine gravel.

Wegelin (1996) recommends a gravel size range of 20 - 4 mm for RF prior to SSF.
Experiences in Colombia have revealed a range of 25 - 1.6 mm [Galvis et al., 1993]. The
limitation on the lower limit is associated with effective hydraulic cleaning of the gravel. It

would be difficult to dislodge solid particles if very fine gravel is used.

Theoretically, the number and depth of gravel layers to be installed is not limited. Several
deep layers can give best results. But construction costs and overall benefits limit the
number and depth of gravel layers. One gravel layer would require a longer overall length
(HRF) or depth (URFL, URFS, DRFS) to achieve the same efficiency achieved by several
gravel layers of different sizes (see Figure 2.4-2).

Turbidity
Ma ximum ——— CO0SE Qravel
turbdity ——— medium gravel
fine gravel
Acceptoble
level for SSF
10-20 NTU

!

N
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Figure 2.4-2: Turbidity reduction along a roughing filter-bed







Chapter two: 40 LITERATURE REVIEW

[Source: Wegelin, 1996]

When more than two gravel layers are used, each gravel layer lightens the suspended load
on the next layer. Therefore, the use of several layers with different sizes aims at
optimising the filter performance. The optimal number of gravel layers that have shown to
give adequate results is three [ Wegelin, 1996; Galvis et al., 1996; Rietveld and Matsinhe,
1993]. Each gravel layer should be uniform to achieve large and uniform porosity for
adequate storage capacity. Wegelin (1996) recommends uniformity coefficients not
exceeding 2 within each layer. For simplicity, he defined the uniformity coefficient as the
quotient between the largest and smallest gravel size in each gravel layer. According to
Wegelin (1996), the bulk of the solids is retained in the first coarse layer, the second
(medium) layer has a polishing effect while the third (fine) layer removes remaining traces
of solid matter. Therefore, the depth/length of individual layers can be designed in the ratio
3:2:1. Despite the larger storage capacity, the bottom and coarse gravel layer retains most
of the suspended solids because of the fact that sedimentation is the principal RF

mechanism. Hence, most suspended solids have to settle near or at the bottom.

In URFL and DRFS, depths gravel layers can vary from 20-35 cm [Galvis et al., 1993].
Wegelin (1996) suggests that depths can range from 20-80 cm depending on the raw water
quality. In HRF, the length of the first, second and third layers can vary from 3-5m, 2 - 4
m, and 0.5 - 2 m, respectively [ Galvis et al., 1993; Wegelin, 1996]

The filter media is normally supported by a much coarser gravel layer. The support gravel
should not be too large to permit penetration of the gravel it supports. This should also hold
for the 1%, and 2™ layers in URFL, which support the 2™ and 3™ layers respectively.

(e)Filter drainage systems
As filtration progresses, accumulated solids reduce the gravel bed porosity, and eventually
lower the efficiency in terms of filtrate quality, output, and filter resistance. Removal of
accumulated solids becomes necessary to restore the storage capacity and efficiency. Back-
washing , as done in rapid sand filters, is not feasible in roughing filtration because of the
heavy filter media used. It would require very large amounts of energy and water to expand
the gravel beds. Hence, filter media cleaning in roughing filtration is achieved either
manually (excavating, and washing) or hydraulically (draining the filter unit). The former
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method is labour intensive and cumbersome. Draining the filter unit dislodges retained

matter from the filter media and flushes it out through the drainage systems. This is an

easier option used in roughing filtration.

For drainage systems in roughing filtration, Wegelin (1996) recommends false bottoms for

up or down-flow roughing filters and perforated pipes or prefabricated culverts for

horizontal roughing filters (see Figure 2.4-3).
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Figure 2.4-3: Layout of drainage systems in roughing filtration
[Source: Wegelin, 1996]

In horizontal roughing filters, false bottoms can cause short-circuiting along the opening

below the false bottom since the flow is horizontal. Galvis et al. (1993) have established

preliminary design criteria for drainage systems made of perforated pipes.

Drainage systems should be provided with simple, sturdy and easy to operate drainage

valves. These valves must be able to complete open suddenly. This initiates high drainage

velocities for effective cleaning. Additionally, the valves should be able to be completely
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shut suddenly to initiate water hammer effects within the filter bed. These eifects dislodge
retained suspended solids. Butterfly valves are appropriate but could be expensive. A

model of milk-can valves has been very successful in Colombia for draining.

2.4.4 Operation and maintenance aspects

The operation and maintenance of roughing filters is critical for their performance. Methods
developed so far are simple and easy, demanding neither special equipment nor expert
supervision. Nevertheless, operators to be employed need adequate on-the-job training and an
environment that supports, respects and stimulates them. Operation and maintenance activities
should be scheduled, illustrating the key ones and frequency. The schedules can be reviewed
depending on the performance of the plant. Pilot and full scale plants in Colombia have shown

that regular maintenance ensures good performance of roughing filters [Galvis et al., 1993].

Daily tasks of the operator include monitoring the head-losses, flow rates and water quality
(e.g. turbidity, temperature, colour). These data help to detect operation problems and will
assist in decision making. Additionally, keeping the plant site and structures clean establishes

a pleasant and professional environment which raises the confidence in consumers.

Intake and dynamic filters are normally cleaned by manually scouring the top filter-bed with a
rake or shovel, and flushing the re-suspensions using raw water. They are cleaned more often

during rain seasons when surface waters carry heavy loads of suspended solids.

For roughing filters prior to slow sand filtration, cleaning of gravel is carried out either
manually or hydraulically [Wegelin, 1996]. Hydraulic cleaning is achieved by draining the
filter unit, hence flushing out accumulated solids. When draining does not restore the filter
capacity anymore, the gravel is removed and washed manually. Hydraulic cleaning
frequencies can range from days to weeks to months depending on the quality of raw water.
The need for cleaning is normally indicated by the head-loss which gives an idea of the extent
of dirt retained. If the head-loss exceeds an allowable limit (normally 30 cm), then cleaning is
due. High turbidity levels speed up filter-bed clogging and effluent quality deterioration. The

need for manual cleaning may be required after 3-5 years of operation.
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2.4.5 Limitations of roughing filtration use

Since the main application of RF is to reduce turbidity and suspended solids in raw water
prior to SSF, the type of roughing filter to be employed is usually limited by the levels of
these parameters in the available raw water source. Generally, URFL is suitable for the
treatment of lower turbidity raw water. This is attributed to its reduced total gravel
depth/length compared to other types [Wegelin, 1996; Galvis et al., 1993]. Shorter gravel bed
depth/length means reduced retention times for effective performance of the filtration
mechanisms. Some indicative water quality limits recommended by Galvis et al. (1993) for

filtration rates between 0.3 to 0.60 m/h are presented in Table 2.4-1.

Table 2.4-1: Indicative raw water limits for roughing filters used before SSF
Source: Galvis et al., 1993]

Filtration RF Turbidity True colour Faecal coliforms Total iron (mg/L) Manganese

rate Type (NTU) (TCU) (*1000/100 ml) (mg/L.

(m/h) Max' Aver Max Aver Max Aver Max Aver, Max. Aver

03 URFS? 650 85 230 60 300 89 5.5 45 13 0.9

URFL 500 70 100 48 200 84 55 45 13 09

0.45 URFS 440 53 115 48 300 89 5.5 45 1.3 0.9

URFL 240 44 61 38 200 84 55 45 13 0.9

060 URFS 330 44 72 35 300 89 55 4.5 1.3 09

URFL 150 39 48 32 200 84 55 45 1.3 0.9

The limitations indicated in Table 2.4-1 could be lower for higher filtration rates than those
given because high filtration rates offer shorter retention time for purification. Wegelin (1996)
reports lower turbidity limits in his experiences, because he recommends the inclusion of
intake or dynamic filters as well, unlike the limits in Table 2.4-1 (compare to Table 2.4-2).
The significance of intake or dynamic filters is demonstrated in the practical results shown in

Tables 2.4-3 and 2.4-4, demonstrating how they are able to improve raw water quality.

'Maximum values indicated correspond with changes m raw water quahty durmg a duration of less than 3 hours
>The limutations for URFS also apply to DRFS and HRFS
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Table 2.4-2: Raw water turbidity limitations for roughing filters
[ Source: Wegelin, 1996]

Average turbidity level -NTU Type of roughing filter
(raw water)
maximum < 5 none
5-30NTU URFL
30-200 NTU URFS
>200 NTU URFS or HRF

It is worthwhile to mention that the suggested raw water quality limitations from literature, so
far mainly depend on the specific characteristics of the particles causing turbidity. Therefore,
they are quite flexible. The construction of the filters and the materials used are also likely to

contribute to the performance of roughing filters, and hence their limitations.

Since sedimentation is reported to be the main solids removing process in RF, laminar flow is
essential for effective performance. The need for laminar flow limits the application of RF to
low filtration rates, usually 0.30 to 1.0 m/h. This means that specific production of pre-treated
water (m’/m?*d) in RF is low compared to conventional chemical pre-treatment. This aspect
limits the application of RF prior to SSF since it is also characterised by low specific
production capacities (m*/m*/d) compared to RSF. Large land areas, hence high construction
costs, would be required if RF were applied before RSF. Besides, RSF best treats coagulated
raw water with large flocs retained by the coarser filter media compared to that of SSF.

Usually, RF does not use chemicals and therefore cannot produce flocs acceptable for RSF.

2.4.6 Practical performances of RF prior to SSF

Practical experiences with roughing filtration (reported from literature so far) reveal that its
performance depends on raw water quality characteristics, plant layout, type of roughing filter
and applied operation and maintenance. Identical roughing filters, operated in the same
manner can perform differently with different raw water sources [Wegelin, 1996]. Even a
specific filter cannot have a constant efficiency with the same raw water source. As filtration
progresses, accumulating impurities usually influence further removal efficiencies. Filter

media size, filter-bed length-depth, filtration rates and cleaning operation are some of the key
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factors which determine the efficacy of roughing filtration. Therefore an exact indication of

RF efficiencies is generally quite impossible.

Combinations of roughing filters and slow sand filters have been studied both on pilot and
full-scale plants world-wide (see Figure 2.4-4). To date, HRF have been widely studied since
it was the first type of roughing filtration to be used. The first known HRF used in a public
water supply was constructed by John Gibb at Paisley, Scotland in 1804 [ Baker, 1981].

Latin America Africa Asia

1 Costa Rica 6 Burkina Faso 17 Pakistan

2 Colombia 7 Ghana 18 India

3 Peru 8 Cameroon 19 Sri Lanka

4 Bolivia 9 Sudan 20 Burma

5 Argentina 10 Ethiopia 21 China
11 Kenya 22 Thailand
12 Tanzania 23 Malaysia
13 Malawi 24 |Indonesia
14 Zimbabwe
15 Swazland Australla and Oceania
16 Madagascar 25 Australia

17 South Africa

Figure 2.4-4: Geographical distribution of rouging filtration use
[ Source: Wegelin, 1996]

The efficiencies of different pilot roughing filters with similar gravel fractions, for studies
done in Puert Mallarino, Cali, Colombia by CINARA, are given in Figure 2.4-5. The filtrate
of each roughing filter in Figure 2.4-5 was fed to a slow sand filter. Total suspended solids

and faecal coliform removals were analysed (see Tables 2.4-3 and 2.4-4).
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Figure 2.4-5: Turbidity removal by different roughing filters in Cali, Colombia
[Source: Wegelin, 1996]

Table 2.4-3: Suspended solids removal by RF-SSF pilot plants In Cali, Colombia
[only data adapted from Wegelin, 1996]

Raw Intake filter Overall
water dF) Roughing Filter Slow sand filter %
removal
Treatment SS Effluent % Effluent % Effluent %
system mg/t SSmg/L | removal | SSmg/l. | removal | SSmg/l. | removal
IF-URFS-SSF-1 198.3 86.8 56.2 2.2 975 0.3 86 99.85
[F-HRF-SSF-2 198.3 86.8 56.2 1.7 98.0 0.2 88 99.90
IF-DRFS-SSF-3 198.3 86.8 56.2 2.1 97.6 0.2 90 99.90
IF-URFL-SSF4 198.3 86.8 56.2 5 94 0.2 96 99.90
[F-MHRF-SSF-5 198.3 86.8 56.2 4.2 95 0.3 63 99..85

NOTE:

= All suspended sohds figures are mean values, and the number of samples was not given

= [IF - Intake roughing filter was installed to intercept highly polluted and contaminated raw water

= MHRF — modified honzontal-flow roughing filter with reduced filter length compared to normal HRF
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Table 2.4-4: Faecal coliform removal by RF-SSF pilot plants in Cali, Colombia

[ only data adapted from Wegelin, 1996]

Raw Intake filter Roughing Filter Slow sand filter
water dar Overall
log
Treatment FC# Effluent log Effluent log Effluent log removal
system /100 ml | FC#100ml | removal | FC#100ml | removal [ FC #/I 100 | removal
m

IF-URFS-SSF-1 39527 23644 022 100 2.38 0.2 2.70 5.30
IF-HRF-SSF-2 39527 23644 0.22 187 2.10 0.9 2.32 4.64
[F-DRFS-SSF-3 39527 23644 0.22 136 2.24 0.6 2.36 4.82
IF-URFL-SSF4 39527 23644 0.22 341 1.84 0.6 2.74 4.80
IF-MHRF-SSF-5 39527 23644 0.22 834 1.45 2.6 2.51 4.18
NOTE:

= Al FC figures are mean values, and the number of samples was not given
=> IF - Intake roughing filter was installed to intercept highly polluted and contaminated raw water
= MHRF — modified horizontal-flow roughing filter with reduced filter length compared to normal HRF

The percentage turbidity removal differences by RF in Figure 2.4-5 brings out some points for

discussion. URFS, HRF and DRFS indicate marked differences in removal efficiencies

compared to either MHRF or URFL. Two observations can be drawn here,

(1) the reduced filter length in URFL, compared to all other filters, can be attributed to its

lower removal efficiency since the retention time (which directly influences filtration

mechanisms), is reduced. The effect of reducing filter length is also evident when you

compare HRF (7.10m) and MHRF (4.40); the former show a higher removal efficiency.

(2) the layout of the filter media and direction of flow may affect the efficiency of RF to
some extent. URFS, DRFS and MHRF have the same filter-bed lengths but different
efficiencies. The effect of the direction of flow is seen when URFS is compared to DRFS.
In RF, most of the solids are retained at the filter bottom. The URFS filtrate outlet is at
the top while in DRFS, it is at the bottom (see Figure 2.4-1). It is therefore possible that

scouring of the retained solids at the DRFS bottom could affect the filtrate quality since

the effluent point is at the bottom.

Despite distinct removal efficiency differences in Figure 2.4-5, the actual filtrate turbidity

levels for the 30-50 NTU raw water range from 4 to 15 NTU, for all filters. This is suitable for
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SSF. Hence, URFL in this case can suffice and would be appropriate due to their reduced
length, hence low construction costs. For the 150 to 500 NTU raw water, URFS, HRF and
DRFS offer the best performance. How long high turbidity lasts, is an important question
because URFL is also reported to withstand short periods of high turbidity.

In Table 2.4-3, URFL filtrates showed relatively high levels of suspended solids in the
effluent, again possibly an indication of low process stability due to the reduced filter-bed
length. Otherwise, all roughing filters here showed that they can reduce suspended solids
levels of the raw water in question, to levels acceptable for SSF. Faecal coliform removals by
RF (see Table 2.4-4) indicate the presence of adsorptive and micro-biological mechanisms,
since neither sedimentation nor screening mechanisms are able to remove FC in RF. The

combination of RF-SSF here show great removal of faecal coliforms.

Rietveld and Matsinhe (1993) studied a pilot URFL (v¢= 0.5m/h, gravel size: 5 to 38 mm)
before SSF. Their study revealed that URFL with three gravel layers perform better than with
one or two gravel fractions. For the raw water turbidity greater than 10 NTU (11-100 NTU),
about 70%, 40% and 45% of the samples analysed had turbidity levels less than 10 NTU for
the three, two and one gravel layer(s) filters respectively. These results confirmed the
adequacy of a three gravel layer URFL. _

The performance of a full scale treatment plant (at La Javeriana, Colombia) comprising an
intake filter (v¢ = 1.3 m/h), two HRF (vf = 0.6 m/h), and two SSF (vi = 0.08 m/h), is

summarised in Figure 2.4-6.
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Figure 2.4-6: Performance at the treatment plant La Javeriana, Colombia
[Source: CINARA, 1990]

FC levels ranging from 1000 to 10000 FC/100 ml were reduced to about 200 FC/100 ml .
This performance did not decline during the six months monitoring period. Subsequent SSF
filtrates had elevated FC contamination of more than 10 FC/100 ml which levelled out to
about 1 FC/ 100 ml over a period of three weeks. This period represents the ripening period
for the studied SSF. Turbidity, colour and FC removal also increased with time, probably on

account of the gradual development of attachment and transformation mechanisms.

Other examples of full-scale applications of roughing filters prior to slow sand filters are
summarised in Tables 2.4-5 and 2.4-6. For the plants in Table 2.4-5, the filter material for
down-flow and horizontal flow roughing filters is rather coarser than that used for URFL.
However, URFL were run at more than double the filtration rates of the others. Nevertheless,
in all the three treatment plants, turbidity reduction by all rouging filters ranged from 70 to 90

% and the bacteriological water quality improvements was about of the same order.
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Table 2.4-5: Examples of Full scale experience with roughing filters
[Source: Wegelin, 1996]

Azpitia, Peru El Retiro, Blue Nile Health
Colombia Project, Sudan
1. Type of roughing filter Down flow Up-flow 1n layers Horizontal-flow
2. Filtration rate-m/h 0.30 0.74 0.30
3. Design capacity-m’/d 35 790 5
4. Depth(cm)- gravel size(mm) | 60, ¢ 40-25 20, 18 270, ¢ 25-50
60, ¢25-12 15, ¢12 85, ¢15-20
60, ¢ 12-6 15, ¢6 85, ¢5-10
15, ¢3
5. Turbidity
e raw water 50-200 10-150 40-500
e  Pre-treated water 15-40 5-15 5-50
6. Faecal Coliforms
e Raw water 700 16000 >300*
e  Pre-filtered water 160 1680 <25*
Note: *As E-coli

Table 2.4-6: Performance of full-scale roughing filters preceding slow sand filtration
[Source: Wegelin et al., 1991; Wegelin, 1996, and Collins et al., 1994]

Location Raw water quality Treatment performance
system
1. Jinxing city, ¢ Canal water contaminated by | ¢ Sedimentation- | ¢ turbidity reduction:
Zhejiang province small scale industries & HRF(1.7m/h)- HRF (4 -20 NTU), SSF (<5
CHINA, Asia, heavy navigation SSF(0.25m/h) NTU)
turbidity 20-90 NTU ¢ 240 m¥/day ¢ HRF filter-un =< 40
days, SSF filter-run
>4 months
2.Mafi Kumase lake water with high algae ¢ HRF (1.5m/h)- | & reduction of algae:
Village; GHANA, concentrations SSF (0.25m/h) HRF (75-90%) , SSF (90-
Africa; 99.99%)
SSF filter runs > 4
months
3.Aesch, Switzerland, Groundwater with high silt ¢ HRF -SSF ¢ high suspended solids
Europe content ¢ 17300 m’/day and turbidity removals
4 Sao Paulo, Brazil, High algae and turbidity + Up-flow Total algae reduction:
South America, levels roughing URF (82-92%), SSF (25-
filters-SSF 35%) .
¢ Turbidity reduction:
URF (50%), SSF (80-90%)

Full-scale practical experiences with RF-SSF systems presented in Table 2.4-6 revealed the

great potential for these systems. The case in Ghana showed the ability of HRF-SSF systems

for treating algae loaded surface water. The experience in Switzeriand illustrates that

industrial countries can benefit from the development of simple and inexpensive technologies.

Remarkable experiences in China attracted local authorities [ Wegelin et al., 1991].
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2.5 Economic aspects of RF-SSF systems

The selection criteria of treatment systems cannot be complete without considering social-
economic aspects. This section presents a brief review of cost aspects of roughing filters and
slow sand filters. Social aspects are not covered due lack of literature. However, all practical
applications of RF-SSF systems that were reviewed did not mention any social problems with

these systems. Therefore, it can be said that these systems are socially acceptable.

Costs of a water treatment plant are affected by numerous factors. Citation of absolute costs
is impossible. These factors include the type of treatment plant, local materials, labour costs,
method of implementation (private contract, government institute or self help) and geographic
location. Overall costs comprise construction, operating and maintenance costs. These can
further be separated into local and foreign costs, an aspect of great importance for developing
countries which have to import part of the equipment and materials [ Wegelin, 1996].

2.5.1 Construction costs

Construction costs relate to earthwork, structure, filter media, piping and accessories.
Topography, soil conditions and filter unit type are decisive parameters for costs related to
earthwork and structure. Topography will affect plant layout and transportation of materials.
Soil conditions may determine the amount of digging and filling to be done. Whether the filter
unit structure is of earth, reinforced concrete or brickwork is another aspect. The availability
of local filter media in required sizes and quantities affects the purchase of the filter media.
Earthworks, structures and filter media have low economies of scale, but relative costs of

piping and accessories will decrease with increasing plant size [ Wegelin, 1996].

An evaluation of the construction costs of different roughing filter projects (design capacities
70 to 750 m?/d) located in Tanzania, Kenya, Indonesia and Australia revealed the following

breakdown of construction costs (Wegelin, 1996):

= Earthwork and structure ~70%
= Filter media ~ 20%

= piping and accessories ~10%
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From this study, specific RF construction cost per m’ of the installed volume ranged between
100 - 175 USS$, except for the plant in Australia (US$ 600). The plant in Australia was the
smallest in size, and was constructed by a private company. The cost difference reflects how
private contractors in an industrialised country can reflect on the construction costs. In
developing countries, specific construction costs ranging from 150-200 US$/m?/d will cover
roughing filter construction costs [Wegelin, 1996]. These costs can be reduced by 30 to 50 %

in self help projects, where most of the labour force is supplied by the benefiting community.

Factors influencing the specific construction costs of roughing filters per m’/d water output
are filter length/depth and applied filtration rate. Assuming total filter length of 5 m and vy =
0.5 m/h for 24 hours per day, specific costs can range from 60 to 80 US$/m*/d. It can further
be reduced by 30 to 40 US$/m*/d in self help projects [Wegelin, 1996]. These costs are lower
for URFL which normally have filter depth less than 2m.

Construction costs for slow sand filters are dependent on filter layout and design, filter box
(earthen basin and reinforced concrete are two extremes), aiid the price of the filter media
(sand). Studies done in India revealed specific costs of about 25 to 45 US$/m’/d for design
capacities from 60 to 750 m’/day [Paramasivan et al., 1981]. A comprehensive cost
evaluation was made for 15 slow sand filters constructed in the USA [Logsdon, 1991]. Five of
the SSF (capacity ranging from 130 to 189220 m’/d), which were gravity operated without

any electrical equipment, revealed the following subdivision of construction costs.

= Earthwork-site work ~ 10%
= Filter media ~ 25%
= Pipes, valves, metres ~ 20%

= Filter box structure ~ 10%

For uncovered slow sand filters in the USA, specific construction costs show the following

relationship [Wegelin, 1996]:
C=9120x A" (R =0.88)

in which: C is the construction costs in dollars
A is the filter surface area (m?)

R is the regression value







Chapter two. 53 LITERATURE REVIEW

The above relationship shows economies of scale. For instance, for a 50 m’ slow sand filter
operated at 0.15m/h, hence having a capacity of 180 m*/d (50 m?x 0.15 m /h x 24 h), the cost
of construction is US$ 62 000. But for a plant operated at the same filtration rate having
double the area and capacity would have construction costs amounting to US$ 87 000. The

specific construction costs for the two plants become:

= Plant 1 : US$ 62000/ 180 m*/d = US$ 345/m>/d

= Plant 2: US$ 87000/360 m*/d = US$ 242/ m*/d

These calculations demonstrate the economies of scale of construction costs in relation to the
filter surface area. This may suggest that one can not save much by constructing a small
capacity plant which within a short period of time may prove inadequate due to growing water

demand with increasing population..

Lambert and Graham (1995) drew construction costs comparison between SSF and RSF.
Their study revealed that construction costs for small capacity slow sand filters appear to be
substantially lower than for equivalent rapid sand filter plants. They also pointed out that RF-
SSF systems have long service life, thus reducing the annual depreciation rates of construction
costs. These findings were probably on account of the simple design and minimum
mechanical/electrical equipment requirements for slow sand filters. Another comparative
study between RSF and SSF done in /ndia, revealed that capital costs of slow sand filter
plants are lower up-to a capacity of 3000 m*/day [Visscher et al., 1987]. In this study, a break-
even point was reported at a capacity of 8000 m’/day after considering operation and

maintenance costs.

2.5.2 Operation and maintenance costs

Cleaning aspects of RF-SSF systems constitute the main operating costs [Wegelin, 1996].
Salaries of plant operators vary world wide, therefore the cleaning costs of RF-SSF systems

can best be related to the duration of the cleaning. A RF-SSF plant would normally consist of
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at least two identical production lines which are cleaned successively to guarantee an

uninterrupted water supply.

(a)Cleaning of roughing filters B
Roughing filters are usually cleaned by one operator, hence operation costs will remain low in
relation to total operating costs incorporating manual cleaning. Manual cleaning is known

to be labour and cost intensive since it normally requires additional labour.

The frequency of manual cleaning differs for each type. According to Wegelin (1996), it may
range from 3 to 5 years or more if the under-drain system is properly designed. Intake and
dynamic filters are cleaned after every episode of heavy rains because of heavy loads of
suspended solids due to runoff. Manual cleaning entails removing the filter media,
transporting it by wheel-barrows to the washing site, washing it, and then reinstalling the
clean filter media. The experiences of Wegelin (1996) suggest that 1.5 m® of gravel can be
cleaned by one man in one day, a duration he called one-man-day (considering a working
day of eight hours). Therefore, a one metre bed of roughing filter gravel, operated at 0.5
m/h and producing 240 m*/d, will require a total labour input of about 14 man-days for
manual cleaning. Practically, one man cannot be employed to do the work because the
down time would be too long. Therefore, if three men were engaged, the cleaning time of

five man-days would be sufficient.

(b)Cleaning of slow sand filters

The conventional cleaning of a slow sand filter entails scraping off about one to three cm of
the top layer of dirty sand. The cleaning frequency usually ranges from 1 to 6 months.
Wegelin (1996) reports that a man's ability to scrape off a 2.5 cm layer and transport the
sand in buckets to the sand washing bay, may be in the order of 100 m? of filter area.
However, it is impossible for one man to work for the whole day non stop. Hence, it is
more practical to allow, say, two men in this case. To ensure, continuous and reliable
supply the washing of the sand can be done after the just cleaned filter has been put back to

service.
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2.6 Drinking water supply in Zambia

Zambia, like many other countries, faces the challenge of supplying its population with
adequate and potable water. About 30% and 70% of the rural and urban populations
respectively, have access to potable water [GRZ, 1994]. This means that a large part of the

population is still susceptible to water born diseases due to lack of access to potable water.

Problems faced by rural and urban water supply systems in Zambia are technical, poor
funding and management. The technical aspect has become important because most current
water treatment technologies are inappropriate. Until the advent of the third republic, Zambia
never had a coherent water policy. In recognition of the vital role water plays in life, the
Zambian Government established the National Water Policy to guide developments within the
Water Sector [GRZ, 1994]. One of the water sector principles emphasises on the promotion of

technologies appropriate to local conditions.

Holzhaus and Versteeg (1993) carried out a survey on township water supply in Zambia and
they recommended that appropriate water treatment methods should be considered since most
of the current ones are not performing satisfactorily. The current surface water treatment

practices in Zambia are limited to conventional methods.

2.6.1 Water treatment practices

(a)Raw water sources

Water resources in Zambia are considered adequate to meet both short term and long term
needs. About 75% of drinking water treatment systems in Zambia use surface raw water
sources (Chipungu and Kunda, 1994). These sources include rivers, streams, reservoirs, dams
and lakes. Groundwater is widely used in rural and individual water supplies. However, some
water supply systems combine surface and ground water sources.

The quality characteristics of most raw water sources in Zambia are not known due to lack of
effective water quality monitoring systems [Chipungu and Kunda 1994]. However, most of
these sources are known not to be adversely polluted, except during rain seasons when surface
sources are usually characterised by high turbidities and suspended solids due to run-off after
heavy rains. Groundwater is often of better quality because of its natural protection

underground.
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(b)Treatment methods

Groundwater is naturally protected from contamination and quite often is used directly
without any treatment. However, in cases were contamination is known, it is only subjected to
disinfection by chlorination because the physical quality is usually still acceptable. It should
be mentioned that whether groundwater contamination is known or not, disinfection is always
recommended because contamination can also occur after the water is abstracted from the
ground. Moreover, contamination does not give a waming. It can only be noticeable from
adverse effects resulting from taking contaminated water, then it can be too late to disinfect.
Hence, the emphasis of continuous safety disinfection.

Surface raw water sources are subjected to natural or human pollution and contamination as
they are not naturally protected like groundwater. Hence, the treatment of surface water
entails extra difficulties compared to groundwater. In Zambia, surface waters are mainly
treated by conventional systems, comprising chemical pre-treatment, filtration (rapid or slow
sand) and finally chlorination. Some rural locations use raw surface water which is only
subjected to batch disinfection or without any form of treatment. An overview of the water

treatment practices in Zambia is summarised in Table 2.6-1.

Table 2.6-1: Overview of drinking water schemes in Zambia
[Source: WSDG ]

Raw water | Treatment scheme Number of schemes
source
Surface ¢ Chemucal pre-treatment => Rapid sand filtration => Chlonnation ~43
Surface 0 Chemical pre-treatment = Slow sand filtration = Chlornnation ~18
Surface ¢ Slow sand filtration => Chlomnnation ~3
Surface ¢ unknown or direct consumption from source ~11
Ground ¢ Chlonnation ~17
Ground ¢ unknown or direct consumption from source ~19

Rapid sand filters are mainly applied in large cities (e.g. Kitwe, Lusaka, Ndola, etc.), and to a
lesser extent in townships, because of their high production -capacities (m3/m2/d).
Performances of a combination of chemical pre-treatment and RSF are usually acceptable in
some big cities where chemicals and expert supervision are available ( e.g. the lolanda Water
Works which supply the city of Lusaka). The chemical pre-treatment at Jolanda Water Works
produce effluents with turbidity less than 5 NTU through out the year, and the final rapid sand
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filtration filtrates have turbidity less than 1 NTU. However, for township applications of
chemical pre-treatment and rapid sand filtration, performances are not usually satisfactory due
lack of chemicals and expert supervision [Holzhaus and Versteeg, 1993]. Chemical pre-
treatment in most townships produce effluents of turbidity greater than 10 NTU. RSF filtrates
are often unacceptable because of high turbidity levels which exceed WHO guideline values
(upper limit 5 NTU). Most SSF applications in Zambia are confined to rural and township

water supplies.

2.6.2 Slow sand filtration in Zambia

(a)Applications

In Zambia, there are at least 20 applications of slow sand filters in townships serving
populations ranging from 2300 to 60000. In 1992/3, a technical survey of the water supply
systems in fourteen townships in Zambia was carried by Holzhaus and Versteeg (1993)
covering seven SSF and seven RSF installations. Mwiinga (1994) evaluated the water supply
system, incorporating SSF as the main treatment process, for the township of Monze. In all

these applications raw water is drawn from surface sources.

(b)Pre-treatment methods
Slow sand filters applied in Zambia are either preceded by the conventional chemical pre-
treatment methods or directly receive raw surface water. To date, there are no known

installations of roughing filters in Zambia.

(c)Problems

Many problems faced by SSF systems in Zambia are related to lack of financial input and
proper management [Holzhaus and Versteeg ,1993]. Additionally, most plants lack adequate
raw water pre-treatment and are not usually well operated or maintained. This means that even
when money could be made available for rehabilitation, without incorporating other aspects
such as training of operators, funding, monitoring or even alternative pre-treatment processes,
the rehabilitated systems still experience the same problems with time. The major problems
noted by Holzhaus and Versteeg (1993) in most SSF plants incorporating chemical pre-

treatment in Zambia are outlined below.
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(i) Pre-treatment chemical supplies

The use of chemicals for pre-treatment constitutes the major operating cost. Normally, the
lack of chemicals is attributed to lack of funding and good management. Absence of
chemicals means a slow sand filter is subjected to raw surface water. This is undesirable
since it causes rapid clogging of the sand, especially in the rain seasons, necessitating

frequent filter cleanings which, in turn, increase operating and maintenance costs.

(ii) Lack of skilled manpower
Most rural and township water supplies are unable to attract qualified personnel because
of their remoteness and inability to pay workers. The problem of unqualified personnel
is also common in most urban water supplies. Large water supply systems in big cities
manage to collect part of their water revenues from the large customer base and are able
to retain some of the qualified staff. Hence, most qualified personnel in water treatment

are lured to large cities and private industries. The lack of skilled manpower has led to:

= Inappropriate operation of conventional treatment systems. This has led to carry-
overs of light flocs which subsequently clog the slow sand filter media. Some inlet
controlled slow sand filters are controlled from the outlet, a situation which may
lead to application of inaccurate filtration rates. Monitoring of the treatment
systems 1s poor since responsible staff or operators are not adequately trained.
Wrong slow sand filter cleaning procedures are common; a slow sand filter is
drained completely and allowed to dry for at least two days. This is not acceptable
because drying the filter-bed kills all the bacteriological life, responsible for the
removal of pathogens, in the filter bed. When a filter cleaned in this way is put back
to service, its filtrates are often of low bacteriological quality. It also can take long
for the filter to mature. In certain plants, raw water bypasses treatment just to

increase production without considering the quality consequences.

= Inaccurate dosing of pre-treatment chemicals which results in poor pre-treated
effluents since personnel in charge in most cases hardly understand the processes.
Normally, chemical dosages are supposed to be determined from experiments, but

operators just add estimated quantities.
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= Inability of available personnel to request management or higher authorities to
undertake certain measures: there are cases where filter sand has not been
replenished after several cleanings resulting in very thin filter beds (<20 cm) or

even the whole filter unit being out of sand, and yet nothing has been done.

(iii) Lack of equipment and spare parts

Laboratory facilities for evaluating and optimising treatment processes are not available
in most water treatment plants. Water quality parameters such as turbidity and residual
chlorine can easily be measured by simple portable equipment. Jar test equipment for
optimising the coagulant chemical dosing is needed, but not available in most cases.
Treatment process like mechanical rapid mixing, mechanical flocculation, and chemical
dosing process are operated by moving mechanical/electrical components. Quite often,
once such equipment breaks down, spare parts are hardly available or acquired. This
when the need for funding and skilled manpower to properly maintain or repair these
facilities comes in.

For slow sand filters that directly treat turbid surface raw water, the main problems faced

are operation and maintenance due to rapid clogging of the filter-beds. Well trained

operators are required to operate these filters.

(d)Performances
The performances, obtained during field visits to the respective plants, of some slow sand
filter applications in Zambia are summarised in Table 2.6-2 [Holzhaus and Versteeg, 1993;
Mwiinga, 1994]. The information in Table 2.6-2 was obtained during the dry seasons. It is
therefore most likely that raw water turbidities during the rain seasons, and after some
rains, are higher than those shown in this table due to run-off which carries a lot of clay and

other suspended matter.
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Table 2.6-2°: Examples of SSF application in township water supplies, Zambia
[Source: Holzhaus and Versteeg, 1993; Mwiinga, 1994]

Township, Raw water source -
YOC, Treatment scheme Turbidity Remarks
population
RW PTW | FW Tap
Chadiza; Nsanzu River 65.7 42.4 1.94 Malfunction ALUM feeder: no
1976; C-2SB-4SSF .
1500 spare parts; high turbid raw
) waters 1n rain season, SSF filter
runs-4 weeks ( wet season) and
12 weeks(dry season)
Gwembe; dam-chikum river 33.6 324 13.1 20.3 Rehabilitated in 1984; Chemical
;ggg’ C/R/F-2SB-3SSF-Chl shortages; SSF filter-runs: 2
] e ) weeks (wet season), 4 weeks (dry
season), < 60 cm filter bed;
improper filter control; high
turbid raw waters 1n wet season
&';;1 ;i.azu River 18.1 4.15 069 ALUM dosmg equipment broken,
’ hence dosmng is duect to
10000 C/F-25B-48SF-Chl Sedimentation tank; no residual
chlorine at tap, high turbid raw
waters 1n wet season
I;/;'c;%s-a; Mansa river 4.8 ) 1.2 Svjt No  pre-treatment; clogging
44000 4SSF-Chl. problems common with filter-
runs as short as 3 days, some raw
water by pass treatment
?ﬁba; Dam-Chikuyu niver 9.9 - - 077 high turbid raw waters mn rain
2300 C-2SB-2SSF-Chl. season; short filter-runs
Samfya; lake Bangweulu 3 ) 3 3 high turbid raw waters mn wet
~1986; season; filter-runs: 4 weeks (dry
17000 8SSF-Chl ! :
season), 2 weeks (wet season), no
pre-treatment and some raw water
by passes treatment to increase
production
%;r;;)a, Zimba dam 422 179 8.16 ALUM  stocks inconsistent;
’ filter(sand) bed <15-20 cm; filter-
7000 C/F-1SB-2SSF-Chl runs 4 weeks (dry seasons), 1
week (wet season)
Monze; Dam-Magoye river 36 40 40 32 Rehabilitated in 1994; ALUM
S shortages for long time, high
2000 C/F-2SB-6SSF turbid raw waters both i Dry and
wet seasons; Short filter runs ( <1
week)

> NOTE: RW-raw water, PW - pre-treated water, FW - filtered water, YOC - year of construction, C-

coagulation, C/F - coagulation/flocculation, C/R/F - coagulation/rapid mixing/ flocculation, SB - sedimentation
basin, Chl. - chlormation
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From Table 2.6-2, it is clear that the raw water fed to slow sand filters does not meet the
acceptable SSF quality (<10 NTU) for the plants in Chadiza, Gwembe, Zimba and Monze.
From the remarks column in Table 2.6-2, it is obvious that chemical shortages in these
locations are common. Considering all locations, it is certain that inadequate funding,

operation and maintenance could be another problem even if chemicals were made available.

Sufficiently designed slow sand filters are expected to produce effluents of turbidity less than
1 NTU, regardless of the raw water quality because of the fine sand. The high slow sand filter
filtrate turbidities in Table 2.6-2 are attributed to poor designs with respect to the filter media
used and the control of filtration rate, and inadequate pre-treatment. Raw water sources shown
in Table 2.6-2 are reported to exhibit high turbidities during the rain season which
consequently clog slow sand filters due to inadequate pre-treatment of highly turbid raw
waters. Slow sand filter runs less than one month, and even as short as three days (for the

direct SSF in Mansa), are reported.

2.7 Water treatment pilot plant studies

Currently, water supply systems world-wide are being challenged by drinking water quality
regulations; increased water demand; ageing water systems; and high costs of construction,
operation and maintenance. Considerations of new or at least non-conventional treatment
methods to face these challenges is becoming frequent, and pilot plant studies are needed to

study these alternatives.

A pilot plant can be defined as a physical embodiment of the conception of a process or
processes, constructed on a small-scale for the evaluation of the process to the extent desired,
while providing for the ease of control, monitoring or even modification, if necessary, at
reasonable costs. Small-scale may include anything from a bench size to a pilot plant handling
several cubic meters of water per day. However, the important distinction is that a pilot plant

is significantly smaller than a full-scale unit.

In drinking water treatment, filtration pilot plants have a much reduced filter area, but the
rates of filtration and vertical dimensions fully duplicate the values expected in the full-scale

plant. The filter surface area does not affect performance, hence constructing large filters can
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unnecessarily be costly. However, filtration rates and filter-bed depths affect performance,
hence keeping these parameters as expected in the full-scale plant would give conclusive

indications of how the desired full-scale plant will perform.

Pilot plants must be carefully planned, designed and monitored to achieve results that are

applicable for the development and performance prediction of future full-scale plant.

2.7.1 Purposes of water treatment pilot plants

The overall purpose of pilot plant studies is to answer questions about the full-scale plant. The

following specific purposes are usually addressed in water treatment pilot plant studies.

(a) the treatability of a given raw water: whether a given raw water can be treated to potable

water by a particular method of interest
(b) the effectiveness of alternative treatment methods
(c) establishing design criteria
(d) establishing the suitability of treatment materials, particularly local ones to avoid imports
(e) investigating treatment modifications and unforeseen treatment problems
(f) estimating operation and maintenance costs
(g) establishing confidence in proposed treatment methods

(h) proving the effectiveness of a treatment process to local authorities

2.7.2 General design guidelines of pilot plants in water treatment
The following aspects are important in pilot plant studies [Thompson, 1982; Wegelin, 1996]:
(a)Flow through the pilot plant

The supply to the pilot plant should preferably be by gravity to minimise on operation costs
related to pumping. Since pilot plants are small, they are characterised by low flows. Small

discharge pumps for continuous pumping are usually uncommon. In most developing
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countries, such pumps may need to be imported. A high raw water lifting pump can be used
occasionally to fill an elevated raw water tank, from which the pilot plant is fed by gravity.

(b)Treatment or production lines

To ensure sufficient evaluation and reliability of the results, at least two identical production

lines should be constructed.
(c)Flow control

Since flows to pilot plants are relatively small, they are best controlled by devices that
accurately measure such flows. These devices include V-notch weirs, small orifices and
rotameters. Use of clamps or small valves is not recommended as they rapidly clog and are

thus not capable of maintaining constant flows.
(d)Size and structure of filter unit

The filter unit diameter should not be too small to effect side-wall short circuiting. If the filter
unit diameter to filter media diameter ratio is at least 25:1, the side-wall short circuiting
effects are minimised. In RF, the media is normally not densely compacted along the side-

walls. Thus this ratio can be greater than 25:1, i.e. by increasing filter unit diameter

The structure of the pilot plant must be sturdy, made of either concrete rings, plastic pipes,
steel containers or concrete brick-work. Wooden boxes should not be used as they are often
not water-tight. The various elements of the plant should preferably be separate and

compatible to facilitate modifications and transport, if necessary.
(e)Flow rates

Flow rates should not be too small as they are difficult to keep constant, preferably not lower
than 30 L/h. They should be equivalent to the filtration rate desired.

(f) Filter media and under-drain systems

The Filter media used must be the same as the one expected to be used in the full-scale plant

and should be as clean as possible.
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Because of the small size of the filter units, design of the under-systems is not feasible.
However, the filter media are usually supported by graded gravel placed on the perforated
filter-bottom plates.

(g)Protection

Pilot plants must be roofed to prevent heating by sunshine and possible disturbances due to
heavy rains. However, it is preferable not to roof the plant to have it exposed to the actual

conditions to be experienced by the future full-scale plant.
The location of the plant must be well protected to ensure that its operations are not disturbed.
(h)Extent and duration of tests

The investigation period should be long enough to cover the range of conditions expected in
practice. This is particularly important to raw water quality variations. It is not imperative that
the plant be operated for years, sufficient information can be obtained by operation at those

times of the year when adverse conditions are expected.

2.7.3 Monitoring of pilot plants in water treatment

Monitoring should be carried out by local staff, close to the pilot plant, with field equipment
stored on site. However, laboratory staff, not stationed on site, may be involved to analyse
water samples for specific water quality parameters (e.g. FC). Operators entrusted to monitor
the pilot plant must be given adequate on-the-job training by the qualified and experienced
engineer. The engineer should be able to visit the plant periodically to attend to unforeseen

eventualities, and review collected data as well.

Samples for water quality analysis are taken at the inlet and outlet of the filter units. Several
taps included along the filter column depth can serve as sampling points and manometer
connections for head-loss measurements. Sampling at these taps must be done with great care

not to re-suspend the solids accumulated within the filter-bed.

The frequency of monitoring various parameters is dependent on the extent of evaluation

desired. An example of a monitoring programme for a RF-SSF plant is given Table 2.7-1.
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Table 2.7-1: An example of field test monitoring programme
[Source.: Wegelin, 1996]

Control / sampling frequency
Parameter
Raw water RF filtrates SSF filtrates
a) Flow rate - daily daily
b) Filter resistance - weekly every 2 days
¢) Turbidity daily daily daily
d) Filterability or weekly weekly weekly
(TSS)
e) Settleable solids at high turbidity - -
only
f) Faecal coliforms monthly monthly monthly
FC)
g) Chemical if required at - if required at defined
substances defined intervals intervals

Flow rates are used to monitor filtration rates ensuring that they are within the values being

studied.

Head-losses or filter resistance indicate the extent of clogging within the filter-bed. It is thus
important in signifying the need to clean the filter-bed.

Faecal coliforms are monitored instead of total coliform because they are obvious indicators

of possible contamination.

Filterability relates to the amount of water filtered through a filter paper No. 595 in three
minutes [Wegelin, 1996]. An efficient plant will have RF filterability values between 200 and
300 ml per three minutes and SSF filtrates should have values greater than 300 ml per three
minutes. Filterability tests replace TSS measurements if equipment is not available for the
more accurate determination of TSS. The tests will produce relative values sufficient to

monitor the efficiency of RF in solid matter removal [ Wegelin, 1996].
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Chapter three
MATERIALS AND METHODS

3.1 General

This chapter presents a description of the materials and methods used in a pilot water
treatment plant study on a combination of up-flow roughing filters in layers and slow sand
filters. The geographical location of the plant is given first, after which the rationale for
selecting the treatment processes (based on the reviewed literature and local considerations),

design details, investigations done and how the pilot plant was manned, are illustrated.

3.2 Location of the pilot plant

The pilot plant was located in Kafue town which is within Lusaka province, Zambia. The

town is about 60 km from Lusaka, the capital city of Zambia (see Figures 3.2-1 and 3.2-2).

Linba vos

.....rj......&_‘{, __m

[
- =

Jcans §TODE eOW

Figure 3.2-1: Location of Zambia and Lusaka province
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Figure 3.2-2: Location of Kafue town and the pilot plant
[Source: Umversity of Zambia, Geography Deaprtment]

Although, the pilot plant site is far from The University of Zambia, located in Lusaka, where
all the desk work and some analysis of water samples were done, it was chosen because of
its proximity to a reliable surface raw water source; the Kafue River. In Kafue town, the
pilot plant was constructed within the intake area of the Jolanda Water Works, which
belongs to Lusaka Water and Sewerage Company. Hence, the pilot plant was called "Pilot
plant lolanda". The intake area was chosen instead of the main treatment plant area
because: (1) the two raw mains within the intake area have existing tapping points, used for
sampling raw water. One of these points was easily renovated to supply the pilot plant. In
the treatment area, there is no such provisions on the raw water mains, (2) the intake area

offers better security since it is not close to residential areas .
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3.3 Selection of the pilot treatment processes

3.3.1 Raw water pre-treatment process

The choice of a pre-treatment process is usually between conventional chemical processes and
non-conventional processes which do not use chemicals. Although, the former are widely
used, their operation and maintenance require expert supervision, costly mechanical and
electrical equipment, and consistent chemical supplies. These demands are difficult to meet in
most poor developing countries, Zambia inclusive. In Zambia, most installations of chemical
pre-treatment systems have caused many operation and maintenance problems which have led

to poor performances (see Chapter 2.6.2. (C)).

Recently, roughing filtration has emerged to be an alternative pre-treatment process to
conventional processes. The process neither requires chemicals, expert supervision nor highly
mechanical and electrical equipment. Current experiences have shown that roughing filters are
more effective than plain sedimentation, and much easier to operate and maintain than
chemical processes, river-bed filtration or river-bank filtration [Wegelin, 1996; Galvis et al.,
1993]. Roughing filters are characterized by lower running costs due to easy operation.

It is from the above considerations that roughing filtration was selected as the pre-treatment
process. However, from the different types of roughing filters, up-flow roughing filters in
layers (URFL) were chosen after considering the following:

(a)Capital costs

Capital costs for URFL are lower than for HRF, URFS and DRFS [Wegelin, 1996]. This is
evident from the layout and size of URFL (see Figure 2.4-1). In URFL, the installation of
all gravel layers in one filter unit, of almost the same height as those of the separate HRF,
DRFS or URFS filter units for each gravel layer, means that less filter-media are used.
Consequently less construction materials such as piping, concrete, reinforcing steel, and

valves are used. The overall capital costs for URFL are thus less than for the other types.

(b)Land use
The smaller size of URFL permits the use of less land area making them more compatible
where suitable land area is scarce. However, this parameter is not likely to be decisive in

most developing countries where land is abundant.
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(c)Operation and maintenance aspects

Cleaning of the filter-bed constitute another criterion for roughing filter selection. Hydraulic
cleaning in URFL is much effective and faster. A comparative study done in Aesch,
Switzerland between HRF and URFL revealed that URFL show higher solids removal
during hydraulic cleaning, and were recommended under the study conditions there
[Wegelin et al., 1991]. In HRF, DRFS, or URFS, each gravel layer has a separate drainage
valve. But in URFL, normally one drainage valve is installed, and opening of this valve
washes all the gravel layers at once. This makes the cleaning process less labour intensive
and easy to monitor. When it comes to removing the entire gravel media for manual

cleaning, less labour is required for URFL since quantities involved are less.

(d)Integration

Existing chemical pre-treatment structures, such as sedimentation and flocculation basins, can
easily be reconstructed to URFL. Even a large SSF unit can be reconstructed to encompass
URFL. However, for the other types, additional structures are required, since each gravel
layer is placed in a separate compartment resulting in longer filter lengths. Possible
integration of URFL into existing structures is illustrated in Figure 3.3-1.

sodimantation tank slow sand filter

ot

o e ey -
.

7

oo

sedimentation tank combined slow annd fiiter comblined
with upfiow roughing filter with upflow roughing filter

Figure 3.3-1: Posslible integration of URFL into sedimentation tanks or slow sand filters
[Source: Wegelin, 1996]
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(e) Raw water sources and quality

The source and quality of raw water usually determine the type of RF to be used. URFL are
reported to handle raw water of relatively low turbidity compared to the other roughing
filters (see Tables 2.4-1 & 2.4-2). This is attributed to the shorter filter depth of URFL.

Water supply systems in Zambia usually use dams or reservoirs along rivers to store sufficient
raw water for use during dry seasons [Holzhaus and Versteeg, 1993]. These raw water
sources exhibit low turbidity levels except in the rain seasons when higher levels are
common due to runoff. The Kafue River, which was the source of the raw water supplied to
pilot plant Jolanda, is one of the largest surface water sources in Zambia [GRZ, 1994]. It is
generally characterized by low turbidity levels most of the year (monthly averages < 30
NTU). This makes URFL appropriate for this kind of raw water. During rain seasons, daily
turbidity peaks vary from 30 to 250 NTU. However, it is possible that URFL can handle
occasional turbidity peaks as reported in literature.

3.3.2 Main treatment process

In drinking water treatment, the choice of the main treatment process normally lies between
RSF and SSF. Considering that this study was aimed for small and medium community water

supplies, the selection was done after evaluating each process.

(a)Rapid sand filtration

RSF has the benefit of high specific filtered water production (m*/m? /d) compared to an
equivalent SSF units [Huisman, 1986]. Thus RSF requires less land, and is more
appropriate for large urban populations where land is scarce and water demand is high.
However, the disadvantages of RSF include: (1) operation and maintenance need expert
supervision; (2) highly mechanical and electrical filter media cleaning processes requiring
large quantities of treated water and electrical energy; (3) filtrates are usually not
bacteriologically safe and always require disinfecting; (4) in most developing countries,
construction of RSF plants usually requires importation of some mechanical and electrical
installations; (5)construction costs are higher than those of slow sand filters for small

capacity plants [Visscher, 1987; Lambert and Graham, 1995].
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(b)Slow sand filtration

The advantages of slow sand filters are: (1) does not need expert supervision: less likely to go
wrong under inexperienced operation; (2) filter media cleaning is usually manual without
requiring any electrical energy or large amounts of filtered water; (3) capable of producing
potable filtrates which may not require disinfecting; (4) can readily be constructed from
local materials even in developing countries; (5) operation and maintenance costs are lower
than those of rapid sand filters [Huisman, 1989; 1986]. Lambert and Graham (1995) report
that construction costs of small capacity slow sand filter plants are substantially lower than
for equivalent rapid sand filter plants on account of their simple design and minimum

mechanical and electrical equipment requirements.

Known disadvantages of slow sand filters are: (1) requirement for large areas of land; (2) high
cost of construction per unit area for large installations; (3) labor intensive cleaning
procedures. However, these disadvantages are less pronounced in community water
supplies of developing countries|[Huisman, 1989]. In most developing countries, large
areas of land, cheap labour and local materials are readily available. Since this study is
targeting small and medium community water supplies in Zambia, SSF was selected as the

main treatment process.

3.4 Pilot plant design and construction

3.4.1 Materials

(a)Filter units, piping, flow control devices and raw water tanks

Options for filter units included steel pipes, brickwork, PVC pipes, fibre glass tanks and
concrete pipes. Aspects considered in selecting among these options were: (1) availability;

(2) costs; (3) the ease with which to work; (4) and reliability with leakage.

Lusaka Water and Sewerage Company offered off-cuts of steel pipes, available right at the
pilot plant site in Kafue. Thus steel pipes become an automatic choice. Steel pipes are
reliable with respect to leakage and are easily fabricated as desired. However, the pipes
were not ready for direct use and had to be cleaned and painted to prevent corrosion (see

Figure 3.4-1).
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(a) off-cuts steel pipes before cleaning

(b) Cleaned and painted steel pipes

Figure 3.4-1: Steel pipes for pilot plant filter units

The water distribution system for the pilot plant was made of one inch GI (galvanized iron)
pipes, elbows, tees and unions, obtained locally. PVC pipes were preferred but are
difficult to thread and could have cost more. The pipes wete cut and thread on site (see

Figure 3.4-2). Cutting and threading of the pipes on site allowed quick modifications and

correction of any errors.
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Figure 3.4-2: Gl Pipes being thread and cut to size on site

Rotameters were used to measure flows. A gate valve was installed before each rotameter for

adjusting flow rates.

Raw water tanks were made of two 210 litre drums bought locally. They were thoroughly

cleaned and painted with water resistant paint to prevent corrosion.

(b) Pilot plant foundation and filter unit support structures

The filter units were placed on a concrete foundation, cast on site using local sand, crushed

stone and cement (see Figure 3.4-3).

concrete footings
Concrete Foundatlun for steel table legs

e

Figure 3.4-3: Pilot plant foundation and filter unit supports
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To ensure gravity flow from URFL units to SSF units, URFL unifs were elevated by a steel
table constructed of steel channels (see Figures 3.4-3 & 3.4-11). The steel table was
fabricated on site by welding, and its legs were cast in concrete footings for stability
purposes. SSF units were place on steel rings, about 18 c¢cm in height, filled with concrete.

(c)Filter media

Natural gravel for URFL and river sand for SSF were obtained from local sources within
Kafue town. These filter media were not suitable for direct use due to large amounts of clay
(visibly noticeable), and were not graded. The washing was done manually in wheel-

burrows (see figure 3.4-4). After washing, the media were dried and graded by sieving.

Figure 3.4-4: Filter media washing in wheel-burrows

3.4.2 Design details of up-flow roughing filters in layers

The design of the pilot URFL was carried out with reference to the reviewed design guidelines
for full-scale plant, and design considerations for pilot plants (chapter 2). Table 3.4-1 presents
a summary of the design parameters for the pilot URFL units.
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Table 3.4-1: Design values of URFL pilot plant units

Parameter Design value
(a) Operation (hours/day) 24
(b) Number of filter units 2
(c) Filtration rate (m/h) 03-1.25
(d) Filtration media Size(mm) de or 10, deo Uniformity Depth (cm)
(mm) coefficient (UC)
e Top layer 2-4.75 1.45,2.81 1.94 (2.38)* 35
¢ Middle layer 4.75-9.52 4.54,6.17 1.36 (2.00)* 35
e Bottom layer 9.52-19.1 9.90, 13.8 1.39 (2.00)* 30
e  Support layer 25-38 - (1.52)* 20
(e) Supematant depth 20 cm
(f) _Free board depth 20 cm
(g) Height, Diameter of filter 1.6 m, 68 cm
unit
(h) Ratio of filter unit diameter 69
to effective size of coarsest
gravel (bottom layer)

Note: (}* Wegelin's UC = large gravel size divide by smallest size 1n a given gravel layer

The above design parameters and aspects not indicated in the table are discussed below.

(a)Operation and number of filter units
URFL units were run 24 hours per day to continuously supply slow sand filters. Continuous

operation ensures that the filtration mechanisms are not disturbed.

Two filters units were selected to allow adequate evaluation of the performance and establish
confidence of the results. If the two identical units give similar results, then the

performance of full-scale plant, designed on the basis of the pilot plant, can be guaranteed.

(b)Filtration rates

Roughing filters operate at filtration rates ranging from 0.3 to 1.0m/h (see section 2.4-3 (c)).
Therefore, this range was chosen for this study. In practice, there are cases when one filter
is out of operation for maintenance, but production has to be maintained. Therefore,
filtration rates of operational filters are normally increased to maintain the desired

production, hence an average filtration rate of 1.25 m/h was also studied.

The variation of flow to each URFL unit was determined from the applicable filtration rates
and the cross section area of the available filter unit (68 cm diameter, cross section area: A

= 0.363 m?) which gives a range of ~109 to ~365 L/h. However, to allow for greater than
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1.0 m/h filtration rates, rotameters measuring flow rates up to 500 L/h (vf= 1.4m/h) were

used.

(c)Inlet structure

The inlet structure for each URFL unit was made of a steel box divided into two
compartments separated by a rectangular weir. Raw water flowed into the first
compartment, and over the weir to the second compartment. The second compartment
allowed the raw water to flow by gravity through the roughing filter. Before the first
compartment was a rotameter for reading flow rates (L/h) and a gate valve for flow control.

The gate valve was also used to isolate inflows when cleaning URFL.

(d)Under-drain system

Since pilot filtration plants are usually significantly smaller than full-scale plants in surface
area, under-drain systems cannot be designed as for full-scale plants. Roughing filter pilot
plants usually use perforated filter bottoms and gravel layers as under-drain systems for
distributing raw water and collecting wash water during hydraulic cleaning [Ives and
Rajapakse, 1988; Di Bernardo, 1988]. The length, width or diameter of pilot filter units are
usually less than the recommended spacing of lateral drains for full-scale plants. Therefore,

the design of lateral drains would not be practical for pilot plants.

The diameter of the steel pipes used for URFL. units was 68 cm, which is less than the lateral
spacing of 1-2 m and 1 m for full-scale plants as recommended by Wegelin (1996) and
Galvis et al. (1993), respectively. Hence, a gravel layer (25-38 mm) was used as the under-
drain system. This layer also supported the filter media. The inlet of URFL was at the
centre of the unit. To aid the uniform distribution of the raw and even abstraction of the
wash water, four lateral drains (25.4 cm GI pipes, length 30 cm, perforated with 10 mm
diameter openings spaced at 10 cm intervals) were installed. These laterals joined the main
drain at the centre of the filter unit. The under-drain system was used both as dividing flow

(normal operation) and combining flow (during washing of the filter media).

A fast drainage ball valve, 1.2 m below the filter bottom, was installed to facilitate filter
draining (see Figure 3.4-11). Locating the drainage valve at a depth greater than 1.0 m is

reported to give additional drainage head which increases the initial drain velocities.
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(e)Filter media

Natural gravel used as URFL filter media was not suitable for direct use from source. It had to
be washed and graded to ensure good performance ( see 3.4-1 c). The selected gravel size
for URFL ranged from 2 to 19.1 mm, and was divided into three layers: bottom layer(30
cm): 19.1-9.52 mm, middle layer(35 cm): 9.52-4.75 mm, and top layer(35 cm): 4.75-2 mm.
The gravel size range is within the limits suggested by Wegelin (1996) and Galvis et al.
(1993) (see section 2.4.3). Three gravel layers were chosen because so far they have shown
to give adequate results and economic benefits (see section 2.4.3 (d)). Sieve analysis (see
figure 3.4-5) of the gravel reveal uniformity coefficients (UC = dgo/dig) less than two,
which are acceptable (see section 2.4.3 (ii)).
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Figure 3.4-5: Sieve analysis for URFL gravel

The gravel layers were separated from each other to prevent mixing in the event of taking out
the whole filter media for manual cleaning in future by PVC mesh.

(f) Scale down effects

The reduced cross section areas of pilot filter units compared to full-scale units can cause
short circuiting along the side walls where the filter media are not densely packed. Raw
water can thus flow along the filter unit side walls without being adequately filtered, and
may deteriorate the quality of the filtrate. To check against short circuiting, the ratio of the
filter unit diameter to the effective size of the coarsest gravel size was calculated and
compared to the minimum suggested value by Wegelin (1996)(see section 2.7.2 (d)). A

value of 69 was found ( > minimum value of 25, and hence is acceptable). Therefore, short-
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circuiting effects will not be appreciable. Barret et al. (1991) report that pilot filter unit

diameters greater than 30.5 cm can be used with little concern about side-wall effects.

(g)Supernatant and free-board depths

A supernatant water depth of 20 cm was chosen as recommended by Galvis et al. (1993). A
20 cm free-board depth was allowed to provide extra storage for wash water.

(h)Collecting drains

Pre-filtered water was collected evenly by a one inch perforated (10 mm diameter holes
spaced at 10 cm intervals) GI pipe along the filter unit diameter. This drain was installed at
the maximum level of the supernatant water, which was the outlet level for URFL.

(i) Outlet structure

The collecting drain delivered the pre-filtered water to an outlet box. This box was provided
with an overflow point, below the filter unit outlet point. This design ensures, that the filter
unit outlet point is not submerged. A submerged outlet does not provide free outflows due

to backwater effects which can cause difficulties with flow adjustments.

3.4.3 Design details of slow sand filters
The design of the pilot slow sand filters was carried out with reference to the reviewed design
guidelines for full-scale plant and design considerations for pilot plants (sections 2.2 and

2.7). A summary of the design values is presented in Table 3.4-2.

Table 3.4-2: Design values of SSF pilot plant units

effective s1ze of sand

Parameter Design value
(a) Operation (hours/day) 24
(b) Number of filter umts 2
(c) Filtration rate (m/h) 0.1-0.3
(d) Filtration medcha - mitial depth 0.80m
:effective size -d, 0.33 mm
:uniformity coefficient 2.80
(e) Support gravel : Bottom layer size = 19-38 mm, thickness = 10 cm
: Middle layer size = 6 - 12 mm, thickness =5 cm
:Top layer size = 1.5 - 4 mm, thickness =5 cm
(f) Supernatant depth 0.90 m
(g) Free board 10 cm
(h) Drameter, height of filter unit 90 cm, 2.0 m
(i) Ratio of filter unit diameter to 2700
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(a)Operation and number of filter units
Slow sand filters were run 24 hours per day. Since SSF is a biological process, intermittent
operation disturbs the micro-biological life within the filter-bed and can cause

breakthroughs of pathogens. Therefore, continuous operation is always necessary.

Two filter units were selected to allow adequate evaluation of the performance and establish
confidence of the results. If the two identical units give similar results, then the effective

performance of a full-scale plant, based on the pilot plant design, can be expected.

(b)Filtration rates
The chosen range for the variation of filtration rates was 0.1-0.3 m/h (see Table 2.2-1). With

the diameter of each SSF unit at 0.90 m (cross section area: A = 0.636 m®), the flow rates
varied from ~65 to ~190 L/h.

(c)Inlet structure and flow control
For each SSF unit a baffle plate below the inlet pipe was installed to prevent erosion and

disturbance of the sand surface by the splashing of the inflow water at the beginning of the
operation (see figure 3.4-6).

surface

Figure 3.4-6: Inlet for pilot plant /o/anda slow sand filters
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Filtration rates were controlled from the inlet line. A valve before each rotameter was used to
control the filtration rates. This means of control was preferred because it does not demand
for daily adjustments of flows to keep the filtration rate constant. Since SSF are operated at
constant rates, head-loss development demand daily adjustment of flows in outlet
controlled filters to keep constant filtration rates. However, in inlet controlled filters, once
the desired rate is set, frequent flow adjustments are not necessary. The rising supernatant

water level as filtration progresses compensates for the developed head-losses.

(d)Under-drain system and support gravel

The even abstraction of filtrates from slow sand filters was enhanced by a system of under-
drains comprising perforated (10 mm diameter holes @ 10 cm spacing) one inch GI pipes.
A 20 cm layer of gravel, to support the filter media and also aid in even collection of
filtrates, was placed on top of the collecting drains. This gravel was designed not to permit
the wash-out of the fine sand. Following the design procedures described by Huisman
(1989), the following characteristics of the support gravel were selected:

= Bottom layer 1: Size = 19.1-38 mm, 10 cm thickness
=> Middle layer 2 : Size = 6-12 mm, 5 cm thickness
=> Top layer 3 : Size = 1.5-4 mm, 5 cm thickness

(e)Filter media

Local sand was used as filter media. Figure 3.4-7 presents results of the sieve analysis for both

the unwashed sand (UWSand) and washed sand (Wsand).
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Figure 3.4-7: Sieve analysis for SSF sand
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The sieve analysis showed that the unwashed sand (d. = 0.21 mm, UC = 3.35) satisfied the

recommended sand specifications for SSF. Howevet, the sand was visibly dirty (clay) and

[ required washing. Dirty sand causes high turbidity filtrates until all the clay is washed out.
Rietveld and Matsinhe (1993) report of their case in which unclean SSF sand took over
three months to begin producing filtrates of acceptable turbidity. In this study, the dirty
sand was washed, dried and graded to avoid such a situation. The washed sand had a
reduced UC value of 2.80 and the effective diameter increased to about 0.33 mm, both

parameters still remained acceptable.

A filter-bed depth of 80 cm was selected, which falls within the acceptable limits (see Table
o 2.2-1). This depth allowed the operation of the SSF units through the period of

investigations without reaching the recommended minimum depth due to cleaning.

(f) Supernatant and free-board depths
° Since the height of the SSF units was 2 m, the 20 cm support gravel and 80 cm filter-bed left
1.0 m for the supernatant water and free-board depth. The maximum initial supernatant

depth was set at 90 cm and free-board at 10 cm.

(g)Outlet line

The outlet line for SSF unit comprised one inch GI pipe systems and a drainage valve (see
Figure 3.4-8).

k [Fiiter-bed level |

utlet welr level
/_L.__

Figure 3.4-8: Outlet lines for pilot plant lolanda slow sand filters
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The outlet weir level was set above the sand surface level to prevent below atmospheric air
pressures. The drainage valve was used to drain the water level in the sand to about 10-15

cm below sand surface to facilitate cleaning by scraping.

(h)Scaling down effects
To check against the effects of short-circuiting along the side-walls, the ratio of the SSF unit
diameter to the effective diameter of the filter-media was determined. A ratio of 2700 was

found, far much larger than the recommended minimum of 25. Therefore short-circuiting

along the side walls was assumed negligible.

3.4.4 Layout of pilot plant lolanda
(2)Raw water supply system
Raw water for pilot plant Jolanda was abstracted from an existing tapping on one of the

raw water mains for LWSC’s Jolanda Water Works (seé Figure 3.4-9).

Tap installed for continued sampling
S

LWSC raw
water malns

Figure 3.4-9: Raw water abstraction for pilot plant /olanda

The pressure within the LWSC raw water mains managed to discharge into two elevated
raw water tanks located about 7 m high from the abstraction point. The layout and
construction of the raw water tanks allowed taking one out of operation, with the other
tank still supplying the filter units (see Figure 3.4-10). Settling within the raw water
tanks was minimized by setting the outlet at the bottom of the tanks (see Figure 3.4-10).
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Cantrol valves To filter units

Raw water tanks
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Figure 3.4-10: Layout of pilot plant lolanda’s raw water tanks

A float valve in each raw water tank was installed to maintain constant water level so that
the hydraulic head delivering water to the filter units was constant, hence constant

flows. Changes in water levels could have caused flow adjustment problems.

(b) Filter units

The two URFL units and two SSF units made two production lines, each consisting one
URFL and one SSF (see Figures 3.4-11 and 3.4-12). The interconnections between the
URFL outlet lines ensured continuous supply to slow sand filters. It was possible for
one URFL to supply both SSF units when the other was out of operation. The
construction of two production lines allows adequate evaluation (Thompson, 1982).

Flow from the raw water tanks through the filter units was by gravity (see Figure 3.4-13).
Gravity flow eliminated the need for costly pumping. Filtrates from URFL units were in
excess of the capacities of slow sand filters. Therefore, URFL outlet boxes maintained a
constant hydraulic head, which delivered pre-filtered raw water to slow sand filters, by

means of a fixed overflow. This ensured steady flows to SSF units.
(c) Drainage systems

The drainage systems of the pilot plant collected and directed all overflows, SSF filtrates
and URFL wash-watér safely to an existing drainage system.
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Figure 3. 4-1 1: Schematlc layout and design of pilot plant Iolanda
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Figure 3.4-12: Picture of the complete pilot plant lolanda

Raw water
tanks

A
URFL units

SSF units

Figure 3.4-13: Hydraulic profile of pilot plant lolanda
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3.5 Investigations on pilot plant /o/landa

3.5.1 Objectives

The overall objective of the investigations on pilot plant Iolanda was to evaluate the
effectiveness of a combination of up-flow roughing filtration in layers and slow sand filtration
as a potential alternative to conventional surface water treatment methods in Zambia.
Therefore, the treatability of the surface raw water by URFL-SSF systems, suitability of the
local filter materials used, and the operation and maintenance aspects of URFL-SSF systems
were investigated. The investigations also aimed to establish confidence in URFL-SSF

systems to promote their application in Zambia, and possibly elsewhere.

3.5.2 Operating period and conditions

(a)Operating period

The operation period ranged from February 28, 1997 to May 31, 1997. This period did not
entirely cover the wet season in Zambia which starts from November to March the
following year. Initially, the operation periad was planned to cover the rain season period
when adverse raw water qualities are expected. But this was not possible due to unforeseen
logistical problems. The recommendations on the period of water treatment pilot plant
operation state that the period should cover all conditions under which the full-scale plant

is expected operate. Hence, the need to simulate wet season raw water quality was

inevitable.

(b)Operating couditions

(i) Raw water quality
Raw water was tapped from the LWSC raw water mains which transport raw water
abstracted from Kafue River (see section 3.4-4 a)). Kafue River is characterized by low
turbidity during dry seasons (<10 NTU monthly averages) and occasional daily peaks
ranging from 30-250 NTU during wet seasons. The wet season turbidity was simulated
using clay settled along the Kafue River banks. The clay suspension was prepared in a
200 L container and was allowed to settle for at least one hour to remove easily
settleable solids. The supernatant of the suspension, mainly containing colloidal

particles, was dosed for simulation. Initially, small electrical dosing pumps were used,
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but they were giving operation problems and could not simulate high turbidities.
Gravity dosing was later designed. The supernatant of the clay suspension was fed to 20
L containers, supported on top of each URFL unit, from which flexible plastic tubes
(diameter 4 mm) dosed by gravity into the URFL inlet boxes.

The raw water simulations were done from 07:00 hours to 18:00 hours Zambian time. The

typical raw water quality during the period of investigations is given in table 3.5-1.

Table 3.5-1: Typical characteristics of the raw water fed to Pilot plant Jo/landa

Water Quality parameter Raw water

Kafue river simulated
= Turbidity NTU (daily averages) <5 <300
= Faecal coliforms per 100 ml <200 <4000
= Total suspended solids (mg/L) <5 <2000
= Temperature 18-31°C 18-31°C

Note: Turbidity was measured daily from 07:00 to 18 00 hours, but is reported as daily average

(if)Filtration rates

URFL filtration rates of 0.4, 0.5, 0.75, 1.0 and 1.25 m/h were tested as in Table 3.5-2.

Table 3.5-2: Applied filtration rates and influent turbidity ranges on URFL

. - URFL-1 URFL-2
Trial Filtration
rate (m/h) Run time: Raw water turbidity range- Run time Raw water turbidity
Viaverage) days, (dates) NTU (darly average) days, (dates) range- NTU (daily

average)

1 0.40 25, (2-26/03/1997) 1.04 - 10.67* 25, (2-26/03/1997) 1.04-1067*

2 0.75 20, (27/03-15/04/1997) 1.48 -12.85%* 20, (27/3-5/4/1997) 1.48 - 12.85 **

3 0.50 17, (16/04-02/05/1997) 1.37-3.83 17, (16/4-2/5/1997) [15 - 260]***

4 0.75 26, (04-30/05/1997) 1.41-3.11,[30-101] *** 26, (04-30/05/1997) | [22 - 123]***

5 1.0 31, (31/05-30/06/1997) | 1.40 - 2.82, [25-156]*** 31, (31/5-30/6/1997) | [24 - 220]%**

6 1.25 18, (01-18/07/1997 [47 - 2407 %% 10, (01-10/07/1997) | [54 - 299]%**

7 0.50 13, (19-31/07/1997) [71 - 245]*%* 21, (11-31/07/1997) | [67 - 2T7]***

NOTE:

* > 2 days in this range recorded 9.68 & 10.67 NTU, the rest had < 5 NTU; suspected runoff upstream of Kafice River on one
day, and raw water tanks were cleaned on the other(depositions in the pipe system may have raised turbidity.

**=> Only 1 day recorded 12.85 NTU after cleaning the raw water tanks, the rest had <5 NTU
[ 1*** = simulated turbidity
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During Trial 1, both URFL and SSF units were not shaded. This was deliberately done to
evaluate the algae growth. From Trial 2 till 7, the filters were shaded since it was observed
in Trial 1 that algae caused rapid clogging of slow sand filters. URFL units were shaded by
filling the supernatant and free-board depths with coarse gravel (25-50 mm), while SSF

units were covered with timber boards.

Investigations on 0.75 m/h were repeated in Trial 4 for simulated high turbidities since Trial 2
(0.75m/h) ran under low turbidity raw water. This is the same reason for having repeated

investigation on 0.50 m/h in Trial 7.

Rotameters for slow sand filters were set at 150 L/h (filtration rate of 0.24 m/h ). Volumetric
measurements on the outlets revealed the lowest filtration rates of 0.08m/h at the end of the

filter- run (since the filter media are more clogged then).

3.5.3 Operation and maintenance procedures

(a)Start-up of pilot plant operation

Before starting slow sand filters, they were back-filled from the bottom as described in section
2.2.4 (a). A flexible hose pipe was secured for back-filling using drinking water from an
existing tap within the pilot plant site. It is important to use potable water for back-filling
so that the filter-bed is not contaminated if raw water was used. Back-filling was done at
very low flows (50-100 L/h: 0.08-0.15m/h) to ensure that all the air within the sand was
driven out as recommended from literature. Entrapped air may cause short circuiting during

filtration, and also impair the filtration rates.

Before supplying raw water to the pilot plant from the elevated raw water tanks, it was
necessary to drive out all the entrapped air within the raw water pipe system to prevent air-
locks. The effects of air-locks were experienced at the beginning: no flow reached the pilot
plant filters even when the raw water tanks were filled and their outlet valves fully open.
The air-locks were cleared by shaking the pipes until water flowed into the URFL inlet
boxes. After clearing the air-locks supply to the pilot treatment plant was started. The first
URFL filtrates were visibly dirtier than the raw water, due to the self-washing of gravel.

These filtrates were filtered to waste.
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(b)Filter-bed cleaning and restarting procedures

(i) Up-flow roughing filters in layers

The cleaning of the URFL filter media was necessary before starting each filter-run so that
at least the filter-bed was brought back to a clean state. Additionally, cleaning of URFL
is necessary when the filter resistance reaches the maximum allowable head-loss of
about 30 cm [Wegelin, 1996] or when the filtrate quality deteriorates beyond the desired
level; normally daily average turbidity greater than 10 NTU are not acceptable.
However, in this study non of these head-loss and filtrate quality criteria were reached.
This was probably because of the intermittent simulation of high turbidity (only day

times).

Both URFL were washed at the end of Trial 1 (27-03-97) before starting Trial 2.
Thereafter, the filters were not washed at the end of Trial 2. At the end of Trial 3,
URFL-1 was not cleaned since the effluent was still acceptable (<3 NTU), but URFL-2
was cleaned (02-05-97) because during this trial it was fed with highly turbid raw
water(simulated) than URFL-1, and must have accumulated appreciable amounts of
suspended solids. At the end of Trial 4, both URFL were not cleaned since the filtrate
quality and head-loss were still acceptable. At the end of Trial 5, URFL-2 was cleaned
and within Trail 6 (18-07-97) both URFL umits were cleaned.

The filter gravel for URFL was cleaned by complete drainage of the units. The following
procedure was followed for each URFL cleaned (refer to Figure 3.4-11):

= the valve connecting the two URFL outlet pipes (Valve X) was opened so that the
remaining URFL unit supplied both SSF units. - '

= then the URFL outlet point was sealed by a cloth so that the supernatant water level

was raised to maximum free-board level ( to increase the wash water volume)
= the URFL inflow control valve was closed to isolate the incoming flow.

= the URFL separating valve was closed to prevent the drained wash-water from

back-flowing into the URFL inlet box.

=> the fast drainage ball valve was suddenly fully opened to completely drain the filter

unit. Draining washed out suspended solids within the filter-bed.
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After cleaning the URFL unit, it was restarted as follows:

= the fast drainage and separating valves were closed and opened, respectively. The

URFL outlet was also opened by removing the cloth.

= then the URFL inflow control valve was opened to set low flow rates not more than
150 L/h (0.4m/h) so that remaining solids were not re-suspended. Initial attempts to
fill the units quickly by setting the inflow rate to about 500 L/h resulted in highly

turbid filtrates, which were filtered to waste until they became clear.

= after the URFL was refilled, the valve separating the two URFL outlet lines (valve
X) was closed so that each roughing filter supplied one SSF..

(if) Slow sand filters
Slow sand filter media were cleaned after each filter attained the maximum head-loss: when
supernatant water level reached the overflow point (see Figure 3.4-11). The cleaning

procedure was as follows (refer to Figure 3.4-11):
=> the SSF inflow control valve was closed to isolate the incoming flow.

= the supernatant water was drained by means of the supemnatant manometer

connection which was at about 10 cm above the initial filter-bed surface.

=> the filter-bed was slowly drained by the SSF drainage valve on the outlet to lower
the water level to at least 20 cm below the sand surface. Water levels were checked

by manometer connections along the filter-bed depth.

= the top dirty layer of the sand (about 1-2 cm) was scraped using a flat shovel (with
short handle) and the sand surface was evened out afterwards. Scraping was done

while standing on the baffle plate.

The just cleaned SSF unit was back-filled with filtrates from the adjacent SSF unit. A
flexible hose pipe was used to connect the outlet of the filling SSF unit to the outlet of the
SSF unit which was being back-filled. After back-filling raised the supernatant water to at
least 15 cm above the outlet weir level, normal SSF operation was restored by opening the
SSF inflow control valve. This valve was set to low filtration rates (<0.1m/h) which were

increased to the desired average rate of 0.24 m/h after at least a day.
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3.5.4 Data collection and analytical procedures

(a)Data collection
The collected water quality data included that of turbidity, total suspended solids, faecal
coliforms, head-losses and filtration rates. A summary of the collected data and the

respective point and frequency of collection are given in Table 3.5-3.

Table 3.5-3: Monitoring program for pilot plant /o/landa

Up-flow Roughing Filter in Slow sand filter
Layers
Parameter Influent Influent

(raw water) Effluent | (pre-filtered water) | Effluent
1. Flow (filtration) rate daily daily daily
2. Turbidity daily daily daily daily
3. Total suspended solids weekly weekly - -
4. Faecal coliform weekly weekly weekly weekly
5. Head-loss Daily along the filter-beds

Rotameters installed on inlet lines of the filter units were used to read flow rates. Volumetric
measurements (beaker and timer) were used to determine effluent flows rates. This was
done for SSF units but not for URFL units because the effluent point could not facilitate

volumetric measurements. Flow rates were read (measured) once a day.

Turbidity measurements were done daily, at least on an hourly basis from 07:00 to 18:00
hours Zambian time. Analysis of TSS was only done during turbidity simulation periods
when appreciable TSS levels were common from Trial 3. Water samples for analysis of
TSS and faecal coliforms were collected and analyzed at the University for Zambia
(Lusaka), at the Environmental Engineering laboratory. URFL wash-water samples were

also collected for TSS analysis on four of the hydraulic cleaning occasions.

Head-losses were monitored on peizometer tubes (manometers) installed along the depth of

each filter unit. The tubes were vertically fixed to a timber board for easy reading.
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(b)Analytical procedures
(i) Water sampling and water quality analysis

The water sampling and water quality analysis procedures were done in accordance with
the standard methods for the examination of water and waste water [APHA et al., 1995].
Grab samples were collected for turbidity, TSS and Faecal coliform analysis. Composite
sampling was not feasible because the samples would have required refrigeration on
site, which was not possible, otherwise sample characteristics can be altered if stored
under normal temperature. The sampling was done manually. A portable HATCH 2000

Turbidimeter was used for measuring turbidity on site.
(ii) Data analysis

Turbidity was reported as daily averages although measurements were done only during
the day time. It was not possible to monitor turbidity for 24 hours per day since it was
feasible to acquire online measuring equipment. A log-scale was used for the vertical
turbidity scale on the turbidity versus time plots for URFL because of the wide
variations between the raw water and filtrate turbidity levels. A normal plot could not
clearly distinguish the raw water and filtrate turbidity lines. Standard deviations (%) of
the daily turbidity values were also calculated and indicated in the plots.

Total suspended solids and faecal coliform samples were usually analysed in duplicate to
increase the precision of the results. The former are presented in tables and the latter in

block diagrams, since they were not monitored on a daily basis.

3.6 Manning of pilot plant lolanda

From the date of commissioning, the plant was monitored by the author and one plant
operator. The operator was one of the local personnel engaged during the construction of the
pilot plant and had established a good understanding of the pilot plant details. He was given
adequate on the job training on how to operate and maintain the pilot plant, and how to
measure turbidity, with the portable Turbidimeter. To motivate and stimulate the operator, he
was given a monthly allowance. In his absence, usually at night, the LWSC guards at the
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Iolanda Water Works intake area assisted in manning the plant. The author used to visit the
plant at least three days a week while the pilot plant operator was there every day from 07:00 -

18:00 hours Zambian time. The overall tasks of the operator are summarized in Table 3.6-1.

Table 3.6-1: Responsibilities of the operator of pilot plant lolanda

Frequency | Activity

Daily o keeping the pilot plant area tidy

e check flow to each unit through Rotameters and adjust to desired values
o clean Rotameters to ensure correct readings 7

e measure turbidity levels in both mfluents and effluents of each filter unit

e check and record head-losses 1n each filter

Weekly * Clean mlet and outlet boxes of the URFL units. The operator ensured that the
wash water overflowed to drain.

e (Clean raw water tanks.

e C(Clean SSF rotameters

The cleaning of the URFL and SSF filter media was entirely done by the author with the help
of the operator because pertinent observations and sampling, beyond the capability of the

operator, were necessary.
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Chapter four
RESULTS AND DISCUSSIONS

4.1 General

This chapter presents and discusses results of the investigations on pilot plant Jolanda, with
reference to the literature reviewed. The main purpose of URFL is to lighten the turbidity and
suspended solid loads on the subsequent SSF, hence these water quality parameters were
emphasised. The removal of turbidity along the filter-bed of URFI, was analysed at a filtration
rate of 0.50 m/h to study the performance of each gravel layer. The experiences with the

operation and maintenance aspects of pilot plant /olanda are also presented and discussed.

4.2 Turbidity and total suspended solids reduction

The data on turbidity monitoring is presented graphically in this section. The numerical data is
given in Appendix B for all the trial results. All TSS data is presented in form of tables.

4.2.1 Up-flow roughing filters in Layers

a) Trial one [02-26 March 1997]: filtration rate, vi = 0.40 m/h
For turbidity analysis results in raw water and URFL filtrates, see in Figures 4.2-1 & 4.2-2.

turbidity [NTU]

Daily average

— T T T T T —T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Day

Raw Water — URFL-1 filtrate !

Figure 4.2-1: Trial 1- Turbidity levels in raw water and URFL-1 filtrate (vi=0.4m/h)
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Figure 4.2-2: Trial 1- Turbidity levels in raw water and URFL-2 filtrate( vi= 0.4m/h)

Both URFL units received unsimulated raw water (Kafue River). On days 2, 3 and 17, no
measurements were taken due to problems with the turbidimeter. The higher raw water
turbidity levels on day 4, were due to suspected run-off up-stream of the Kafue river.
However, raw water turbidity levels became stable after day 6. On day 18, the higher
turbidity occurred after cleaning the raw water tanks. It was possible that sediments, not

completely washed out, within the pipes caused this increase.

The removal efficiencies of turbidity generally ranged from 41-62% and 43-67% for URFL-1
and URFL-2, respectively. However, on the first day, URFL-1 and URFL-2 recorded the
lowest removal efficiencies of 36% and 32% respectively. These initial low removal
efficiencies can be attributed to the fact that the filter-media were still undergoing self-
cleansing since the filters were run for the first time. It is was not practically possible to use
filter~-media which were 100% clean. Despite the sharp increase in raw water turbidity on
day 18, the filtrate turbidity from both filters was consistent with previous levels and a
highest removal of 93% was recorded on this day. This may indicate the ability of URFL to
handle sharp loads of turbidity, and a fact that the process is stable. For chemical pre-
treatment processes, their performances are usually dependent on raw water quality.
Variations in raw water quality for these systems causes operation problems since chemical

dosages would then need adjustments.
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b) Trial Two| 27™ March-15™ April 97]: filtration rate; vi = 0.75 m/h,
Figures 4.2-3 & 4.2-4 show turbidity levels in raw water and URFL filtrates during Trial-2.

100 -
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Daily average
turbidity [NTU]
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Figure 4.2-3: Trial 2- Turbidity levels in raw water and URFL-1 filtrate(v,= 0.75m/h)
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Figure 4.2-4: Trial 2- Turbidity levels in raw water and URFL-2 filtrate(v;= 0.75m/h)

Removal efficiencies ranged from 38-93% and 44-93% for URFL-1 and URFL-2,
respectively. On day 5, raw water turbidity increased after cleaning the raw water tanks.
Two days after day 5 (see day 7 in both Figures 4.2-3 and 4.2-4), filtrate turbidity increased
and after day 9 it became stable again. This phenomenon could not be explained
scientifically. However, operation problems maybe attributed to this strange observation
even though the pilot plant operator did not report any. A mistake in measurement was

ruled out because filtrate turbidities on day 7 were consistently greater than 2 NTU during
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the period of monitoring. The only possibility was that the filtration rate might have been
set at a slightly higher rate than before. This can cause deep penetration of colloidal
particles and their breakthrough.

c) Trial Three [16™ April- 2" May 1997]: filtration rate: vi= 0.50 m/h
URFL-1 and URFL-2 were fed with unsimulated and simulated raw water respectively.

i) Turbidity simulations were started for the raw water fed to URFL-2. Turbidity levels in
the raw water and URFL filtrates are shown in Figures 4.2-5 and 4.2-6.

w

Daily average
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Figure 4.2-5: Trial 3- Turbidity levels in raw water and URFL-1 filtrate (v; = 0.5m/h)
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Figure 4.2-6: Trial 3- Turbidity levels in raw water and URFL-2 filtrate(v; = 0.50m/h)
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URFL-1 and URFL-2 reduced raw water turbidity by 45-73 % and 83-97 % respectively. The
different removal efficiencies are attributed to the different raw water quality: URFL-2 was
fed with simulated raw water. The high removal efficiencies recorded by URFL-2 do not
mean better filtrate quality. URFL-2 filtrate turbidities were higher than those of URFL-1
although the filters were run at the same filtration rates. This reveals how filter
performance relies on the raw water quality. These results indicate that high turbidity raw
water is likely to cause turbidity breakthroughs faster than low turbidity raw water. The
filtrate turbidity of URFL-2 was increasing with increasing raw water turbidity (see Figure
4.2-6). The capability of URFL in treating raw water turbidities from 150-350 NTU is
shown in Figure 4.2-6, from day 13.

Turbidity levels through URFL filter-beds were evaluated (see Table 4.2-1 and Figure 4.2-7).

This evaluation was done to have an idea of how each gravel layer reduces turbidity.

Table 4.2-1: Trial 3- Turbidity levels and removals along URFL filter-beds

Turbidity (NTU)
Date Low turbidity raw water(URFL-1) High turbidity raw water(URFL-2)
Raw Support Bottom Middle Top Raw Support | Bottom Middle Top
Water | Gravel gravel gravel gravel Water Gravel gravel gravel gravel
effluent effiuent effluent effluent effluent | effluent | effluent effluent
25/4/97 137 0.96 098 091 058 259 140 417 191 961
28/4/97 204 0.95 036 112 124 101 489 20.1 977 543
02/5/97 193 081 062 0.64 0.91 150 488 20.5 108 612
Turbidity removal
range (%) 30to60 | -2t023 -30t0 7 -42 to 36 45t070 | 60to 70 | 50 to 55 40 to 50
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(b) High turbidity raw water (100-260 NTU): URFL-2

Figure 4.2-7: Turbidity reduction along URFL filter-beds

The results in Table 4.2-1 and Figure 4.2-7 reveal that each gravel layer plays a role in
improving the raw water quality. From Figure 4.2-7(a), it was deduced that for low
turbidity raw water (< 2.5 NTU in this case), the support gravel removes most of the
turbidity and subsequent layers hardly remove turbidity. For highly turbid raw water (100-
260 NTU in this case), again the support gravel showed remarkable turbidity reduction, but
not to levels acceptable by SSF. Subsequent bottom and middle gravel layers further
reduced turbidity, while the top layer merely acted as a polishing layer. This kind of
performance corresponds to what Wegelin (1996) reports: each gravel layer lightens the
turbidity and suspended solids load to the subsequent layer. These results also revealed
that; despite the large gravel size of the support gravel layer, it does not just support the
bottom gravel but also plays a significant role in reducing turbidity, and most likely total

suspended solids (measurements not taken) as well. Although most of the suspended solids
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which easily settle were removed within the raw water simulation tank (by allowing for at
least one hour settling before simulating), the fact that the support gravel shows higher
removals due to high levels of easily settled solids can not be ruled out. It is definite that
with highly colloidal particles in raw water, the support layer can show lower turbidity

reductions because of the high porosity gravel in this layer.

ii) After applying simulated raw water to URFL-2, levels of TSS in the raw water and URFL-
2 filtrates were evaluated since TSS levels in the raw water were then appreciable (see

Table 4.2-2).

Table 4.2-2: Trial 3- Total suspended solids reduction by URFL-2 (v¢ = 0.50)

Date Int}t;le;/tLTSS Eﬁ}:gn/tl:fss % Reduction
16.04.97 25.5 0 100
18.04.97 98.5 1.3 99
21.04.97 47.5 2.5 95
25.04.97 171.2 2.2 99
28.04.97 552.3 5.7 99

TSS were reduced to levels suitable for SSF, The results in Table 4.2-2 generally meet the
upper TSS limit (5 mg/L) recommended by Wegelin (1996) except for the April 28, 1997
result (see Table 4.2-2). Nevertheless, these results are comparable to results reported in
Colombia (see Table 2.4-3) and demonstrate that the performance of URFL can be
compared to that of URFS, HRF and DRFS. TSS removals in Table 4.2-2 are higher than
those obtained in the study by Rietveld and Matsinhe (1993) who report 50-90% for URFL.
However in their study, raw water TSS level ranged from 5-40 mg/L compared to pilot
plant lolanda levels which went up to ~ 600 mg/L. This performance difference maybe due
to the fact that Rietveld and Matsinhe (1993) used coarser gravel for URFL (5-38 mm)
compared to general recommendations (1.6-25 mm). Additionally, their filter media were
not supported by any coarser gravel, which is capable of removing part of TSS as was
evidenced in this study.
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d) Trial Four [4™™ - 30 ™ May 1997]: filtration rate: v;= 0.75 m/h

i) For turbidity analysis results in raw water and URFL filtrates, see Figures 4.2-8 & 4.2-9.
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Figure 4.2-8: Trial 4- Turbldity levels in raw water and URFL 1 f'ltrate(vf 0 75mlh)
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Figure 4.2-9: Trial 4- Turbidity levels in raw water and URFL-2 f' Itrate(vf 0 75mlh)

During Trial 4, the high turbidity simulation pump to URFL-1 broke down on Day 6,
thereafter Kafue River water was fed to URFL-1(Figure 4.2-8). The sharp drop in raw
water turbidity after stopping simulation(Figure 4.2-8), corresponded to sharp drops in
URFL-1 filtrate turbidity. This shows how the raw water quality can affect filtrate quality.
In Figure 4.2-8, high turbidity raw water (30-101 NTU) was reduced by 91-95 % and low
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turbidity raw water (1.41-3.11 NTU) was reduced by 48-70%. Despite the difference in the
removal efficiencies, all URFL-1 filtrates had turbidity less than 10 NTU, acceptable for
SSF. Turbidity of the simulated raw water (22-123 NTU) fed to URFL-2 was reduced by
84-96%, with all filtrates having turbidity less than 10 NTU. Here, the process stability was

demonstrated by the stable filtrate quality despite fluctuating raw water turbidity.

ii) TSS reductions were also analysed on three days. Removal efficiencies above 98% were

recorded (see Table 4.2-3). URFL filtrates had less than 5 mg/L. TSS, acceptable for SSF.

Table 4.2-3: Trial 4- Total suspended solids reduction by URFL-2 (v¢ = 0.75m/h)

Influent Effluent %
Date TSS(mg/L) TSS(mg/L) Reduction
22.05.97 48.7 0.5 99
28.05.97 98.5 1.3 99
30.05.97 47.5 2.5 98

e) Trial Five [31* May - 30™ June 1997]: Filtration rate, v;=1.0. m/h,

i) For turbidity analysis results in raw water and URFL filtrates, see Figures 4.2-10 & 4.2-11.
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Figure 4.2-10: Trial 5- Turbidity levels in raw water and URFL-1 filtrate(v; =1.0 m/h)
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Figure 4.2-11: Trial 5- Turbidity levels in raw water and URFL-2 filtrate(v; =1.0 m/h)

For URFL-1, the removal efficiency with the actual Kafue River water (1.4-2.82 NTU) was
45 - 68 % and with the simulated raw water (25-156 NTU) it was 89-98%. Turbidity
removals by URFL-2 (Figure 4.2-11) ranged from 80-99%. In both filters, filtrate turbidity
was less than 5 NTU, suitable for SSF.

il) Total suspended solids reductions were also analysed (see Table 4.2-4). URFL-1 and
URFL-2 removal efficiencies ranged from 83.3 to 98.6 % and 89.8 to 99.8 % respectively.

All URFL filtrates had less than 5 mg/L TSS, acceptable for SSF.

Table 4.2-4: Trial 5- Total suspended solids reduction by URFL (v = 1.0m/h)

URFL-1 URFL-2
Date Influent | Effluent % Reduction Influent Effluent % Reduction

04/06/97 5.500 0.167 97.0 58.833 4.600 92.2

09/06/97 not taken | - not taken - 178.50Q 1.300 99.3
13/6/97 - not taken | - not taken - 149.250 0.500 99.7
16/6/97 46.667 | - not taken - 58.000 0 100.0
20/6/97 16.800 2.800 83.3 17.600 1.800 89.8
23/6/97 73.750 1.000 98 6 - not taken not taken -
25/6/97 57.750 2.400 95.8 50.200 1.200 97.6
27/6/97 150.500 3.200 97.9 302 200 4.800 98.4
30/6/97 122 000 2.200 98.2 212.000 0.400 99.8
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f) Trial Six [ 19-18™ May 1997]: filtration rate, v;=1.25

i) For turbidity analysis results in raw water and URFL filtrates, see Figures 4.2-11 & 4.2-12.
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Figure 4.2-12: Trial 6- Turbidity levels in raw water and URFL-1 filtrate(vs=1.25m/h)
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Figure 4.2-13: Turbidity levels in raw water and URFL-2 filtrate (v¢ = 1.25m/h)

Turbidity removal efficiencies in Figures 4.2-12 and 4.2-13 range from 92-98% and 94-98%,
respectively. The daily average turbidities of the filtrates ranged from 3-7 NTU which was
acceptable for SSF. Although URFL generally employs rates up-to 1m/h (Wegelin, 1996;
Galvis et al., 1993), the comparable performances of the two URFL units at 1.25 m/h
indicate that URFL can also perform at rates higher than 1.0 m/h.

ii) Analysis results of TSS are given in Table 4.2-5.
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Table 4.2-5: Total suspended solids reduction by URFL(v¢=1.25m/h)

URFL-1 URFL-2
Date Raw water | Filtrate | % Removal | Raw water | Filtrate TSS % removal
TSS (mgiL) [TSS (mglL) TSS (mg/L) (mg/L)
02/07/97 606.7 8.8 986 1684.0 11.0 99.4
04/07/97 442.0 16.2 96.3 482.0 20.6 95.7
07/07/97 166.5 8.8 947 144.8 12.8 91.2
11/07/97 72.4 3.8 94.8 -not taken - not taken -
16/07/97 140.5 1.3 99.1 - not taken - not taken -
18/07/97 76.5 1.4 98.2 - not taken | - not taken -

In some samples, filtrate TSS levels were higher than the recommended upper limit of 5
mg/L, although removal efficiencies were high (91-99%). Hence, URFL cannot perform
effectively at filtration rates higher than 1 m/h. Such filtration rates are likely to cause

breakthrough of suspended solids because of the reduced retention times.

g) Trial Seven [ 19T 31 May 1997]: filtration rate, v = 0.5m/h.
i) URFL were tested again in treating higher turbidity levels than in Trial-3. Analysis
results of raw water and filtrate turbidity are given Figures 4.2-14 and 4.2-15.
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Figure 4.2-14: Trial 7- Turbidity levels in raw water and URFL-1 filtrate(v;=0.5m/h)
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Figure 4.2-15: Trial 7- Turbidity levels in raw water and URFL-2 filtrate(v;=0.5m/h)

Turbidity removal efficiencies in Figures 4.2-14 and 4.2-15 range from 94-98% and 94-99%
respectively, with filtrate turbidity ranging from 3-9 NTU. Both URFL units show similar
and acceptable performances, despite the raw water being above 100 NTU most of the
time. These results reveal the ability of URFL to handle high turbidity raw water.

il) Analysis results of TSS in raw water and URFL filtrates are given Table 4.2-6,

Table 4.2-6: Trial 7- Total suspended solids reduction by URFL-2(vs = 0.50)

URFL-2

Date Raw water TSS (mg/L) Filtrate (mg1) % Removal
11/07/97 845 6.8 92.0
14/07/97 309.3 17.3 94.4
16/07/97 539.5 1.2 99.8
18/07/97 408.0 8.3 98.0
21/07/97 643.5 1.0 99.8
23/07/97 330.0 0.8 99.8

TSS levels in raw water were reduced to below 5 mg/L in 50 % of the samples taken (see
Table 4.2-6). The higher than 5 mg TSS /L in the other samples could be attributed to the
no-washing of the filter before starting on trial 7. Hence, re-suspension of previously

retained solids was likely in this case.
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The performance of pilot plant Jolanda with respect to turbidity removal at the various

filtration rates is summarised in Tables 4.2-7 and 4.-2-8.

Table 4.2-7: URFL turbidity removal efficiencies (actual Kafue River water)

Filtration Raw water turbidity (NTU) Filtrate turbidity (NTU) Removal efficiency(%)
rate (m/h) URFL-1 URFL-2 URFL-1 URFL-2 | URFL-1 | URFL-2
0.40 1 04-10.67 1.04-10.67 0 55-4.21 0 53-4.05 36-93 32-93
0.50 1.48-5.84 1 48-5.84 085-2.45 064-2.39 39-85 44-85
0.75 1.37-12 85 not done 0 66-127 not done 45-73 -
1.0 1 40-2.82 not done 0.70-1 17 not done 45-68 -

Table 4.2-8: URFL turbidity removal efficiencies (simulated raw water )

Filtration Raw water turbidity (NTU) Filtrate turbidity (NTU) Removal efficiency(%)
rate(m/h) URFL-1 URFL-2 URFL-1 URFL-2 URFL-1 URFL-2
0.50 not done 15-260 not done 1.58-9.61 - 83-97
0.50" 71-245 67-277 2.67-5.42 2.62-9.07 95-99 94-99
0.75 30-101 22-123 2.82-5.85 2.39-8 42 91-93 84-96
10 25-156 24-220 2.22-4.49 2.06-5.28 89-98 80-99
1.25 27-240 54-299 3.02-6 65 3.23-7.13 93-98 94-98

From Tables 4.2-7 and 4.2-8, it is clear that URFL is able to improve both low and high
turbidity raw water at filtration rates 0.4-1.25 m/h under the conditions of investigations.
Throughout the period of investigations, filtrate turbidities were below 10 NTU, the general
upper limit for raw water turbidity appropriate for SSF. These results are very comparable
with those reported in literature. These results are better than those of chemical pre-treatment
systems in most township water supply in Zambia. Most of these systems are reported to pre-
treat raw water to turbidity greater than 10 NTU [Holzhaus and Versteeg, 1993]. However, for
well operated chemical pre-treatment systems in Zambia, they can consistently produce pre-
treated raw water having turbidity less than 5 NTU. For instance, the lolanda Water Works
(LWSC) usually pre-treats turbid raw water to less than 5 NTU turbidity throughout the year.

! Tnal 7 results: second investigation on v¢= 0.5m/h
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There was little difference in URFL turbidity removal efficiencies at different filtration rates.
The filtrate quality still remained acceptable for SSF when pre-treating both low and high

turbidity raw water.

The ability of URFL to pre-treat low turbidity raw water is an important aspect when
compared to the use of chemical pre-treatment. Chemical pre-treatment of low turbidity raw
water is usually more difficult and expensive. In practice, the efficiency of chemical pre-
treatment to treat low turbidity raw water maybe improved by adding suitable clay to increase
the turbidity. In most cases, more chemical dosages are usually applied instead, to compensate

for the low particle concentration [van Breemen, 1994].

Some noticeable differences in turbidity removal efficiencies (even filtrate turbidity) at
different filtration rates were expected when URFL were fed with simulated high turbidity
raw water, but this was not so. From Table 4.2-8, the filtrate quality was acceptable for SSF
and it cannot be pinpointed that one filtration rate performance was better than the other.
Although it is reported in literature that there is little difference in performance at filtration
rates less than 0.6m/h, the trend shown in Table 4.2-8 is probably due to the intermittent
simulation. It is therefore likely that if simulation was 24 hours per day, a clear distinction in
performance between filtration rates less and greater than 0.6 m/h could have be drawn. With
increasing filtration rates, suspended solids are expected to penetrate the filter-bed more and

affect the filtrate quality.

4.2.2 Slow sand filters

Turbidity analysis results in URFL filtrates ( fed to SSF units) and SSF filtrates are presented
in Figures 4.2-16 and 4.2-17 respectively. Most of the high turbidity simulations were done on
URFL-2 which most of the time fed SSF-2. Comparatively, URFL-2 produced relatively
higher filtrate turbidity than URFL-1.
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Figure 4.2-16: Turbidity levels in pre-treated raw water and SSF-1 filtrate
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Figure 4.2-17: Turbidity levels in pre-treated raw water and SSF-2 filtrate

During the first four days of SSF operation, filtrate turbidities exceeded the upper limit of 1
NTU, recommended by WHO (1984) for effective disinfection by chiorination. This may
have been a result of the fact that, after commissioning a slow sand filter, it is likely that

the new sand was not very clean and that it tended to wash itself at the start of the filter.
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However, four days later, the filtrate turbidity was reduced to less than 1 NTU. The period
of self-washing of the filter-media will depend on how well the sand was cleaned before
use. The four days achieved with pilot plant lolanda can be considered acceptable
compared to some studies done in Mozambique by Rietveld and Matsinhe (1993). Despite
using very fine sand (d. = 0.10 mm), they experienced self-washing periods of over three
months and suspected that the used sand was not sufficiently washed. This is a clear

testimony of the need to thoroughly wash sand meant for SSF before use.

The removal of turbidity by the SSF units is very acceptable. Filtrate turbidities were usually
less than 1 NTU, meeting the WHO upper limit for effective disinfection. Compared to
slow sand filters applied in some townships in Zambia, the performance of pilot plant
lolanda was better. This can be attributed to the adequate pre-treatment by URFL and the
use of good filter media. The media used in most townships in Zambia is usually of poor

quality and not graded [Holzhaus and Versteeg, 1993]

Both slow sand filters showed complete removal of suspended solids. The removal of
turbidity and suspended solids took place almost entirely within the top 1-3 cm layer of the
filter-bed. The mechanism responsible for this kind of removal was straining because the
fine filter media did not allow deep penetration of turbidity and suspended solids.
However, truly colloidal particles, smaller than the pore openings of the sand may
penetrate the filter-bed [Huisman, 1989]. This is probably why the removal of turbidity by
SSF was not 100%.

4.3 Head-loss development and filter-runs

4.3.1 Up-flow roughing filters in layers

a) Head-loss development
The maximum head-loss in both URFL units were below the maximum allowable (30 cm)

throughout all trials (see Table 4.3-1).
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Table 4.3-1: Head-loss development in up-flow roughing filters in layers

Trial No., URFL Run time (days) Filtration rate (m/h) Head-loss (cm)
1, URFL-1 25 0.4 0-0.4
1, URFL-2 25 04 0-1.1
2, URFL-1 20 0.75 0-0.3
2, URFL-2 20 0.75 0-0.3
3, URFL-1 17 05 0-0.4
3, URFL-2 17 0.5 0-0.4
4, URFL-1 26 075 0-0.5
4, URFL-2 26 0.75 0-0.5
5, URFL-1 31 1.0 0-1.7
5, URFL-2 31 1.0 0-1.7
6, URFL-1 18 1.25 0-3.2
6, URFL-2 10 1.25 0-35
7, URFL-1 13 0.5 0-08
7, URFL-2 21 0.5 0.1-2.8

The highest head-losses in both filters occurred during Trial 6. These were 3.2 cm and 3.5 cm
for URFL-1 and URFL-2, respectively. The low head-losses experienced in this study can
be attributed to the raw water quality, since high turbidities and TSS were only applied by
simulation during day time. If high turbidity and TSS raw water was continuously fed as is
usually the case during rain seasons, higher head-loss developments could have been

experienced resulting in noticeable filter-runs.

b) Filter-runs

The maximum head-loss or deterioration of filtrate to undesirable quality indicates the end of
a filter-run. In this study, non of these criteria were met. The trial periods investigated are
probably shorter than the actual filter-runs of URFL with respect to the conditions under
which the study was done. It is likely that continuous feed of high turbidity raw water to
URFL could have effected one of the final filter-run indicators. Filter-runs of about one

week can be experienced under continuous high turbidity raw waters [ Wegelin, 1996].
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4.3.2 Slow sand filters
a) Head-loss development
Slow sand filters showed fluctuating head-losses. However, it was increasing with time due

to progressive clogging of the filter-bed (see Figure 4.3-1).
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Figure 4.3-1: Head-loss development in pilot plant lolanda SSF units

Initial head-losses ranged from 2.8 to 3.5 cm. Head-loss in both SSF units at the end of filter-
run 1 was about 77 cm. In filter-run 2, SSF-1 and SSF-2 recorded 87 cm and 76 cm as
maximum head-losses, respectively. The end of a filter-run was indicated by the

supernatant water level reaching the set overflow point (see Figure 3.4-11).

The higher head-loss in SSF-1 at the end of filter-run-2 was due to the fact that even after the
supernatant water level reached the set overflow point the filter was allowed to run for
about two weeks since the filtration rate during this period was still acceptable (>0.1 m/h).
The filter was taken out for cleaning after the filtration rate became less than 0.1 m/h
(acceptable lower limit). Hence, when the supernatant water level in an inlet controlled

slow sand filter reaches the set overflow, the filter may still run at acceptable rates.

Fluctuations in head-loss development could have been due to the frequent in-flow adjustment

necessitated by algae and suspended solids depositions inside rotameters. Excessive
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accumulations of these depositions slightly reduced inflow rates. Hence, rotameters had to
be cleaned at least once a week. During cleaning, which took about 5 minutes, the

supernatant water level was dropping leading to slight head-loss decreases.

b) Filter-runs

Filter-runs for the SSF units obtained in this study can be considered acceptable. The first
filter-run for both slow sand filters was 27 days. The minimum recommended for optimal
operation and maintenance is about one month (~30 days) [Wegelin, 1996]. The second
filter-runs are also very acceptable: 83 days and 122 days for SSF-2 and SSF-1
respectively. The shorter filter-run 1, compared to filter-runs 2, for both filters was due to
the rapid clogging caused by excessive algae growth during filter-run-1. During filter-run
1, SSF units were not covered and the sunlight which reached the superatant water
stimulated algae growth. However, during filter-run 2, the filters were shaded. This
prevented excessive algae growth. SSF-1 showed a longer filter run-2 because it received
less turbid influents, which were from URFL-1. Most of the simulations were done on

URFL-2 and therefore, its filtrates were usually of higher turbidity than those of URFL-1.

Filter-runs for SSF were much higher than those reported for SSF applications in Zambia,
which experience runs of not more than one month during the dry seasons and 2 weeks
during the wet season (see Table 2.6-2). Some applications even have filter-runs as low as
3 days (see Table 2.6-2, Mansa Township). The high filter-runs obtained, compared to SSF
applications in Zambia, are due to adequate pre-treatment provided by URFL.

4.4 Micro-biological performance

The micro-biological performance was assessed by analysing the levels of faecal coliforms

(FC). Analysis results are tabulated in Appendix C.

4.4.1 Up-flow roughing filters in layers
Analysis results of FC in raw water and URFL filtrates are shown in Figures 4.4-1 and 4.4-2.
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Figure 4.4-1: Faecal Coliform numbers/100 mi of raw water and URFL-1 filtrate
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Figure 4.4-2: Faecal Coliform numbers/100 ml of raw water and URFL-2 filtrate

The results in Figures 4.4-1 and 4.4-2 are for average filtration rates of 0.5, 0.75, 1.0 and 1.25
m/h (see Table 3.5-2). The FC removal efficiencies by URFL at these filtration rates are
summarised in Table 4.4-1. Results for URFL-2 on 16/04/97 and 28/05/97 are not included in
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this table since the filtrate FC levels were greater than raw water levels. Therefore, an error

either during sampling or analysis was suspected and the results on these dates were rejected.

Table 4.4-1: FC removal efficiencies by URFL at different filtration rates

Filtration URFL-1 URFL-2
rate(vy) Influent FC % reduction Influent FC % reduction
#/100 ml #/100 ml
1) 0.50 40 - 636 95-100 34-636 41.18-98.95
2) 0.75 67 - 200 85-98.95 14 - 200 80.00-100.00
3) 1.0 100 - 1633 77.22-96.73 43 - 2500 53.33-93.07
4) 1.25 200 - 533 27.50-78 273 - 3400 53.56-78.00

From Table 4.2-1, URFL show differences in FC removal efficiencies due to different FC
levels in the raw water. Despite the different performances, both URFL-1 and URFL-2
produced effluents with FC levels below the maximum recommended level of 200 FC/ 100 ml
by Di Bernardo (1991) for effective SSF. Only five out of the 42 URFL filtrate samples
analysed had greater than 200 FC/100 ml. The corresponding raw water FC levels in these
five samples had greater than 1000 FC /100 ml. This is an indication that effective micro-
biological performance of URFL is also dependent on the contamination levels in the raw
water, as reported in literature as well [Galvis et al., 1993]. Filtration rates of 1.0 and 1.25
m/h show relatively lower FC removal efficiencies. This could be as a result of the shorter
retention times at these filtration rates compared to filtration rates less than 0.75 m/h. Higher
retention times enhance FC removals since more time for the effective purification
mechanisms to take place is provided. Galvis et al. (1993) report FC removal efficiencies for
pilot and full-scale URFL plants ranging from 73.3 to 98.4 % for 0.3-0.75m/h filtration rates.
The removal efficiencies in Table 4.4-1 for 0.5 m/h and 0.75m/h are comparable to these

results.
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4.4.2 Slow Sand Filters
FC analysis results in pre-treated raw water and SSF filtrates during filter-run 2 and
afterwards are shown in Figures 4.4-1 and 4.4-2. FC analysis was not done during filter-run 1.

SSF-1 was cleaned on July 27, 1997 and SSF-2 on June 18, 1997.
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Figure 4.4-3: Faecal Coliforms in pre-filtered raw water and SSF-1 filtrate
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Figure 4.4-4: Faecal Coliforms in pre-filtered raw water and SSF-2 filtrate

From Figures 4.4-3 and 4.4-4, about 90% of the influent FC levels for both SSF units were
below the maximum level of 200 FC /100 ml recommended by Di Bernardo (1991). This is
due to the reduction of FC by URFL . However, it should be mentioned that about 50% of the
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FC analysis results of raw water samples revealed less that 200 FC/100 ml, consequently,

most URFL filtrate samples had less than 200 FC/100 ml.

The average FC/100 ml for SSF-1 and SSF-2 filtrates before end of filter-run 2 were 1.6 and 1
respectively. WHO recommends zero FC/100 ml in drinking water. Therefore, these SSF

filtrates would still require disinfecting to guarantee supply of potable water.

After cleaning each SSF unit at the end filter-run 2, there was an increase in FC/100 ml SSF
filtrate. The high FC/100 ml after cleaning verifies that the scraping removes the
Schmutzdecke layer. This is an indication that the top dirty layer greatly enhances FC
reductions. Therefore, after cleaning a filter, it should be filtered to waste for a period of at
least 24 hours within which the Schmutzdecke is allowed to re-develop [Graham, 1988].
Usually, a filter-bed with a fully developed Schmutzdecke should produce filtrates with zero
FC/100 ml. After cleaning such a filter, the ripening period is normally less than a few days to
a week. The 'ripening period' is reached when bacteriological analysis of SSF filtrates show
zero FC/100 ml. This was not achieved, and a much longer ripening period was experienced
(about two weeks for SSF-1 and four weeks for SSF-2). This can be attributed to the high
initial filtration rates (~0.25 m/h) experienced after putting the filter back to service, which
consequently might have caused FC breakthroughs. Usually, it is recommended that a SSF
filter should be put back to service at low filtration rates (<0.10m/h) to promote quick

ripening.

The high initial filtration rates experienced, even when it was attempted to reduce SSF inflow
rates to less than 65 L/h (<0.10m/h), could have been due to the fact that the filters were
started with the supernatant water level slightly above the outlet weir level. This meant that
even if the inflow to slow sand filter units was set at less than 65 L/h (0.1m/h), the already
available hydraulic head above the outlet weir caused filtration rates higher than 0.1 m/h.

Before cleaning SSF-2, at the end of Filter run 2, its filtrate had 0 FC/ 100 ml. After cleaning
FC levels increased gradually, and over a period of about four weeks decreased to about one
FC/100 ml (see Figure 4.4-4). In practice, it is therefore necessary to apply adequate

disinfection during longer ripening periods because FC levels in filtrates could be
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unacceptable. The decreasing FC after cleaning indicates the re-ripening of the filter-bed, and

hence the development of the Schmutzdecke.

4.5 Operation and maintenance aspects

Two Operation and maintenance aspects were distinguished: daily routine tasks carried by the

operator, and the major tasks carried out by the author with the help of the plant operator.

4.5.1 Routine tasks

a) Adjustments of flow rates

The control of raw water flow to URFL was done nearly daily due to the algae growth and
suspended solids depositions inside the rotameters. When one rotameter of an URFL unit
was being cleaned, continuous supply to slow sand filters was ensured by opening valve X

the interconnection the two production lines(see Figure 3.4-11).

Rate of SSF (controlled from the inlet side) were set at the beginning of each filter-run and no
further adjustments were required. This is the advantage of inlet-controlled filters
compared to outlet controlled filters in which daily adjustments are required to compensate
for head-loss. The problem of depositions in SSF rotameters was less pronounced since

they received pre-treated water.

b) Cleaning of raw water tanks, filter units and URFL inlet and outlet boxes

Depositions of suspended solids, and growth of algae occurred within the raw water tanks
and URFL inlet and outlet boxes, and had to be cleaned occasionally. The growth of algae
in the supernatant water of all filter units was excessive during filter-run 1 when the filters
were not shaded, and had to be fished out daily. The initial low supernatant water level of
slow sand filters was difficult to reach for algae removal. This could be big a problem in
full-scale plants as it is reported to be one disadvantage of inlet controlled filters [Galvis et
al., 1993]. A plastic mesh with small openings was cut into a circular shape around which

a wire was tied. The wire was attached to a long stick to reach and fish out the algae.

The grown of algae can be minimised by raw pre-chlorination or micro-straining and shading
the filter units. The former is expensive for developing countries, but shading is more
economical especially for small to medium treatment plants. Hence, algae problems were

minimised by covering raw water tanks, filter units, and URFL inlet and outlet boxes.
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Settling in raw water tanks was minimised by locating the outlets at the bottom of the tanks

(see Figure 3.4-10).

4.5.2 Cleaning of the filter-bed media

a) Up-flow Roughing Filters in Layers
P Cleaning of the URFL filter media was strictly supposed to have been done before
commencing investigations in each trial run. In this way, the filter-bed is brought back to a
clean state. URFL cleaning is due when the allowable head-loss is attained or when filtrate
quality becomes unacceptable. Non of these criteria were attained in this study. Therefore,

o the cleaning intervals were due to the limitation on the period of investigations.

Both URFL were cleaned at the end of Trial 1 (27-03-97) before starting Trial 2. Thereafter,
the filters were not washed at the end of Trial 2. At the end of Trial 3, URFL-1 was not
P cleaned since the effluent was still acceptable (<3 NTU), but URFL-2 was cleaned (02-05-
97) since it had been fed with highly turbid raw water (simulated) and filtrate turbidity was
approaching 10 NTU(acceptable upper limit, see Figure 4.2-6). At the end of Trial 4, both
URFL were not cleaned (effluent quality and head-loss were acceptable). At the end of
& Trial 5, URFL-2 was cleaned. Within Trail 6 (18-07-97), both URFL units were cleaned.

Theoretically, if the filter media were not washed before each trial, removal efficiencies

during the subsequent trial may either improve or reduce depending on the quantity of

- suspended solids retained. If retained solids are still less than what the filter-bed can accept
i before breaking through, these retained solids will enhance physical filtration mechanisms
(adsorption, attachment, screening and interception) and improve removal efficiencies.

However, if the filter bed cannot store any more solids, removal efficiencies will drop and

- effluent quality will deteriorate due to solids breakthrough. Either cases was not noticeable
in this study. It is possible that between the trials when the filter media was not washed, the

amount of accumulated solids was not enough to affect high or low removal efficiencies.

Visual observations on the quality of the wash water during hydraulic cleaning of the URFL
filter media showed removal of suspended solids. Cleaning was done at least twice on each

occasion. When cleaned for the second or third time, wash water was more clarified.
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During four of the cleaning occasions, grab samples were collected and analysed for

suspended solids contents. Analysis results are shown in Figures 4.5-1 & Appendix D.
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Figure 4.5-1: TSS concentration in URFL hydraulic cleaning wash water

From Figure 4.5-1, it is seen that there were high TSS at the start of the cleaning. This
indicates that most suspended solids were retained near the filter bottom. High TSS near
the end of the draining could be due to low velocities (due to the low water levels in the
filter unit then) which allowed flow of solids (retained near the filter walls, between under-
drain openings and between lateral drains) towards the outlet of the filter unit. This trend is
what Wegelin (1996) obtained in his investigations of the hydraulic cleaning as well.
Theoreticaily, the concentration of TSS levels in the wash water is supposed to be

decreasing with time of draining.

Wolters (1988) suggests that “shock loading” (instantaneous closure and opening of the fast
drainage valve during draining) enhances the dislodgement and removal of solids. By
opening the fast drainage valve and then suddenly closing it, water hammer effects are
initiated to aid in dislodging suspended solids from the filter media grains. The shock
loading effect was tried once on URFL-1 in Trial 6 (see Figure 4.5-2).
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Figure 4.5-2: TSS concentration in URFL wash- water during "shock loading"

According to Wolters (1988), TSS peaks are supposed to occur between the intervals of shock
loading. This would then illustrate that suspended solids were dislodged. The peaks should
then decrease with increasing cleaning/draining time. However, in the trial done (Figure
4.5-2) these peaks did not occur. This could be attributed to the inadequacy of the under-
drain system, which in his case was only coarse gravel. The of design criteria of RF under-
drain system for effective filter washing has not been fully developed, only preliminary
guidelines exist to date [Galvis et al., 1993].

b) Slow sand filter filter-bed
SSF media were cleaned by scraping off the top 1-2 cm of top layer (Schmutzdecke) until
relatively clean sand was reached. After cleaning, the sand surface was levelled to prevent

formation of puddles of water when the filter is drained for cleaning the next time.

A just cleaned SSF unit was put back to service by first re-filling the unit through the under-
drain with filtrate from the adjacent filter unit. After re-filling raised the supernatant water

to about 15 cm above the effluent weir level, the filter was put back to service.

After putting the filter back to service, higher filtration rates were common. This was as a
result of refilling the supernatant water level to above the outlet weir level. Hence, when
the filter is started, the already existing hydraulic head above the weir level initiated high

filtration rates than those set on the rotameters.
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Chapter five
5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The potential for the use of roughing and slow sand filtration systems, as alternatives to
conventional methods, in treating surface water in Zambia, have been revealed through the
critical literature review and the attendant pilot plant investigations. Pilot plant investigations
revealed simplicity in operation and maintenance associated with these systems, compared to
the operation and maintenance of conventional systems reported in literature. Final filtrates of
these systems are of very high physical and micro-biological quality. The results of the study
provide the first basis for designing roughing and slow sand filtration systems in Zambia

based on local practical investigations.
The specific conclusions drawn include:

a) Ability of URFL to treat raw water to quality acceptable for SSF

It was concluded that URFL are able to pre-treat raw water to physical and bacteriological
quality acceptable for slow sand filters. Turbidity, total suspended solid and faecal coliform
levels were reduced to less than 10 NTU, 5 mg/L and 200 FC/100ml, respectively.

b) Treatability of the Kafue river water by URFL-SSF systems

The Kafue River water was found to be treatable by URFL with respect to turbidity, faecal
coliforms and suspended solids removal. However, the actual high turbidity and total
suspended solid levels common in the rain seasons were not studied since the plant was
commissioned after the rain season was almost over. The simulation of high turbidity raw
water using clay from the Kafue River banks provided an indicative capability of URFL to
treat raw water common during rain seasons. URFL were able to reduce average daily
turbidities from about 300 NTU to below 10 NTU. However, the algae content of Kafue
River water, although not measured, poses problems related to clogging filters. This was
confirmed by the short first filter-runs of both pilot SSF units. The filters clogged due to
algae blooms before they could be prevented by shading.
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c¢) Filter runs of up-flow roughing filters in layers and slow sand filters

URFL filter-runs were not established, either with respect to effluent quality or head-loss
development. The operation periods of URFL ranged from 10-31 days, with the highest (31
days) occurring when both URFL units were run at 1.0 m/h. It is therefore likely that for
filtration rates less than 1.0 m/h, URFL filter-runs could exceed four weeks. Because of the
low turbidity raw water and intermittent simulations of high turbidity, head-loss
development was very low and could not be used as an indicator of the end of a filter-run.
However, there was an indication of filtrate turbidities increasing with time. This can be a
reasonable criteria for indicating the end of a filter-run. In literature, filter-runs of about a
week are reported with heavy turbidity and suspended solid loads common in wet seasons.
It could have been possible to experience such filter-runs if highly turbid raw water was fed

to pilot plant Jolanda continuously.

Obtained SSF filter-runs(at least 4 weeks) were acceptable and comparable with reported
values in literature for well operated SSF(more than 1 month). It is possible that without
pre-treatment, filter-runs of SSF could have been shorter. These acceptable filter-runs are
attributed to the adequate pre-treatment provided by URFL. The filter-runs obtained in this
study are much higher than those reported by Versteeg and Holzhaus (1993) for SSF
applications in Zambia (3 days-2 weeks) which receive chemically pre-treated or raw

surface water.

d) Suitability of local filter media for URFL and SSF

Local filter media used in SSF and URFL units are suitable, and can readily be employed in
full-scale installations as is evident from the good performance of pilot plant Jolanda. The
suitability of local filter media can definitely reduce capital costs since importing large
quantities of filter media could prove very expensive. However, thorough washing and

grading is very necessary before use.

e) Influence of investigated URFL filtration rates on performance of URFL

URFL filtration rates of less than 1.0 m/h did not show marked difference in turbidity
reduction, TSS, and faecal coliforms. However, an average filtration rate of 1.25 m/h
indicated reduced performance with respect to faecal coliforms removals. Since the main
purpose of roughing filters is usually to reduce turbidity and suspended solids which may
rapidly clog slow sand filters, the filtration rate of 1.25 m/h can still be applied as long as it
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is able to reduce levels of these parameters to acceptable quality for SSF. Faecal coliforms

can still be removed by terminal disinfection.

f) Operation and maintenance of URFL-SSF systems
Operation and maintenance of URFL-SSF systems compared to conventional water treatment
systems is simpler. No daily expert supervision was necessary. Operation and maintenance

of pilot plant Jolanda was done by a local person (operator) who was easily trained on site.

The non-chemical pre-treatment by roughing filtration means lower operation costs compared
to conventional methods which demand continuous use of chemicals. The absence of
mechanical/electrical components (used for back-washing in RSF and chemical

preparations and dosing) imply less operation and maintenance problems.

The hydraulic cleaning of URFL by rapid draining was easy and required neither pumping nor
extra labour. It was effective in removing accumulated solids. However, after cleaning the
filter, it is better to refill it using low rates (<0.5 m/h) to prevent re-suspension of dislodged
solids which were not washed out. Attempts to quickly refill the filter at high rates (>1.0
m/h) can result in high turbidity filtrates.

5.2 Recommendations

The following recommendations for the operation, maintenance, design and possible future
investigations on URFL-SSF systems have been drawn based on the critical literature review

done and experiences with pilot plant Jolanda.

5.2.1 Operation and maintenance

a) To prevent the proliferation of algae and secure plant hygiene, URFL and SSF should be
shaded. For URFL, this is achieved by filling the supernatant depth, including the
collecting drains, with coarse gravel (>25 mm), while SSF units can be roofed. For
economic reasons, it may be appropriate to shade only URFL, which may remove most of
the algae. The use of pre-chlorination or micro-straining to prevent algae blooms could be

very costly for small and medium community water supplies in developing countries.
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b) To achieve effective hydraulic cleaning of URFL, the draining should be done at least
twice, successively. After cleaning, the filter should be put back to service at low filtration
rates(~<0.50 m/h). High turbidity break-through can occur if the filters are refilled quickly
at higher filtration rates, and this would lead to clogging of the subsequent SSF units if the
filtrates are not sent to waste. Attempts to fill the filters at high rates and then filter to
waste until the filtrate is acceptable to SSF, may result in increased down-time because the
experience with pilot plant Jolanda indicated that it can take several hours of filtering to

waste before the filtrate becomes acceptable.

c) When a SSF is taken out for cleaning, it should not be completely drained and dried, as
practised in most SSF installations in Zambia, because the developed micro-biological life
within the filter-bed is killed. Re-development of the micro-biological fauna requires time
to adjust to new conditions. Re-filling and re-charging of the filter should be done at low

filtration rates(<0.1m/h) to allow effective development of the schmutzdecke.

After cleaning an inlet controlled slow sand filter, it should not be back-filled to above the
effluent weir level. Back-filling should only raise the supernatant water level to the effluent
weir level. If the initial supernatant water level is above the effluent weir crest and the
inflow rate is set to the recommended low starting rate (<0.10m/h), the available hydraulic
head above the effluent weir crest level can cause higher than 0.1 m/h rates. This was
experienced with pilot plant Jolanda. The high filtration rates in a just cleaned slow sand
filter can result in faecal coliform breakthroughs, since the Schmutzdecke layer is still not

fully developed.

d) Filtration rates in SSF are best controlled from the inlet side as experienced with pilot plant
Iolanda. Outlet-controlled SSF could have required frequent adjustments of the effluent
control valve (nearly daily) to compensate for increasing head-loss. The advantages of
inlet-controlled SSF are that regular adjustment of the flow control valve is not necessary,

and the rising water level is an obvious indicator that the filter is clogging.

e) URFL and SSF should be operated with minimal fluctuations of the filtration rates. In

URFL, fluctuating filtration rates can cause re-suspensions of the retained impurities
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leading to their breakthrough. For SSF, constant filtration rates are essential for consistent

bacteriological performance.

f) Because of the low head-loss development in URFL, filter resistance may not always be a
decisive operational criteria for cleaning the gravel. Increasing turbidity of the filtrates up
to undesired levels (daily averages ~ >10 NTU) is a possible alternative for indicating the
end of a filter-run. Where turbidimeters cannot be available, standard clay suspensions with

turbidity around 10 NTU can be prepared and used to compare filtrate clarity.

5.2.2 Design aspects

a) Use of intake or dynamic filters to protect URFL against very high turbidity loads which
occur in rain seasons should be considered in the design of URFL-SSF systems. During the
study on pilot plant Jolanda, there were indications of increasing URFL filtrate turbidity
with increasing raw water turbidity during the daily simulation periods. It is thus likely that
high turbidity raw water for at least a day or more could reduce URFL efficiencies. Intake
or dynamic filters can protect the plant against such high turbidity loads.

b) Literature suggest that URFL give best results at filtration rates below 1.0 m/h. There is not
much performance difference at filtration rates less than 1.0 m/h. However, filtration rates
of 1.25m/h can also be applied as experienced with pilot plant Jolanda. Higher rates could
be possible only for short periods of time when one filter is out of operation for

maintenance.

¢) The inclusion of a support gravel in URFL is recommended. Besides the supporting role, it
can also contribute to the storage capacity of the filter. It may also be essential during
hydraulic cleaning since the large porosity there provides good drainage. However, the

performance of the support gravel maybe affected by the raw water characteristics.

d) Flow to URFL units should preferably be by gravity as this facilitates easy monitoring of
head-loss developments and permit installation of hydraulic flow measuring facilities.
e) Existing structures, like sedimentation basins in conventional pre-treatment systems, can

easily be reconstructed to URFL. Large SSF units can be reconstructed to include URFL.
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5.2.3 Future research
a) Up-flow Roughing filters in layers
e i) Although hydraulic cleaning of URFL showed that it removes part of the accumulated
solids, design criteria for the under-drain system and efficiency of the cleaning process
need more research, preferably using full-scale demonstration plants. The mass balance
analysis of total suspended solids would be the best tool to ascertain the efficiency of the
® hydraulic cleaning. The decreasing water level in the filter units is an interesting aspect
since the drainage velocity also decreases. Possibilities of additional wash water and

sloping filter bottoms should be considered.

il) URFL filter-runs need further investigations with respect to raw water quality. This study

¢
was limited to simulated high turbidities. A study in the rain season when continuously
high turbidity is common and over investigations periods greater than the ones used in this
study, would be interesting.

L ill)With regard to URFL filter media, low depths need to be considered especially where low

turbidity raw waters are common. Monitoring of turbidity reductions through the three
gravel layers of pilot plant Joalnda's URFL units revealed that for low turbidity raw
water, the last two layers hardly reduced turbidity. Suggestions by Wegelin (1996) that
depths of the bottom, middle and top gravel layers in URFL can be designed in the ratio of
3:2:1 can definitely reduce amounts of gravel media used and the overall size of the plant,

thus giving economical benefits.

iv)The performance of pilot plant Jolanda with regard to the removal of COD, colour, iron
and manganese, need to be investigated so that the extent of purification mechanisms is
known. These parameters are also reported to be limiting factors to the performance of

slow sand filters.

b) Slow sand filtration

i) The ripening period of the SSF filter-bed, with respect to faecal coliform removal, using
local sands need further investigations. If the ripening period is known, it is possible to
minimise on safety chlorination especially in rural and township areas in Zambia, and

possibly elsewhere, where disinfectants are difficult to get.
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ii) If slow sand filters are fed with well pre-treated raw water, then it should be possible to
increase production by applying higher filtration rates than those experienced with pilot
plant Jolanda (average 0.24 m/h). Then, the corresponding filter resistance, and turbidity
and faecal coliform removals need evaluation at higher rates under the Zambian
conditions. Kors et al. (1996) report yearly average filtration rates of 0.48 m/h for slow
sand filters at the Amsterdam Water Works (The Netherlands) with a design capacity of
0.65 m/h because they are fed with well pre-treated raw water.

iii) Local sources of SSF filter media need to be explored to avoid costly importation of
sand. Most of the existing water treatment plants in Zambia use imported sand. The need
to explore and study various sands is important because different sands are reported to
perform differently. Pilot plant studies are vital in establishing the suitability of unknown

sands.

iv) Although shading or covering SSF has been recommended as a method of minimising
algae growth, enhancing filter-run length and securing plant hygiene, research is still

required on quantifying the cost and productivity benefits of shading.

v) There is still some considerable uncertainty as to an acceptable minimum filter-bed depth
of sand. Huisman (1989) recommends 0.70 m, Visscher et al. (1987) suggest 0.50m,
Rachwal et al. (1988) indicate that a lower value of 0.3 m is permitted for the London
slow sand filters, and a minimum depth of 0.4 m for algae removal have been suggested
by Di Bernardo et al. (1991). The minimum depth is likely to depend on operational
conditions such as influent quality, sand size, filtration rate, and water temperature
[Graham et al, 1994]). According to Graham (1994), recent pilot plant studies have
suggested that bacterial removal is not very sensitive to filter depth, even with the depth
reduced to 0.20m. Certainly, investigations are required concerning the minimum filter-
bed depth, using local materials in Zambia, since it has a cost implication, especially

where large quantities of sand are required.
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Appendix A: Effects of filter-bed depth in slow sand filtration on operation period
before re-sanding, head-loss and filter run-time.

Useful relationship:

The years of operation before re-sanding can be calculated as follows

Y 2 (Hi=Hm ) J(HS* ) ceeeeeereeeeeeeeereeeeeeeeeeseeseeeeeseanenens

where:

H; is the initial filter bed depth

Hm is he minimum filter-bed depth before re-sanding is needed
H; is the depth of sand scraped after each filter-run

f is the frequency of cleaning per year

yuud

The relationship of the filtration rate, head-loss and filter depth is given by the Darcy's
Equation

VE-K(AH/AZ )it
where:

dH is the head-loss available across the filter-bed

dZ flow distance through media or filter-bed depth (m)

i 0l

k hydraulic conductivity of porous media

= Vs the superficial velocity synonymous with the hydraulic loading rate (m/h)

Example one: Effect of filter-bed depth on bed life

GIVEN DATA:

= filter-bed depths of 1.3m and 1.0m
= H; 1.5 cm per scraping

= {= 6 scrapings per year
=Huy=50cm

CALCULATION

= FORH, = 1.3m and using equation (1)
Y = (130-50)/(1.5 * 6) =9 years

= FOR H, = 1.m and using equation (1)
Y =(100-50) /1.5 * 6) = 5.5 years
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Example two: Effects of filter-bed depth on head-loss and run time

Given data:

Filter-bed depths of 1.3m and 1.0m

filtration rate V = 0.2m/h

k =5.05 * 10”7 m/s ( assuming Temperate = 10°C)

filter run time 60 days

A

maximum allowable head-loss 1.5 m

Applying Darcy's law (equation 2) to solve for the available head-loss for the clean filter-bed
Filter-bed depth of 1.3m gives dH =0.14 m

Filter-bed depth of 1.0m gives dH =0.11 m

Discussions

A filter-bed depth of depth of 1.3m gives a bed life of 9 years, where as a 1.0 m bed gives a
bed life of only 5.5 years. The bed life increases by 3.5 years merely by adding an additional
30cm of filter-bed.

A filter-bed of 1.3 m gives a clean bed head-loss of 14 cm, where as a 1.0m bed gives a clean
bed head-loss of 11 cm. The head-loss increases only by 3 cm by increasing the filter-bed
depth by 30 cm.

Assuming a linear head-loss development with time and an allowable terminal head-loss of
1.5m over a filter run of 30 days for the 1.0m filter-bed would mean the filter-run would drop
by of 4 days if the 1.3m filter-bed is applied. Weighed against this is the additional 3.5 years
bed life before re-sanding. This shows that the trade-offs of increasing the filter-bed could be
smaller than the benefits, although in this theoretical example the additional cost aspects of
the side-wall are not taken into account and whether the foundation soil would accommodate

the additional pressures.

4]
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APPENDIX B (i): Turbidity (NTU) measurements in Up-flow roughing filters in layers

Note: STDEV (%) means standard deviation (percentage)

Day 1 2 3 4 5 ] 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23 24 25

Raw Waler  |Turbiddy| 150 10 67 354 132 154 137 117 129 120 167 125 133 104 116 968 107 118 136 133 | 116 | 142 170

STDEV (%)] 236 84 94 63 83 1320 | 318 | 711 944 14 90 632 4628 | 1208 17 59 617 000 12173 | 9656 1280 1801 | 1408 | 957 | 1893 | 3530
Fittrale |Turbshly | 096 421 133 071 074 069 060 072 077 063 061 063 081 068 068 057 057 058 058 | 055 | 060 069

STDEV(%)| 814 805 16 00 1387 | 1138 | 891 S 81 13 24 1765 | 1207 | 1296 | 1812 1057 000 3192 10.28 938 918 949 | 1060 | 1640 | 2526
Turbidily reduction(%) 3612 60 57 6243 | 4621 | 5195 | 4964 4872 | 4418 3583 | 6228 | 5120 52 63 4135 4138 93 18 4673 | 5169 5735 | 6639|6268 | 5775| S941

N roughl @ a -
Day 1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Raw water {Turbidily | 150 10 67 354 132 154 137 117 129 120 167 125 133 104 116 968 107 118 136 133 [ 116 | 142 170

STDEV(%)) 236 84 94 63 83 1320 | 31886 | 711 944 14 90 632 | 4628 | 1208 17 59 617 000 12173 | 965 12 80 1801 | 1408 | 957 | 1893 | 3530
Filtrate |Turbidity [ 102 408 133 078 074 069 061 071 066 055 055 061 057 058 066 057 060 058 060 | 057 | 083 072

STDEV(%)| 348 441 16 47 807 1306 | 488 14 47 16 58 1745 | 1206 | 1365 1333 544 000 921 859 10 33 636 1283 | 809 | 782 | 2359
Turbidity reduction{%) 3211 62 07 6243 | 4318 | 5195 | 4964 4786 | 4498 | 4500 | 8707 | 5600 | 54 14 4519 50 00 9318 | 4673 4915 5735 | 5485|5086 6268 | 5765
Trlal 2
Up- i er | ers No

] Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 17 18 19 20
Raw water  |Turbudily | 148 187 254 223 12 85 584 500 239 304 210 479 224 225 240 266 311 34 298 361

STDEV(%)} 179 811 73 841 17149 | 1728 | 1602 15 56 1906 1730 | 1041 | 1442 | 2838 1342 3045 3077 1429 464 380
Fillrate |Turbidity | 091 095 097 087 088 085 245 122 136 110 104 112 098 101 114 126 142 1.28 158

STDEV(%)| 3776 614 791 374 3678 1116 | 1625 1074 1900 848 341 576 28 38 292 744 881 566 CES 10 30
Turbtdily reduction(%) 38 51 49 20 61681 6099 | 9315 8545 | 5100 4895 | 5526 | 4762 | 7829 | 5000 56 44 57 92 57 14 59 49 5836 | 5671 66 23
Up-flo I

| Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Rawwaler  |Turbidity | 148 187 254 223 12 85 5684 5 00 239 304 210 479 224 228 2 40 266 311 341 298 361

STDEV(%)| 1.79 8 11 73 841 17149 | 1728 | 1602 1556 18 06 1730 [ 1041 | 1442 | 2838 1342 30 45 3077 14 29 464 390
Filtrale |Turbidity [ 064 105 105 089 085 088 238 126 139 115 103 121 104 105 118 129 153 130 166

STDEV(%){ 2338 1591 452 861 47 61 10 44 8861 901 14 87 1278 | 798 14 81 820 179 971 1210 828 73 785
Turbidily reduction(%) 5676 | 4385 58 66 55 61 9339 | 8527 | 5220 4728 | 5428 4524 | 7850 | 4598 5378 56 25 55 64 58 52 5513 | 5638 54 02
Trlal 3

0 hing fil
Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Raw waler  |turbidity 308 383 234 204 196 192 185 243 185 137 176 167 204 204 301 227 187

STDEV(%)] 10 24 21 12 20 17 15 3 39 20 39 25 30 40 57 54 22 14
Fillrate Jturbdity 127 122 111 108 107 094 0 91 096 095 070 081 066 073 071 081 086 074

STDEV(%)| 1153 774 1271 212 | 307 1516 | 1652 | 3462 2000 17 00 1800 | 800 16 00 1800 1900 17 00 135
Turblddy reduction(%) 5877 68 15 52 56 4706 | 4541 5104 | 5081 | 6049 4865 | 4891 5398 | 6048 | 6422 | 6520 7308 62 11 60 43
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Tnal 3
T Fougning Mier m levers Ng, 2

————
Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 17
Raw waler turtwdily | 1576 | 2568 | 2534 | 1526 | 2025 | 2617 |4531|11583| 5665 |10108[11178)13775]25933 {216 00 | 177 03| 234.00 | 14967
STDEV(%)| 4203 | 2736 | 4256 | 3458 | 4416 | 5183 {1795 4594 | 2782 | 4850 | 4005 | 4828 | 3874 | 3408 | €258 | 1823 | 2567
Filrate |Tusbrdity | 264 | 201 213 ) 163 | 158 | 165 | 225 | 318 | 323 | 467 | 643 | 693 | 798 | 961 761 | 592 | 509
STDEV(%)| 3365 | 2676 | 2520 | 2205 | 2026 | 2149 [22.18) 3697 | 2748 [ 4100 | 3700 | 2800 | 2600 | 29.00 | B8OQ | 7163 | 239

Turbidiy reduclion{%) | 8325|8217 | 9159 | 8932 | 9220 [ 9370 |9503( 97.25 | 9430 | 9538 | 9425 | 9497 | 9692 [ 9555 | 9570 | 97 47 | 96 60

TRIAL 4

“Op-Tiow roughing fitter in leyers No 1

Day| 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23 | 24 | 25 | 26

Raw waler turbidity | 3045 | 3505 (4226 | 7458 | 5134 |10083( 193 176 | 167 | 219 | 186 | 205 | 308 | 274 { 251 | 299 | 265 | 250 | 229 | 311 [2221151 1141159222
STDEV{%)| 2044 [ 3615 | 3493 | 4430 | 5891 | 6395 | 623 2376 | 1197 | 2875 | 3417 [ 1640 | 2419 | 2790 | 2321 { 2424 | 5061 | 2085 | 3132 | 4026 (1544 833 |16.26]1389)1337

Filtrale | Turbidiy | 282 | 306 | 323 | 408 | 393 | 585 | 092 081 | 085 | 0B7 | 076 | 090 | 099 | 094 { 115 | 089 | 096 | 090 { 092 | 116 |095/080]066|064]118
STDEV(%)] 1866 | 1206 | 1049 | 4089 | 5242 | 4777 | 1603 2275 | 645 | 1467 | 860 | 723 | 1296|1828 | 1826 | 1277 | 1351 | 333 | 830 | 1741 |1599]|1660(17 64|1856)31 43

Turbsdity reduction(%) 907 | 813 | 924 | 945 | 923 | 942 | 6521 639 | 480 | 604 | 593 | 661 681 658 | 541 703 | 638 | 640 | 598 | 627 | 573|473 |533|596|467

Up-flow roughing fler in layers No 2

Day 1 2 3 4 S 8 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Raw waler lurbsdily | 3748 | 6255 [ 4167 | 9160 | 6352 [ 12260 4096 | 3217 | 3450 | 4431 | 5086 [ 3708 | 7729 [ 7967 [ 7293 | 6727 | 8265 | 7643 | 5378 |67 23131 62(21 99|23 94(24 98
STDEV(%)|{ 583 | 788 | 235 99 445 | 857 507 1 185 | 220 | 240 | 547 | 173 | 181 162 | 654 | 188 | 162 | 157 | 450 | 241|767 )429]309|551

Filtrate Jturbidity | 403 | 467 | 354 ] 483 | 446 | 526 419 | 522 | 387 | 455 ( 511 457 | B42 | 805 | 546 | 748 | 727 | 555 | 557 |586[342)|2560({239)308
STDEV(%)} 3346 | 1896 | 1846 | 4092 | 4583 | 4865 3505 | 2797 | 2485 | 1844 | 4722 | 1450 | 2409 {1723 | 3271 | 940 | 1899 { 3501 | 2679 {1585|3955{1397}159016102

Turbdhly reduction(%) 89 93 92 95 83 96 90 84 89 90 90 88 89 90 a3 83 91 93 S0 91 89 89 S0 | 88

Day Ell 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 22 23 | 24 | 26 | 28 27 28 | 28 30
Raw water | Turbidity 278 213] 2821 219] 231 241 206 196 199 141 1450 140] 5464} 6416] 2508] 3760} 4114|169 18134 25)42 51,38 37|36 76|44 84)|37 12]|6573] 156 11
STDEV(%)] 3030| 4368] &189] 3193{ 1099| 2117|2239 2300| 4193 700] 1729| 1056| 2313| 3858 2118| 5093| 67 18|30 07|44 09|44 95|38 05]| 27 5638 70] 43 98{53 98 101 31
Fillrate | twebidity 088] 089] 100/ 090 088] 117 092 0B8s| 082 o077] o7o] ove] 359f 398l 269 318] 241| 48| 270! 327] 317) 296) 320] 272] 228} 293
STDEV(%)| 1750] 1497] 1619] 1194| 2078| 2744|1160 1223| 2492 1348 1382 1779 1202| 1057 1684| 2724| 1354]|1578]2526{37 27|17 73|21 03[ 1521 1500/ 1424] 40 80
Turbidity reduction(%) 685| 583 645 591 576] 515 554 558] 591 454! 518] 455] 934| 938 B893] 915[ 941| 929] 921] 923| 917 s20] 929| 927| 965] 981

Up-flow rouahing fifter in lavers No 2

Day 11 2 3 4 5 6 7 8 9 10 11 12 13 14 15 18 17 18 19 20 21 22 23 24 25 | 26 27 28 | 29 30
Raw waler Turbudity | 2664] 2999) 3399| 3809 2600| 3750)2686 3080] 4156 2394] 6168] 2756]11056] 5246| 3527] 4232| 3147]|6055|4536)3912|4039)33.71]|46 38| 40 88|81 85{ 220 20
STDEV(%) 2727 4856] 4503| 1710 1712{ 6082|2021 1927( 4056 1857] 4533] 1379] 4802] 3852] 4802] 5986] 4346}24 06]7039]48 45]4824)20863|3197[3050|5167] 74 10
Filtrate rurbidity 430| 370) 449] 417| 355] 461) 528 376] 3% 286) 435 37 372] 413] 342 332 248| 489 345] 343| 382 262| 324| 297] 206] 273
STDEV(%)| 2836] 1037| 1201] 1862| 1734| 24 89| 2048 2894| 2531 284| 1875] 2157] 5544} 1432] 5280| 27.02| 1236}41.23|12364(3500|2244}1892}21 49}2157)24 39} 3043

Turbidity reduction(%) 839 877| 6688| 891 863] 877 803 878| 905 880|] 930 866] 966] 921 903] 922] 921f 919| 924 912 905| 922| 830] 827) 975] 988
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TRIAL €
Up-fiow rouahing fifter In layers No 1
Day 1 2 3 4 5 5 7 8 9 10 [K 12 13 14 15 16 17 18
Raw waler |Turbily | 19121 | 23690 | 23940 | 13678 | 9242 7117 94 84 46 62 93 24 86 49 62 66 13572 | 11101 | 14353 | 7833 65 80 60.28
STDEV(%)[ 6107 4291 4109 5392 1900 3405 4913 25 64 1405 4827 5193 63 18 47 57 37 14 50 88 4327 4258
Filrate [Turbigly | 382 6 65 458 548 359 315 302 343 460 311 360 505 517 420 374 319 482
STDEV(%)| 1239 30 11 25 80 76 24 2406 3046 2003 20 41 1580 689 27 02 20 49 2077 1475 36 48 1559 5306
Turbiddy reducton (%) 980 972 98 1 96 0 96 1 956 96 8 928 95 1 96 4 94 3 95 3 953 97 1 952 95 1 920
- @ 1
Day 1 2 3 4 5 6 7 8 9 10
Raw waler [Turbidily [ 29940 | 27710 | 19176 | 15645 | 9905 53 90 66 95 67 11 84 63
STDEV(%)| 6796 39 01 2384 57 65 44 58 40 11 54 68 3165 1990
Filrale |Turbidity | 4 47 713 440 603 323 323 324 439 504
STDEV(%)| 1164 51 80 24 69 99 31 17 48 3261 26 09 24 01 1319
Turbedity reduction (%) 98 5 97 4 97 7 96 1 96 7 84 0 952 935 94 0
TRIAL 7
-flow | tor In laye;
Day 1 2 3 4 5 6 7 8 9 10 11 12 13
Raw water |Turbicily | 9245 | 24543 | 20033 | 7112 | 20650 | 11952 | 17118 | 17768 | 21460 | 165368 | 15624 | 16603 | 22150
STDEV(%)| 5014 9125 70 02 47 09 1013 55 60 20 63 4479 40 34 3773 4999 27 27 25 91
Filtrate [Turbidity [~ 4 37 430 3.23 267 267 488 392 514 542 431 364 385 500
STDEV(%)| 1381 4960 36 84 34 16 17 33 50 09 922 28 56 4212 36 69 43 60 1339 17 50
Turbiddly reduction % 953 98 2 98 4 962 837 95 9 977 97 1 975 97 4 977 977 97 7
Up-flow rouahing fliter in layers No, 2
| Day 1 2 3 4 5 3 7 8 9 10 1 12 13 14 15 16 17 18 19
Raw waler |Turbidity ] 12220 | 16075 | 13071 | 12881 | 21293 | 9643 7823 11074 | 18387 | 19804 | 180983 | 6712 | 23270 | 12250 [ 15563 | 23947 [ 27658 | 16267 |17500
STDEV(%) 53 32 38 44 53 43 3313 51 59 60 02 36 06 7317 65 45 68 80 59 58 3953 30 19 59 99 47 42 6234 63 38 3426 | 4597
Filtrate [Turbidity | 4 78 907 564 6 61 636 481 380 337 297 491 397 262 262 488 419 531 573 442 391
STDEV(%)] 3500 4117 2039 4148 3312 17 21 1019 4388 1305 3172 1511 16 25 14 90 3987 15 42 3925 3576 3715 | 4076
Turbldity reduction % 95 1 94 4 957 94 9 97 0 950 95 1 97 0 98 4 975 97 8 96 1 98 9 96 0 97 3 978 87 9 97 3 97 8
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APPENDIX B (ii): Turbidity (NTU) reduction by slow sand filters (Pilot plant Iolanda)

Note: ND means no data

Appendix B )

{March 1997) 1 2 3 4 6 ] 7 8 ] 10 1 12 13 14 15 16 17 18 19 20 21 2 23 24 25 26 27 28 28 30 31
1 SSF-1 Influent ND 096 ND ND [ 421 [ 133|071 (074|069 |0O60 [ 072|077 | 063 | 061|063 ) 061 |D68 | ND {068 | 057 | 057 | 058 | 058 | 055 | 060 | 069 [ 091 [ 095 J 097 | 0687 | 088
SSF-1 Effluenl ND 182 ND ND | 240 | 081 | 052 | 043 | 043 | 040 | 042 | 035 ) 032 | 030 ) 029 | 027 | 025 | ND | 020 | 030 ) 028 | 027 | 028 | 028 | 030 | 029 | 047 | 057 | 0568 | 053 | 042
% Reduction -5864 429513910 | 2676 |4189 [3768 (3333|4167 |5455 (4921 | 5082|5397 [5574 (6324 5735{4737 |5088 | 5345 5172|4909 5000|5797 |4000 [ 4000 [ 4227 | 3908|5227
t SSF-2 Influent ND 102 ND ND | 405|133 | 075|074 | 069 | 061 [ 071 | 066 | 055 | 055 | 061 | 057 |058 | ND | 066 | 057 {060 | 058 | 060 | 057 [ 053 | 072 | 064 | 105 | 105 | 099 | 085
SSF-2 Effiuent ND 097 ND ND (242 [ 080 | 052 | 044 | 037 | 035 | 039 | 035|031 | 028|026 | 026 | 029 | ND | 026 | 027 | 025 | 023 | 022 { 023 | 020 | 021 | 024 | 029 | 030 | 027 | 042
P% Reduction 443 40.20 [ 3985 | 3067 |4054 | 4638 {4262 | 4507 | 4697 | 4364 | 4909 | 57 38 | 5439 | 5000 6061 (5263 | 5833 (6034 8333|5965 )6226|7083 (6250 (7238|7143 |7273 5059
te (April 1897) 1 2 3 4 5 8 7 8 ] 10 1 12 13 14 16 18 17 1B 19 20 21 22 23 24 25 28 27 28 28 30
1 SSF-1 Influent 085 | 245 ND | 122 136 | 11 104 | 112 | 098 [ 101 | 114 | 126 | 142 | 129 | 158 (129 | 122 | 111 | 108 | 107 | 094 | 091 | 096 | 095 ] 07 | 081 {066 [ 073 | Q71 | 081
SSF-1 Effluent 053 | 083 ND [068 | 071 | 073 | 062 | 061 | 055 | 063 | 053 [ 049 | 049 | 06 | 062 | 059 | 058 | 055 | 051 | 046 | 047 | 064 | 051 | 045 | 041 | 045 | 046 | 0S5 | 057 | 051
P% Reduction 3765|6612 4426 | 4779|3364 {4038 4554 (4368 (4762|8351 | 61116549 (5349|6076 5426|5246 5045|5278 (5701 |5000|2967 4688|5263 4143|4444 |3030(2466|1972|3704
1 SSF-2 Influenl 086 | 239 ND | 126 [ 139 [ 115 | 103 | 121 | 104 | 105 | 118 | 129 | 153 | 13 | 166 [ 245 | 201 | 213 | 163 | 158 | 165 | 225 | 318 | 323 [ 467 | 643 | 693 | 708 | 961 { 761
SSF-2 Effiuent 032 | 045 ND {042 | 05 | 045 ) 041 | 046 | 04 (038 | 045 (1036 [ 043 | 038 | 059|056 [ 055|054 | 049 (048 | 048 | 051 | 058 | 058 | 057 | 064 | 062 | 075 | 087 | D87
P% Reduction 6279 8117 6667 |6403 | 6087 (6019 | 6198 [6154 [6381 | 6166|7209 | 7190 (7077 |6446 |77 14 | 7264 [ 7465|6994 | 6962 | 7091 (7733 (81768204 | 8779 (9005|9105 [9060 | 9095 | 8857
ta (May 1997) 1 2 3 4 S 8 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3
1 SSF-1 Influent 086 | 074 ND | 282 | 306 | 323 | 408 | 393 | 585 | 092 | ND | 081 | 085|087 (076 | 090 | 099 | 094 | 116 | 089 | 096 | 090 (092 | 116 | ND | 095 | 080 [ 066 | 064 | 119 | 088
SSF-1 Effluent 049 | 058 ND | 046 | 046 | 054 [ 053 | 061 | 062 | 054 | ND | 046 | 048 | 058 | 049 | 046 | 059 | 053 [ 058 | 045 | 055 | 045 [ 037 [ Q41 ND | 035|034 | 033|031 |028 032
P% Reduction 4302 | 2162 8354|8508 |B341|8699|B444 |8934 14170 4350143393249 3519|4666 | 4007 | 4388 | 4991 | 4969 | 4292 | 5000 | 60 02 | 64 B0 6300 (5722 (500052187530 638
1 SSF-2 Influent 592 | 509 ND | 403 | 467 [ 354 | 483 | 446 | 526 | 107 | ND | 419 [ 522 | 387 | 455 | 511 | 457 | 842 | 805 | 546 | 748 | 727 | 655 | 557 | ND | 586 | 342 | 250 | 239 [ 308 | 430
SSF-2 Effiuent 094 | 085 ND | 068 | 065 [ 070 { 074 {076 | 068 | D64 | ND | 059 | 055 | 072 [ 072 [ 064 [ 072 {068 [ 073 | 070 [ 073 (060 [059 | 057 | ND | 0568 | 051 | 036 | 037 { 037 | 040
P% Reduclion 8412} 8330 8316 | 8599 | 80.27 (8466 | 8301 | B7 06 [4075 8586 | 8944 | 8131184188752 8414|9195 (9094 |8723 |9023 91798934 | 8983 9062 | 8516 | 8545 (8444 |8792 | 91
(June 1987) 1 2 a 4 5 -] 7 8 9 10 1 12 13 14 15 16 17 18 18 20 21 22 23 24 25 26 27 28 29 30
1 SSF-1 Influent 089 | 100 | 090 | 088 | 117 | 092 | ND ND | 086|082 [ ND ND {077 [070 | 076 | 359 | 398 | 269 | 318 | ND | 241 | 489 [ 489 | 327 | 317 | 296 | 320 | 272 | 228 | 293
SSF-1 Effluent 029 ¢ 026 | 037 | 028 | 026 |03 ND ND | 029 | 027 | ND ND | 023 {022 (027 | 029 [ 032 |035 [ 032 | ND {030 | 039 [039 | 038 | 036 {032 | 028 [ 031 | 029 | 030
b% Reduction 677 | 739 | 588 } 709 [ 778 | 663 660 | 664 701 | 680 | 651 | 920 | 920 | 872 | 898 g78 [ 921 | 919 [ 885 | 885 | 830 | 913 | 886 | B74 | 898
1 SSF-2 Influent 370 | 449 | 417 | 355 | 481 | 528 | ND ND | 376 | 396 | ND ND | 286 | 435 | 371 | 372 | 413 | 342 [ 332 | ND [ 248 | 489 | 345 | 343 | 382 | 262 | 324 | 297 | 208 | 273
SSF-2 Effluent 039 | 037 10361035 1032042 ] ND ND {037 | 039 | ND ND j 028 | 031 | 033 J041 032023 (048] ND {041 | 045 | 044 1045 | 047 { 040 | 037 | 041 ) 038 | 038
P% Reduction 89 92 91 20 93 92 20 90 0 3 H 89 92 93 86 84 91 87 87 88 85 89 86 82 86
ta{fuly 1967) 1 2 3 4 5 6 7 B ] 10 11 12 13 14 16 18 17 18 19 20 21 22 23 24 | 25 26 27 28 29 30 31
1 SSF-1 Influent 382 | 665 | 458 1 548 1 359 | ND | 315 | 302 | 343|460 | 311 | 360 [ 505 | 517 | 420 | 374 [ 319 | 482 | 437 | 430 | 323 | 266 | 267 | 487 | 392 | 514 [ 542 | 296 | 328 | 280 | 228
SSF-1 Effiuent 038 | 046 | 043 | 049 | 047 | ND [ 052 | 053 [ 041 | 043 [ 04D | 035 | 036 | 034 [ 039 | 036 | 036 | 042 | 040 [ 043 [ 047 [ 049 | 032 | 039 [ 040 [ 032 [ 037 | 032 | 028 | 031 | 029
P% Reduction 9058 | 9308 | 9061|9106 | 8691 8349682458805/ 9065 8714190289287 [9342[9071 [0037 [8871|9129[9085[9000 (8545|8158 83019199 [6980|9377 (931789199146 |6893|8728
1 8SF-2 Influent 447 | 713 | 423 | 603 {323 | ND [ 323 | 324 | 439 | 504 | 478 [ 907 | 564 | 661 | 6368 | 481 | 380 | 512 [ 297 [ 491 | 397 | 311 [ 262 | 488 | 419 | 531 | 573 | 262 | 336 | 311 | 206
SSF-2 Effiuenl 043 ] 060 | 059 062 {057 | ND {065 | 066 | 062 | 061 | 051 [ 043 062 [ 035|068 | 055 | 068 {053 | 062 [ 064 | 068 | 062 | 041 | 054 | 047 | 046 | 048 | 040 | 037 | D41 | 038
P% Reduction 9038 | 9158 | 8605 (6972|8235 7988 (7963|8568 [8790 [8933 [9526 [ 8901 [94 70 [6962 | 8857 [6263 | 68965 {7912 [8697 {8267 [B8006 [8435 8893 (8878 | 9134 9162 [8473 [ 8899 |86 62 [ 8155
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Appendix C

Appendix C: Analysis results of faecal coliforms (FC)

URFL -1 SSF-1 URFL - 2 SSF-2
Influent Effluent (ssf-1 Inf.) Effluent Influent Effluent (ssf-1 inf.) Effluent
Date Sam | FC | FC/ |V(ml)| FC| FC/ | Sam | FC | FC/ | Sam | FC | FC/ | V(ml) |[FC| FC/ | Sam {FC| FC/
V(mil) 100mi 100ml| V{mi) 100mI| V(ml) 100mt 100mi | V(ml) 100ml
3/31/97] 1 2 | 200 1 0 0 5 0 0 1 2 | 200 1 0 0 5 |0 0
4/16/97] 5 9 5 2
10 [ 0 | 60 | 20 | O 0 * * * 10 [ 0 | 14 20 |4 20 [1001| 6 6
4/18/97| 1 0 10 | O 0 100 0 0 1 0 10 [2] 20 [100] 0 0
5 3} 50 5 4 | 67
4/21/97| 1 1 10 [ O 0 100 | 1 1 1 1 10 | 1] 10 |100[ O 0
5 2 | 50 5 3 | 67
4/23/97| 5 2| 40 10 1 0 0 100 | 1 1 1 0 10 (27 20 [100] 0 0
5 31! 50
4/25/97| 1 0 5 0 0 100 | 4 4 1 0 5 1120 [100]0 0
2 2 | 67 2 1 34 20
5/2/97) 1 1 10 [ O 0 100 [ 0 0 1 0 10 (2] 20 [100] 0 0
5 3| 67 0 5 4 | 67 20
5/9/97 1 1 10 1 10 {100 { 1 1 1 2 10 | 1] 10 [100 (0O 0
5 3| 67 5 1 50
5/22/97] 2 0 101 0 0 100 | O 0 2 0 10 [0 0 100 0 0
5 0 0 0 5 1 14 0
5/28/97| 5 8 | 160 [ 20 1 5 100 | 4 4 5 0 0 20 | 2] 10 | 100 ] 1 1
6/4/97| 2 3 20 | 3 |1 15 [100] 2 2 2 0 20 (4] 20 (100 ] 4 4
5 7 | 143 5 3| 43
6/13/97] 1 1 10 1 10 [ 100 | 5 1 1 5 1 100 0 0
2 2 | 100 100 | 7 6 2 2 [100] 10 [3 | 27
6/18/97| 1 35 5 |19 100 | 1 1 12 5 [41 1001 0 0
2 [4412633] 10 171240 | 100 | 6 4 2 [27{1300] 10 | O | 273
6/20/97| 1 15 5 6 1 31 5 |16 100 | 3
2 18 |1100] 10 | 16 | 147 2 [44 2500 10 [10]| 173 | 100} 2 3
6/25/97]1 1 12 5 3 100 | 1 1 3 [ 300 5 2 100 (42
2 |37)1633) 10 | 5| 53 | 100 ] 1 1 10 | 3| 33 [ 100 |ntc| ntc
6/30/97) 0.5 | 8 5 15 100 | 1 05 | 1 5 2 1001 3
1 10 11200] 10 26| 273 | 100 | 1 1 1 6 | 467 | 10 [4 ]| 40 [100]14 9
7/4/97f 0.5 [ 3 5 123 100 | 1 05 |36 5 |55 100 0
1 51533 | 10 [35[ 387 | 100 | 4 3 1 15 (3400} 10 |57) 747 | 100 |12 6
7/18/97) 0.5 | 1 5 6 100 | O 05| 2 5 2 100 ] 2
1 2 12004} 10 | 8 ] 93 | 100 | O 0 1 4 [400] 10 | 2| 27 (100 | 4 3
7/23/97( 0.1 | 1 5 2 1001 0 0110 5 0 1001 2
1 2 12731 10 [ 0O 13 1100 { O 0 1 7 1636 10 |1 7 1100} 0 1
7/127/97{ 0.1 | 1 6.2 | 1 100 | 2 0110 5 1 1001 6
1 6 [6361] 10 { O 6 100 | 1 2 1 2 {182 ] 10 |2 ]| 20 {100 5 6
8/1/97] 0.1 | 1 5 3 100 | 20 01| 2 5 7 100 | O
1 3 [ 364 10 [ 5| 53 [ 100 |28 ) 24 1 11273 ] 10 |12] 127 | 100} 6 3
8/8/97 5 2 100 { 3 5 2 100 | 2
10 [ 2 | 27 1100 ] 4 4 10 | 3] 33 [100] 0 1







Appendix D: TSS Concentration in URFL wash water

Normal hydraulic cleaning

Time(S) Tnal-1 Trial-2 Trial-3
0 5626 44285 40160
5 ns 8950 22095
10 ns 6452 16645
15 4112 5130 27158

20 ns 4675 34702
25 ns 4478 19437
30 2260 3409 12882
35 ns 2900 9194
40 ns 2926 6548
45 ns 2326 6938
50 ns ns 4763
55 ns ns 4332
60 622 1539 3542
75 ns 1192 2254
90 293 779 1686
105 ns 577 1032
120 164 446 464
135 127 336 588
150 107 276 748
165 ns 197 622
180 83 152 1830
180 ns 350 3260
195 205 ns ns
200 ns ns 6170
210 ns 3678 ns
215 ns ns 13510
225 3717 23775 ns
235 ns ns 39675
240 1866 12130 ns
255 ns 5408 ns
270 ns 2321 ns
Key:

ns — not sampled

Shock loading effects

Time(S) Trial-1
0 45970
10 10980
20 4460
30 3210
40 1510
50 985
60 633
0 785
10 584
20 518
30 273
40 334
50 291
60 261
5 378
10 338
15 1472
20 3064
25 4010
30 5280
35 10460
5 9180
10 11560
15 14960
20 58967
25 27340
30 25825
35 16300
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