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Abstract

This study is a field evaluation of slow sand filtration as a tertiary treatment process at pilot-scale.
It was found out that slow sand filtration is, indeed, very effective in removing contaminants from
secondary effluents. In particular, the bacterial removal levels were exceptional to an extent that the
filtrate would easily qualify for unrestricted irrigation. In view of the experimental rules, 0.16 m/hr is
suggested as a suitable hydraulic loading for the design of similar systems in Saudi Arabia. At this
hydraulic loading the observed average removal of BOD, SS, turbidity and total coliform bacteria were
86, 69, 88, and over 99%, respectively, and the length of the filtration run was about 20 days. It was
confirmed that most of the purification is occurring at the top layers of the filter such that even a sand bed
depth of 35 cm yielded significant levels of contaminants removal. It was also observed that the presence
of algae in the filter influent is a very important condition as it adversely affects the filter performance.
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Chapter 1

INTRODUCTION

The general scarcity of water in arid regions, such
as Saudi Arabia, and the high costs of developing new
water supplies are the two major factors responsible
for the need to conserve water by reusing wastewater
effluents. The practice of water conservation has
reached to such a level of importance that, nowadays,
it is routinely included in national development poli-
cies. For example, according to the third five-year
developﬁent plan, the Kingdom of Saudi Arabia is
expecting to recycle 730 million cubic meters per year
of wastewater, by the year 2000 (37). The major reuse
of wastewater worldwide is for irrigation, amounting to
approximately 60% of the total, while the second larg-
est reuse, accounting for about 30% , is for industrial

cooling and process waters(39).

Most wastewater treatment schemes cover conven-
tional secondary treatment, even in developed coun-
tries. The secdndary effluent characteristics are
mainly defined in terms of biochemical oxygen demand

(BOD), total suspended solids (TSS) and fecal coliform
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(EC) concentrations. The secondary effluent étandards,
in general, dictate that the 30-consecutive-day arith-
metic means for BOD and TSS should be less than 30 mg/l
~while for the fecal‘coliforms the limit is 200 FC per
100ml (39). The major concern of wastewater reuse is
related with health aspects. Along these lines the bac-
teriological standards set for restricted irrigation
(i.e., foddler crops) range from 1000 to 5000 FC per
100ml , however, for unregtricted irrigation the standard
is 100 EC per 100ml (20,26). Hence, if direct reuse of
secondary effluents is to be considered, it is required
to process these effluents further (i.e., employ terti-

ary treatment).

Tertiary treatment is an additional step to remove
more contaminants from wastewater than what is usually
taken out by the conventional secondary wastewater
treatment. It includés microstrainers, filtration
(slow or ?apid), chemical precipitation, carbon adsorp-
tion or reverse osmosis (7,21,27,39). The selection of
a tertiary treatment process depends mainly on the tar-
get water quality. Since microbial quality is of utmost
importance in wastewater reuse, a process with effec-
tive bacterial removal, such as slow sand filtration,

has been adopted in this study.
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Slow sand filters are traditionally used for the
purification of potable waters due to their ability to
produce a high quality filtrate. They are called slow
filters because the rate of filtration is much lower
than rapid filters (i.e., 0.1-0.4 m/hr as opposed to
5-21 m/hr). As a result, however,their land area
requirement is much larger.This constitutes the main
disadvantage of slow sand filters. Other reported dis-
advantages are their poor performance at low tempera-
tures and for highly tu;bid waters (8,11,14,24,32,33).
It should be realized that the first two disadvantages
are not valid for Saudi Arabia while the third is of
little concern in view of the characteristics of secon-
dary effluents. Coupling this assessment with the fol-

lowing advantages of slow sand filters:

- stable and effective TSS and bacterial removal,
- simplicity in construction, and

~ low cost of operation and maintenance,

it is concluded that slow sand filtration would be an

appropriate tertiary treatment process for the Kingdom.

The present study is an experimental work to evalu-

ate the slow sand filtration process as a tertiary
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treatment unit. The performance of the filter, in terms
of relevant quality parameters, was evaluated under
various hydraulic loadings. The bacterial removal and
the head loss build-up in the sand bed were recorded
during each experiment. In view of the experimental
observations, an attempt is made to establish the oper-
ational conditions for such units, applicable to Saudi

Arabia.



Chapter 2

LITERATURE REVIEW

2.1 WASTEWATER FILTRATION

Filtration can be defined as a physical, chemical
and (in some instances) biological process for separa-
tion of nonsettleable impurities from water or wastewa-
ter by passing it throuéh porous media. Although £fil-
tration has been used in the treatment of potable water
since early 19th century, its application to wastewater
is a relatively recent practice. Stringent effluent
requirements increased interest in wastewater filtra-
tion dramatically over the past two decades. At
present wastewater filtration is considered among the
well-esta‘blished processes for the tertiary treatment -
of effluents from wastewater treatment plants

(5.7,9,21,28,35,36,38,39).

In very simple terms, the filtration process is
carried oﬁt within a box into which a porous medium and
an underdrain collection system is placed. The filters
for treating wastewater are essentially similar to

those employed for the treatment of potable water.
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However, the processes have significant differences
mainly due to the influent characteristics. In general,
solids present in secondary effluents, i.e., influent
to wastewater filters, have been observed to be heavier
and more variable in particle sizes (21,35,36). Filtra-
tion, basically, consists of two distinct operations:
filtration and cleaning. As filtration progresses the
solids removed within the filter medium accumulate
resulting in restriction of passage of water (i.e.,
head loss build-up) and/;>r decrease in suspended solids
removal efficiency (i.e., deterioration of gquality).
The filtration operation is stopped when the allowable
limits for head loss or effluent suspended solids
(usally referred to as "filter breakthrough") is
reached. It is desired to have these events occur at
the same time. Upon termination, the filter bed has to

be cleaned and prepared for the next filtration cycle.

A wide variety of methods exist for filtration,
including microstrainers and precoat filters, however,
granular media filters are by far the most commonly
adopted m;athod of filtration (19,20,21,35). Granular

media filters can be classified according to (21):

- the direction of flow: upflow or downflow filters,
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- the types of filter beds: single or multi-layer
filters,
- the driving force: gravity or pressure filters,
- the rate of filtration: constant or declining rate

filters.

Each of the.above filter types has its own advantages
in addressing a particular problem (21,35). For exam-
ple, multi-layer filters were developed in order to
achieve-é more effective use of the filter bed depth.
In other words, they allow the suspended solids to pen-
etrate deeper into the bed, and thus, use more of the
solids éemoval capacity available within the filter. In
single medium filters, however, most of the solids
removal takes place in the top few centimeters of the
bed. Deeper penetration of solids results in a decrease
in the :ate of head loss build-up, therefore, it leads
to longer filter runs. A further classification of

granular media filters is with respect to the magnitude

of the filtration rate being "rapid" or "slow"

2.2 SLOW SAND FILTRATION

In recent years, there has been a tendency to con-

sider the slow sand filtration as an old-fashioned
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treatment process and it has been replaced by rapid-
gravity or other high-rate filtration methods. However,
in some circumstances, slow sand filtration can, not
only be the simplest‘and cheapest, but also be the most
efficient process for water treatment. The success of
slow sand filters for the treatment of potable water is
widely agreed on and it is still the chosen technology
of water purification even in some highly industrialzed
cities as well as in rural areas. For example, they
cover 72 hectares of land area for the treatment of
London's potable water. In addition, their major advan-
tage over the other processes is, using local skills
and materials which make them extremely suitable for
developing countries. Moreover, they are much more
efficient than high-rate filters in removing microbial

contaminants (8,11,12,14,33).

During the operation of slow sand filters, a layer
of inerttdeposits and biological matter forms on the
surface of the sand bed. This layer is referred to as
the Schmutzdecke, (a German word meaning "dirt-layer").
Biologicai growth also occurs within the sand bed. Both
the Schmutzdecke and the biological growth within the
filter bed play a significant role in the purification

mechanism of slow sand filters (4,8,14,19,33).
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The cleaning process of slow sand filters is done

by removing the top 2-4 cm of the sand bed (i.e.,
Schmutzdecke) upon termination of the filtration phase.
Evidently, the sand aepth will be decreased by 2-4 cm
following each cleaning operation which will lead to
the minimum sand bed depth (approximately 48-60 cm,
(4,8,14,33)). At this stage, the filter has to be
resanded. The resanding is usually done as shown in
Figure 2.1 . Approximately the top 30 cm of the sand
bed will be removed out and kept in a nearby container.
Then, the filter will be refilled with new sand to a
level 30 cm below the maximum sand bed depth. After
that, the sand kept in the container will be added on
to the top of the new sand. This procedure is expected
to reduce the time of Schmutzdecke formation or ripen-
ing period since the "01d" sand contains all the organ-

isms needed for proper biochemical functioning (14,33).

Slow $and filters are different from the rapid sand
filters in terms of several aspects. Table 2.1 gives a
comparison of the general features of both slow and
rapid filéers(g). The slow sand filters are commonly
operated at a constant rate filtration,however, in some
instances, they are operated at declining rate filtra-

tion. This is normally conducted by closing the inlet
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Table 2.1:

Sand Filters (9)

11

General Features of Conventional Slow and Rapid

Slow Sand Filters

Rapid Sand Filters

Rate of filtration
Area of the filter

Depth of -bed

Size of sand
Grain size dis-
tribution of sand
L.oss of head
Length of run bet-
ween cleanings
Method of cleaning
Amount of water
used in cleaning

Cost of construct-
ion

Cost of operation

0.1 to 0.4 m/hr
Large, 2000 m3

30 cm of gravel, 90
to 110'cm of sand
ES 0.15-0.35 mm

UC 3 or less
Unstratified

6 cm initial to

120 cm final

20 to 60 days
Scraping off surface

layer

0.2 to 0.6% of
water filtered

Relgﬁively low

Relatively low

4 to 21 m/hr
Small, 40-400 m3
30 to 45 cm of
gravel,60 to 70 cm
of sand

ES 0.35 mm or more
UC 1.5 or less

Stratified

30 cm initial to
275 cm final

12 to 72 hr
Backwashing
1 to 6% of
water filtered

Relatively high

Relatively high
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valve but keeping the outlet valve open during over-
night shutdown. In doing so, the top water level and
thus, the head for filtration will slowly decrease,
resulting in a decrease of the filtration rate. Usu-
ally the outlet level is positioned slightly above the
sand bed level in order to avoid the possibility of
having negative pressures within the sand bed. Negative
pressures yill consolidate the sand bed and may result
in release of dissolved gases resulting in formation of
air pockets within the bed. Both cases have adverse

effects on the filtration operation (8,14).

Intérmittent operation of slow sand filters (by
closing both inlet and outlet valves overnight) is not
advisable. This is because the top water becomes stag-
nant and the the lower levels of water are then in con-
tact, for some period, with a highly biologically
active layer of sand (i.e., Schmutzdecke). This may
lead to agaerobic conditions if the dissolved oxygen is
depleted which in turn can create unpleasant tastes and
odors, and more importantly to unacceptable deteriora-
tion of tﬁe bacteriological quality of filtered water
(8,11,14,32).
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Components

Slow sand filters can be divided into the following

basic elements as depicted in Figure 2.2 (8,11,14,31):

I- Filter box: The filter box is usually rectangular or

cylindrical in shape with vertical walls over 3m in

height, made of reinforced concrete or steel and it

has a concrete floor. It should be watertight to

avoid . loss of water. The filter box essentially

serves as the housing for the following:

a)

b)

Top (Supernatant) Water Reservoir: The water
a-bove the sand bed, with a common depth of 1-1.5
m, provides sufficient head to obtain the
desired filtration rate for an appreciable

length of filter run.

The Filter Medium (Bed): Although various

materials have been employed as a filter medium
in slow sand filters, sand is by ‘far the most
common. The sand used is characterized by its

Effective Size (ES), d10’ which is defined as

the diameter for which 10% of the sand is finer
by weight, and its Uniformity Coefficient (UC),

which is defined as the ratio of d60 to d10(13)-
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The typical range of ES is 0.15-0.35 mm while UC
is suggested to be less than 3.0, preferably
less than 2.0 (8,14,23). The depth of the filter
bed needed for proper functioning of the purifi-
cation process is between 60-70 cm, so the com-
monly used initial bed depth is between 1.0-1.2
m to allow for a good number of filter cleanings

before resanding.

Z-'E Gravel: The supporting gravel layer is laid
under the sand bed. It serves a dual function of
preventing the sand from entering into the
underdrains and ensuring uniform abstraction of
the filtered water. It consists of a number of
graded layers with largest size at the bottom
and smallest at the top. The total depth of all

layers is generally between 20-50 cm (8,11).

Tbg Underdrain system : Finally, an underdrain
system is placed at the bottom of the filter.
Its main function is to collect and direct the
filtered water to the filter outlet. It can take
various forms, such as perforated pipes, open-
joint bricks and porous unglazed pipes. Figure

2.3 illustrates the different types of under-
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drain systems commonly used. A photograph of a
typical underdrain system consisting of open-
joint bricks (i.e., Figure 2.3(A)) and the sup-

porting gravel is given in Figure 2.4 (29).

II- Weir Chamber and Clear Water Reservoir: These consti-
tute au#iliary structures that would facilitate the
operation of a filtration system. The underdrain
system directs the water into the weir chamber. The
wei;' chamber is equipped with a partition wall
which serves as an overflow weir. The height of the
weir is adjusted to be just above the maximum sand
surf:ace level, to avoid the development of negative
pressures within the sand bed, as mentioned ear;
lier. The weir chamber is open at the top to allow
for contact with atmosphere. As the water flows
over the weir it is aerated which gives the water
an opportunity to restore any oxygen depletion that
might- have occurred during the filtration opera-
tion. The clean water reservoir is basically a
storage reservoir for filtered water. It is no dif-

ferent than any service reservoir.

IIXI- Control Valves: The slow sand filter is provided

with control valves to regulate the flow of water.
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Different Types of Underdrain Systems (29)



18

- me e

; T
B A R S D

AR SEEDE Dt e R pe gl o, 3
-.:?"'{43: LRI IR BRI
& oy Lt e T R T S
%.‘L;:\}.ﬁ 2w o

sBnYtins >27 TS
A AITaN L b0l T
Al A

Yo %

Se tadn

Figure 2.4: Typical Crose-Section of the Underdrain and
Supporting Gravel (29)



19
For clarity of illustration, Figure 2.5 shows the

points of use of such valves in detail(33).

* valve A: inlet yalve, delivers unfiltered water to
the filter box

* yalve B: float-controlled regulating valve to pro-
vide constant head

* valve C: drain-off valve, supernatant water

* valve D: backfilling valve

* valve E: drain off valve, filter box

* yvalve F: flow regulating valve

* valves G and H: drain off valves, weir chamber

* valée J: outlet valve, delivers filtered water to
clear water reservoir

* valve K: drain off valve, for drawing filtered
water immediately following a new filtra-
tion cycle(i.e., the initial filtered
water is wasted until Schumutzdecke is

- formed).

It should be pointed out, however, that, in practice,
the number of valves used is much less to simplify the
operation and to reduce costs. This is usually accom-
‘plished by controling several desired functions through

the operation of a single valve (e.g. backfilling and
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draining can be done through one valve).

2.'2.2 The Purification Mechanisms

The purification process encountered through the
slow sand filters is still not perfectly understood,
eventhough it is the oldest water treatment process.
However, the following mechanisms are expected to take
place in each operational cycle which lead to effective

suspended solids and bacterial removals.

Sedimentation and Straining: During the first few days

of the filter operation cycle, the main mechanism of
purification is sedimentation and straining. The top
water reservoir acts as a highly efficient sedimenta-
tion tank since the surface loading is very low. (The
maximum loading used in practice is 0.4 m/hr or 9.6
m/day which is much lower than the typical rates of
20-40 m/day used for the design of sedimentation
tanks(21);) Relatively large suspended matter settle on
the surface of the sand bed while the smaller suspended
matter is expected to be removed by straining on the
top few millimeters of sand bed. Finally, Schmutz-
decke, once formed will enable the removal of even

smaller particles(8,11,14,33).
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It should be pointed out that the top water reser-
voir is rich in silt, humus and debris. Such an envi-
ronment is ideal for the development of wvarious phyto-
and zoobenthos. Whenever the incoming water provides
nutrients, such as phosphates and nitrates, the reser-
voir tends to sustain a diverse phyto- and zooplankton.
Shallow depths, and thus high temperatures at the sand/
water interface, results in the development of phyto-
plankton and subsequently zooplankton(18,41). Along
these lines Hutchinson(iS) reported presence of algae
alternating with Daphnia (Crustacea) and Brachionus
(Rotifers) in such shallow ponds. This phenomenon of
succession of organisms is usually referred to as "Sub-
stantial Succession". In very simple terms "Substantial
Succession" refers to a prey-predator relationship
where population of two different species of organisms
becomes aominant in succession due to competetion for

existence(10).

Chemical and Bacteriological Action: As the Schmutz-

decke thickens, it will usually contain alluvial mud,
organic éubstances, bacteria, threadlike algae and
numerous other forms of aquatic life such as plankton,
diatoms, protozoa, rotifers, fungi and actinomy-

cetes(8,11,14,33). When the water passes through this
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layer nearly all suspended matter and bacteria are
removed. Some of the coloring matter and organic matter
are also removed through this layer. Usually, however
the amount of organic matter will not be sufficient to
support the bacterial population in the Schmutzdecke,
which will in turn, lead to die-off of bacteria. Conse-
quently, some of the aquatic organisms feeding upon
bacteria will also be affected. As a result, some
additional organic matter will be available from the
dead organisms which wiil serve as the food for bacte-
ria at lower depths. Deeper in the filter bed, the food
for bacteria, in any form, becomes scarcer and scarcer
due to the biochemical decomposition of organic matter
and this, in itself, will lead to die-off of the bacte-
ria at lower depths. In other words, the original deg-
radable organic matter present in inlet water will be
graduallf broken down and finally discharged with the
effluent as inorganic compounds such as carbon dioxide,

nitrates,  sulfates and phosphates(8,14)

2.2.3 Effects of Algae

Algae are unicellular or multicellular photolitho-
trophic organisms, (i.e., they derive their energy from

sunlight and use inorganic compounds as their carbon
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source), belonging to the phytoplankton group. They
grow in surface waters as a result of the presence of
certain nutrients (nitrates and phosphates, in particu-
lar). There are sevéeral forms of algae and that can be
present in water in a very high concentration (as high
as 35,000 forms per milliliter (8)). They are usually
green, and the most common species are Chlamydomonas,
Scenedesmus, Navicula, Nitzchia and Melosira

(11,14,34).

The major adverse effects of algae on the operation

and efficiency of a slow sand filter are:

- increase in head loss,
- difficulties associated with filter cleaning, and
- increase in concentration of soluble organics due

to their death and decay.

Other changes would also occur as a result of the
presence of algae in water. For example, the pH would
increase ;:onsiderably (up to pH 10, or even higher).
This is due to the photosynthetic activity of algae.

Inorganic- carbon sources 1like COZ’ bicarbonate, and

carbonate are used for anabolic processes and, as a

result, the natural acid neutralizing capacity is
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reduced as hydroxyl ions are produced(8,1l).

Another important change in the water due to algae
is related to the dissolved oxygen content. During the
daytime, as a result of photosynthesis, oxygen will be
produced in accordance with the following photosynthe-
sis equation (8,11,14,33):

002 + 2320 + sunlight —--->(CH20)-+ O2 + Hzo

The dissolved oxygen content could rise to as much as
three times the theoretical saturation level during the
daytime (14). However, the reverse reaction will occur

during the night (i.e., consumption of 02 and produc-
tion of CO2 ). Eventhough the rate of oxygen consump-

tion at the night will be only 10 to 15 % of the rate
of oxygen production during the day, the water reser-
voir may be anoxic (i.e., low dissolved oxygen levels)
during the night if the water has a high algal concen-
tration. Such a condition will enhance the anaerobic

activities and in turn cause taste and odor prob-

lems(8).

Incidentally, algal growth in filters 1is not

totally disadvantageous. At moderate concentrations,
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they help in building up the Schmutzdecke. They also
perform a useful service in supplying oxygen to water.
At high concentrations, however, they should be con-
trolled phygically ‘or chemically. Physical controls
include covering the filter and the feed reservoir to
prevent the exposure of water to direct sunlight or
harvesting the algal blooms from water surface periodi-
cally. Chemical controls include prechlorination,
preozonation, or addition of copper sulfate to the

water(8,32).

One might think that prechlorination would be
disadvaﬁtegous to slow sand filtration since the main
functioning of the filter depends on the Schmutzdecke,
which contains several types of microorganisms. How-
ever, studies showed that even prechlorination result-
ing in total chlorine residuals of 8.8 mg/l, extended
the operational run of the slow filters, without harm-
ful effects on the treatment process. This is probably
due to tﬁe prevention of algal growth in the superna-

tant reservoir(2,16,40).

2.2.4 Head Loss Development
Mathematical representation of the head loss build-

up due to clogging during the filtration is very diffi-
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cult, if not impossible. This is mainly because poros-
ity, a major variable, changes with different degrees
of clogging during the operation. Nevertheless, sev-
eral expressions have been proposed for the calculation
of initial head loss (i.e., clean bed head loss) such
as Carman-Kozeny, Fair and Hatch, Rose, and Hazen equa-
tions (21,39). As an example the Fair and Hatch equa-

tion is given below:

3.2

2. .
nyp=36 kv (1 -~ n) VZP;
gn w di

where h/L = head loss per unit depth of filter bed,
m/m

k = empirical constant equal to 5.0, dimen-
sionless

v = kinematic viscosity, m2/s
n = porosity, dimensionless

V = filtration velocity, m/s

é = gravitational acceleration, m/s2

w = sphericity of grains (0.8 for rounded and
0.7 for angular) ,

pi = fraction of total weight of filter grains
in layer i, dimensionless
di = geometric mean diameter of grains in layer

i, m
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2.2.5 Performance

Unfortunately, the literature published on slow
sand filtration, in general, is limited. Moreover, most
of the available literature is about their application
on potable water. Excellent performance of slow sand
filters has been shown in many experimental and pilot-
plant models as well as full-scale water treatment
plants, especially, in terms of suspended solids and
microbial contamination. Along these lines, the
reported performance of slow sand filters regarding
virus removal, as given in Table 2.2, is worth not-
ing(lZ): Poynter and Slade (24) observed that poliovi-
ruses were removed with an efficiency similar to and in
all cases slightly higher than that of coliform bacte-
ria. Such an observation implies that routine bacter-
iological- tests can be indicative of wvirus removal.
This is an important conclusion given the fact that
assessment of viral quality of waters is an expensive

process, requiring highly specialized personnel.

Bellamy et al(3) conducted pilot-plant studies to
determine the efficiency of slow sand filters in remov-
ing Giardia cysts in particular. They reported that

slow sand filtration removed virtually 100 percent of
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Table 2.2: Removal of Viruses by Water Treatment

Processes (12,24)

Unit Process

Percent Removal

Slow sand filtration
Diatomaceous earth filtration
Direct filtration

Conventional treatment

99.8-99.9999
>99.95
90-99

g9
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Giardia cysts, 99 percent of total coliform bacteria,
96 percent of standard plate count bacteria, and 98
percent of suspended solids. Their findings were con-
firmed by Hansen (12) who reported the removal effi-
ciencies of Giardia Lamblia by several filtration meth-
ods as shown in Table 2.3 . In a follow~up study,
Bellamy et al(4) investigated the influence of selected
process variables on slow sand filtration. Their find-

ings are summarized below:

Temperature: The slow sand filters removal effi-

ciency decreased with decreasing the ambient temp-
eraéure in terms of total coliform bacteria and
standard plate count bacteria. However, in terms of
Giardia cysts removal, the filtration efficiency

was insensitive to temperature variations.

Sand Bed Depth: 1t was found that the minimum bed

depth can reach 48 cm without significant effect on

the bacteriological quality of filter water.

Sand Size: An insignificant decrease was observed
in tofal coliform bacteria removal efficiency when
the effective size of the sand bed was increased.
On the other hand, Giardia cysts removal were again

insensitive to sand size wvariations.
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Table 2.3: Removal Efficiencies of Giardia Lamblia by
Different Filtration Processes (12)

Unit Process Percent Removal

Rapid filtration with 98.8-99.9
coagulation, sedimentation

Direct filtration with

- coagulation 95.9-99.9
- no coagulation 10-70
Diatomaceous earth filtration >99.9

Slow sand filtration 100
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Hydraulic Loading Rate: There was an apparent

decrease in the removal efficiencies of total coli-
form bacteria, standard plate count bacteria, and
turbidity with an increase in the hydraulic load-
ing. However, it is reported that within the range

studied the difference was not substantial.

The literature on the application of slow sand fil-
ter to wastewaters as a tertiary treatment step is very
limited. Earlier studieé (17,25,38) showed 35-55 and
60-65 % removal of BOD and SS, respectively, from sec-
ondary effluents through slow sand filtration. These
results were below the expected results in view of the
excellent performance of slow sand filters with potable
waters. In a comprehensive research about slow sand
filtration (32) using pilot-plant filters, the perform-
ance of fhe slow sand filters was evaluated for the
treatment of lake water, artificially contaminated by
adding seéage. It was concluded that the filters gave a
"satisfactory" performance until the BOD and COD values
of contaminated raw water exceeded 5 and 20 mg/1,

respectively.

In a recent laboratory study using 14 cm (in diame-

ter) and 2.65 m (in height) filter unit, Ellis (7)
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reported that consistent removals of at least 90% of
SS, more than 65% of BOD and over 95% of coliform
organisms were observed from the secondary effluent of
an operational trickling filter plant. The average
length of the operational run was 20 days at 0.14 m/hr
while it was 13 days at 7.0 m/d 0.29 m/hr. Similar,
but slightly inferior results are reported when the
secondary effluent was taken from an operational acti-
vated sludge treatment plant. Results of experimenta-
tion using two differen£ sand sizes are also reported.
It was observed that the finer sand (ES = 0.3 mm) was
slightly better, in terms of contaminant removal, than
the coarser sand (ES = 0.6 mm), however, the latter

yielded longer operational cycles, as expected.

Another important observation made by Ellis (7) was
the fact that denitrification process (as evidenced by
a decrease in nitrate concentration) was taking place
during filtration, contrary to expectations. He ini-
tially thgught that this was due to the low dissolved
oxygen content of the influent (about 1.5 mg/l). How-
ever, he iater found out this was not the reason when
he observed that denitrification continued at "unre~
duced rate" even when the influent dissolved oxygen was

increased to 8 mg/l via diffused aeration. Scutt(30)
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raised an interesting point on this subject. He claims
that because Ellis's observation is based only on
nitrate concentration, the possibility of nitrification
also taking place should not be eliminated. In other
words, he states that it is possible to have nitrifica-
tion taking place in the upper aerobic layers of the
sand bed followed by denitrification due to absence of

oxygen in the lower layers.

Finally, although the information presented earlier
in this chapter summarizes the nature of slow sand fil-
tration process, it must be emphasized that there is no
generalized approach for the design of full-scale fil-
ters. This is mainly because of the variation of the
influent characteristics which in turn effects the fil-
ter performance. Hence, the best way to ensure appro-
priate performance of a filtration unit is to conduct

pilot plant studies.



Chapter 3

EXPERIMENTAL WORK

3.1 EXPERIMENTAL SET-UP

The pilot-scale filter unit was located within the
boundaries of the KFUPM Agricultural Research Farm.
Secondary effluent is available in the farm through a
pipeline from the nearby.North ARAMCO Wastewater Treat-
ment Plant (NAWTP). The NAWTP has a design capacity of
30,000 cu.m.day and is currently serving ARAMCO housing
in addition to KFUPM. It is an extended aeration plant
operating satisfactorily yielding a high quality secon-
dary effluent.( Plant records in the past year (1988)
show that an average BOD and SS removals exceeded 97%
(1).) Tﬁe effluent is stored in a holding pond (135 x
65 x 4 m ) from which it is pumped, following chlorina-
tion, tota spray field located 5 km away. Presently,
limited reuse of the effluent is being practiced in the
form of landscape irrigation within the NAWTP premises

and a small area within the KFUPM campus.

Filter Box and Auxiliaries: The filter unit was con-

structed at the Central Research Workshop at KFUPM. It
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was constructed using three 2 mm galvanized iron
sheets. Each sheet was welded to form a hollow cylin-
der with an inside diameter of 100 cm. The cylinders’
are connected to each other with angles using bolts and
nuts. A rubber gasket ring is placed between the angles
to avoid leakage. U-tube manometers and sampling ports
are provided on the middle cylinder. A fine wire mesh
was placed at these ports openings from inside, to pre-
vent clogging by sand particles. An overrflow weir was
mounted to the top cylin&er for achieving a uniform and
steady inflow. A float switch unit was also assembled
to the top cylinder to turn on/off the inlet pump, so
as to keep a constant water level in the unit. Outlet
and drain valves were provided at appropriate loca-
tions. A detailed description of the filter box and

auxilaries are shown in Figure 3.1 .

Installation: A reinforced concrete slab of 15 cm

thickness- was constructed on the ground to serve as a
leveled aﬁd rigid base for the filter unit. Then,the
first cylinder (100 cm in height) was installed using a
portable .crane.The underdrain system consisting of
open-joint standard bricks (Figure 2.4) was adopted in

this study. The bricks were laid on the cylinder bot-

tom in a grid with 1 cm openings between adjacent
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blocks. Similarly,the supporting gravel was washed and
placed in four layers. The depth and size distribution
of each layer is given in Table 3.1 . This was followed
by washing and placing the sand up to the rim of the
first cylinder. The sand used was obtained locally, and
it was sieved to obtain a media of recommended size and
uniformity (i.e., ES = 0.23 mm and UC = 1.9 ). The
gradation curve for the sand used is given in Figure
3.2 . The second cylinder (120 cm in height) was then
mounted on top of the first cylinder and fixed with
bolts and nuts. It was filled with washed.sand up to
the initial sand depth level (105 cm). Then, the top
cylinder (120 cm in height) was mounted on top of the
second cylinder. Finally, the float switch assembly
was connected to the electric supply of the inflow pump
and the inlet and outlet piping was completed. A sum-
mary of fhe depth of filter box elements are shown in

Table 3.2 .

3.2 EXPERIMENTAL PROCEDURE

Characterization of Secondary Effluent: Prior to ini-

tiation of experiments, it was intended to have base-
line data for the secondary effluent that was going to

be used in the study. During the installation of the



Table 3.1:

Depth and Size of Gravel Layers
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Layer Depth, cm Size, mm
Bottom 20 12.5-25.0
Second 10 . 5.0-12.5
Third 5 2.0-4.0
Top 5 0.3~-1.5
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Table 3.2: Depth of Filter Box Elements
Element Selected, cm Recommended, cm (14,29)
Freeboard 20 20
Supernatant water 145 100~150
Sand (initial) 105 100~120
Supporting gravel 40 10-50
Underdrains 30- 20-30
Total 340 300-400
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filter unit, samples were taken from NAWTP and analyzed

for basic parameters.

System Preparation: The filter was first operated

using clean water mainly to check for leakage and
proper operation of sampling ports and valves. This
was followed by checking the inflow arrangements to the
system. The secondary effluent from the NAWTP was first
directed to a storage reservoir ( 8 x 8 x 1.5m ). The
feed from the reservoir was done by using a submersible
pump.Two control valves were connected to the pump line

for controlling the flow rate.

Filter Ripening - Initial Runs: When the filter was

ready it was operated at a flow rate of 3 L/min (corre-
sponding to a hydraulic loading (Q/A) of 0.24 m/hr for
two runs. This was followed by two more runs at 1.3
L/min (cérresponding to Q/A of 0.1 m/hr). These four

runs, which will be referred to as Initial Runs from

hereon, were conducted mainly for ripening of the sand
filter (i.e. maturation of the sand bed). As reported
in the literature (7,8,11,14,33) a stable filtrate
quality can be achieved only after the filter bed has
biologically matured. Ellis(8) states that absence of

ammonia in the filter effluent would indicate a mature
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filter. Throughout the Initial Runs samples were taken
from the inlet, outlet, and sporadically from the sam-
pling ports and tested for selected parameters. In
addition, the clean bed (initial) head loss and head

loss build-up were recorded.

Evaluation of System Performance - Routine Runs: Fol-

lowing all the above preparatory steps experiments were
initiated in order to evaluate the sys<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>