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PREFACE

In pursuance of a recommendation, made by the participants in the Regional
Seminar on Waste Stabilization Ponds Design and Operation held in 1980 in Lahore,
WHO/EMRO took steps to promote holding of national courses on the subject in the
Member Countries by extending 1its technical cooperation. Two courses have
already been held 1n Egypt and Sudan It 1s proposed to offer technical
assistance during 1982-1983 in holding more national courses 1n four of the
Member States The teaching material evolved during the two courses held in
Egypt and Sudan 1s sufficiently flexible for use for other courses and 1s there-
fore 18sued as Part 11 of the report.

It 1s hoped that this publication will further the objective of dissemina-
ting information to professionals directly concerned with problems of wastewater

disposal and treatment.



PART T

SUMMARY REPORT
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NATIONAL COURSES
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I INTRODUCTION

This report concerns the National Courses on Waste Stabilization Ponds
Design and Operation, one of which was held from 12 to 21 September 1981 in
Egypt at the High Institute of Public Health, Alexandria, while the second was
organized from 12 to 21 December 1981 in Sudan at the Faculty of Engineering,
University of Khartoum In each of the two courses about twenty particaipants,
drawn from different departments of the respective Governments dealing with
wagstewater systems, attended,

All engineering, sclentific and economic aspects were covered i1n the lectures
delivered,mainly by two WHO Temporary Consultants These were supplemented by
seminars, design exercises and field visits,

The participants displayed keen interest throughout and appreciated that
stabi1li1zation ponds represent a complete system of treatment, for domestic
as well as indystrial wastewater

The need for disseminating further information concerning pond design,
construction and maintenance was highlighted The participants were informed
of WHO/EMRO's programme of bringing out a publication in the form of a Manual on
the subject which would emphasize the design and operational aspects of the

system.

11 PURPOSE OF THE NATIONAL COURSES

In pursuance of the recommendations on the subject made at the WHO Regional
Seminar on Waste Stabilization Ponds Design and Operation held in Lahore,Pakistan,
from 29 December 1979 to 5 January 1980, EMRO 1initiated the conduct of the
national courses in Member States. Two such courses have already been held
while an additional four are being planned. The purpose of the courses was to
acquaint national senior engineers and scientists concerped with the design and
operation of waste stabilization ponds with essential background information on
the chemistry and microbiology of wastewaters and the conventional techniques

employed for wastewater treatment
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IIT COURSE ACTIVITIES

Preparatory work preceding the Courses was undertaken by WHO Consultant
Mr K.V. Ellis by visiting Ministries and institutions dealing with wastewater
systems 1n the respective countries. This resulted 1n selecting the institution
having the necessary facilities and sites for the field visits, and deciding on
the number and qualifications of the participants.

The national course in Egypt was held at the High Institute of Public Health,
University of Alexandria, for nine working days from 12 to 21 September 1381,
while the one 1in Sudan took place at the premises of the Faculty of Engineering
of the University of Khartoum,from 12 to 21 December 198%. About twenty
participants attended in each of the countries (See Annexes I and II).

Each course consisted of lectures and semipars and included a design
exercise. The early lectures provided background information on the microbiology
and chemistry of polluted water and reviewed conventional practices in wastewater
treatment. Following this, the theory, operation and design of all types of
Waste Stabilization Ponds were considered in some detail. The seminars gave the
students opportunities to discuss with course leaders not only the information
imparted during the course, but the whele concept of wastewater treatment and
the associated objective of disease prevention.

The design exercises involved the wastewater treatment facilities required
for a hypothetical new town in an environment identical to that of the country
concerned and provided the participants with the opportunity to consider in some
detail the actual design of a waste stabilization pond system. For this exercise
the participants operated in groups of four or five; the results were very encour-
aging, demonstrating that all participants had understood the information
imparted and would be able to initiate suitable designs for treatment ponds.

The programme of the courses, which were conducted by the two WHO consultants
namely Mr Ken Ellis of University of Technology, Loughborough,and Mr J. Lumbers
of Imperial College of Science and Technology, London, is given 1in Ammex III.

The teaching material consisted of lecture handouts prepared beforehand for
each of the sessions. Full texts of this material are given in Part II of this

report.
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IV  RECOMMENDATIONS

The two lecturers, on the basis of discussions held with participants,made

the following recommendations,

1. That a follow-up seminar of three to four days should be arranged for the
same participants and perhaps others as well, to discuss the development of
stabilization ponds planning in Egypt and Sudan and to consider results of pond
operation, as well as reviewing recent publications and discussing the areas 1in

which further research 1s most required,

2 Organization of national courses solely concerned with appropriate methods
for treatment of industrial wastewater. These should include recovery of
valuable materials, treatment of toxic and intractable wastes, prevention of
excessive water and waste discharge and,possibly, single cell protein development

from wastewaters with high carbohydrate contents.



PAPER I
WASTEWATER TREATMENT PRACTICES

by

Mr K,V. Ellis
WHO Short Term Consultant
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Wastewater Treatment Practices

Surface water pollution

This mainly results from the addition of either municipal wastewater {from
towns and cities) o1 industrial wastewater to strears, rivers and lares

By pellution we usually mean the addition of harmful (disease producing)
organisms to the water or the addition of 'bicdegiadaple' organic r-tcrial to
the water Wastewater treatment processes greatly reduce the numbers @ { ,arnial
oxganisms discharged to rivers, but wastewater treatmert s mainly o .erred
with reducing the guantity of 'bicdejrsdable' material that 1s discharved

Biodegradable organic compounds are those which can act as the food (or
substrate) for bacteria and other microorganicsms in the water. The bacteria
break down these organic materials into simple, stable inorgan:ic corpounds such
as water, carbon dioxide, sulphates, phosphates and nitrates, and at the same
time produce fresh bacterial cells. These bacter:ia invel!ved in the
stabilization (purificationor breakdown) of the organic compounds are mainly
‘aerobic' bacteria. ‘'Rercbic' bacteria require ocxygen disssolved in tha water
in order to be able to stabilize the organic compounds. They can use up a
great deal of oxygen in stabilizing these compounds.

The main purpose of wastewater treatment is that the bacterial statilization
processes should take place in wastewater treatment works in a rapid
concentrated process, rather than more slowly in the river. If the process of
stabilization takes place in the river all the oxygen which is normally
dissoclved in the river water can be used up and then all the normal life in the
river (including fish) will die, This must be avoided.

Wastewater treament protcesses

Most wastewater treatment processes are 'aerobic' in that they rake use of the
same types of aercbic bacteria that exist naturally in the rivers, However,
the aerobic processes in the wastewater treatment processes are usuvally far
faster arnd more concentrated than in the river, and artificial means must be
enployed {mechanical aeration) to add a lot of oxygen to the wastewater being
treated.

Some wastewater treatment processes are 'anaerobic'. This means the bacteria
used in these processes only live and operate (metabolize) in the absence of
oxygen in the water. 1In rivers and lakes these ‘anaerobic' procesees occur
at the bottom of deep rivers and lakes. In wastewater preocesses they are
operated either in closed tanks (sealed off from the air) or in deep lagoons,

The processes of wastewater treatment can be listed as

Stabiliza®ion pands - anaerobic ponds
facultative ponds
aeroblc (maturation) ponds

Acrated lagoons

Osadation ditches

Percolating (tricklaing, biological) filters

Rotating disc treament units

Activated sludge

Anaerobic digestion



Approximately, these processes are listed in an order of increasing
sophistication pr complexity. They progress from low technelogy (ponds) to high
technology (activated sludge etc). Percolating filters, rotating disc anits and
activated sludge processes are called secondary, biclogical treatment processes
as they require the prior removal of the suspended-solids from the wastewater by
separate, settlement processes (primary treatment). Most of the processes also
require the removal of grit and the screening of the wastewaters (preliminary
treatment processes)

Oxidation ditches are a simpler form of the activated-sludge process
Percolating filters and rotating disc treatment units are called 'fixed-film’'
treatment processes as the aerobic bacteria are held in a fixed position as the
wastewater flows past

Stabilizaticn ponds are the simplest form of treatment and require no skilled
maintenance, but use a large area of land The treated water discharged at the
end of the process (the effluent) can be of a high guality but 1s often
contaminated by the presence of large nurkers of ‘algae’ All the oxygen regquired
by stabilization ponds 1s provided either hy the 'photosynthetic' actjon of algae
or by direct absorption of atmespheric oxygen from the air

Often the large land area required by stabilization ponds forces designers to use
aerated-lagoons which are a lot like the ponds but use mechanical means for
dissolvang the atmospheric oxygen unto the wastewater. Aerated-lagoons require
much less land area than stabilization ponds but require power and mechanical
equipment and scme skilled maintenance

The activated sludge process regquires the development ¢f a large, active mass of
aerobic bacteria and other microorganisms (the activated-sludge), which 1s mixed
with the wastewater being treated and later separated from the treated effluent
and then used again and again. Activated sludge units need little land area and
produce a very high-quality effluent, but require properly constructed concrete
channels and tanks, a lot of electrical power, the use of complex and costly
equipment and a lot of skilled maintenance

Most anaerobic 'digestion' units are also costly, complex and require skilled
maintenance They are usually employed to reduce the 'biodegradable’ content
of very strong wastes tp a level at which normal aerobic process can be
employed These anaerobic processes are also often used for 'stabilazing' the
sludges preoduced during conventional wastewater treatment processes, However,
'anaerobic' stabilization ponds are a simple and effective means of eanploying
an anaerobic process without using costly and sophisticated equipment

'Polishing’ processes

Fo:lowing normal wastewater treatment processes 1t 18 sometimes necessary to
improve even further the quality of the effluent This is achieved by one or
more of a number of processes which include

Sand filtration - rapid gravity
upward flow

slow sand
Microstrainers

uUpflow pebble filters
Maturation ponds
Grass plots

These processes normally reduce further the amount of bicdegradable organic
material in the effluent and reduce considerably the number of remaining
bacteria
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PRELIMINARY TREATMENT

1 Definition

Removal of grit, rags and large objects in order to protect pipes from
blockage and pumps from undue wear Preliminary treatment com-
prises two stages.

1, grit removal
2 screening.

2 Applications & Methods
2.1 Grit Remaval

Grit removal i1s required for all waste waters likely to contain signifi-
cant quantities of grit 1.e. where road or yard run-off enters the
sewers.

The settlement of grit 1n pipes and chambers can ultimately lead to
blockage and in tanks a reduction in capacity e.g. In digestion tanks

wind-blown sand 1s a particular problem in some areas

Grit remaval 1s preferable, but not essential, prior to waste stabilisa-
tion ponds. A deepening of the pond at the point of inlet may be
provided to allow for grit accumulation, but periodic emptying will
still be required.

Grit removal is usually located upstrgeam of all other treatment stages
other than coarse-medium screens which are used as a first stage
prior to grit removal.

The principal methods of grit removal are.

A constant velocity grit channels
8. detritors

c aerated grit channets

(] vortex grit tanks

E. pista grit traps



2.1.1 Constant Velocity Grit Channels

Figure 1 shows a plan of a grit channel. The design objective is to
ensure a constant velocity of 0.3 m/s in order to settle ocut grit but
not the lighter organic matter A constant wvelocity with depth s
achieved by using an approximation to the ideal parabolic cross-
section.

Designs should always provide at least two channels to allow for
cleaning. The liquid depth 1n the channels i1s regulated by a down-
stream control 1n the form of a standing-wave fiume ar flow propor-
tional welirs.

The length of the channel is chosen to be about 20 times the maximum
depth of flow, to allow for inlet and outlet turbulences and different
grit particle sizes. For a particle with a setthing velocity of 0.03 m/s
the length required to settle in a flow rate of 0 3 m/s 1s 10 times the
maximum depth and so a safety factor of 2 1s applied.

Grit is removed manually on small works or by vacuum suction equip~
ment on a travelling gantry on large works. Mechanically removed
grit is often washed in a cyclone tank prior to disposal.

2.1 2 Detritors

Detritors, a patented design, are shallow square tanks across which
flow 1s uniformly distributed to maintain an average velocity of
0.3 m/s Rotating scraper blades are used to move the settled grit
to an inclined cleansing channel, Figure 2 The cleaning channel
consists of a reciprocating rake which assists in washing the organic
matter from the grit. A small pump aiso provides a counter current
of sewage along the cleansing channel to carry away the organic
matter

2 1 3 Aerated Grit Channels
Aerated grit channels are similar to constant veiocity channels except

that the organic matter 1s kept In suspension by offset aeration lines
causing a spiral flow pattern over the cross-section. The grit falls
to hoppers in the floor of the tark and I1s removed by air-lift or
other pumps., Where preaeration of a sewage i1s desirable, for
example in warm climates, aerated grit channels serve a useful dual
function



2 1 4 Vortex Grit Tanks

A vortex grit separator 1s shown In Figure 3 and comprises a circular
conical bottomed tank and an adjacent grit washer Flow enters the
tank tangentiaily in which a vortex is set-up assisted by paddles or
air diffusers Grit falls to the bottom and is air-hfted to the adja-
cent grit washer The grit washer comprises a wvortex unit below
which 1s a still-water chamber from which clean grit 1s removed
Organic matter is syphoned back to the main treatment stream

215 Pista Grip Traps

The pista grit trap, Figure 4, 1s another patented device and also
works on the assisted vortex settling principle Grit 1s air-lifted to a
drainage basin and 1s free from organic matter due to counter-current
alr scouring in the sump prior tc removal.

2 2 Screening

Screening removes rags and other debris likely to cause a nuisance
during subsequent treatment. Floating masses of debris would other-
wise collect 1n tanks, chambers or ponds and 1n addition to beng
unpleasant to remove c¢an also provide breeding sites for flies
Screening, therefore, 1s regarded as being preferable at most works

wWhere reguiar cleaning of hand-raked screens or maintenance of
mechanical screens Is not ensured then, depending on the following
processes, It may sometimes be sensible to allow the flow to pass
directly to a pond say where intermittant removal or sinking of
floating molecules of debris may be the only practical solution, despite
the disadvantages

Where screens are installed (manual or mechanical) i1t 1s always neces-
sary to provide an overflow and by-pass facility to prevent localised
flooding around the works and "backing-up" 1n the sewer In the
event of the screens becoming blocked.

Screenings removed from the screens must be disposed of in a sani-
tary manner, either by bural or incineration Matertal left lying in
the open will attract flies and rodents and represents a health
hazard



Screens may also be used for storm-water overflows and also sea
outfalls.

Screens are typically divided into two categories: coarse and fine
screens. The dividing size of aperture or bar spacing I1s about
10 mm. Microscreens or ultrafine screens are usually those with mesh
openings of less than 0.065 mm The principal types of screens In
common usage are:

A. bar screens - vertical or semi-vertical
B semi-rotary or rotary screens

c hydrasieve or "run-down" screens

D comminutors and "screezers"

Typical volumes of screenings in the UK are about 0.01-0.03 m3/1000

people but the amount depends on the:

o type and characteristic of waste water 1.e. industrial content,
housing type

] size of aperture between the bars.

The size of opening between the bars depends on the minimum size
allowable forward to whatever process follows. For example the
foellowing openings are appropriate:

Location Minimum Opening (mm)
protection of sewage 100-150

pumps

treatment works inlet 15-25

storm overflows 20

sea outfalls 5

Screens are often referred to as coarse medium, fine and micro, and
the classification 1s roughly as follows:

micro-screens (strainers £ 0.065 mm opening
fine screens < 10 mm
medium 10 - 20 mm

coarse screens > 20 mm



Screens may be either hand-raked or mechanscally raked

Hand-raked screens are installed where regular cleaning i1s guaranteed
and where mechanically-raked screens are inappropriate due to lack of
skilled maintenance staff, power supply or whatever

All screens are design to ensure no deposition of solids at low flow
periods and ne¢ "“forcing-through" of material at high flows. Typical
velocities are not fess than 0 3 m/s and not exceeding 1 0 m/s where-
ever possible.

Screen bars are used having various cross-sections.-
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2.2.1 Semi-rotary Screens

Semi-rotary screens (Figure 5) are used in relatively shallow channels
of 1 0-2.5 m deep and of similar widths., Minimum openings of 12 mm
between bars are usual and larger openings possible according to
manufacturer.

2 2.2 Rotary Screens

Rotary screens (Figure 6) describe a full circular motion and are
more prone to jamming of the arm than the semi-rotary. Widths of
0.6-1.5 m and depths of up to 1.5 m are typical

2.2.3 Vertical or Semi-vertical Screens

The vertical or semi~vertical screens (Figure 7) are suitable for much
greater depths and have the advantage of lifting the screenings to
any height required. The vertical screen Is cleaned by a single grab
action while the semi-vertical i1s cleaned by multiple fines mounted on
a continuous belt.

2 2.4 Hydrosieve or "Run-down" Screens

"Run-down" screens (Figure 8) have bar openings of 1.5 mm and a
face width of 1-2 m and a height of about 1.4 m. A high level feed
box 1s required and the total head loss required i1s of the order of
2.4 m which i1s a positive disadvantage of an otherwise efficient
screen with no moving parts. These screens are commonly applied to
fibrous industrial wastes with considerable success

2.2.5 Comminutors and "“Screezers"

Comminutors are hollow drum screens vertically mounted with an
internal blade which shreads the material caught on the outside
(Figure 9). The cutting teeth require regular changing about once a
vyear and problems have been encountered with the tearing or syn-
thetic rag material into strips which become entangled on pump impel-
lers or collect in "stringy" masses

"Screezers" are hybrid comminutors which also remove screens and
dewater and bale them i1n addition to performing as a comminutor.



2 2.5 Disposal of Screenings

Screenings from most screens either must be moved by hand from the
collection trough or washed automatically by a separate system timed
to the screening raking mechantsm.

Screens are raked automatically either on a regular timed basis cor/and
by measurement of differential head-loss over the screen. Head
differences may be measured by flecat chambers or ultra-sonic tech-
niques

Screenings materiais require proper handling and some form of de-
watering 15 desirable 1n larger works, such as presses or rollers
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PRIMARY TREATMENT

1. Definition

Primary treatment in the process of removing settleable solids from
raw waste water in primary settlement tanks.

2 Application & Methods

Primary treatment In settlement or sedimentation tanks can remove up
to 50 percent of the BOD of the raw waste and up to 70 percent of
the suspended solids, the subsequent pollution load to the secondary
treatment stages 1s thereby substantially reduced, although the prob-
lem of treating and disposing of primary sludge s introduced

Primary settilement is provided on most treatment plants, the excep-

tions being.

o waste stabilisation ponds sometimes anaerobic primary ponds or
zones employed

0 oxidation ditches ‘"complete" oxidation in aeration tanks

o] rotating biological contactors  small plants with integral septic
tank.

Primary settling tanks are designed as continuous flow units and are
either rectangular or circular  Sludge 1s moved by scraper blades to
a hopper or trough and removed by hydrostatic head. [n addition to
settled sludge removal 1t 1s necessary to provide surface scum-draw-
off factlities to remove floating debris

Equal flow distribution to each tanks is important and this must be
ensured by using properly designed flow-splitting chambers

There are three principal types of primary settlement tank

A herizontal flow, rectangular
B. radial flow, circular
C. upward flow, square or circular



2 1 Horizontal Flow, Rectangular Tanks

A typical horizontal flow settling tank 1s shown in Figure 1

Where settlement column tests cannot be performed on the waste water
to be treated empirical design must be used There are two basic
parameters to be satisfied in design surface loading and retention
period

For horizontal flow tanks, the maximum surface loading I1s normally

about 30 m3/m2d for flow rates up to 3 DWF Where maximum flow
rates exceed this ievel higher surface loading rates have been used
The ASCE Manual of Practice (1977) gives some guidance on the
adjustments to be made for peak flow ratios averaged over different
time periods, 1 e %, 3, 6 hour

The retention period in primary sedimentation tanks appears to be the
most influential factor (given normal design) and a typical value used
i1s 2 hours minimum retention at peak flow rate, giving over 6 hours
retention at average fiow rates

In warm climates, where sewage tends to become septic rapidly,
retention periods of over 6 hours for much of the time will lead to
poor tank performance and serious smell nuisance Minimum retention

periods of 1% hours or less have been used

Frequent desludging is necessary to avord anaerobic activity causing
sludge to be lifted to the surface

Typical dimensions are about 1 5 m deep at the outlet end for small
tanks and up to 3 0 m deep for large tanks

The surface dimensions for small tanks are a breadth to length ratio
of 12 to 1 4, while larger tanks may be up to 100 m long with the
width being dictated by the totai area required and the specification
of available scraper mechanisms

Weir overflow rates of not mare than 450 m3/md have been recommen-
ded afthough the importance of this factor I1s not proven as this
depends on the other hydraulhic characteristics of each tank

The Inlet design is important to avoid resuspension of settled sludge
or short-circuiting The IWPC Manual of Practice (1973) discusses
the wvarious designs 1n some detail with examples of improvements
which have been made



Typical floor slopes of 1 in 40 have been used In small, manually-
desludged tanks, while tanks with mechanical scrapers should have a
fall of at least 1 in 200. There are two main types of scraper: travei-
hing bridge and flight scrapers, Figure 1. The travelling bridge type
has one vertical or trailing scraper blade which 1s raised on return
after sweeping part or all of the tank. The flight scrapers have a
number of blades which are driven by a continuous chain and return
along the surface

Sludge is collected into hoppers or a trough and withdrawn under
hydrostatic pressure. Scum often accumulates In primary tanks and
it 1s necessary to provide scum boards, submerged to a depth of
about 500 mm and about a metre from the outlet weir, in order to
prevent it passing on to the subsequent treatment stages. An auto-
matic or mec;hanlcalI scum removal device is desirable. The sludge
removed from mechanically scraped tanks has a typical solids content
of 3-7 percent.

Rectangular tanks make efficient use of land and are less expensive
to construct with water levels 2-3 m above ground than circular
tanks, which 1s sometimes an advantage.

2 2 Radial Flow Tanks

Radial tanks have grown In popularity, perhaps because of their
improved appearance, ease of flow distribution and collection of
sludge A typical tank 1s shown I1n Figure 2 showing the scraper
blades and central sludge hopper

The design surface loading of radial flow tanks i1s quoted by the IWPC
Manual of Practice (1973) as 45 m3/m2d at peak flow rate, although
.the definition of this maximum flow rate is not given Retention
periods of not less than 2 hours at maximum flow rate are typical,
but again 1% hours or less has been used with success,

The typical diameters of radial tanks are in the range of 12 to 30 m
and any design should be done in the light of the available equip-
ment The liquid depth at the side wall should not be less than
1.5 m and is normally about 1/6 - 1/10 of the diameter Floor slopes



of 7%-10° are typical and the central hopper should be sized to hold
about one day's sludge production Various inlet designs have been
tried and nc consistent practice has emerged generally the inlet

baffle or diffuser drum 1s supplied by the scraper manufactures

The outlet weir must agarn be protected by a scum board and castel-
lated weir plates are commonly employed as they require less accurate
setting than flat weir plates or copings

There are two types of scrapers fixed-bridge and rotating bridge
Rotating bridge scrapers tanks tend to be used on smaller tanks
Scum removal devices are readily incorporated and occasionally wall
scrapers are also included

2 3 Upward Flow Tanks

Upward flow tanks were once commonly used on small-medium sized
works and are still preferably where mechanical sludge removal is not
prefer red A typical tark 1s shown in Figure 3  Because of their
great depth they tend to be expensive to construct and are not
practicable in bad ground conditions

The surface loading rate should not exceed about 29 m3/m2d ideally,
but rates up to 40 m3/m2d have been successfully employed M:nimum
retention periods of 1%-2 huurs are common  The slope of the tank
walts should not be less then 60° for square tanks and 45° for circu-
lar tanks



Figures
1 - Horizontal flow tank
2 - Radial flow tank

3 - Upward flow tank
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Mr. K.V, Hlis

Measurement of Basic Water Pollution Parameters and their Interpretation

The basic parameters may be listed as

1. pH

2. Temperature

3. Suspended Solids

4. Dissolved Oxygen

5. B.0.D. (Biochemical Oxygen Demand)

6. 4 hour Permangenate Value ( NI )
( "80)

7. ©C.0.D. (Chemical Oxygen Demand)

8. T.0.C. (Total Organic Carbon)

9. Total Organic Nitrogen

10. Total Oxidised Nitrogen

11. Free and Saline Ammonia

Dissolved Oxygen

Air is only‘#lightly soluble in water and only - 20,92 of air is oxygen.
The dissolved oxygen content of water varies:
(i) inversely with salinity
(ii) directly with pressure
(iii) inversely with temperature
Normally the pressure effect can be ignored, At 0°C and 100 mg/l Cl the saturation

concentration of dissolved oxygen in water 1s about 14.Q mg/l

at 10°cC 11,0 mg/1
at 20°C 9.0 mg/1
at 30° 7.5 mg/1

On this small amount of dissolved oxygen depends all the aquatic life of a normal
stream. The addition of easily bio-degradable organic material to the water
(pollution) leads to an increased activity among the bacteria and other micro-organisms
vhich are able to use the added complex organic chemicals as food' sources. These
micro-organisms are aerobic i.e. they require oxygem dissolved in the water to support

their metabolic reactions.

Hence a stimulated activity in these organisms fan lead quickly to a depletion in the
dissolved oxygen content of the water, to the death of all nmormal aquatiec life, and to
complete deoxygenation which is characterised by the esmission of hydrogen sulphide.



The rate of reoxygenation of a partially deoxygenated water 1s propurtional to the

oxygen deficiency and described by the first order equation. ey

dC

= ' - = ' —
B o= K, (G -Cp k' LA €, - Cp)
at v

Where Cs - saturation value of the dissolved oxygen
CB - bulk dissolved oxygen concentration

. . -1
k', reaeration coefficient (T )

2
k'L reaeration coefficient (HMasstLransfer units LT_I)
k2 increases with temperature according to the expression
k, (r°® ¢ = k, (20° ¢C) 1 024 (T-20)

Hence, although the solubility of air in water decrecases with increase of temperature

the rate of reaeration 1ncreases.

The Birochemical Oxygen Demand Test (B 0.D..)

5
When readily degradable organic matter (sewage) 1s discharged to a stream a natural
process of self-purification is inmitiated. All surface waters contain bacteria and
other micro-organisms which are capable of attacking the complex chemicals of
pollution and utilizing them as sources of energy and of new cellular material
These micro-organisms are essentially 'aercbic' in that they require oxygen,
dissolved 1n water, in order to carry on their metabolic processes. As thais
dissolved oxygen is used by the aerobic bacteria, the limited amount available at
any one time 1n water is decreased. The decrease in dissolved oxygen as a result

of bacterial aectivity is directly related to the amount of pollution added.

Basically the Biochemical Oxygen Demand (B.0 D.) 1s an attempt to ut:ilize this
natural phenomenom to quantify water pollution (2,3). The B 0.D. 1s a measure of
the dissolved oxygen required by purirfying organisms in a definite volume of liquid

in crder to break down the available oiganic material.

If a quantity of polluted water 1s placed 1n a stoppered, air—-tight bottle, the
concentration of dissolved oxygen will dectease according to a first-oider equation
unt1l, after about 20 days, the action will have effectively ceased Thas total drop
in the dissolved oxygen 1s commonly refcited to as the Ultimate Onygen Demand (U 0.1 )
but, naturally, the period of the test 15 far too long for normal laboratory p:clice.
For this reason a standard time for the B O D. test of 5 days has been selected -nd

this period 1s ofgen indicated by the subscript to the letters B O D'S'
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Biological activity increases with temperature and therefore the higher the
temperature of the test the more dissolved oxygen will be used up in five days.
To enable results to be reproducible and comparable a standard temperature of

209C is always used.

For the same reasons, i.e. those of reproducibility and comparability if it is
necessary to dilute the original sample because of its excessive organic strength
then a standard dilution water containing prescribed concentrations of ferric
chloride, calcium chloride, magnesium sulphate and a buffered phosphate solution

is used.

The B.0.D. is therefore an attempt to simulate the natural decomposition of organic
wastes through aerobic microbial action under standard conditions and for a

standard time.

It is first necessary to decide on a suitable dilution of the original sample that
will result.in a decrease of the d.o. content of the water by between 3 and 5 mg/l.
The sample is then diluted with the necessary volume of the standard, well~aerated
dilution water, placed in a suitable air-tight bottle and the initial dissolved
oxygen content determined. After five days im a dark incubator at 20°C the final
d.o. content is determined and the B.0.D. is reported as mg/l.

The dark incubator is essential as the water sample may contain photosensitive algae
which produce oxygen under the influence of light which would invalidate the whole

test.

The B.0.D. test is essentially one of carbonaceous oxidation i.e. the breakdown of
organic (carbon containing) molecules to carbon dioxide, water and ammonia. It is
not a measure of the dissolved oxygen used by autotrophic bacteria in the oxidation
of ammonia to nitrite and nitrate. Until fairly recently it was considered that
oxidation of the ammonia to nitrates in the B.0.D. test did not commence until after

five days and hence was of no significance to the result.

(5)

presence of substantial quantities of the nitrite and nitrate.forming bacteria in the

This is now appreciated to be false and under certain conditions i,e. the
original sample together with an initial concentration of ammonia, the oxygen demand
of the ammonia oxidisers can be intense and can cause a complete misrepresentation of
‘the carbonaceous oxidation result. For this reason the ammonia oxidising bacteria
are normally inhibited in the B.0.D. test by the addition of a sm;II quantity of
Allyl Thiourea (A.T.U.)



IThe micro-organisms 1in the B.O D, test are alsoc liable to be inhibited by the
prescence of toxic elements and compounds (lead, hexavalent chromium, cyanide etce).
fhis 1nhibition will lead to artificially low results which will only be recognised

by comparison with the result of chemical oxidation tests,

The B 0.D. test 15 generally accepted, for all practical purposes, to follow
'first-order' kinetics in that the rate of the reaction (bacterial decay of organic

matter or uptake of d.o.) is directly proportional to the amount of organic matter

remalning.
or = = k'C
where C 1s the concentration of the organic pollutants at the beginning.

I1f L, the vltimate B.O.D. replaces C then on integration one obtains

Lt k't -kt
i— = e = 10
k = k'

2 303

where Lt is the B.0.D remaining at any time t.

If y 1s the B.0.D. already exerted at time t then

y=L-Lt

y = L (1-107%%

This 1s the classic form of the B 0 D. equation. k is the rate constant for the
reaction and 1s normally considered to be about 0.1 days -1 although higher figures

are obtained with many organic compounds, particularly those in industrial wastes.

It might be considered that the ultimate oxygen demand (U 0.D.) should be equal to
the amount of oxygen used in the chemical oxidation of a substance. This 1s not
normally so. A glucose solution with a theoretical oxygen demand of 300 mg/l, i e.
the oxygen necessdary to convert the glucose entirely to water and carbon droxide,
will normally only give a U.0 D of between 250 and 280 mg/1. This 1s a result of
the conversion of a proportion of the plucese into fresh bacterial cells instead of

directly oxidising it all completely.



-5

Ihe B.O D. has many disadvantages which include the inaccuracy of the test
procedure, the length of the test, the variability of the rate constant,
susceptibility to the presence of inhibiting agents and uncertainty as to
what exactly is being measured, The test, however, remains the best single
parameter of water pollution and of the bio-availability of organic waste.
If possible the B.0.D. results should always be compared with those from a

chemical oxidation test of the same sample.

Chemical methods of evaluating water pollution

These methods depend upon the chemical oxidation of the complex chemicals of
pollution. Chemical oxidation tests are valuable either as a direct measurement
of the polluting organic material present or as a check on the validity (absence
of inhibting effects) of the B.0.D. results. Their general weakness 1s that they
do not oxidise sufficient organic material (4 hours P.V.) or that they oxidise
too much. They do not represent a measure of the biodegradable organic material

in the waterx,

Four Hour Permanganate Value Test (N/80Q)

This test relies upon an acid solution of potassium permanganate to oxidise organic

material. It takes place at a standard temperature (279C), for a standard time
(NM(M) Its
(80) (400)"
principal value is in its ease of performance and the relatively short period of

(4 hours) and with a standard initial concentration of permanganate

time necessary compared with the B.0.D. test.

There are two 4 hour PV tests; one for wastewater and another, utilizing a larger
volume of sample and a smaller volume of permanganate, for potable waters. The
wastewater test employs 10 ml of 257 sulphuric acid, 50 ml of %b potassium
permanganate together with 100 ml of the sample, The oxidation is usually incomplete
so a precise control of the test is essential, but even 80, results are of limited
value {6). The ratio of B.0O.D. to 4 hour PV varies from about 4:1 for crude minicipal

vastewater to 1.6:1 for a well purified effluent.

Other Permanganate Tests

A J-minute test employing %a-permanganate is sometimes used to determine the

immediate oxygen demand of trade wastes.

The McGowan strength of a wastewater is still sorietimes determined using a strounger,

(N)(M)

(8) (40) permanganate solution. The formula
Strength of wastewdter = &.5N + 6.5P

1s cmployed where P is the %-permnngnnate value and N is the scparately determined

amnoniacal and organic nitrogen content.



Chemical Oxygen Demand (C.0 D )

This represents a later development that the 4 hour P.V, test and has now largely

superseded 1t. The C.0 D. relies on the stronger oxidising power of potassium

M)
(48)
dichromate solution operating in boiling sulphuric acid. The reaction time 1s two

hours.

In order to assist in the break-down of certain organic molecules such as straight
chain aliphatic acids the catalyst silver sulphate is added to the reaction. Despite
the presence of the catalyst some compounds possessing a benzene ring structure may
exhibit only partial and non-repreoducible break-down (7). Pyridine md certain other
heterocyclic compounds are not oxidised by this reaction, Ammonia is not oxidised to
nitrate, although nitrogen in higher oxidation states in some organic compounds will

be converted to nitrate.

Chloride ions interfere and may lead to the formation of volatile compounds that will
be lost by volatilization. This interference is largely prevented by the addition of
mercuric siulphate which supposedly represses all chloride interference up to 1,000 mg/1.
and permits only slight interference up to 1,000 mg/l. 1In practise the addition of

the mercuric salt does not overcome all chlorion ainterfereance.

The normal range of application of the C 0.D. test 1s from about 50 mg/l to 400 mg/1.
There 1s always an appreciable blank and the tests should always be carried out at

least 1n duplicate,

The C.0.D. test 1s quick, relatively simple and appreciably reproducible. Its

disadvantages result from the indiscriminate oxidation of organic matter. Both glucose
and lignin are readily decomposed and consequently there 1s no differentiation hetween
biodegradable and non—-biodegradable compounds The ratio of C.0.D. to B.0.D. increases

with the increasing concentration of biclogically resistants organic compounds.

Fotal Organic Carbon (T O C.)

With this test all the arganic carbon 1s oxidised to carbon dioxide which 1s then
quantitatively determined. In the wet method (2) the oxidising agent 15 acid

potassium dichromate solution and the CO, 1s collected 1n a solution of barium

2

hydroxide. The carrier gas 1s air from which CO0, has been removed by soda-lime.

2
A dry-method is also employed which uses an electric furnace and nitrogen gas to

which about 200 mg/l of oxygen 1s added
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The T.0.C. is rapidly becoming a most popular parameter and there are many different
equipments on the market. These frequently incorporate a catalytic furnace operating
at about 900° C. The CO2 produced is determined either by a non-dispersive infra-red

analyser or by reductive pyrolysis to methane followed by a flame ironization detector.

Again, with the T.0.C. there is no distinction between biodegradable and non-

biodegradable organic material.

Combined Nitrogen Tests

These are the Total Organic Nitrogen, the Albuminoid Nitrogen and the Total Oxidised
(2)

Nitrogen tests. The organic nitrogen test may be carried out on a sample {rom
which the ammonia and oxidised nitrogen have already been removed and determined; or
the oxidised nitrogen may be destroyed and the ammonia included in with the result
obtained. Basically, the organic materiral present is digested at the high temperature
produced by a boiling solution of sodium sulphate in concentrated sulphuric acid.

The breakdown of the nitrogenous material is assisted by the presence of selenium

and copper sulphate catalysts. Later the ammonia is distilled off from an alkaline

solution and determined. Most of the organic material will be recovered ss ammonia.

The Albuminoid Nitrogen test produces less meaningful results but is still useful, in
some situationg, because of its simplicity and because of the short time required.
The alkaline permanganate solution used possesses only a limited ability to convert
nitrogenous, organic material to ammonia and the results obtained should only be

regarded as a guide to the total organic content of the sample.

Total oxidised nitrogen includes both nitrites and nitrates. It is best determined

using Devarda's alloy on the residue from the free and saline ammonia determwnation
although the copper/zinc couple method is simple and reliable, if overlong. It is

rarely necessary or useful to determine mitrites and nitrates separately.

Ammoniacal Nitrogen

Ammoniacal nitrogen is usually determined by distillation from a slightly alkaline
solution. The distillate is cooled, collected and made up to & standard volume

(200 m1 ) and then the ammonia content determined by the addition of a small quantity
of Nessler's reagent The Nessler's rcagant (alkaline solution of mercuric chlorinate
and potossiumiodide) produces a yellow colouration in the ammoniacal solution, the
density of which is proportional to the concentration of ammonia. The colour density
is determined either by direct comparison with prepared standards, or by an

absorption meter or by a spectrophotometer (410n.m.).
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Biological Filtration of Sewage

Principles of the Biplogical Process

The brological filter (also known as bacteria bed, percolating filter
or trickling filter) provides a large area of solid surfaces over
which sewage 1s made to flow in & thin film, with air in contact to
give a continuous supply of oxygen. After a maturing period o§ two to
s1x weeks (according to temperature and the character of the sewage) a
biological film becomes established on the surface. It contains those
bacteria and fung: which c¢an, under aerobac conditions, metabolize the
organic matter in the sewage to obtain energy and to synthesize their
cel]l material, with the release of COz, H20 and ammonium compounds.
The ammonium compounds are further oxidized to nitrates and nitrates
by autotrophic bacteria which usually become established in the lower
levels of the filter 1f the rate of application of the sewage 18 not

too haigh.

The biological process involves the following steps.

(a) Flocculation and adsorption of the dissolved and coelloidal
organic solids on the biological film - sometimes known as
"biosorption". This appears to be partly a physical and partly
a biological process. Larger suspended solids are also likely
to be held by the sticky biological film, but since they may
overload the £ilm and lead to blockage of the voids, they
should, as far as possible, be removed by sedimentation before

the bipological treatment.

(b) Biological breakdown and ox:dation of the adsorbed organic
material by the respiration of bacteria and fungi. Part of the
material broken down by enzymic reactions 1s then synthesized

into new cells.



(e)

(d)

(e)

Re-solution of products of oxidation, CO;, H0 and ammonium

compounds 1n the flowing liquid film.

Oxidation of ammonium compounds to nitrite and nitrate by
nitrifying bacteria in the lower levels of the filter (under
suitable loading conditions). This involves a similar sequence

of adsorption, oxidation and re-solution.

Scouring of the biological film by pretozoa, worms and insect
larvae prevents excessive build-up of film which would block
the filter (though such blockage does sometimes oceur in cold
weather when the scouring organisms are less active or when the
character of the sewage promotes excessive growth of the fila-
mentous organisms). In low~ or "nmormal''~rate filters it 1is
more or less continuous, probably helped by the higher rates of
liquad flow, Because the filter effluent contains particles of
scoured film, 1t must be settled 1n final sedimentation tanks

(known often as "humus tanks').

Biology

(a)

Bacteria

Primarily Zooglea remigerd, which are gram-negative, cap-
sulated, serobic, mobile non-chain~-forming rods, of several
strains. They flocculate sewage solids and form a gelatinous
film on the filter media. In pure cultures, Zooglea ramigera
can rapidly oxidize carbohydrates and other organic substances,
but cannot oxidize ammonia to nitrites and nitrates.
Filamentous bacteraia such as Sphaerotilus ("sewage fungus") and

Beggiatoa (sulphur bacteria) are also usupally present. Other



(b)

{c)

(d)

bacteria may develop which can break down specific substances
in the waste, e.g. cynanides, phenols, thiocyanates, etec.

Nitrifying bacteria Nitrosomonas and Nitrobacter occur usually

1n the lower levels of a filter.

Fungi

Compete with bacteria for organic food, but do not usually
predominate when domestic sewage 18 being treated. They may
find trade wastes more favourable. Bind film together, but may
cause blocking by their rapid spread.

Common genera. Fusarium, Geotrichum, (these two become firmly

attached and can withstand concentrated jets of sewage),

Sepedorium, Ascoidea, Penicillium.

Algae

Restricted to surface of bed where light is available. Play a
minor part in purification, but excessive growth may cause

blocking.

Protozoa

Mainly ciliates, either attached (e.g. Vorticella, Carchesium,

Epistylis), crawling (e.g. Euplotes) or free-swimming (e.g.

Paramoecium, Colpidium).

Rhizopods (e.g. Amoeba, Arcella, Actinophrys) and Flagellates

(e.g. Euglena, Monas) &re also common.

The protozoa feed directly on solid organic matter and on bac~-
teria 4nd some take in soluble food. By preying on the bac-
terira they help to maintain a healthy growth of film.

Different genera tend to become established at different depths
in the bed, according to stage of purification and nature of

bacteria and other organisms.



(e)

(£)

Worms
Feed on the filw and help to prevent blockage. Their faeces

form a large proportion of humus washed through filter.

(1) Nematodes {round~worms). Fine white threads up to 1l or
2 mm long.

(1i) Oligochaeta (brastle worms) Pachydrilus or Lumbricillus,

up to 15 wm long x 1.25 mm diameter. Segmented with
bundles of bristles or setae. Single worms are yellow,
but c¢lumps of worms appear red.

Tubifex, byright red, segemented bristle worm, up to 40 mm

long. Lumbricus and other earthworms, up to 75 mm long.

Insects

Many insects breed in biological filters, the larvae feeding on
the living film and thus helping to scour it and prevent
blockages. Adult flies, however, may cause nuisance 1n the
vicinity, though (except for the midge Culigoides nubecolosus)
they de not bite humans.

The following genera are se commonly found on aawage filters

that they are often called "filter £lies".

(i) Psychoda (3 species, slternata, severini and cinerea)

(ii) Spaniotoma (2 species, minims and perennis are common).

(i11) Metriocnemus (2 species, longitarsus and hirticollis are

common},

(1v) Anisopus fenestralis




(g)

Other

(v)

(vi)

(vi1)

Other

insects which often breed in filters:

Eristalis tenax or drone~fly. Its "rat-tailed" larvae up

to 20 mm long may be found i1n choked filters or in sewage

sludge.

Chironomus or chironomid flies. Non-biting midges which

breed in underdrains and effluents channels. Larvae are
red ("blood-worms") 20 mm long and are aquatic.

Achorutes subviaticus or "springtails". Wingless insects

about 2 mm long which can leap several inches. Scouring
organisms, which may be found i1n large numbers on surface

of filter.

animals

Beetles, spiders, mites, snails and slugs may also be found in

biological filters.



Engineering Features of Biological Filters

The essential features are.

(a)

(b)

(e)

(a)

An adequate volume of suitable sol:d medium, which may be sup-

ported by walls, or may be self-supporting.

An underdrainage system to collect effluent and permit axr flow

through the filter.

A dosing arrangement to give a periodic sprinkling of sewage on

the surface of the filter.

Filtering Medium

(1) Properties

B.S. 1438: 1971 covers single-sized granular media of

nomnal sizes 63, 50, 40, 28, 20 and 14 mm, The maln

properties considered are

1. Durabilaty: If the material 1s known to be satisfactory

in practice, no specisl test 1s needed. Otherwise, it
should pass the sodium sulphate soundness test (20
cycles, each of 24 hours, congisting of 19 hours'
immersion in & saturated solution of sodium sulphate at
20 + 1°C, &4 hours drying at 105~5°C and I hour's
cooling and examination). The specificatiom gives cri-
teri1a of unsoundness in terms of number of pieces which

disintegrate and percentage loss of weight.

Size: Grading limits are given for each nominal size.

Shape, Nature of Surface and Classification:

Descriptions, and 1llustrations are given to explain

the terms rounded, irregular, angular, flaky, elongated



as applied to particle shapes. Surface characteristics
are classified by the terms glossy, smooth, granular,
rough, c¢rystalline, pitted, honeycombed.

4, Flakineas: An "index of flakiness" 1s specified,
determined as in B.S. Bl2 dealing with mineral aggre-
gates, sands and fillers.

S. Cleannees. Media should be free of clay, soil or orga-
nic or other impurities, and of any substance toxic to

living organisms.

Material used

Almost any durable and chemically i1nert material may be
used, depending upon cost and availability. The most com—
monly used are granular mineral materials such as broken
stone, gravel, clinker, blast furnace, slag and coke.
Several designs of thin plastics sheeting (e.g. corrugated
sheets such as Surfpac, Flocor or in partitioned tubular
form such as Cloisonyle) are available. They have a high
specific surface and & large voids ratio, making them par-
ticularly suitable for high-rate filtration of sewage or
industrial effluents. Their light weight permits
construction of deep filters occupying a small area - a
useful feature where industrial effluents have to be
treated on a limited site.

Certain other proprietary packings of special shapes, such
as are used in chemical engineering practice, are also

available.

{111) Specific Surface

Since the work done by a filter depends upon the total

area of the biological film 1t 18 important that the



(1v)

medium should have a high specific surface, 1.e. surface
area per unit volume of filter. (The specific surface of
a solid body, e.g. an individual stone in a filter, is the
surface area per unit volume of the solid, but in con-
sidering the filter as a whole it 18 more logical to use a

unit volume of filter, including the voids).

Examples of specific surface.

Granite, nominal size 25 nm 185 to 237 w?/m3
" " " 63 mm 75 to 85 "
Blast-furnace slag, nominal size 25 mm 200 to 246 "

n " " i 1] 63 mm 79 to 90 "
Crushed gravel, nominal size 25 uwm 169 to 208 "

1] " L] " 63 mm 67 to 77 "

Flocor 85 "
Surfpac (standard) 82 "

" (crinkle-close) 187 "
Cloirsonyle 220 "
Proprietary ring packings 100 diameter 70 to 110 ™

" " " 50 diameter 130 to 200 "

In practice some of the speeirfic surface 1s ipaffective;
especially with granular media, because of the area of
contact between particles and parts of the surfaces which

do not become wetted by the sewage.

Size of Granular Media

The need for & high specific surface points to the use of
media of small particle size, but a limit is met by the

risk of blockage of the small woids by the biological



(v)

film. The choice of size of media 1s therefore a compro-
mise based on experience taking into account the nature of
the sewage or other waste, the loading rate (both organic
and volumetric) and whether the effluent is to be recir-
culated on to the filter.

For the treatment of domestic sewage, granular media are
usually of a nominal eize between about 25 and 65 mm.

They should be graded within close limits of the nominal
syze. It 13 usual to employ a uniform size throughout the
depth of the filter, though many older filters were built
with a layer of finer material at the top (intended to aid
uniform distribution of the sewage) and coarser material
at the bottom,

Smaller sizes may be used for weak sewages or asome
industrial effluents, or where recirculation is practised,
or for secondary filters where two-stage filtration is

employed).

Depth of Filter

The following factors are relevant to the choice of filter
depth’

Rate of application of sewgge (organie and hydraulic
loading)

Si1ze of media

Time of contact of sewage with film

Head loss between inlet and outlet to filter

Resistence to air flow

Area of land required

Effluent standard required



(b)

10

Practical experience had led to a fairly general adoption
of gbout 2 m as the usual depth for normal-rate filters,
Greater depths are commonly used for enclosed filters (4
to 6 m), and filters built of plastics media, especially
where space 18 limited.

Shallow filters (1 m) are used in some recirculation

systems and where two stages of filtration are employed.

(vi) Walls
Media may be supported by large pieces of rock built to a
steep batter or by brick or concrate walls. Honeycomb
brickwork, formerly used to assist ventilation, 18 not now
favoured, since it encourages flies. Solid walls protect
the interior of filter from cold winds.
Piastics media may be contained within light asteel or
timber frameworks with cladding of, e.g. corrugated

plastics or asbestas-coment sheel.

Underdrain

Usually congrete floor with half-round or specially ghaped
tiles, open-jointed brick, etc. Circular filters usually drain
to periphersal channel, but sometimes to central wall or to

diametral channel. Gradients 1 i1n 50 to 1 i1n 100.

Underdrains run only partly full, and hydraulic capacity is not
critical, except possibly for very high rate filtration. But
adequate crosi-sectional area must be allowed above liquid for

air flow.

Reasonable airx velpcity 1s 1 m/s.
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Allowing for a maximum air velocity at surface of filter {1.e.
over vwhole area of surface) of 0.015 m/s, the area of air
passages 1n underdrains required is 1.5% of surface area of

filter.

Ventilation

Air movement through filter depends mainly on difference of

temperature between sewage and air, and, to a smaller extent,

on wind velocity. Air flow 18 upward unless air temperature is

appreciably higher than sewage temperature.

Halvorsen (Sewage Works Journal, 8, 891, 1936) dervied formula
v= 0,135 (Tg -~ Tg) - 0.46

where v = vertical velocity of air downwards in ft/min

(measured over whole surface area of filter).

Tg = temperature of air, °F

Ty = temperature of sewage, °F

According to this formula, air flow is downward when air tem-

peratures 1s 3.4°F or more above sewage temperature,

Truesdale and Eden (J.I.P.H.E., 62, Pt.4, 283-302, Oct. 1963)
found similar trend, but with lower velacities. They concluded

that downward air flow rarely occurred.

With good air access and unblocked filter, the quantity of air
flowing 18 nearly always ample in relation to oxygen required
for biochemical action. Truesdale and Eden found that oxygen
content of air which had passed through filter rarely fell

below 20% (from normal value of 20,9%) and CO; content rarely

exceeded 1% (normal 0.03%).

Fair suggests that i1n summer, when oxygen requirements are
higher, air flow should be encouraged, and in winter air flow

should be kept to & minimum to avoid cooling filter.
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Appliqation of Sewage

(i) Types of Distributoar

A,

Fixed Nozzles

Used for very large or irregularly-shaped beds.

Nozzles 1in upper side of dastribution pipes laid
directly on filter medium. Equilateral trigngle layout
for most uniform distribution.

Oparated by automatic siphons at 2 to 15 minute
intervals

For hydraulics of doaing siphons and nozzles see Fair,
Geyuer & Okun, Vol. II, pp. 243, 24~11 to 24-14 and
35-12,

The head or the nozzles desreases from its maximum
throughout the period of operation of the siphon.
Sprays from three adjacent nozzles should ayerlap at
moment of maximum head in order to achieve reasonably
uniform distribution.

Head required to operate nozzles through dosing siphon
may be up to 2 m, with minimum effective head on nozzle
of 0.3 to 0.8 m.

Rotating Distributgrs

For caircular filters

Sewage 1s fed into ecgntral staendpipe and thence to

distributer arms. 2 or 4 arms according to size of

filter.

Arms are driven either by

1. Jet reaction., head of 0.5 to (0.8 m sbove medium
level 15 required. Jets spaced closer together at

outer end of grms to give uniform dosing per unit



(11)

or

C.

13

area. Or use larger jets., Spreader plates permit
larger nozzles at greater spacing, with less risk
of blockage.

I1. Water-wheels driven by part of the sewage flow.
Head required 0.8 to 1.5 m above medium level.

1I1. Electric motors for larger and heavier distribu
tion, or where 1t 18 desired to control frequency
of dosing.

I and I1 may be fed through dosing siphons to ensure

adequate head to move distributor. Siphons will

require extra 1 to 1.3 m head.

Rectangular Distributors

Rectangular beds usually laid out in parallel pairs
with interconnected travelling distributors to neutra-
lize wind resistence. Sewage 1s siphoned into distri-
butor arms fr;m longitudinal open channel between the

two beds.

Drive may be by waterwheel or electric motor.

Frequency of Dosing

American practice tends towards high frequency, 1.e. almost

continuous application of fine spray, especially for high rate

filters.

In Britaln, on normal-rate filters, there is much evidence of

improved purification 1f the interval between applications 1s

lengthened to several minutes -~ even up to 15 or 20 minutes.

Possible explanations

AI

increased gcouring by heavy instantaneous flow keeping

biological film thinner and more active
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B. increased contact time in filter (of part of flow)

C. more uniform film growth through depth of filter.

The lengthened dosing interval appears to reduce growth of
fungi, and to encourage fewer flies, but more worms,
Posing interval can be lengthened by:

1. reversing direction of jets on one arm of distributor

II. using motor driven distributors.
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SUMMARY

This paper briefh reviews <ome of the cusrent approaches to rotating
biological contactor (RBC) design in the hght of two field studies
undertahen in 1980 The kinetics of the process are not considered here
It was concluded that the following areas of design and performance
assessment are in need of improsement
(1) there 15 a need to be able to design for and controt dissoh ed oxvgen
concentrations 1n the trough

(n) RBC specifications should include both oxivgen transfer capaciies
and oxrvgenation efficiencies

() the performance of the RBC 1s most rehiably assessed by relating
soluble or filkerable BOD 1n the final effluent to the total BOD
load

{1n) an adequate performance of the final hquid-sohd separation device
15 assumed 1n most designs  but 1s not alwavs reahized i practice

(v) equantons relaung BOD removed to BOD load {(enther mass or
concentration) by some form of yegression equation are mvahd due
to the two vanables being functionally inter-related

(vt) equal numbers of discs 1n each stape of mult-siaged systems
common 1n many plants mav not represent the optimal use of disc
surface ared

(vu) the mixing characterstcs should be specified

{ri) the rele of bioflocculation i enhancing the performance of RBCs
requires evaluation

The implications of the above points are discussed subsequently
following a brief review of the process and a qualtar e examination of
some of the current design approaches

THE RBC PROCESS

The RBC process comprises a sem immersed cvlinder of media or
discs on which a fixed biological film 1s developed by rotating the
cylinder about its axis and so passing the biomass through ar and
wastew ater alternately Rotanonal speeds of 1 ta § rpm are common with
a typical peripheral speed of (+ 3 m’s

The tiological film 15 similar 10 that of a percolaung filier and the
process 1s capable of achiesing normal carbonaceous and mirogenous
oxidation The process is not exclusinelv aerohic anaerobic apphications
have been reported Davies & Pretonus (19753 Cheung (1979 & 1980)
Murphy er al (1977) Sovupak er al (1979) and Watanabe & Ishiguro
(1978) This paper 1s restricied to aerobic apphcauons for carbonaceous
BOD removal

A diagrammatic representation of the RBC process is shown in Figure
1 and three RBC systems ate shown in Figure 2

RBC APPLICATIONS

In Europe there are about 1000 operatonal Rotaung Biological
Contactors treating domestic and industnal wastewaters (Pike 1978)
Plant sizes 1n population equinalents exist from 300 10 100 000 with
most common apphcations in the 8 000-20 000 range In Alexandna
USA secondarv treatment for a populanion of 400 (00 peaple 15
provided by RBC equipment

In the UK the process 1s winming consideration for medium scale
apphcations because of its low running costs compactness ow head loss
and mirimal smell and noise nuisance

Compared with comentional actnated sludge processes or normal
biological percolating fhiters the RBC process claims the following
adhantages
(1) RBCs are more compact than percolating filters and hence occupy

less site area equivalent surface loading rates of 5 10 6 imes that of
percolating filters are possible

(n) RBCs require neghgible hydraulic head compared with percolating
filters

(m} completg contact berween the biolopical film and wasie water 18
ensured 1n the RBC compared with percolating filters which often
require recirculation 1o ensure the mimmum  wetting rate
required

(n} RBCs do not require recirculation at umes of low flow 1o keep the
biological film wet a< do percolating filters

(v} the power requirement of RBCs 15 neghgible compared with
actnated sludge processes

(vi) problems of seasonal shedding of biomass from percolaung fhlters
are reduced 1n the semi-controlied environment of the RBC

(vn) the fly nwisance associated with percolating filters 1s not present in
RBCs

rotating
aiscs

bulk hquig -
in trough

asc

~
Substrote
————

blogicaly fiim

hquig fim
containing substrate

air

yalocity V4 DO D O protie
N hguid N n bwlogicat  f1im
ik ~

\ o

Figure 1 The RBC pracess
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Figure 2 Three RBC system configurations

{vit1) some RBC systems offer a greater potential for operational control
than do percolanng filters,

{(1x) the disc trough provides additional dilution of shock loads not
avaiable in biological filers,

{x} the short retention penod in RBCs results in slowly-degradable
suspended particles flocculating in the trough and being removed
by the final clanficanon device before exertng their full oxygen
dernand

Disadvantages include

(1} relauvely hugh capstal costs of equiptnent

(1) failures in both shaft and drive

() oxvgen deficiencies in the trough hquid,

(1v) greater and more rapid respollges-to foad vanation than in sumularly
loaded acuvated sludge plants tFilop ez'al, 1979),

(v) uncercainty in design and performance

SOME CURRENT DESIGN APPROACHES

Most design methods are based on empincally-denved overall organic
loading rates per umt area of disc related to the removal of orgamic load
(e g BODs) Removai efficiencies assume a performance of the
liquid-sohd separation device (e g final settlement) Other methods
have related BOD removals to hydraulic loadings per umit area of disc
only Many manufacturers quote BOD loading rates per umt disc area
that are claimed 1o produce effiuents of BOD and suspended schds not
exceeding 20 and 30 mg/l respecuively All des:gns assume a satisfactory
performance of the final clanfication stage, although Asntome (1978)
recogmizes the problem and uses soluble BOD for performance
assessment

The following review of four typical design approaches uses unscaled
illustrations from the references to ensure that the source matenal 1s
always consulted

Hartman {Steels, 1974)

An empincal design approach relating the percentage BOD removal
to the hydraulic loading per unit area of disc was developed by Hartman
and reported in English by Steels (1974) The design curves (Figure 3)
are for normal fresh domesuc sewage * and for two packs of discs in
series Correction factors are given for more than two shafts and for peak
flows to plants serving more than 10 000 population equivalents An
upper hmit to the organic loading of 100 g BOD/m?d 1s suggested

‘The approach 1s hmited 1 application n that
(1) 1t 1s only apphicable 1o normal fresh domestic sewage™,

(1) 1t s assumed that equally sized stages are optimal
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Figure 3 Design curve developed by Hariman (after Steels 1974)

Stover & Kincannon (1976)

An approach based on ultimate COD load 15 proposed with design
curves for vanous substrates relating percentage ultimate COD
removal to ~ultimate COD  load per unit area of disc (Figure 4) These
cyrves arc based on graphs relating mass * ulimate COD  removal per
unit area of dis¢ versus  ultimate COD  mass load {Figure §) Removal
rates were found ta be mdependent of wastewfier concentration over the
range ‘cogsidered .
Some of the imitations of the approach include
(1) the ulumate COD as defined will depend on the design of the
RBC system and therefore requires piiot studies,

{n} the BOD removal 15 related to the lcading per unit trough volume
(Fygure 4), winch will vary for different designs in relauon to disc
area

Q0 r

“ -" H
ult COD
removed a

dary waste water

siogughterhouse
waste water,

loading “ult coo“/wt trovgh
volurme

Figure ¢ Percentage 'ultimate COD' remaval v volumetnic foading rate
fafter Stover and Kincannon, 1976)

removed

nult cop” load / unit disc area

Figure5 Ulumate COD' removal v wlumate COD areal loading
{afier Stover and Kincannon, 1976)

Pike (1976)

A review of the design approaches for biological contactars concludes
that the first-order kunetic equation may be used for RBC design and
performance assessment

S, = Soexp(- K %ef 15

where A = total surface area of disc
§, = effluent conceatration (e g BOD,)
S0 = mAvent concentration
K = react:on rate coefficient
Q = flow rate
8 = temperature coeffictent
T = temperature of reaction
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Figure 6 BOD removedy BOD apphed for a range of perceniage
remon als (after Pike 1978

This form of the first-order equation 1s for plug flow reactors and
whlst 1t 1s appropnate for trickling filter destgn 1118 pet so for RBC units
which are nearer to being completely mixed reactors A graph of BOD
apphed versus BOD removed 1s given with hines for various percentage
remonrals (Figure 6)

The design approach has two important drawbacks
(1) the graph of BOD removal versus applied BOD load provides hule

wnformanon as the vanables are functionally inter related
(1) the sugpested exponential performance function assumes a plug
flow regime

Antonie (1978)

Antonic (1978) presents a design approach developed from the work
of McAhlev (1974) which relates soluble BOD removal to influent
soluble BOD concentrations The design parameter used 1s soluble
(filterable) BOD influent concentration on the basis that settleable
BOD 15 removed in the pnmary settlement tank and that suspended
solids passing forward are rapidly bio flocculated and removed in the
final clanfier without exerting a sigmificant oxygen demand on the
system Plots of soluble BOD removed versus soluble BOD nfluent
concentration are given with regression coefficsents i the order of 09
{Figure 7) This high regression coefficient 1s spurious as both sides of the
regression are interrelated BOD removed being a functsion of BOD
influent
Relauonships such as in Figure 7 were used to derne the proposed
design chart (Figure 8) for mults staged umts
Figure 9 was denived from Figure 8 10 predict effluent soluble BOD
from influent soluble BOD for given hvdraulic loading rates to a four
equal sized stage system
The design basis has some difficulties including
(1} the regression equation in Figure 7 1s invahd due to the functional
mter relationship of the vanables BOD removed and BOD
loading Furthermore the hne would reach a plateau and then
perhaps dechine when the rate of ox\ gen transfer becomes imiting

(n} Figure 9 predicts only the soluble BOD in the effiuent and a factor
of 2 1s suggested to comvert 1o total BOD such a ranio ¢annot be
apphed universally and in particular depends on the efficiency of
the final clarifier which 1s assumed,

{m) the term soluble needs defimng 1e specfication of fulter paper

(v} the BOD used in developing the method was not minfication
suppressed

FIELD STUDY EXPERIENCES

Two field investigations were underiaken in 1980 evaluating the
performance of two RBC systems one treating rural domestc sewage

soluble

refroved 0 s 00%23 BOD,, -0173
per unit rem ol

area Of
dise

[R-1}
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Figure 7 Regression line of soluble BOD removedy influent solubie
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and the other a full-scale pilot plant treating dairy wastewater {Santos
1980 and Thompson 1980) The domestic sewage plant was multi-staged
and over-sized in terms of disc area whalst the dairy waste plant was a
single stage and purposely over loaded duning pilot study tnals Another
contrasting feature was the final hquid-sohid separation device which for
the domestic plant was a rectangular hopper bottomed 1ank and for the
damy waste plant was a rotating drum filter Both pianis were unable 1o
achieve their designed performance but for different reasons

For the domesnic semage plant onlv about 30 per cent of the bulked
dailv samples comphed with both cntena of less than 20 mg | BOD and
30 mg | suspended solids During the period studied the a erage effluent
BOD« (ATU) was 21 mgl with onlv 55 per cent less than 20 mg1
However during a weeh when measurement was made of both total and
soluble BOD ({filtered through a standard glass fibre filter paper
(Whatman GF'C grade or equivalent) ) an average BOD« tATL) of
22 mg1 corresponded to a soluble BOD< {ATU) of 6 mgl and an
average suspended solids of 51 mgl Clearhy poor performance in the
fmal setthing tanks was indicated 1his was observed to be due to both
nsing sludge and severe hvdrauhe short aircuiting

An attémpt was made to apply some of the denved performance
equations reported in the hterature such as those by Schulze (1960)
Eckenfelder (1978) Antonme (1976) Kornegay (1975) and Popel (1964)
but with no success Al these models assume an adequale performance
of the final hquid-sohid separation device which i 1his case was
performing inadequately

With regard to dissolved oxvgen concentrations in the trough some
useful obscrvauions were made from 24 hour data Dissolved oxvgen
concentrations were ohserved to respond rapidhy to changes n the
incommg BOD mass load (Figure 10)

A plot of the dissolved ox\gen concentration in the first stage rough
against the incoming mass BOD loading 1s shown i Figure 11 an
exponential relauonship mighi he suspected Whilst such a relationship
would give a general ndicanon of the probable dissolved oxygen
concentration associated with an organic loading rate it provides no
mformaton regarding the dvnamic response of the system Considerable
mgh frequency data are required to identifv such dvnamics  as
emphasized by Filion er af (1979) where sampling frequencies at every
30 minutes were used and a response i TOC measurements observed
within this period
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The darry waste plan: was intentionally over loaded durmg full-scale
pilot studies It was observed that poor organic removals were associated
with a zero dissolved oxygen in the trough High suspended homass
concentrauons in the trough ansing from severe toxic shock loads
causing the biomass to shed from the discs also gave nse to poor
performance Sausfactory effluent quality was only achieved when a
dissolved oxvgen concentration of about 2 mg/l was present 1 the
trough, this being attained by lowenng the orgamc loading rate and/or
reducing the high conceatrations of solids present in the trough

Again only iimited data were collected relating soluble BOD in the
effluent 1o the total BOD loading (Figure 12} 1t 1s interesting to note
that a regression of soluble BOD removed versus soluble BOD load (as
by Antome 1978) gave a regression coefficzent of 100, but the
regression analysis 15 not vahd as previously noted In Figure 12 both
varzables are merely divided by the constant disc area Obviously a
regression analysis of so few data pownts 1s suspect

DIRECTIONS FOR IMPROVED DESIGN

From the foregoing, 1t 1s concluded that the following areas have
potential for improving design

Dnssolved Oxygen

Many workers have referred to the importance of a residual dissclved
oxygen m the trough, for example, Pike et o/ (1980) Hynek and Chou
(1979}, Bintanja et al (1975) and Chesner and Molof (1977)

Figure 11 shows that the dissolved oxygen in the trough should be
predictable with confidence from the incoming mass BOD loading rate,
for the parncular oxygenation capacity of the plant conudered the
respiranon rate of the wastewater and the expected diurnal load
varrations

A knowledge of the response of the dissolved oxygen concentration in
the trough to nput load vananons would prevent over sizing (o meet
short duratsion demand peaks Further, an understanding of the dynamic
response of dissolved oxygen wouid allow the evaluation of operational
control

The RBC should be regarded pnmanly as an oxygen transfer device
and the oxygenation capacity and efficiency should be speafied, Stemer
{1979) argues strongly for this approach The importance of mixing on
the mass transfer coefficient was 1dentified by Zeevalkink et al (1979),
who performed laboratory scale aeration tests

Final Liqumd Solid Separation

The incorporation into design and performance evaluation of an
assumed performance of the final hiquid-sohd separation device has led
to a neglect of the essential role af final effiuent clanfication However a
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performance specification for final settlement or filtenng requires a
prediction of the concentration and nature of the suspended solids
passed forward from the disc chamber This problem has resulted in the
use of soluble or filterable BOD values in the effluent as a better
measure of RBC performance Performance investigations should use
this approach tn order 1o wentfy the separate efficiencies of the RBC
and the final iquid-sohd separation device

For design however the use of soluble BOD predictions 15 of httle
worth upul the relationsiup between the final total BOD and the soluble
BOD can be reliably forecast It has been claimed by Antome (1978) that
significant bicflocculation of suspended particles occurs in the trough If
this 1s the case then the nature of the floc particles produced will affect
the choice of the final higuid solid separation device The role of
bioflocculation in the RBC process therefore requires evaluation and of
beneficial optimization

The Use of Soluble (Filterable) BOD

The field studies indicated that the performance of the RBC with
respect 1o biological oxidanon may be predicted with better canfidence
by relating the final effluent solubie or filterable BOD (or ammomacal
mtrogen) to the incomng mass lead

work by Filion er a/ (1979) showed that the effluent filterable total
organic carbon {TOC) and total K)eldahz mitrogen (TKN) were predicted
more precisely using the corresponding influent mass loading of TOC
and TKN rather than influent concentrations, the correlation between
flow rate and effluent concentration was very low

A linear regression model of efflaent BOD on influent ioading was
denived for a pilot piant treating domestic sewage i the USA (Newton et
al, 1977) although 1t 1s not clear whether soluble or total effluent BOD
was uscd and the regression analysis 1s not given

Fmal discharge standards are for total BOD vaiues and therefore as
previansly noted, some means of predicting the total BOD from the
soluble or filterable 1s required and will be a function of the efficacy of
the final clanfication stage

Stage Sizing

The use of equal stage-sizing does not necessanly represent the
optimal use of disc area In some cases it can lead to overall process
farlure despite the total disc area being sufficient (Steiner 1979) If as
has been inchcated the effluent concentrauon 15 best predicted from
influent mass load and 15 virtually independent of hydraulic loading then
1t 18 logical not 10 employ equal stage sizes

It1sn the treatment of stzong industrial wastes that oxygen limatation
most often occurs and Antome {1978) comments that the first stage
should be made sufficiently large to avoid the oxygen hmiting
condition  Where mtnfication 1s required, this also will affect the stage
sizng

Mixing

The degree of mixing achieved by different RBC designs and
configurations requures specification as 1t affects the aeration efficiency
the amount of short-circuiting, bioflocculation 1n the trough and the
settlement of solids in the disc compartment Inadequate miung was
cited by Zeevalkink er al (1979) as being the cause of deviations from the
theoretical mass transfer coefficient in aeration tests

Kmetic equations for process design and evaluation must take wnto
account the mixing charactenstics of the system

POTENTIALS FOR OPERATIONAL CONTROL

If 1t 15 secepied that one of the pnneipal design pinlosophies 15 the
achigvement of an aptimal dusolved oxygen cohcentration in the trough,
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then 1t 1s logical 1o look beyond the design 1o potenuials for operaticnal
controls to achieve thic objectne

Process vanables which would appear to offer operational control
potential with respect 1o dissoh ed osy gen concentranons are
(1) specd of rotaton
{n) depth of immersion
() supplementary agration
{1v) effluent recvching

Speed of Rotation 1s expensive to vary in mechanicallv-dnven svstems
but 1t 1s a clear potenual adyvantage of air dnven systems As would be
expected higher oxvgen mass transfer coefficients have been measured
for air-driven svstems (Hiynek and Chou 1979) It shouid be noted that
increasing the speed of rotation increases the ox\genation capacity onh
at the expense of the oxygenauon gfficrency and that high speeds may
lead 1o excessine scouring of the biological film  Bioflocculation f
sigmficant would aiso be affected by vanations in the rotation speed

Depth of Immersion could be adjusted simply by an automatic outlet
weir All RBC svstems to date have had fixed immersion depths which
have ranged from one third diumeter to two thirds diameter Most
svstems have adopted a 40 SU per cent areal immersion  although one
svstem recenthy examined by the author had a maximum oxygenation
capaciny at about 57 per cemt immersion  Furthermore the optimum
depth for oxvgen transfer will vary with speed of rotation

The relatn e proporuon of the media in contact with the air and waste
water should reflect the rates of oxvgen and substrate diffusion bath of
which will van according to the operauing condiions Varving the depth
of immersion might be found te be a worthwhile operational control

The ohjectnes of operational control would be 1o mmmmize the otal
medha required and also o reduce energh consumphion

Supplementary Aeration offers significant advantages for operational
control as it makes possible the maintenance of dissolved oxygen levels
in the trough even when the oxvgenation capacity of the RBC nself 1s
inadequate In additon there appears 10 be an improvement in
treatment efficiency due to the air scouning resuiting in a  thinner and
more actne  hiological film (Hyvneh and Chou 1979}

Supplementan aeration may be achieved simply through air sparges at
the bottom of the trough and of course 1s a permanent feature in
air-driven <ystems

Effiuent Recrching offers a means of increasing the residual oxigen
concentration 1n the trough by back-ciluing  with cffuent having a
relanvely high dissolved oxvgen content In addion recirculation
reduces the residence time in the trough and the subsirate concentration
In plants emploving ntegral drum filters recirculation increases the
frequency of bachwashing and 1s useful 1 reducing high biomass
concentrations n the trough which occur after shack loading Drum
filters bachwash automatcally in response to differenual head loss which
1s dependent upon flow rate

CONCLUDING REMARKS

1 Some of the design approaches currenth emploved have been

discussed and the error in the use of linear regression equations

relating orgame remaral 1o organic loading has been empheasized

It has been argued that the use of saluble (filierable) organic

concentration 1n the effluent for performance assessment has resulted

from the need to speaify separatch the expected performance of the

fina! clanfication stage Soluble effluent BOD 15 predictable from the

influent mass loading rate (or specific svstems and wastes but 1ts use

in design s hmited

3 The importance of design and control to achieve opumal dissched
ox\vgen concentralions in the trough has heen stressed It has been
shown that the dissolved oxvgen levels should be predictable from the
incoming loading rate  Patentsals for operational control of dissalved
oxvgen have been discussed

4 Speaifications for RBCs should include both oxygenation capacity and
efficiency  plus muxing charactenstics

5 Final liquid sohd separation or clarfication appears to have lacked
emphasis i1 RBC design For systems using drum filters the use of
effluent recrcling rapidiy reduces any excess suspended bromass i the
trough and in addition mas contnbute 1o the dissolhved oxvgen level m
the trough

6 The role of bioflocculanian in the RBC requires evaluation
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The strength of the cell-wall enables the bacterium to mraintain its part:_ular
chape and to rcsist the internal esmotac pressure which would othirwise (aose

the arnrcr ne wrane Lo burst and the cytoplasm to be scatltered. The wall 1s about
0 Zim thick It rust possess the abilaity to pass both the nutraient cc punis
1~wards and the waste material out, although the strict drfferentiation betwcen
various substancis as well as the highly selective contrel of materaal édiffusacr
appears to be the role of the cytoplasmic membrane

This cytoplasmic menbrane 1s one of the three major sections of the protoplast -
the other two being the cytoplasm and the nucleus - which exists as a thin,

fragile sack just within the wall. This menbrane controls the ingress and the
egress of all nutrieris and of all waste products, and must therefore he extaomely
selectave in 1ts operation, It 1s this mevbrane which contains the proioplasm

and in wnich the bacterium lives. If the cell-wall 1s dissolved by er ~yuic action
apd the unprotected cell placed in an osmotically suitable environment the bacteraw
can still function Iinside the me brane 1s the complete cytoplasm, apparently
consisting of aviscous liquid, which contains all the complexity of necessary
organ)¢ materials essential to the metabolic processes of the organism. Reserve
food granules are stored-up during peracds of plenty, and are vLeed up as external
food becomes scarce and the cell is forced to rely upon endogenous respiratien.

The nucleus is the source of all the mater:ial necessary for the life and
reproduction of the cell and it appears not to possess any definite membrane, The
nucleus contains one single molecule of double stranded DNA which, if straigtened
out, might be 1,000 times as long as the cell itself - this is a chromosome, all
the enzymes in the cell originate in the nucleus although their area of activity
appears to be just within the cytoplasmic membrane. The nucleus also contains the
hereditary characteristics of ‘he cell and the undamaged nucleus possesses the
capability of creating new cel ular components to repair cell damage and also of
splatting itself in the initiating stage of cell reproduction by binary fission.

Some bacteria are capable of ensuring their continuing existence during prolonged
periods of adverse conditions. This they accomplish by the production of a
heavily protected, non-vegetative compaction of the cell's vital constituents,

This is the spore which forms within the vegetative cell but occupies only about
one-gquarter of the avajylable volume, It is often assumed that the spore

formation 1s a response to adverse conditions but thas is not necessarily

accepted and 1t might be that this is just one phase in the cycle of bacterial life.
Within the spore are all the necessary ingredients for the re-establishing of a
fully vegetative cell. The spore contains all the necessary enzyme systems
together with complete growth, respiratory and genetic equipment. All this is
enclaosed in a thick, strong wall. Inside the spore the contents are safe against
antensities of heat, radiation, chemical disinfectant and dessication, which would
raprdly kill its non-sporeferming relatives, And as the spore is non-vegetative
1t is uwnaffected by lack of nutrition. The resistance of the spore is dye both to
the toughness of the walls and to the state of partial dessication of the contents.
Under favourable conditions and with environmental stimulation, which i1s not yet
fully understood, the spore will burst out of its case to re-form a vegetative cell.

Spores are commonly formed by the aerobic Bacillii and by the anaerobic clostridia.
Bacillus anthrax and Clostridium tetani are the causative organisms of well-feared
diseases of man and cattle ¢l novyi and Cl histolyticum are the causative organisrs
of gasgangrene which was respon51ﬁiz—for so many past-operative deaths before the
days of aseptic surgery, Cl botulinum{Lt botulus - a sausage), which 1s an
organmism of fooi-poisoning, produces the most powerful exotorin known and its spores
are capable of :nduring for more than six hours in bolling water, The only certain
way of destroying spores 1s by complete sterilization ain an atmosphere of steam in
an autoclave at 122°C for a period of twenty minutes.




Pleuro Pneunonia-Like Organisms (PPLO)

The name of this group of microorganisms is derived from bovine pleurcpneéumnonia
Initially these corganisms were thought to be viruses but it was then appreciated that
they could be cultured on artificial media to produce typical colonies and the PPLO
were accepted as a distinct yroup of microorganisms. They are generally parasitic
organisms although similar oryanisms have been discovered as saprophytes in sewage
and in the soil.

The principal characteristic of the PPLO is that they do not have a rigid cell-wall

not do they possess substances capable of forming a cell-wall, They are in wmany
features similar to bacteria but alsc pass through an extremely small stage like the
viruses These small forms agglomerate in large masses which may be up to 1Gum

across and which readily disintegrate to form small, granular rods or spheres. The
smallest elements may have a diameter as small as 100mum although the largest
drameter will be of the order of several microns

There 1s no doubt of the similarity between the L-forms and pleuropneumonialike
organisms but there are also essential differences. L-formes can be cultured on
relatively simple media while the PPIO require a more complex growth material which
usually includes blood serum, and which might alsoc include growth factors from yeast
extract and cholestercls. Unlike the PPLO L-forms are rarely found in diseased
tissue One the whole, if the L-~form bacteria are not known to have developed from
a normal, walled species they are classified as PPLO, PPLO are now sometimes
classified as mycoplasmatales,

ﬁgckettslae

Rickettsiae are small, obligate parasitic organisms biologically resembling viruses
but morphologically similar to bacteraia. They are primarily parasitic to insects
from which they are transferred to man and other vertebrates to create a number of
febrile diseases. They occur as symbiotes (symbiotic - a mutually advantageous
association of two organisms) of arthropods and are normally passed on to man through
the bite of a tick, or a louse, or a flea, although infection might follow the
rubbing of arthropod faecal matter into the skin.

Rickettsiae were discovered by Howard Taylor Ricketts in 1909 as the causative
organisms of Rocky Mountain Spotted Fever. Later Ricketts alsoc discovered the
Rickettsiae prowazekii which causes epidemic, or classical typhus; from which disease
he di1ed as a result of his research, Rocky Mountain Spotted Fever is transmitted by
ticks, endemic {or murine) typhus by fleas and scrub typhus by mites, Classical (or
epidemic) typhus is louse-borne with an incubation period of between eight and four~-
teen days. Typhus invariably spreads as a result of natural or created catastrophe -
particularly war - and develops most rapidly in winter as the result of overcrowding
and the consequent ease of transfer of the carrier arthropod.

Rickettsiae are either rod-shaped or coccoid organisms. R Erowazekii is a short,
bacillus-like rod organism with a diameter of about 0.3um and a length of up to 2.0um.
Rickettsiae are usually just visible under an optical microscope and following fission
cften cling together in pairs or chains. They do not form spores. Most Rickettsiae
would be retained by a bacterial filter but not the genus coxiella. Rickettsiae, like
viruses, cannot be gown on artificial med:ia and are usually cultivated in the living
chiack embryos of hen's eggs. Being obligate parasites they cannot multiply outside a
lavang cell. Unlike most viruses Rickettsiae are susceptible to anti-biotics.

Viruses

Viruses are the smallest known organisms and they differ both in their structure and in
the manner of their reproduction from other organisms. The diameter size of a virus
will be between 0 025um and O 25um, which places them beyond the resolution powers of



Holozoic microorganisms are able to ingest s0lid food into the body Beclophytic
microorganisms absork soluble food rater:ial through the cell wall,

¥rusts

Yeasts and molds are only approxii ately definable and the two terms are often
used merely for convenience, Ycaats, molds, bacteria, rickettsiae and PPLO al)
belong to the same ma)or vegetable kingdom MYCLGI HYTA or FUNGI, Yeasts and woléds
posstss

{1) thack ragid cell walls (11) holophytic nutrition
(111) ability to grow on artificial culitures (iv) enzyme activity

There are subtle differences hetween molds and yeasts apd it is norrmally daffag.lt
to di1fferentiate sharply. Ycasts are unicellular plants pessessing ovoid or
elliptical cells and each cell exists as a scparate conplete individual The*
cellk are generally larger than bacterial cells (approx, 5up x 8p), Re} roduction
can be either sexual or asexual.

Yeasts form a special type of heat and drought resistant cell called Chlamydos_woire
When these are formed the active growth of the cell ceases, food is stored, the
cell acquires a thick protective wall, dehydration takes place and the spore can
survave conditions that are unfavourable to the vegetative cell.

Molds

Molds from long, branched, hair-like filiments which are called hyphae and which
often develop to form macroscopic masses called mycelium. Molds can grow in
enviroments in which yeasts and bacteria cannot, e.g. high psmotic pressure arcas
such as jams and preserves. As well as the mycelium they possess sub-surface
developments which are rcot-like and serve to fasten the plant in position as well
as absorbing moisture and nutrients, All molds are strict aercbes, The cell
walls are usvally of chitin. The filament diameters can vary frow 5u to 50y and
the length may be enormous.

Molds may reproduce sexually or asexually. Septate molds -~ some mature molds
ex1st as long chains of elongated cells arranged end to end and separated by
septa, Non-Septate molds - with these there are no apparent cross-walls and the
mycelium consists of a continuous, branching, protoplasm-filled tube,

Pathogenic forms of molds include rifg worm, athletes foot and dermatjtis.

pach;ia

The entire group of bacteria know collectively as the cla&s Schizomycetes (or
fission-fungi) may be subdivided inteo the following major orders,

Rhodobacteriales
Pseudomendales
Beggiratales
Byphomicrobiales
Actinomycetales
Spirochaetales
Eubacteriales
Chlamydobacteriales
Caryophanales
Myxobacteriales

of which the true bacteria - or Eubacteriales - are subdivided inte families

Bacillaceae
Lactobacillaceae



Piopionibacteriaccae
Corynebacteriaceae
Streptococcaccae
Micrococcaceae
Neisseriaceae
Enterobacteriaccae
Achromobacteriaceae
Pseundomonaceae
Spirillaceae
Brucellaceae

Further subdavaisions is into genus, species, strains and clones,

An ex aple of the classification is that of Esherichia coli {E. coli)which is
conmon in animal intestines and is widely used as an indicateor of faecal pollution.
The group 1s, the coliform group ~ members of which occur in the intestines of
animals and man - and the genus is Escherichia. The species is coli which is
characterised by 1ts inability to utilize citrate as a sole source of carbon.

There are then various strains,

Eubacteria

Eubacteria (true bacteria) whach are non-filamentous, nen-phetosynthetic and possess
rigid walls, include the smallest living organisms. The cell diamter can be as
small as 0.5p

The rate of metabolism of bacteria is proportional to the surface area to volume
ratio which is far greater than with other organisms; hence bacteria are immensely
physiologically active,

Shapes of bacteria

(1) Sphere (coccus) with a diameter of 0 2u to 4. These may be grouped in
pairs (diplococcus}, as a chain (streptococcus), divided in to planes, i.a. plates
{staphylococcus), divided in three planes to give characteristic pockets of eight
(sarcina) or exist as single spheres (micrococcus)

(11) Curved rods (vibrio) or as a screw or spiral (spirillum}

(i1i) Straight rods (bacterium) - some of these are able to form heat resistant,
non-vegetative spores,
All food is absarbed through the cell-wall and all waste products diffused out

through it. If the area of the wall in relation tc the cell velume becomes teo
1ymited with growth, then division takes place to create a fresh cell,

The bacterial cell pessesses four distinct sections (figure 1.5} which, working from
the outside inwards, are the flagella

the capsule (or slime layer)

the cell wall

the protoplast

The flagella, which are each attached to a basal granule inside the cytoplasmic
membrane, permit the bacteria to be motile and to move in a random search for
equitable environmental condations Removal of the flagella does not effect the
viability of the cell.

The capsule 1is the layer at which the bacterium contacts its environrent. Its
thickness varies with species and condition from about 10pmdown to a fraction of a
micron. Enlarged capsules are apparent with pathogenic bacteria and seem to he
associated with the virulence of the microorganism. In some manner i1t appears that
the mucoid gum allews the bacteria to evade the antageonistic actions of the phagocytes
{(white corpuscles) i1n the blood



introduction to

microbiology

Microorganisis are both the enemy and the servant of the Water Engainesr and .
water pollution control specialast The classic water-borne dirsases of
cholera (Vibrio cholerad, enterac fever (Salrmonella Sp.) and bacteria? dyse-te
{Shigella =cnnei) are not the least in any list of the plagues of w-nr.nd, and
twe of the most widespread diseases which currently infect hundreds f e1llijc--
of people throughout the world - Malaria and Schistoscoriasis - rely directl,; o.
indirectly on water for their dispersion

Parasites and pathogenic organisms are the enemy, but a wide range of heterotrg
saprophytes can be employed for the stabilization of waste putrescible organic
matter, which may be either water-borne or as soclid refuse. Microorganismns moy
aercbic ~ require dissolved oxygen in order to metabolise

or anaercbic - metabolise in the absence of dissolved oxygen

or facultative - possess ability (faculty) to grow either aserobically or
anaercbically,

and they may be

heterotrophic - obtain energy and cellular material from a variety of organic
compounds

or autotrophic - obtain energy through the oxidationof specific inorganic
molecules

The microorganisms may ingest their food

holozoically - able to ingest solid food into the body

or holeophytically ~ the food is absorbed in sclution through theé cell-walls.
They may exist as

saprophytes — live off lifeless organic matter

or pathogens - live on, and create disease in, living cells

and may obtain their energy either

chemosynthetically ~ from the oxidation of organic compounds

or photosynthetically - directly from sunlight.

But for simpligity and practicability all microorganisms may be q}viQ9d into eight
major groups

algae

protozoa

yeasts

molds

bacteria

pleurc pnewvonia - like organisms (PPLO)}

rickettsiae

viruses

Algae

These simple organisms belong to the large group Thallophytes ~ the thallus plz ‘-
- in that they do not have definite roots, nor vascular stems for, blood or sap, aud
do not produce flowers or seeds. They are all photosynthetic in that they contaan
chlorophyll and are capable of accepting energy from sanlaight. In sunlight, #¢
they respond photosynihetically, the algae utilize the CO,/HCO'3 fCO"3 complex 1n



waler as their source of cellular carbon They also reguire 4n appreciable 1-vel
of both nmitrates and phosphates as the wcurce of cellular nitrogen and phosph rus
Puring photusynthesis relatively large guantities of vy 3on are projuced

6002 + 6H20 = C.H 0, + 602
In the absence of sunlight, or in situations of reduced light intensity, many algae
undergo endogenous respiration while others utilize organic substrates as thear
s.arce of energy in the manner of bacteria, For both these forms of respirataon
dissolved oxygen is required and is absorbed from the carriage water Many blue/
green algae possess the capsbility of 'Ffixing' atmospheric mitrogen Reprodurtion
for the algae can either be sexual - fusion of gametes to form zygotes - or asexual
Successive generations frequently reproduce alternatively sexually and then asexually

Algae exist either as individual cells {(phytoplankton in water), or ae clumps (Volvox,
Gonium, Panddrina}, or as extended filamentous strands A common branched form of
filamentous algae in fresh-water 15 the blanket-weed, Cladophora, whach attaches
itself to the substratum by modified basal celils. These filamentous algae are able
to divide in one plane i e. longitudinally and transversely. Sea-weeds are marain¢
examples of filamentous algae; some of which are used for food, some as fertilizer
and others (Gelideam, Gigantina) are harvested to produce that basic necessity of
microbiologists -~ agar.

All algae possess chlorophyll which in many species 1s associated with one or more of
a variety of other pigments such as phycocyanin, the carotenes, the xanthopylls,
fuchoxanthanin and phycoerythan. Algae also store intracellular food in the form of
sugars, as the polyhydric alcohel mannitol, as starch, and as starch-like materials
such as glycogen, and other characteristic polysaccharides The cell-walls of algae
consist of cellulose or of a cellulose-like material which might contain pectin or
silica as well as the celluleose. Some unicellular algae are motile by reason of one
or two flagella (e.g. Chlamydomonas, single flagellum, found in polluted waters),
others are non-motile excapt for the spores, while others are comp.etely non-motile
{e g Chlorella, found in heavily peclluted waters), Blue/green algae may be present
in large numbers in surface waters. A 'bleom' in a reservoir may contain 1,000 to
2,000/ml, while in eutrophiec conditions the numbers may increass up to 5,000 or 20,000
or even, an occasions, up to 400,000/ml.

Protozoa

These are single cell, microscopic animals which generally possess ne rigid cell wall
but i1nstead have a soft and flexible, relatively fragile, outer cell membrane which is
made of chitin (a glucosa complex}. Protozoa are the simplest forms of the animal
kingdom but are many times the size of bacteria, i1 e. aparameciumwill be about 200{by
4 jlcompared with an E. Coli which will be about lp by 10u. Protozoa are sub-divided
.nto 4 classes:

Sarcodaina - move by means of pseudopods, e g Entamocba histolytica - the causative
orgamsm of amebic dysentery.

Mastigophera - move by means of long, whip-like lashes called flagella, e.g Trypancsoma
rhodesianse -~ the cause of African sleeping sickness.

Sporczoa - so called because they reproduce by spores. In the immature stages they
move by means of pseudopods but the male gamete 1s flagellate, e g Plasmodium vivaz
which causes palaria from whaich 250 million people suffer each year and from which

2 5 million die.

Ciliata - move by means of hair-like processes called cilia, e g. Paramecium csudatum
which 1s non-pathegenic



the optical microscope, and onle the later invention of the c¢lectron “acro ¢ ¢+
provided any idea of their shape Viruses corsaist of a central coi1l of raclce
ac1d, which may be either RNA or DMNA, surrounded by a protein coat, or ctc =17

In fact a virus 1s constructed of only a limited number of conplex chemical un.tis
which give it a total molecular weight of a few million.

They are obligate parasites and reproduction can only take place in conjuncticn
with the infected cell. The nucleic acid core of the vairus enters the ho<t cel?
and usurps the reproductive factors of the cell. All normal developuent of the
infected cell ceases and 1ts behaviour 1s specifically modified to create more
viruses which are released by lysis of the infected cell The cell aits-31 5 210
in fact enslaved by the virus The virus 1s, however, highly spec:fic ara as
able to pass through many secondary hosts without reaction

It appears that many viruses can ex:st for extended periods away from the host
through being absorbed onto bacterial surfaces or colloidal debrais in the
environment. Moderate tenperatures, however, of only 500C to 55°C for a few
minutes will effectively inactivate them, although they do poesess the abilaiy
to withstand cold even better than do bacter:a. Ultra-violet light is usually
quite effective for virus inactivation, especially at the wavelength of 26t m.
The peculiar characteristic of a virus is its ability to mutate readily
Although anti-biotics have only a stractly lamited effect on a viral infection
the body does not protect itself by the production of antibodies These
antibodies can provide extended immunity against a recurrence of a similar
infection but the ability of the particular virus to mutate may mean that a
fresh attack discovers no effective developed resistance

The virus diseases in man include smallpox, infectious hepataitis, yellow fever,
anfluenza, rabies and poliomyelitis.
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CONCEPTS OF WASTE STABILISATION POND TREATMENT

Waste stabilisation ponds are relatively shallow man-made basins in which
organic matter is oxidised or reduced, and pathogenic organisms destroyed
by the action of naturally occurring biological degradation phenomena
Little operatichal control over these phenomena is possible, and the perfor-
mance and character of a pond s dictated by such factors as:

depth
area -

e 0 ©

incoming pollution load
incident solar radiation
water temperature
toxlc inhibition

wind induced mixing

o 0 O o

Waste stabilisation ponds have found world-wide application and tn some
respects are more efficient than the higher rate, more intensive processes
such as activated siudge and fixed-fitm biological reactors (filters and disc
units)  Certainly from the view-point of the removal of pathogenic orga-
nisms of most kinds, waste stabilisation ponds, of the correct design and
sequence, are the most efficient process available

Waste stabilisation ponds are particularly suited to sub-tropical and tropi-
ca! applications as the elevated temporatures and high levels of incident
radiation substantially reduce the land area requirements and the total cost
of construction It 1s coincidental that it 15 tn these tropical and sub-
tropjcal areas that surface waters are often used for drinking water supply
with little or no treatment A further consideration is that ponds are
easily constructed with unskilled labour and do not require expensive
mechanical equipment needing maintenance and spare parts Simple con-
struction 1s matched by ease of operation and maintenance, atthough like
all treatment works regular and systematic attention i1s required From the
foregoing 1t is clear that waste stabihisation ponds should be considered as
a first choice before alternative treatment processes 1n most countries of
the world, where water-borne waste water or night-soil 1s to be treated



The biological degradation pracesses which occur in waste stabilisation
ponds generatly include both aerobic and anaerobic zones either separately
or within one pond The process as a whole represents one step up the
scale of intensification of waste water treatment which ranges from merely
spreading or spraying untreated waste over suitable land areas to high

rate activated sludge or fluidized bed processes requiring pure oxygen.

In the aerobic zones of waste stabilisation ponds the degradatien of wastes
i1s achieved by the symbiotic functions of algae and bhacteria The algal
produce oxygen through photosynthesis and utilise the nutrents available
in the raw waste water or produced as end-products of the bacterial
breakdown organic matter occurring concurrently which in turn uses the
oxygen produced by the algal This relatlonship is [Hustrated in Figure
1

in the anaerokic zones or ponds the process of methane fermentation
occurs as tlustrated in Figure 2

The wvarious reactions taking place in a facultative pond are shown in
Figure 3

There are several types of stabilisation pond depending principally on the
organic locading These ponds are,

ANAEROBIC PONDS (AWSP)- anaercbic ponds are usualiy deep
basins loaded sufficiently to ensure that
the whole contents remain anaerobic and
methane digestion occurs to some
extent

FACULTATIVE PONDS (FWSP), facultative ponds are those in which
the liguid waste 1s aerobically and
anaeraobically and the majority of the
oxygen required for aerobic oxidation
being supplied by algal photosynthesis
At the bottom of the facultative pond s
an aerobic sludge layer undergoing
digestion or methane fermentation,



MATURATION PONDS {MWSP),

HIGH-RATE AERCBIC PONDS:
(H-RWSP)

AERATED LAGOONS (ALWSP)

wind induced mixing s mportant to
prevent thermal stratification hmiting
algal activity Where nsufficient wind
mixtng 1s expected artificial mixing by
mechanical means is necessary.

maturation ponds have the principal
function of achieving a high degree of
pathogen removal They are aerobic,
shallow ponds supporting large numbers
of rotifers and protozoa which assist 1n
virus removal In addition maturation
ponds "polish" the effluent by provid-
ing further settlement and removal of
nutrients and low concentratian sub-
strates |likely to cause the growth of
sewage fungus and watercourses

high-rate aerobic ponds are very
shallow ponds of not more than 300-

400 mm and retention times of 1-3 days.
The depth i1s such that full penetration
of radiation 1s likely The pond must
be mixed several times a day and the
algal material removed prior to dis-
charge Close control 1s required and
they are not recommended for general
application

aerated lagoons are aerobic or falcul-

tative waste stabilisation ponds v which
the oxygen required for oxidation -is
supplied wholly or in part by mechani-
cal aeration facilities  Aerated lagoons
may be "completely mixed" or "partially
mixed" The completely mixed lagoons



(or nearing so) maintain all the solids
In suspension and are considered to be
fully aerobic with algal contribution to
the oxygen budget relatively small
The incompletely mixed lagoons are
facultative with an anaerobic sludge
layer as In facultative ponds. The
contribution of algal photosynthetic
production to the oxygen budget may
be significant.

Where pond systems incorproate some means of mechanical mixing requiring
a power source consideration should be given to the provision of a recir-

culation facihity which can assist 1n odour contrel of anaerobic ponds and

relieving the load on the primary facultative pond by reducing the reten-

Tion

The combination and sequence of different types of ponds i1s flexible and

the possible "process trains" are as follows using the abbreviations indica-

trd above

> FWSP »

> FWSP =+ MWSP

AW -

» %t SWhk >
part mixed

+ ALWSP >

fully mixed

~ AWSPp -~

+ AWSP

(mwsp)"

¥

FWSP > MWSP -+ (MwSP)"

MSWP (mswp)"

+

¥

FWSP MWSP - (Mwsp)"

ALWSP >+ MWSP - (MwsP)"
part mixed

ALWSP > FWSP -+ MWSP > (MwsP)"
fully mixed

Note recirculation around some or all of ponds In series 1s possible

The advantages and disadvantages of waste stabilisation ponds may be

summarised as follows:



Advantages

Disadvantages

o 0

€ 0 0o © 0 0 O D O O O

no primary sedimentation required
no primary sludge to be treated
easy maintenance

goed dilution of shock loads
stabilised sludge produced

no continuous siudge production
flexibihity in operation and extension
noe power requirsments

little mechanical equipment required
excellent removal of pathogens

land is easily reclaimed

simple contruction

unskiiled operators

low hydraulic head loss

large land area required
high algal content in effluent

evaporative loss of water for
reuss

occasional odour nuisance
algal toxic sensitivity

!

Figure

Figures

1 - Symbiotic algae-bacteria relationship

2 - Anaerobic methane formation of complex waste

3 - Facultative waste stabilisation and mechanism
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ANAEROBIC WASTE STABILIZATION PONDS

1. Definition

Anaercbic ponds may be regarded as uncovered mesophilic digesters in
which organic matter is converted to methane and carbon dioxide. The
ponds are relatively deep and anaerobic conditions are ensured by apply-
ing a polliution load of a strength sufficient to exceed the potential oxygen
production from algal photosynthesis The anaerobic breakdown of a
complex waste 1s shown in Figure 1.

2. Applications

Anaerobic ponds have been used to treat a wide range of waste waters
mcluc‘i;ng:

slaughterhouse

canning

tannery

textile dyeing

meat packing

fruit & vegetable processing

dairy

domestic

refinery/chemical complex
They are particularly suited for the treatment of strong organic wastes
which have a relatively low content of settleable solids. The removal of
BOD in ponds of typical retentions is in the range of 25-80% and 50% s
commonly achieved. Such removals greatly reduce the size of subsequent
treatment facilities. An additional benefit of the anaerobic ponds 1s that
they provide some role of primary settlement, settleable solids are removed
and subsequently anaerobically digested within the ponds. The butld-up
of sludge in subsequent ponds 1s reduced as is the cost of desludging.

Typical BOD loadings are in the region of 0 2 kgs/m3d. Loading rates are
often quoted per unit area although this has linited meaning. Typical




areal loading rates quoted are in the range of 1000-6000 kg BOD/ha d
{McGARRY and PESCOD, 1970), although rates between 112 and 450 have
been used in California, USA (OSWALD, 1968). Normal strength domestic
wastes have been treated successfully in anaerobic ponds (PARKER et al,
1959 & 1968; BRISBAN et al, 1967) but this application does not make as

optimal use of the process as does the treatment of strong organic indus-
trial wastes.

The successful application of anaerobic ponds depends on a number of
factors dictated by the relatively slow activity of the methane forming
bacteria and their sensttivity to toxic shock loads Such factors include:

0 temperature :
over 15°C essential and n excess of 20°C preferable The
. effect of temperature on retnetion time required is shown In
Figure 2. ‘Varlous forms of surface insulation materials have
been used The scum layer also provides insulation

0 mIxing:

no mechanical mixing is usually used and gas bubbling to the
surface combined with the inlet design provide some degree of
mixing.

o0 input pattern.,

anaerobic ponds operate more successfully if the input load 1s
reasonably constant.

o toxicity.

anaerobic digestion processes (especially the methane formers)
are particularly sensitive to toxic inhibitory substances In the
raw waste water.

o ph:

below p 5-4 methane bacteria become inactive and the optimal pH
is 7-8



3 Design

3.1 Loading Rate

The principal design criteria is either a volumetric or areal loading rate

i e. kgs BOD/m3d or kgs BOD/ha d

The literature 1s divided on which

to use although the tendency now 1s to use the veolumetric loading, areal

loadings not taking into account the depth of the pond

rates have been quoted as in Tahle 1

3 2 Design Formulae

Typical loading

Empirical modifications to the completely mixed first-order kinetics equa-
tions have been used, such as that proposed by VINCENT et al (1963).

L

L = 2

e L N

e

kn(f;) R+ 1

where Le’ Li = effluent and influent BOD (mg/1)
k, = reaction rate coefficient (day-1)
N = constant
R = retention period (days)

TABLE 1 : Loading Rates

Volumetric Loading BOD Removal
(kgs BOD/m3d) (%) Source
meating packing 192-240 85 WHITE (1970)
hivestock wastes:
o poultry manure 80-160 ?
o milk parlour 138 85
o dairy manure 320 88
Areal Loading BOD Removal
(kgs BOD/ha d) (%) Seurce
normal sewage 1008-1344 60-70
1120 * v
fruit processing
wastes 672 ? DORNBUSH
tomato processing (1970)
wastes 448 75-80
citrus fruit processing 224 ?
wastes
560-1120 ? OSWALD (1968)
domestic 1000-6000 ? McGarry &

PESCOD (1970)




Values of kn and N at 20°C were found to 6.0 and 4.8 respectively for a
pond in Zambla. GLOYNA and TISCHLER (1979) use a similar equation for
application to chemical refinery wastes*

32 LI

Le = _ =170

3.3 Retention

Retention is commonly regarded as the most important parameter of perfor-
mance prediction but this s an over-simplification. Typical retention
periods lie between 2 to 5 days (MALINA and RISO, 1976) and the impor-
tance of this factor is dependent upon the type of waste, the temperature,
the variability etc.; retention period per se is not a fundamental design
parameter ARCEIVALA (1970) quoted a range of 2-7 days depending on
temperature while McGARRY and PESCOD (1970) report that retention
periods of longer than 5 days appear to have littie effect on BOD removal
for a given influent mass load. DORNBUSH (1970) reports various reten-
tions used in Australia (2-5 days), USA (3-6 days), Canada (2-4) days

3.4 Depth

Anaerobic ponds are generally 3-5 m deep although shallower ponds have
been used. Greater depths tend to conserve heat and ensure that the
contents are fully anaerobic. Penetration to the ground water table 1s not
desirable as this may lead to contamination of a water source and also
cooling of the pond contents

3 5 Recirculation

There is some evidence that recirculation reduces odours from anaerobic
ponds (OSWALD, 1968) and improves the performance (WHITE, 1970;
DORNBUSH, 1970). However it is important to distinguish between sludge
solids recirculation to increase the "active biomass" in the pond and eff-
luent recirculation to reduce odours b\f the formation of an aeroblc surface
layer. Improved mixing may also be a beneficial result.



5.6 Canfiguration

Anaerobic ponds may be used in series or In parallel and some flexibility
in operation 1s desirable. Breadth to length ratios of at least 3 to 1 have
been suggested by COERVER (1964) Iin order to facilitate emptying by
drag-line. OSWALD (1968) has suggested various inlet designs.

The effluent from anerobic ponds 15 not suitable for discharge to the
environment and requires further treatment

Figures & Tables

Figure 1 - Breakdown of complex waste anaerobically
Figure 2 - Effect of temperature on time for complete digestion
Tables 1 - Anaerobic pond loading rates
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1, History

Activated~5ludge was developed by Messrs Arden and Locket at Mancheslier in 1914

They aerated a sample of settled sewage for a period of days before allowing 1t to
settle in order to decant the top liquor. The container was then refilled with fresh
settled sewage and the process continued until a highly active, floecculant sludge was
produced., This sludge was found to be capable of purifying waste-water withan a
period of a few hours, when aeraled in contact with at. This sludge was called
actavated-sludge,

2 What it 1s

Activated-sludge 15 a2 flocculant mass, mainly of saprophytic bacteria intamately mixed
with the polysaccharide shells of dead micreoorganisms Through or on this flocculant
mass swim or ¢rawl many varieties of protozoca. Fungl are common in activaled-sludge,
particularly in those sludges dealing with sewages containing a hagh proportion of
industrial wastes, Algae, because of the limifed continuing contact of the sludge
wiih sunlight, are rare. Macro-organisms are far less common in activated-sludge

than in percolating filters and are largely limited Lo rotifers and nematode worms

An empirical formula for the sludge has bLeen suggesied as either CgH,NO, or C118 H170
N17 P.
The processes of activated sludge treatment are-

(i) Adsorption
(ii) Carbonaceoqus oxidation
(ix1) Nitraficataion

3, The Activated—Slqggp Process

There are five fundamental components of the activated-sludge process,.

(1) A reactor in which waste-waler to be treated 1s 1n coniagt with the
activated sludge

(2) A means of transferring atmospheric oxygen to the reactor contents

(3) A means of agilation to ensure sufficient coniact between the sludge,
the polluted liguid and the dissolved oxygen

{4) A sysiem by which the aclivated-sludge may be separated from the
purified liquid to better than 99%,

(5) A system for re-cycling the activated-sludge from the secondary
settlement tanks to the reactor,

Components 2 and 3 are invariably the same
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In the aeration channels the build up of daughier-calls, 1 e the production of
activated-sludge, continues until the process 1s inhibited by

() Exhaustion of the substrate
(11) Build-up of toxic end-products
(1i1} Shortage of oxygen

4, Aeration Systems

Atmospheric oxygen 1s supplied to the mxture of waste-water and activated-sludge
(mixed-liquor) either by means of a surface-aerator or through diffused air

a, Surface-aeration

Surface aeration 1s brought about by a mechanical agitator spinnming partially
in and partially out of the mixed liquor. In this manner the liquor 1s thrown
violently across the surface of the tank, greatly extending the surface area of
contact between 1t and the air, and thus facilitating the adsorption of oxygen.
This aerator may be

(1) Simplex-Type ~ in which a systiem of rad:ial vanes {the cone) spins about a
vertical axis at the surface of the mixed liquor and pulls the liguor up

through a vertical updraught tubke prior to dispersing 1t over the tank
surface
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(1i)

(111i)

The mechanical aerators are usually matched to indaividual drive units and the
cones revolve at between 30 and 60 r pm

The oxygenation capacity 1s varied by altering the depth to which the cone
15 immersed in the mixed-liquor, This 1s achieved either by mounting the
aerator on a retractable drive shaft or by cmploying an adjustable cutlet
weir from the tank The oxygenation efficiency is maintained over a wide
range of immersion which extends from the top of the cone to 200 mm Lelow
the top.

The equipment is robust and reliable and the overall gear umit transfer
efficiency 18 at about the practical limt of about 96% The gears hive
a design life of about 100,000 hours

This aeration system may be employed for complete-mix uniils or for plug-flow
situvations which may use either tapered aeration or the incremental feed
techniques.

Kessener-Brush (TNQO) aerator spins about on a horizontal axis. The acralor
being a cylindrical steel brush operating at about 70 r.p m

(S

FIGURE 3

The oxygenation capacity may also be varied by altering the exient of
the brush immersion in the mixed-liquor. This aeration systiem 1s widely
employed in oxidation ditches.

The Sheffield Bio-Aeration System

The Sheffield Bio-aeration system of paddle-aeration in long shallow
channels should also be added to this section for completeness although
1t 18 now of 11ttle more ihan historical interest. This sysiem was an
attempt to simulate the self-purification processes of rivers in shach
it was hoped that the majority of the required oxygen would bLe absorbed
at Lhe extended air/waler interface of the long, narrow channels This
expectation was never achieved and the paddles had to be modified to
create a definite surface aeration effect

b Diffused-Arr Processes

(1)

These rely on the diffusion of low-pressure compressed air in the form of
fine bublles into the bottom of the rcaction lank through ceramic air-
diffuscrs The average porc-size of the diffusers is 150mm which will
crcale air-hubbles with a diameter of 2 0 1o 2 5 mm The diffusers 1re
normally constructed of silica and aluminium oxide held together by

a ceramic binder. There 1s presentily a move 10 introduce non-ceramec
polythene dixffusers



In order to prevent over-early bloecking of the fine pores of the diffusers
1t 1s essential that the air supplied should be largely free fiom dust -
preferably as little as 3 6 mg/103m air. The compressed air 1is supplaed
either by rotasy positive displacement blowers for small supplies (up to
about 17,000 m" /hours) or by centrifugal blowers for larger supplies. The
pressure to be overcome is the sum of the static head of the water and the
back pressure created by the resistance of Ehe diffusion. The back presgure
from a new dome may be as little as 35 kg/m , rising to perhaps 140 kg/m2
for an older dome,

The throughput of air through each 176 mm diameter diffuser~dome will vary
from about 14 litres/minute up to 58 11tres/m1n§te, but a normal flow is
about 28 litres/minute, Belween 37 m” and 74 m” of air will be required
for every kg of BOD removed.

Porous polyethylene diffusers are now being presented on the market. The
emphasis with these 1s on the ease of withdrawal for cleaning and other
maintenance. Often the assemblies are fitted with swivel joints to allow
the complete rig to be winched clear of the water. Thesediffusersare
washed in detergent solution or in dilute hydrochloric acad

LY

(121) Inka Type

The Inka process makes use of coarse bubble spargers mountied about 600 mm
below the water surface. The coarse hbubbles are an contact wilh the
mixed-liquor for only a very limited period but the lack of efficiency

of oxygen transfer 1s largely couniered by the use of simpler, more robust
air blowers delivering air at a lower pressure than could be supplied to
a conventional diffused-air process. The orifices are 25 mm diameter
and the gratings so arranged as to develop a spiral-flow effect in the
channels,

5. Variation of Sludge Mass
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It 15 suggesied thatl when waste-water and activated-sludge are firsi mixed
togetither there is inatially a lag period during which the microorganisms
acclimatise themselves to the new environment Following ihis the
development of the mass -~ particularly adsorption - progresses at a great
ralte ( the log -growth phase) until lLhe availability of substrate becomes
limiting (declining and stationary phases) With a prolonged contact pcriod
ithe microorganisms are forced Lo use up reserve food sources within their
own cells and also 1o melabolise the lysed cell contents of alrcady dead
cells fhis 18 the endogenous phase and the longer this continues the
smaller will become the mass of additional aludge created; although the
mass will never return to that of ithe sludge before the addition of the
waste-water.

The faclors effecting production of activated-sludge have becn staled are

(1} Adsorption or entrainment of biodegradable insoluble matter and
adsorption of biodegradable soluble matter,

{2) Adsorption or entrainment of inert suspended matter and adsorption
of inert soluble matter

(3) **Conversion of soluble and adsorbed insoluble degradable matter
into bacterial cells

(4) Ingestion of bacteria and possibly of other suspended matier by
protozoa or other predators.

(5) Degradation of microbial cells by endogenous respiration.

1t has also been suggested (McKinney) ihat during the log-growth phase

1.,0kg B O.D + O Skg 0, + cells {activated-sludge)

~——»-0 Tkg new cells + CO, + H,0

Then during and after endogenous respiration

0 Tkg new cells + 0.75kg 02 ———3 O 17kg dead cells + 002 + H20 + NH3

Following this would then be a further oxygen demand as the ammonia is
' oxi1dised to nitrate,

Plug-Flow Systems
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In a conventicnal activated-sludge unait the mixiure of sludge and sewage 1s fed

into one end of a long, narrow channel through which 1t flows with relatively little
longitudinal mixing until the mixture of now purified effluent and activaled-sludge
1s withdrawn at the far end. Thus a discrete volume of mixed-liquor flows as a
'‘plug’ through the channel,

Plug-flow of this type leads to an uneven oxygen demand along the length of the
aeration channel (figure 5), This may be initially about 300 mg 171 hr_l, dropping
io perhaps 80 mg 171 hI—l after 30 minutes to an hour and then decreasing slowly

to 30 to 40 mg 17! hr™' after several hours

This uneven demand for oxygen 1s countered by either 'tapering' the air supply
or by providing an 'incremental feced' of sewage to the unit

Complete-mix, or homogenous, units supply the mixture of activated-sludge and
sewage along the whole width of a relatively broad and short tank, the effluent
and sludge being withdrawn similarly along the whole tank breadth at the far end.

In this manner the mixed-liquor tends to be completely homogenous with no concentration
profiles through the unit.

7. Paramétfers of Activated-Sludge Operation

a  Volumetric Loading - This 1s the mass of BOD applied per day to each unit
volume of aeration tank capacity. The units are Kg/m" d and the loading will
vary from about 0,4 up to 1.0 or even, on occasion, up to 2 O.

b. Mixed Liquor Suspended Solids Concentration M L. § S,

This 1s the mass of activated-sludge solids per unit velume of the aeration
channel and is stated in terms of Kg/m3 Early plants were operated with
low concentrations of perhaps 1 5 or 2.0 Kg/m3 but the modern trend is
towards greater concentrations which may reach 4.0, 5.0 or over 8.0 Kg/m3
Higher concentrations are limited by

a, Air supply

b. Settlcability of sludge in final tanks
¢, Return sludge pumping capacity

d. Size of final tanks

c. Sludge Return Ratio

The M,L S S 1level 1in the aeration channel is maintained by returning
activated-sludge from the final settling tanks. The rate of return depends
upon

a. the concentration of ML S 8, required
b. the condition (scttleabiality) of the sludge

S.R.R, is usually expressed as a percentage of the d.w f. to the plant and
1s frequently about 100

d. Sludge Volume Index {Mohlmann)

The S VI 1s a mcasure of the settleability of the sludge 1l 1s the volume
1h ccs occupied by 1lg of dry sludge sclids after settling for 30 minutes.

S V1 - Settled Volume of Sludge (% after 30 minutes)
Suspended Solids (%)




An 5 VI of 20 - 50 1s good while over 150 indicates a '"hulking sludge',

The reciprocal of the S.V,1 , the Donaldson Sludge Densily Index, 1s
sometimes employed

The disadvantages of the S,v I, are ihat the values vary inconsisientily with

the concenirations of the sludge and that they depend upon the dimensions of

the container. These disadvantages have been overcome by the dcvelopment of

the Stirred Specific Volume {ml/g) which 1s largely independent of the i1nitial
solids concentration, For ihis latier test the sludge 1s slowly starred (1 r p.m )
as it settles and the result 1s always reporied for a sludge concentration of

3.5 g/1.

Sludge Loading Factor

The §,L,F, is the Kg B 0.D, applied for each Kg of activated-sludge 1in the
process each day (Kg. B.O.D /Kg activated-sludge day) It 1s frequently
accepteldl’ that the following ratios are associated with the stated effluent
condition

0.1 extended aeration

0.3 nitrification of effluents
0.4 90% to 95% B O D removal
0.5 90% B,O D removal

The 8.L R is closely relaied to the Removal Velocity {q) which is emplojyed
frequently in the theoretical considerations of activated-sludge opcrations

XKg B 0.D. removed/Kg cells day

Sludge Growth Index

This 1s the mass of sludge produced per unit mass of B O D applied each day

The §.G.I, ! 1 decrecases with retention time

2. decrecases wilh increasing concentration

of sludge under acration
3 increases wilh sowage strength
* 4, wvaries with the dissolved—-oOxygin conceniration in the

mixed-liquor It passes through a wmaximum at 0 5 mg/1 d o and then declines
to 1 0 tol 5 mg/l, after whaich 1t remains constant, There are iwo proposed
empirical formulae for calculating the § G I

5.G.1,

02+025
tr

O 2HKg B OD /21 hours :
Ke M LSS

5 G.I.

3

where tr - relention period 1n the acration chinnels, Again, the S 6 1

1s closely related to the Yield Coefficiont (YY) which 1s Kg cclls produced/
Kg of B O D remaved day, The product of thc Rcmoval veloecity (q) and the
Yle]d Coefficient (¥Y) gives the sludge Growih Rate (u)

q¥Y = u ., (hg cells moliredsbg «r11s 1n proress dey)



Sludge Ape

The siudge Age 1s a measure of the residence time (in days) of the activated-
sludge 2n the system., This age varies from about 2 days in high-rate plants
io more than 30 days in extended-—-aeration plants

Sludge Age = Mass of Activaled-Sludge present
Mass lost daily {(Surplus sludge and in effluent)

Nitrification

Traditionally 1t has been accepied that nitrification in the activated-sludge
process was impossible - or exiremely difficult. Thas is not so  lowever,
ihe factors that can lead to difficulty in nitrafication are:

(1) the presence of inhaibiting substances in the sewage
(11) a temperature of less than 10°C

(i11) a low M,L. § 8. concentration

(iv) a young sludge age

The nitrifying bacteria (Nitrosomonas and Nitrobacter) reproduce at a far
slower rate than the majority of the helerotrophic microorganisms in the

sludge and for this reason an advanced sludge age is essential for the
oxidation of the ammonia in the sewage It can be shown that 1f the nitrifying
organisms in the sludge returned to the aeration channels 15 equal to that lost

in the effluent then the condition for a significant degree of nitrifacation
1s given by

- C
CNo N1 52135

CNl S

where CNO - concentration of nitrafying bacteria at the outlet to the aeration
channel

CNl = concentration of nitrifying bacteria at the inlet to the process

S -MLS S, concentrataion at inlet to geration channel; A3 - increase in
concentration of M, L.5,5, achieved during purification process,

Hence, 1f nitrification is required in an activatled-sludge plant 1t 1is
essential to minimise the growth of the sludge mass by mowving the process
into the endogenous phase by

(1) raising the cancentration of the M,L § S,
*and (11) extending the period of aeration

The concentration of nitrifying bacteriq w1ll never be high but will have a
maximum .of about 50 mg/l1 which represents about 2 x 108 cells per millilitre

Any increase 1n temperature from 7°C to 25°¢ greatly i1mproves the ratle of
nitrification The rate may double between 10°C and 20°%¢



Denltr{flcat1on

There are iwo types of denitrification process

Assimilative rcduction
Respiratory reduction

Assimilative reduction i1s the reduction of nitrate and nitrite io ammonia and
1ls consequent involvement in anabolic cell metabolism. Respirratory reduction
(true denitrification) 1s hrought about by facultative bacteria, usually in

the absence of dissolved-oxygen With no d o available for the metahol.ic
processes the bacteria turn lo the chemically bLound oxygen ain the nitrale

This 1s reduced first to n:itrite and then to gascous nitrogen in which form 1t
15 usually evolved.

In the activated-sludge process denitrification is achieved using one of two
techniques,

The separate form

In this technique the normal activated-sludge processes of carbonaceous
oxidation and nitrafication are followed by a secondary activatled-sludge
process, complete with its own sludge and sludge recirculation sysiem In

the secondary mixed-ligquor channels the normal processes of aeration are
neglected so that the dissolved-oxygen content of the liquor 1s negligible
Suspension of the mixed-liquor solids 1s maintained eiither by minimal aeralion
or by mechanical paddles With the d o of the mixed-liquor being negligible
denitrification occurs and nitrogen 1s evolved as a gas In order to
stimulaie the facultative denitrifying bacteria in the presence of an alread)
purified effluent 1t 1s necessary to add an casily assimilable substrale such
as methanol. By this technique as much as 895% Lo 98% of the nitrate present
in the effluent from the primary activated-sludge unit can be removed In some
situations it 1s suggested that a three-stlapge activated sludge process be
employed - carbonaceous ox:idation, nitrification and denitrification.

Integrated System

Wwith this system the early section of the aeration channel 15 maintainecd
without aeration, merely employing mechanical paddles to suspend the mixed-
liguor solids. Following this anoxic section the remainder of the channel
capacity 1s operated to give full carbonaceous oxidation and full nitrification
The effluent 1s therefore well nitrified bhut as the ratio of activated-sludge
to waste-water flow 1s mainiained at about 1 1, 50% of the fermed nitrate 1s
carried back with the re-cycled sludge As this sludge 1s mixed with {fresh
settled sewage in the anoxic scclion of the mixed-liquor channel the bacteria
employ the combined oxygen of the nitrate in their desperate scarch for
available oxygen. The result i1s a loss of about 50% of the nitrate produced
and no additional substrate is requirbd due Lo the presence of an excess of
settled sewage,
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EXTENDED AERATION AND OXIDATION DITCHES

1. Definition

Extended aeration 1s a low rate activated sludge system which ope-
rates In the endogenous respiration phase. It may be seen from
Figure 1 that low rate systems (extended aeration) are characterised
by a low F/M ratio of about 0 05, a sludge age of 20-30 days and
surplus activated sludge production rates of 0.6 kgs DS/kgs BOD
removed (N.B where no primary settiement i1s provided total sludge
production rates are I1n the order of 0 9-1 4 kgs DS/kgs BOD
removed) The hydraulic retention period, based on the average
incoming waste water flow, 1s usually between 1 and 2 days

2 Applications

Oxidation ditches are the usual form of extended aeration systems and
were developed to provide simple waste water treatment plus some
aerobic sludge stabilisation. Since their development 1n about 1953
ditches have found wide application, particularly in Europe, especially
Holland. In the UK they have been applied to treat a variety of
municipal and industrial wastes.

The principal advantages of ditch systems include.

o] primary settlement 1s not essential (dependent upon economics of
sludge treatment and disposal)
some aerobic stabilisation of sludge occurs
total sludge production 1s reduced (due to endogenous respira-
tion)
relative simphcity of operation
some system far small works de not require separate secondary
settlement tanks

o rapid dilution of incoming shock loads
mtrification and denitrification i1s possible in one tank.

The disadvantages inciude:
o high energy consumption
o] reasonable level operator skill essential



Oxidation ditches are generally regarded as completely mixed systems,
with over 100 turnovers In one residence time of about a day
However, short term analyses (< 15 mins) of the system will observe

a plug-flow regime

3 _Configurations

A variety of configurations of extended aeration systems and oxidation
ditches 1s possible Figure 2 shows a concrete tank version with a short
aeration channel Other configurations are shown Iin Figure 3, and
materials for ditch lining have included

gunite

precast concrete slabs or planks
fencing materials

stone

buty! sheeting

o O 0O 0 O O

stabilised earth

The types of aerator used depends on the depth and aeration capacity
required Brush aeration devices have largely been superseded by
the cage rotors or mammoth roters shown 1n Figure 4  Cage rotors
are used for 1-2 m depths while mammoth rotors can be used for up
to 4 m depth The oxygenation capacity of rotors is in the order
6 kg 02/m hr in clean water under standard conditions Typical
immersions are around 200 mm and the speed of rotation about

70 rpm

4 Design of Aeration Tank or Ditch

The principal design parameters for oxidation ditches and extended
aeration activated sludge systems are as follows-

@ F/M ratio, organic loading factor
of sludge toading rate 0 05-0 10 kg/kgd
0 Mixed liquor suspended solids (MLSS) 3.0-5 0 kg/m?
a Retention period based on untreated
average Inflow rate 24-36 hrs
o Volumetric BOD loading 0 2-0 4 kgs/m3d
o Sludge age or mean cell residence time 20-30 days
o Surplus activated production rate 0 6 kgs DS/kg BOD

removed



o Oxygen requirements 2-3 kgs 02/kg BOD
apphed

o] Energy input for mixing 15-20 W/m3

o Dissolved oxygen concentration in MLSS £ 2 mg/t

|
Where primary settiement 1s used prior to oxidation ditch treatment is
ts reasonable to assume 40 percent of the BOD organic load i1s re-
moved

The total oxygen requirement 1s a function of:

o the mass of carbonaceous BOD removal per day

o the mass of ammonia-nitrogen removed per day

o] the endogenous respiration of the MLSS (temperature dependent)
o the degree of in-tank denitrification

JOHNSONE and CARMICHAEL (1980) quote the following eqguation for
the axygen requirements

_ _ (t-2)
kg0,/d = a X, + BX, - cX5 + 0 024 V M.R ,41 07

where = empirical constant = 1

0 95 stoichiometric constant for nitrification = 4 34
= 0 95 stoichiometric constant for denttrication = 2 71
1 carbonaceous BOD removed per day (kg/d)

1

1]

3 = mass of nitrate denitrified per day (kg/d)

aeration tank volume (m3)

concentration of MLSS (kgs/m3)

endogenous respiration rate of the MLSS at 20°C = 3 9
(mgOz/g sludge hr)

T = tempreature (°C)

n

a
b
c
X
X2 ammoniacal mtrogen removed per day (kg/d)
X
A
M
R

i

in calculating the oxygenation capacity required under the actual site
conditions 1t 1s necessary to adjust that calculated under standard
conditions to those pertaining at the proposed location.

The oxygenation capacity (kgOz/m?'h) must be adjusted for

0 the dissolved oxygen saturation concentration adjusted for tem-
perature and pressure (altitude)

o the required dissolved oxygen In the mixed liquor



o the a factor - to account for the difference between the oxygen
mass-transfer coefficient in clean water and waste water

o the B factor - to account for the difference between the dis-
solved oxygen saturation concentration in clean and waste water

(NOTE see notes of aeration theory)

5 Secondary Settlement Tanks

The efficient performance of the secondary settlement tank {(for those
larger systems which require them) 1s absolutely essential to the
process Inadequate settlement will lead to an inability to achieve the
design level mixed liquor suspended sohds and a consequential reduc-
tion In treatment Poor settlement tank performance also leads to
suspended solids being carried-over with the effluent and this will
almost certainly results in an exceedance of the required discharge
standard

The performance of the secondary settlement tank 1s a function of

o the surface solids loading rate (kgs/m2 h)
the sludge settleability, SSVI (slfg)

o] the underflow rate or rate of sludge withdrawal, typically 0 5~
10 DWF (m3/m2 h)

Traditional designs have relied upon empirical values of the hydraulic
surface loading rate (m3/m2d) or upflow-rate typical figures being In
the order 40-50 m3/m2d at peak flow rate, including the returned
activated sludge flow Improved application of hindered settling
theory have led to improved design approaches accounting for the
principal influential factors listed above, DICK (1972), WHITE (1980 &
1975)



Figure

Figures

1 - General characteristics of activated sludge systems
F/M, sludge age, efficienty and sludge production

2 - Concrete extended aeration tank

3 - Various ditch configurations

4 - Cage and mammoth rotors
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e Yactultavive Pond

cwuliative ponds are designed eirther Lo seccive Lhe "noxle ¢fflucne J10m taaci o
onde or 10 recelve untreated wostowatior

Pre=urLdlimicni

Fie=trcatent an the form of grii 1cuoval «ne sercoenang can be cupioved butl 1o 1w
Lusentilal For grit removal consiani velociiy gric ¢hanngls {controliva vy o
purschal flume) can be cmployed and screceis will always Le hand-raked Aal
seooves detratus should be burica and covercud with atl lcust one mcarc doenith of
«arvh 10 avoid fly and rodentl nulsance

IT v fecultative pond is preceeded by an anaerobic pond pre-trcacient i1s not
u~uclly 1cquired as the dnaerolic poig will fulfrll tle funections of bhisth L~
ri. rcmoser ahd Lie screen IT the fawultatlive pund 1s Lthe first step of i
Lo tlnChiv pProcess and pre-treatment is notl emzloyed then a sumpd will be 1cquarg
taver tie arlet of about 1 Om cxtra doptn and sulficicntly exlonsive 1o coneain
al, 1ha grit receaved over a two-year period It w1ll also be nececssary Lo
;o ne=071 and bury the floaling scunm «na Jeoaris «ich would otherwasc have 1wen
ronoved Ly a scoreen.

._E;"L“.

1ac oplrmum deplh of a facultative nond 3s about 1 5m Tazs 138 devp vt o L0
pacvent the growth of rooted plants Lut not 120 ucep to prevent soltar ragi.taiop
penvirating tonrough most of the pond depthe f1so the snallowe: tne pond oo
amore cxlonsive 1s the water/air interface and the greater 1s irc dircol © 591510

of atwosplitric oxygen

Jeerrl 2tive svsicm

As ihc mame implics the faculiatlive pord 1s a dual=-layer systom opcrating
~zroYcally near the surface and andacrobica.ly ai the ooiicm As LB was'LRralal
f'oas 1nto the pond any settleable solads are dcposited to form a layer ol

sludye over the pond boitom One of the aims of pond design must <« to spriad
this sludge layer over as much of 1he arca of ihe pond botiom as 1s possi.le,
Initially the sludge will merely sciule out hut 1f the temperature 15 ¢greator
inan (15%9 ~ 19°¢) anierobic digestion al an apgreciable raite will commdnee,
1lchough this mwight not be for scyveral months following the pond corwassioning

Ly 1awurce of 1re situation and the ITimiied thichness of the sludece 1-ver (posl ps
O 25m thiek) tne anaciolne digestion cannot be ¢>pucied 1o Lbe provv rly balarod
and, 45 4 1csult, soluble partial -Lreakeown products - princapalilas 1 aaily

dode radaole organie acids and alcohol - will leach into the upper afr sohic

Tiyer wnd there create an additioril onygen donind,  Periodically tne acqu i ted
<hud je wiall have 1o be removed From 1ae pond boclosm although this <heidd oady

T Lot 511y Wfter <overal ycars 10 to s 11 Jwust L2 possatle Lo Lt 3o
thee v ndlint walor 10 allow tho -Yadec 1o dry Ie fore lang peaoy d = a v Tly
moneally

A roh o statilazation of the couplen putirses Tr Oruanilce materials ahien o .
»1Tutier 1s Yoth qradher and 5oore cf[1cIrnt e o0 1NE G naCIobIC Lruc 55 1 QS
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shis stritaficataion anto a nariow, hot, non-doensce surfice laycr ind tihe

cwolvr, dunscr bulk of the pund witer effectivery prevonis vertical ansing an the
pund ond 1esults an tne surface wator bvang tdoqudtely laden with oxygoa whaile

13¢ uccper water, awey fiom the offccel of surface re-acretion Locomes progressivaly
MOox1C Also as any 1nflew.ng fiosh wistewatcr will tend Lo be varm there 15 2
ansper of short-carcuartaing across Lne surface liycr and the disclarge ouf a
partially treated effluent without the noenefit of tne nominal 1ctlention poriod

mMmi1s situation 1s aggravated by the algae Ihe mobile algae lcnd to rctreal Trom
thic 1ntense tadiation at the suiface to form a thlck, green layci, impindiiable
to laighi, some distance below Lhc surface Thais dislance can b2 ix lween

¢ 2 mnd O Sn hut cun be as 1liitle «s O O%m down The toup laiyer of walcr now .5
varme:r ard warmer and 4s conscquentitially the viscosity of the watcer weocrcascs

.1¢ non-mobile algac also tend to slip down Lo coolcr levels Ihe surfacc wirlc:

ibove the algac will now be heavily charged with oxypen cither as a result of
c1.cct alsorption or as a result of inierse photosynthetic action by the algac -
or both Bui below the layer the water will be increasingly anoxic and acrobic
1ceavity w1ll 1apidly decrease There 1s lhen a situation in which only in a
swall fraction of the water depth is the required aerobice activity progressing

- +.d 1f ithe stratification continues into the night the situation will further
gete-iorate as a result of algal onygen consumption

Marais has reported ihe following figures for a hot, calm day in a pound

at Lusaka, Zambia at 1 O'eclock in the afternoon

Depth below sy rface Tcupcrature Dissolved-0O~yen
75 nm 3OOC 24 ng/l
300 mm 26 O 5 "
450 mm 25 0 3 "
600 mm 24 © 2 "
1370 mn 21 0 O "
While Stahl has reporied from the USA an carly afternoon tcrmperature-drop

from a depth of JC mm Lo 500 mm ©f more than 10%C with only a further limitcd
Jdrop of Lotlween 1 SOC and 5°C vetween 500 mm and 1100 mm

%wind action

winu 1s the best available mcans of Lreaking up stiratification as 1t both

cocls the water surface and creates turbulcnce through surface friction and

wave formalion Wind always improves the efficicncy of ponds and hencc should
b allowed free access In addition 1f at all possible the major axis of a pond
snould always be i1n the darection of the prcvailing wind and, again, 1f possible
the minimum 'fctch' for the wind across the pond surface sheould be 100m and
preferably 200m -~ smzll ponds arc wach wmore liable to stratification than large
ponds Mo Lleves ghould be allowed withain 150 m of the pond edge so that they

dc not inbibit the wind effcct and Lo solid fcnees should he allowed arcund

ithie ponus There 1s an exaaplc of tne ecrection of a 2 m hagh fopce arcund

4 pund cwusing a hitherto aerobic proccss to turn nacrobic, and the conwitian
cnly Lcang rectificd when the fonce was roemoved

e 1 wpor oint factor in overcornng stiratification waitn wind 3s the pond
slability abich 15 the work requ1 od to miv the cntiie Wndy of sater without
the addition or subtriction of heet Stalilaty 1nuieascs with 1norcasing pound
«Cplh, vidh 1narcasing thermel ~t-tifice taoup «nd, naturally, with ftesacrao, .

Troowidect of wand brodhang up st tific tion 1s well 11lustr sted by two © (' »sles
{ o ondhoan tne UsA Grv o bt Jlens ool d oy e Tolloaure <1 10 1o



should te facilaitated as much as s possible fhe acerobic layer which prefcrably
should anclude most of the water depth in the pond receaives a biodegradable
0. janic load

a from the non-settlcable portion of 1he pollution in the incoming waslcwater

b fiom the sludge layer in tne foim of soluble organic acids and alcchols
as tte result of partial anacrobince diststiion

9 yntn_sources

Or>ygen 15 obviously cssential to the operation of this layer, and 1t 1s reccived
from two sources

a. the dircct absorption of atmospheric onygen through the extiensive aar/
water interface of the shallow pond and

b the photosynthetacally produccd osygen resulting from the activity of
ithe masses of algaé 1lhat invariably appear in ponds in which conditions,
11 the foim of available nutlrienis (phosphates, nitrates ete) and iniensive
solar radaiation, favour thear development

licavy bloogps of algae urc capabl® of pholosynthetically producing large quantities
of oaygen in response Lo sunlaght During the hours of daylaght, and particularly
in the ecarly afternoon, the pond water may be heavily supersaturated with
disselved-oxygen This phenomcenon nas led various workers to consader that the

1 _a. are all-inpo.tant in pond opciation uvnforiunately algde aie not only

an 1-s¢., 4. .hceir produaction ol oxygen sugpcsts, bul are also a liability an

the pond As an adgunct to photosynthctiic action the production of onygeon s
paiallcled by & 11se in the pl of tie water as a result of the algae cwmplovang

ithe Coz/HCO3 /00311 complex as their source of cellular carbon. Tnis rcinoves

the natural vuffering from the water and hence the rise in pH cannot be prevented
High pll's cannot be conducive to «ffcctive operation by the aerobic microorganisms
preseat.  In addition photosynihesis can only operate duraing daylaight and must
cL1s¢ when the sun disappCars During the nizht not cnlyare the algae not
producing ovygen but they are consuming i1t as their respiration continues. Although
the 1atle of removal of dissolied-onygen by this continued respiration is only at a
fraction of the rate at which oxygen is produced photosynthetically during the

day the ability of water to store axygen is very limited and the demand by a

high concentration of algae can be nagh As a result all available oxygen can

be stripped from the pond watcer duraing the night leaving most of the pond depth
anoxic and devoid of acrobic brological action

The darect absorption of atmosphéric owygen through ihe extensiave surface of

th¢ ponds 1s obviously also of ircat amportance and this mechanism 1s lattle
affccted by the time of duy or night Anything that can be done 1o increase
1his eflect must be done This must inciude making the maximum possible use

of uny wind both to extend the surface arca by mcans of developed wives and also
v0 cnsure that the near anoxic water decp an the pond 1s brought rcgularly to
tne surface for rc-aeration

Stratificataion

Stratiticatiun 1s tne principal diawbeck Lo the cfficient opcration of facultaoine
RETI fhis will develop during any hot windloss day ind, althoigh 1t w31l ofirn

to h up auring conier naghts, durin, proior, o hoe jperdods 3t ray ¢ ause far
weehs or even amnths,

During hot days, particuldrly in the f1cores, the surface temprstiie e b

8]
pend rilor may rigpe appreciably an cror s of 30°C to praduce a2 woran, hon dor s
ton seter loaycr with a rapad thommodlaine  joar nt, just under b2 <31, =<, to
tonler dunser lajyers of water, This ts ~imlar to (Lh¢ wpirlimniun d tapnl: N

of o ptr 1vs rvolr systems
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o oo coved -

A1 1he surfece 3179, -upcrs:witation with d-o
50 mm depth % satluration " "
100 mmn depth 0% saluration ' "

+'r.1lc on a hot clear windy da,

Al the surface 183% supet situration with d-o
100 un doepta 1029 saturation " "

Punus n parillel but not 1n serics

Lot 1s copreted that ureer Wi condations the wigority of the w ter an

woopuat w1l concain i apdzeedalae oL naly of dissolived-oaygen ma thiol s
i 1csati the biotogical stalisisatior processcs will be largely acionic 11 18
vsscnlrlal tnat itne BOD of the nwown waler 15 a0b Crgussive Norw.tay 32i 15
consadered that the BOD of a well-mised faculiative pond should not uwecod ol /1
althcuk tacie maybe laitile Liira an 1t excecding this figure by evin as mucn as
20 me/l It 1s dalso largely for tkas 10i1son that ficnltative pornd s are noo
bu1li 1in serics +I the BOD of the pond 1s approclanty 1n oexeess of 60 nz/Y .
1u w1ll ng Jonger be faculiative put anicromic, and 1l lrere 15 4 pond 1in crics
vailt one producing a 60 wg/l oo then 1t wis1 nearly certainly be fully aciohic
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INTRODUCTION

This paper attempts to bnng together the many considerations neces-
sary for the successful design of waste stabihzation ponds Design
methods for anaerobic, facultative and maturation ponds together with
acrated lagoons are discussed, including the faciities design

DESIGN CONSIDERATIONS

The general design considerations for a scheme using waste stabiliza-
tion ponds include the usual investigations required for any method of
sewage treatment However, the following factors are suggested as
being particularly relevant to the choice of type and design of waste
stablization ponds in tropical and sem-tropcal chmates

Treated Efffuent Disposal Route

The efMuent disposal route 1s a fundamental factor in the choice of
any ireatment method
Where a perenmal niver is 1n the proximity of the pollutson source this
15 generally the preferred disposal route as the self-punfication capacity
of the nver may be uuhized 1n addiuon to the basic dilution available
Disposal to land smgation may prove to be both a useful alternative
avauding long fliid transport distances and also providing mcreased
crop yields due to regular imgation However, there are many factors
which must be analysed pnor to embarking on an effluent irngation
scheme these being pnincipally
—salinsty
—exchangeable sodium percenlage
—sodium absorption ratio
—chemical content of effluent
~soil permeability
—soil dranage
—established wrngation methods, f any
—type of crop
—§torage requirements
~alternative chsposal royte
Effluent disposal to the subsal by aruficial recharge can prove viable
where an aquifer of suitable charactenstics oulcrops near the surface It
15 necessary to maintamn & low suspended solids content in the recharge
water 10 avoud blockage of the aquifer, this may be achueved by ling
the aquifer interface with a graded layer of sand and gravel
Where the chimate is sufficiently and the efffuent may be disposed of
by a combination of evaporation and percolation
In most instances the only viable route for effluent disposal Is to a
nearby perenmal water-course

Rhver Uses

There are many possible uses for niver water including
—IFNgation
—-wastewater disposal
—commercial fishing
—bathing
—commercial transport
~pleasure boanng
—landscaping/river walks
~-domestic water supply
—industnal uses
—anghng
For example, 1n a recent case considered the uses of the nver water
were wentified as
—domestic waler soyrce
—decortication of sisal
—Mgation
These waler nights formed the basis for the specification of nver
water quahity requirements In many developing countnes untreated
nver water1s used for domestic purposes and 1t 1s necessary to establish
chemcal and bactenological standards wath thus fact in mund

70

River Quality

A typical recommended standard for the quality of nver water for use
as a potable source to be given normal water treatment 1s ggven m Table 1
These figures may be compared with the World Health Organization
standards for drinking water summanzed in Table 2

A knowledge of the existing water quality 1 essential to the estab-
hshment of realistic standards as 1n many mstances in developing coun-
tnes the nver water may be contamunated already In these circums-
tances 1t would be better from an overall economic viewpoint (0 nvest
m a water treatment facihity for the affected population using the capr
tal saving resulting from a works designed to achieve a lower treated
effluent standard

River Low Flows

For the determ:nation of smitabje effluent standards i the absence of
any general legislation, the low flow niver condition must be established
far a given return penod of say once in five years The low flow Lo be
considered may be the mean monthly, weekly or daily mmmum Where
poor records exist 1t may be possible to in-fill the data by flow simula-
tion methods Where no information exists flow gauging over a short
term coupled with general :nformation obtamed from the local inhabi-
tants 15 the Iast resort

Algal Toxic Tolerances

Algae are essential to the operation of waste stabibzation ponds and 1t
15 adwisable to check the levels of substances such as copper and cad
mum which are algicidal at low concentrations The LC 50 of copper
for algae is quoted as between @ 02 and 2 mg/l' and cadmium has been
foundt 10 inhibst algae growth significantly at concentrations as low as
0 006 mg/P Other toxic substances effecting a 50 per cent chlorophyll
reduction are given by Gloyn2®

Detatls of Industries

Estabhishing the probable flows of effluent from industnal premises
can be difficult, as although most industrialists are in favour of pollution
control measures they are often reluctant to dyvulge specific mforma
tion which may mcrease their pre-treatment requirements Therefore all
projected effluent flows and constituents must be compared with pre-
vious expenience and should be based on a knowledge of

—product production

—the number of workers

—the number of shifis per day

—the factory processes and effluent sources
—seasonal effects

—cleaning methods

—product washing methods

—pcak flow rates

—pre-treatment facilities and balancing

Nutrient Balance

The principal nutnients required for biological growth are carbon,
nitrogen and phosphorus and the essential ratios of BOD N P are
generally 100 5 ] The usual content of purely domestic sewage 15
about 350 mg/l BOD, 125 mg/l avalable carbon, 40 mg/l of N and
11 mg/l of P as reported by Oswald®* Oswald also reports that nitrogen
often has been found to be the hmiting factor for algal growth with
essentially na growth occumng below 0 3 mg/l of mtrogen, whereas a
maximum specific growth rate for Chlorella was observed at a back-
ground phosphate level of 0 05 mg/

Environmental Factors

The chaice of the type of pond and the location should be made in the
hgit-of the possible adverse environmental impacts of such factors as
odour, mosquito breeding, schistosomiasis (ilharzia), rodent breeding,
fhes, noise, etc Odour problems often anse from the use of anaerobic
ponds although this can be alleviated to some extent by recirculation,
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reducing the areal loadings or pH elevaton® Mosquito problems have
been shown to be countered by regular pond mamntenance to restrict
weed growth® in particular this also assists in the control of

TABLE 2
Drinking Water Standards World Health Organization 1971

schistosomiasis’

TABLE 1
Standards for River Water Quality for Potable Use given Normal
Treatment
Colour Limiting value 300 Hazen umits
Preferred level  Max level
mg/t mg/l
Total dissolved solids 500 1500
Iron 05 5
Manganese
(assuming ammoma 0 5 mg/l} 10 5
Copper 10 15
Znc 5 15
Magnesium plus sodium sulphate 500 1000
Detergents ABS - 10
Nitrate as NOs - 45
Fluonde -— 15
Phenchc compounds — 0 002
Arsenic — 005
Cadmwuum —_— 001
Chromum —_ 005
Cyamde — 020
Lead — 010
Selentum —_ 001
mg/!
Chemical oxygen demand (COD) 10
Biochermucal oxygen demand (BOD) 6
Total mtrogen excluding nitrate 1
Ammonia 05
Qrganic pollutants 05
Grease 1
Coliforms MPN/100 m!
for disinfection only 0-10
for conventional treatment
of coagulation, filtration
and dismfection 50- 5 000
for extensive treatment 5 000-50 000
to be avorded > 50 GO0

Characteristic Units Preferred Maximum
Colour “Hazen $ 50
Turbidity Umnts 5 25
Total sohds mg/l 500 1500
pH - 7085 6592
Amonic detergents mg/l 02 10
Mineral o) mg/l 001 03
Phenolic compounds mg/l 0091 0002
Total hardness mg/l CaCQs 100 500
Calcrum mg/l 75 200
Chlonde mg/ 200 600
Copper mg/l Cu 005 15
Iron mg/l Fe 01 10
Fluoride mgl F — 08-17
Magnesium {sulphate-250 mg/l) mg/l Mg 30 150
Manganese mg/l Mn 005 05
Sulphate mg/l SOa 200 400
Zinc mg/l Zn 5 1S
Arsenic mg/l As — Q05
Cadmium mgfl Cd — 001
Cyanide mgfl CN — 008
Lead mg/l Pb — 01
Mercury (total) mg/l Hg —_ 0 001
Selemum mg/l Se — 001
Nitrate mg/l NO» —_ 45

95 per cent of sampies throughout the year should contain less than one coliform
per 100 ml and not exceed 10 coliforms per 100 ml

Source lmerngironal Standurdy for Danking Wyrer World Health Organuzation 1971

Speaific Design Factors

The specific design factors required for the vanous design methods
include
—ambient temperature
—altitude
—wirkl velocity and direction
—solar rachation
—cloud cover
—strength of raw wastewater
—water {emperature

DESIGN METHODS ANAEROBIC PONDS

The commonly used cntena for the design of anaerobic ponds are
—surface loading of BOD 1000-6000 kg BOD/ha d*
—retention 2-5 days® !
—volumetric loading of BOD ¢ 19-0 24 kg BOD/m* d*
~—depth 3-5m
The principal requirements for successful operation are
—exclusion of toxic and mhibitory substances
—approximately continuous icading
—temperature 1n excess of 20°C
—adequate nuxing
Additional factors which may require monitonng are
—volatile acid concentration
—alkalmty
—pH range 6-8
—oxidation-reduction potentnal (ORP)
In addition to the design cntena above empincal relationstups have
been developed Vincent et af'? gve the following relationship

L
T
k[z] #

where L, = effluent BOD (mg/1)
L, = mfluent BOD (mg/1)
k, = rate coefficient
n = constant
R = retentwon (day)

Work m Zambia produced values of &, and n of 60 and 48
respectively for a pond temperature of 20°C

It 1s now generally accepted that the volumetrnic BOD loading 1s the
most rélevant design cntenion® ¢ provided that the depth s sufficient to
mamtain a predorunantly anaerobic regime A retention period of 2to 7
days'? 1s generally required depending on the ambient temperature
retention periods longer than about § days appear to have little effect on
the removal of BOD for a given loading rate® and S days appears to be
the opumum for year-round operation®

DESIGN METHODS FACULTATIVE PONDS

There are numerous design methods based on empincal formulae,
statistical analysis and rule of thumb from which a wide range of
designs can be obtained A survey of design methods was undertaken
by the author m 1975 as part of Howard Humphreys and Partners
internal technological up-dating programme 1n which 1t was concluded
that the McGarry & Pescod formulae® give a reasonable design under
most circumsiances This conclusion was confirmed independently by
Mara® i 1976

The prnincipal design methods 1n most common use are given below as
named by the author

—Global Environmental Design Basis

—Gloyna s Empincal Formula

—First Order Kinetics

—Indian Approximate Procedure

~—S8olar Radiation Method

—Thirumurthh Method

—McGarry & Pescod Formulae

A companson of designs for a partcular locauon, using these
methods, 1s given in Table 3, from which 1t can be seen that the
McGarry and Pescod method provides average values

TABLE 3
Comparison of Facultative Pond Designs
Method Retention (davs}) Areal BOD loading
thg BOD/ha d)
Global Climate 33-17 [50-350
Gloyna s Formula 43 96
1st Order Kinetics 13 319
Solar Radation 11 373
Thirumurth 19 217
McGarry & Pescod i5 267
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Global Environmental Design Basis

Gloyna'? gives a table of acceptable organic loadings to facultative
ponds which have been used successfully in various environments The
loadings given are based on the following assumptions

—the total evaporative and seepage loss 1s not greater than the

mfluent volume

—the per capira BOD contribution ts 50 g BODs per day

-~the wastewater production per capita day 1s 100 htres
The surface loadings quoted are given 1n Table 4

TABLE 4
Global Environmental Design Basis
Surfuce Loading  Retention Period Emvronment
(kg BODstha d) (davs)

10 200 Fngid zones 1cy low water
temperature, variable cloud
cover

10-50 200-100 Cold seasons icy temperate
summer season (short)
50-150 100-33 Temperate to semi-tropical
No prelonged cloud cover
Occasional ice cover
150-350 33-17 Tropical umform distribution

of sunshine and temperature
No seasonal cloud cover

Obviously these generalized values should be used only where imited
mformation preciudes the use of more refined methods

Gloyna's Empirical Formula

An empincal formula based on the operational results from many
small laboratory expenments larger pilot scale studies and several
hundred fult scale ponds, relating pond volume to temperature nfluent
BOD and wastewater flow was first developed in 1958 and i given by
Gloyna'?

V=035xI10"%NgLP

where V = pond volume (m?)

N = contributing population

q = per capita wastewater flow (1/d)

8 = temperature reaction exponent = | 085

T,= average water lemperature on the coldest month (°C)
L = Ultimate Biochemical Oxygen Demand {mg/)

This formula has now been updated? to include factors for the toxicity
content and sulphide content The retentron penods based on this equa-
tion are shown on Figure | for various influent organic loads assuming
the uitimate BOD 15 | 4 times the § day BOD

Gloyna® recommends the following guidelines for the determination
of depth

5=Tps

Depth in metres
100

Condinons
Generally ideal condiions  very uniform
temperature tropical to subtropical mumum
settleable sohds
As above but with modest amounts of settleable
solids Surface design based on one metre depth and
0 25 metre used for reserve volume
As for 1 25 m except for significant seasonal
vanation in temperature mapor fluctuations in dally
flow Surfuce design again based on one metre
For soluble wastewaters which are slowly
biodegradable and retention 1s controlling factor

125
150
2 and over

First Order Kinetics

The formula for the first order reduction of BOD 15

L
L, ‘I«_;R_L:].
where L, L, = influent effluent BOD {(mg/1}
R = retention (days)

and 475 the BOD reduction rate constant in the pond environment

k7 vanes with temperature according to the equation

-4
Ay = kasx1 085"

where &35 = 12 1n southern Afinca

and T = pond operating temperature, °C

This formula 1s based on the assumption of a completely mixed
reactor whereas most pond systems are far from this condiion There-
fore as would be expected the formula tends 1o over-estimate the BOD
reduction' although a yudicious choice of the vaiue of 4; can counter
this particularly when based on local operative experience n other
pond systems
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Indlan Approximate Procedure

It has been found 1n India that the areal BOD loading to facultative
ponds can be related approximately to the tautude Anincrease of 25 kg
BOD/Ma d for every 4° change in latitude produces a range of loading
rate from 325 to 150 kg/ha d for a latitude change from 8°N to 36°N
Extrapolations outside India are not recommended The values are only
approximate and are based on an altitude of sea level, clear skies for
75% of the year and a pond depth of 0 9 to | 5 metres!'?

Solar Radiation Method
This method was cnginally developed by Oswald and Gotaas and s
based on
—average menthly maximum and menimum solar rachation
—average monthly sky clearance factors
—algae energy requirement and utihization efficiency
—oxygen production rate by algae
Probable average values for visible solar radiation may be caiculated
from the tnformation published by the United States Weather Bureau
and typical derived figures for sea level are quoted by Arceivala'? The
average radiation 1s then calculated for the lowest month of the year
Average radiation So = mammum visible rad +(max —mn )xsky
clearance factor
actual hours of sunhight
total possible sunlight hours
The visible solar radiation values should be corrected for altitude
St =S8p (+000925E)
where S¢ = visible radiation at elevation E (g cal/cm? d}
S = wisible radiauon at sea level
E = elevation above sea level (fix {0 Y
The energy requirements for the formation of one gram of algae 1s 1n
the region of 4 to 6 kilo-calonies® '? and the utihzation efficiency of
conversion of visible energy 1s 4 1o 6 per cent
The mass of algae produced 1s given therefore by
0 06 x5, average
6x105x10 ¢ kg/had
The oxygen production by algae 1s estimated in the order of ! 28 1o
1 75 g/g of algae produced'? In warm climates oxygen production rates
of 500 kilograms Oz per hectare day have been attamned although 200
kilograms per hectare day 1s an average realistic fipure and a useful
check on design'$

where the sky clearance factor =

mass of algae =

200¢
100
30
60 Influent
Poliution Level

Retention (days)

0 5 10 15 20 5 30 B

Design Water Temperature (°C)

Relentonz 3 5 110'2 x14 ‘BODS x 1085 (35-T)

Figure 1 Glovna s Empirical Equanon



There are different design approaches relaung the oxygen produced
by the photosynthetic acuvity of aigae 10 either the BODs or ultimate
BOD removed or apphed to the pond system?® 7 Siddiqi and Handa'®
propose the use of a load factor defined as the ratio of BODs load to the
oxygen produced by algae although theyagree it would be preferable to
use ultimate BOD rather than the BODs value They reporl that Oswald
suggested a lower hmit of 0 44 and themselves suggest a value of 8 0 as
an upper hmit to mamtain facultative conditions Arceivala et aft2 state
that the zltimate BOD load to the pond should not exceed the oxygen
produced by algae and, although this ignores the reduction of BOD by
settlement and anaerobic decomposition 1t provides a safe design basis
Mara® suggests a  safety factor not greater than 1 07 times the oxygen
produced 10 give the design load of ulumate BOD Ths factor 1s
included to allow for not all of the oxygen produced being utihized for
organic stabithzation, but again no account 1S taken of the BOD reduc-
tion by settlement In additon to the settlement phenomena any
theoretical relatonship beiween ioad and algae oxygen should include
natural surface reaeration as an OXygen source

Thirumartiu Method

The Thirumurthn*® method 1s a rational approach based on a non-
ideally mixed reactor in which the degree of mixing 1s represented by a
constant 4 ranging from zero for plug flow conditons to infimty for
completely mixed systems The usual BOD decay rate constant, k7, 1s
determmed from the influent BOD level, values of the product &t
times the retention ime are related to the percentage BOD remaiming by
the equation solutions represented in Figure 2 The value of d 1s unhkely
to exceed | 0 for waste stabilization ponds but even between a d value
of 025 and | 00 the calculated retention can vary by 65 per cent
Thirumurthi suggests tracer studies or model tests should be under
taken to determune the appropnate d value for the pond configuration

The determination of the BOD decay rate constant, k3 1s also dis-
cussed by Thirumurthi and relationsiups are proposed for a dependency
on the organic loadng rate and solar radianon levels n addibon to
temperature A dependency of A1 on the organic loading rate has aiso
been observed by Siddiq and Handa'* reducing from a value of 0 2210
the first pond t¢ 0 06 n the thurd pond

McGarry and Pescod Formula

McGarry and Pescod’ analysed data from 143 pnmary facuitative
ponds and found a very definite relationship exists between the areal
removal of BOD and the influent BOD value The regresston hine takes
the form

L, =1037+0725L,

where L, = areal removai of BOD (kg BOD/ha day)

and L, = areal loading of BOD (kgBOD/ha day)
The 95 per cent confidence hnuts for this regression were 232 8 kg/ba d

A further equation 1s given describing the maximum feasible loading
of a pnmary facultative pond related to the mean monthly ambient
temperature taking the form

1
L,=1120054)"

where T,, = mean monthly ambient temperature °F

Madra'® proposes the use of a safety factor of 1 5 to allow this equation
1o be used for design Using this factor the results were compared with
those of the modified first order kinetics approach developed by Marais
and Shaw and described by Gloyna'® as the South African procedure
However this companson 1s only valid if the temperature values used
1n the two methods are consistent The McGarry and Pescod formula
uses mean monthly ambient temperature whereas the BOD decay rate
constant used n the first order kinetics method 1s usually related to
pond hquid temperature Marais?® correlated monthly mean maximum
and mimmum air temperature with pond hiquid temperature and pro-
duced an equivalent value of the decay constant based on air
temperature extremes Pond temperatures are usually a few degrees
centigrade above the mean ambient temperature except in the hottest
months!? 2¢

W

DESIGN METHODS AERATED LAGOONS

Aerated lagoons are generally designed on the principle of a com
pletely muxed steady-state reactor usmg the first order kinetics
theory>®

-1
Retention= 111,:1—
T
where L, L, = influent, effluent BOD (mg/1)
iy = A200 1T-20
A =035
and @ = 1 055

The oxygen mput 15 related to the ultimate BOD removed and must
be adjusted for temperature and atmosphenc pressure (altitude) so that
the aerator efficiency under standard conditions may be specified
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respecnvely )

Pearson®' proposed the simplified equation
_ €,
A (C, %P JP)-Cp) 102720

where 02, = oxygen required under standard conditions
0z, = oxygen required under actual conditions
C, = dissoived oxygen saturation concentration at 20°C
A = oxygen (ransfer efficiency
C; = oxygen concentration to be maintained in fagoon at

operating temperature

C,,. = dissolved oxygen saturathon concentration at lagoon

0z,

temperature
P, = barometric pressure (1ns Hg)
P, = standard barometric pressure
T = temperature of lagoon

The atmosphenic pressure may be related to altitude by the foliowing
formula

P = 760<1— 1000
where E = elevation above sea level (m)

P = barometnc pressure (mm Hg)

Typical oxygen transfer efficiencies in lagoons are in the order of 0 8
to 1 0 kg Ov/kWh For facuhative lagoon operation the power inpul
should not exceed about 4 watts/m>, whereas for complete mixing
power inputs m the order of 20 watts/m? are necessary, depending on
the shape Typical depths range from 2 to 5 m and should be determined
with consideration to the type of aeration system to be used Retentions
are typically between 3 and 6 days with overall BOD loadings 1n the
order of 0 016 kg BOD/m* d

Mara® proposes a refined design approach in which the ultimate BOD
of the effluent 1s calculated from the incoming soluble BOD not
stabilized in the lagoon plus the ultimate BOD due to the bactena cells
synthesized 1n the lagoon This phenomenon was onginally highiighted
but not included by Eckenfelder’?
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An alternative design approach would be to apply the basic activated
sludge theoty to determune the effective volume of a lageon required
assuming the F/M ratic appropnate for extended aeraton Considera-
tion of 1his theoretical approach suggests that the performance of
seraled lagoons could be opumized by adjusting the suspended sohds
content in the lagoon, perhaps by varying the degree of mixing of the
contents or by returming a proportion of the settled sludge to the lagoon
inlet However this does not take into account the ultimate oxygen
demand of sludge deposits nor of the new cells synthesized and one 15
left with the conclusions of Bartsch and Randall* that, although good
performance of aerated lagoons has been observed in many situations
there 15 a need for additional information to determine 1n particular

—the vaiidity of the first order kinetics theory

—the effects of basin geometry aerator design and power input on

the BOD removal coefficient

-—temperature effects

DESIGN METHODS MATURATION PONDS
The principal purpose of maturation ponds 1s the removal of entenc
bacteria and viruses, other purposes include the reduction of BOD and
the removal of nutrients
First order kinetics theory 1s generally used to predict bactenal die-
off assuming complete muxing and sieady-state condions For a
number of ponds mm series the effluent faecal cohform concentration is
predicied by the foliowing equation
L
Ne (KrR1+1) (KyRz+1)  (KyR,+1)
where N, = effluent faecal cohform count per 10¢ ml
N, = influent faecal cohform count per 100 mi
K1 = faecal coliform removal rate constant at
temperature T°C
R, = retention of nth pond
K115 very temperature-dependent and 1s calculated by the following
equation’?

Ky =26x1 19T for T between 5 and 21°C

Marais?* has shown that the most efficient system 1s composed of
ponds having equal retention penods

Giloyna has observed that vanous bactena die off at different rates
and that the overall die-away 1s greater when a large vanety of algal
species are present Baclenal removal was found to be greater with an
mitia] anaerobic pond Although some aftergrowth was observed in
E Coli and Pseudomonads, this was not observed for the pathogens

Maturation ponds are generally designed to have a retention period of
310 7 days with adepth of 1 to1 5 m An increased depth at the outfall
point alfows the effiuent take-off level to be selected to achieve a
mimmum algal content in the effluent

Where the effluent is to be re-used for agncultural irngation the effect
of evaporation on the concentration of salts and toxics in the effluent
should be checked parucularly 1n ard chimates

The theoreucal reduction tn BOD 1n 2 mamration pond 1s not dealt
with separately in the hterature but 11 1s suggested that the design
cntena for facultative ponds provide a safe design  Mara® reports that
provided the mfluent BOD 1s less than 75 mg/l the effluent from two
maturation ponds in series each having 7 days retention shouid have a
BOD of less than 25 mg/l

Oswald* discusses the design considerations of nutnent removal
employing algal growth

FACILITIES DESIGN

The facihties design should include at least the following factors
—precipitation
-—percolation
~~gvaporation
—outflow analysis
—onentation, shape, configuration and position
~-inflow and outflow structures
—embankments
--wave protection
—mixing
—groundwater level
~—flood protection
—sludge accumulation and removal
—pond hning
—future expansion

Precipitation

I1 13 necessary to have a knowledge of the average ramfall figures
throughout the year so that the effects of dilution and reduced retention
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penod can be accounted for mn the design Preciprtation records are
available more often than those for evaporation and locally collected
information should be soughl wherever possible Where few data are
available a rough gmde may be obtained of general world wide precipi-
tation from the Handbook of Applied Hydrauhcs?

Percolation

Percolation wlo the subsod may be estimated from the type of soil
and the depth of the water table below the base of the pond For unlined
ponds the imeral percolation rate s usually very much higher than that
finally achieved due to the cloggmng of the pond bottom by fine particu-
late matter and orgamic growth In fine sand, for example an imtial rate
of 15 cm/day was observed to dechne gradually to 1 cm/day'? 22

An mn-situ lest which may be used to approximate the imitial percola
tion rate and predict the final percolation rate has been proposed by
Oswald® and 1s shown m Figure 3

Knowledge of the hikely percolation losses are required 1n order that
the effective retention may be calculated and the desired water depth
range mamtained Where the treated effluent is re-used for irrigation
purposes for example 1t 1S desirable to mirumuze the seepage losses
Conversely, where the aim 1s the ulimate disposal of the effluent such
measures as rotation of pond usage arnd bottom scanfication should be
taken to maximize seepage Care must be exercised ta avoid polluting
an aquifer used for a potable water supply source Additional measures
to enhance the overall percolation rate may include the apphication of a
sand/grave! layer on the surface of the exposed aquifer Such a layer
should be designed to achieve a maximum amount of wfiltration prior to
clogging while protecting the aquifer from sohds intruston®

Evaporation
In hot chkmates evaporation losses can significantly reduce the effec-

tive retention In a pond and can cause a drop 1n water level 1o below that
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required for saustactory operation In addition the concentration of
pollutants 1n the pond may be increased to a level which may cause
operational difficulties and subsequent environmental poliution

Evaporation data are not always available for specific locations and
where no records exist 2 nomograph produced by Kchler er a/®, rela
tng mean dailly ar temperature, man dailly dew-point temperature,
wind velocity and solar radiaton may be used to approximate lake™’
evaporation Such estimates should be confirmed by locally collected
data whenever possible

Outflow Analysis

An analysis of the combined effects of precipitation, percolation and
evaporation on the overall flow through the ponds should be undertaken
to check fluctuations in waler level and the mimmum retention hikely to
be obtaned

Low Initisl Flows

The above outflow analysis i1s of particular relevance to the early
stages of operatbion duning which flow rates very much lower than the
design flow may be encountered Where possible mitial low flows
should be taken into consideration in the design of the size number and
canfiguration of the pond system so that maximum flex:bility of opera
hion 1s provided

Pond Orientation, Shape, Configuration and Position

The direcuons of maxumum wind-nduced mixing and of maximum
sunhght are the principal factors in the selection of the ideal onentation
of a pond system but in many mstances site area and topographical
considerations are predominant

Rectangular ponds with a length to breadth ratio of 2-3 1 have been
found to mimimize short-circuiing and to be the most simple to con-
struct?? Mara® suggests that a deepeming at the inlet end of a long
narrow pond 15 advantageous 1n providing an anaerobic zone

Generally 1t 1s preferred to divide a pond system into at jeast two
paralle! streams of ponds to facilitate draining down for maintenance and
to allow flexibility of operation particularly at fow flows The aspect of
wave protecton is discussed later but as a guide to the maximum size of
any pond areas less than 12 ha have been guoted as not usually giving
wave erosion problems??

A pond system should be positioned taking into account the probable
environmental impact on local residents There are a number of local
requirements regarding the distances of ponds from residenual areas, a
typical figure being 0 5-1 0 kilometres for a facultative pond and more
for an anaerobic pond
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Figure 5 Draim-Down Chamber

The ponds should be located to avoid flood damage on a site having
room for future expansion and of course as close as possible 1o the
treated effluent disposal point while mammtaining if at all possible, a
gravity flow of sewage to the works

Inflow and Quiflow Structures

It 1s considered that muluple pond inlets should be used for all but
small ponds'? 13 2 [nlets to small ponds and anaerobic ponds should be
at the centre of the pond, whereas for larger ponds the inlet ponis
should be positioned about 60 m from the nearest bank® !* and about
25 m for medium sized ponds® Opmons differ as to whether the outiet
end should be straight, down-turned or up-turned from a simple con-
sideration of hydraulics and cost a straight pipe gently sloping towards
the pond base wauld be preferred

In all cases pond inlets should be submerged to encourage rapid
mixing and reduce the probability of odour musance

A bar screeming facihity for the raw sewage usuaily should be pro-
vided to remove large floaing objects and debnis from the man flow

Flow measurement by flume or V-notch is desirable both for perfor-
mance monutoring and also for future extensions design

A typical mlet to a pnmary pond 1s shown in Figure 4

Drain-down chambers should be provided to allow emptying for
maintenance and sludge removal The outiet arrangement should facili-
tate removal of top waters only if required, this may be achieved simply
by two penstocks at different levels as shown 1 Figure S, for exampie
or by a bottom penstock and floating arm draw off faciity A less
sophisticated design would comprise a single valved pipehne through
the base of the embankment

Interpond connections may be m the form of a single pipe but should
always be valved!* Mara® suggests that where the water level differen
t1al between ponds exceeds 1 m then an inlet chute should be used To
obtain maximum operational flexibility a central feeder collector and
by-pass pipe can be incorporated as illustrated in Figure 6 for a six-pond
installation

Pond outlets usually consist of an overflow weir and a scum board
Both the weir and scum board should be adjustable so that the water
depth of the pond may be controlled and the depth of extraction vaned
10 meet seasonal changes 1n the water quality at different depths A
typical weir outlet chamber ys shown in Figure 7

Embankments

The height of an embankment above the pond base 1s based on the
design maximum water depth, the freeboard requirements for storm-
water flows, spare capacity an allowance for $udge accumulation and
the expected wave height

The embankment slope 1s not usually steeper than | 3 depending on
the soil stability and the crest width between three and five metres, the
latter being preferable for easy access and equpment handling The size
of embankments 1s often dictated by the general objecnive 1o batance the
earthworks cut and fil Organic matenal should be excluded from the
malenai used to form embankments

Embankment erosion, other than at the water-edge 1s reduced by
good compaction and a surface layer of stones on the inside slope, and
the planting of & hardy grass species on the outside slope

Typical embankment designs are shown m Figure 8
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Wave Protection

Inadequate protection of embankments at the water-edge appears to
be one of the most unsatisfactory aspects of waste stabilization pond
design® Concrete paving slabs are in common use but in some cases
subsidence and hfting have arisen probably due to the sol type A
stone layer can prove a successful measure provided 1t 1s formed of
stones of sufficient size and placed n a layer of adequate depth
retained if necessary Bank protection should extend at least 300 mm
above and below the maximum and mimimum water levels

Other methods providing protection are principilly applied to seal the
pond base and in¢lude bentomite stabilized soil asphalts and plastics
hmngs

Wave erosion 1s mimumized by using pond areas less than 12 ha??
Vanous formulse have been proposed to predict wave height most
resulting in a mmmum value of about 070 m Oswald® proposed the
following formula for freeboard calculation
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Mixing

Wind-induced mixing 1s essential to satisfactory pond operation as it
increases the natural surface reaeration, reduces short circutting (pro
vided the wind direction 1s not from inlet to outlet) and mantains an



improved algal population and distribution of pollutants The degree of
mxing 1s largely dependent on the fetch or length of open water and the
surroundimg obstructions such as vegetation and bwldings Ideally a
wind rose should be obtained for the site so that pond onentation 1s best
suited for wind induced mixing A clear distance of about 100 metres
around the pond should ehmnate the effects of surrounding
abstructions

A fetch of 100 to 200 metres 1 reported as being suffictent for ade
guate mixing® 2 2 Where wind speeds do not commonly exceed about
20 kmvhour wind induced mixing can not be retied upon and artifictal
mixing should be consilered

Thermal mix:ng on a dwirnal basis usually occurs due to stratification
and subsequent turn-over resulting from water density changes
Stratfication 1s not desirable and therefore this form of mexing 1s of hittle
use

Where insufficient natural mixing occurs artficial means may be used
such as surface ae¢rators (which moves the design into the realm of
aerated lagoons) simple * bubble guns  rotary brushes and honzontal
screw pumps

Groundwater Level

A knowledge of the groundwater level s importani to ensure the pond
base 1s above the water table so that construction work 1s made very
much easier and groundwater infiltration 1nto the ponds 15 avoided

Flood Protection

Often pond sites are located 1n a natural topographic low area to
permit gravity sewage flow to the works Such sites may be prone to
flooding during storm perntods and therefore should be adequately pro-
tected from flood water erosion

Dunng flood conditions 1t 1s also desirable to provide some sort of
emergency overflow from the ponds so that the embankments are pro-
tected Emergency overflows may take the form of simple spillways

Sludge Accumulation and Removal

The accumulation of studge in a pond depends on the type of pond
and the gnt and settleable soils content of the raw sewage Accumula
tton rates in India and the USA are discussed in detail by Arceivala er
ai'* The nett accumulation of sludge deposits per capiie decreases with
time due to the effects of anaerobic digestion and compaction Typical
accumulation rates in India range from 008 to 03 m® per head per
annum'? and the resulting desludging frequencies normally range from
about 510 12 years depending on the depth of pond considered and the
chmate

Sludge removal should be effected once the mimmum desirable water
depth for the type of pond has been reached for example the mintmum
liquid depth for a facultative pond 15 generally one metre Sludge will be
in a dried form after wathdrawing the parucular pond from operauon
and draiming down and then may be removed by a mechanical shovel or
by hand barrow Care must be taken to avoid damaging the pond base
construction The typical mossture content of accumulated sludge
ranges from an imual value 80 to %4 per cent which will reduce with the
period of drymg the reduction 1n moisture content with time has been
examined by Pescod?” and a graph was produced relating the total sohids
content to cumulative solar radiation The final disposal of sludge may
be to agncultural land landfill or tip depending on the circumstances
and sludge constituents

Pond Linng

Where 1t 15 desired to avoud excessive percotation into the ground 1n
areas of hmestane or gravel formations for example, bottom sealing in
some form will be necessary Bottom sealing may be achieved simpty
by a layer of clayey soil or bentonite 1f this 1s availabie locally at reason-
able cost

Other methods include soil stabihzation with cement sprayed or rol-
led asphalt and plastics hneng matenals Plastics limng matenals are
usually placed on a prepared sand layer and 1t 1s advisable to protect the
membrane with a stmilar sand layer on top The cost of lining usually
precludes its applicauon except where the potential pollution of a water
source for exampie justfies its use

Future Expansion

As indicated above the selection of a site for a pond system should
take into account the land requirements for future expansion Where
land area 1s not avallable to expand the system can be modified 1o
include aeruted iagoons by deepening some ponds The addition of
anaerobic lagoons for the pnmary treatment of stronger wastes has
been shown to reduce the tolal land area required by a factor of up to
two imes in theory® but this ts not always realized in practice

Other methods of up grading pond systems through process modifica-
uon have been suggested®® including
—orgamc load adjustment
—recirculation
—feed and withdrawal facihities
—mtxing
—aeration

CONCLUDING COMMENTS

Despite the large amount of research and literature on the subject of
wasle stabilizatton ponds the various design methods can result in
widely differing results No one method appears to cover the whole
story forexample for facultative pond design the McGarry and Pescod
method 1s based or ambient temperature only, whereas a check on the
available solar radiation level 1s advisable

Ponds are the first choice of treatment method in hot climates as they
are simple Lo construct cheap to run and can produce an effluent having
minimal nisk to the environment

This paper represents the views of the author and not necessarily
those of Howard Humphreys
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DISCUSSION

Dr R J Martin (Lecturer, Umversity of Birningham)
Q | Is there a danger of waste stabihzation pond design being
unnecessarily comphcated and theoretical parucularly in view of the
poor level of maintenance often encountered?
A | This question 1s best answered in three sections
(1} Although the methods presented may appear complicated, in fact
they are based on very simple concepts No one method 15 com-
pletely satisfactory and i1t 1s therefore important to take into
account the factors included 1n a number of approaches In general
terms the more theory used 1n a design the more likely a successful
design will result

(1) Most of Howard Humphreys work 1s for international funding
agencies who require full justification for a proposed scheme

(1) Adequate mamtenance 1s essential to any scheme of samtation and
wherever possible traimmng schemes are offered as part of the
project implementation

Q 2 What sort of population may be served by waste stalhization
ponds”

A 2 Waste stabilization ponds are generally used for small rural
communues of a few thousand However the largest pond system to
my knowledge 1s m Auckland, New Zealand serving an equivalent
population of over 500 000 and occupyimg 525 ha

Mr J P Arthur (Research Student, Umversity of Birmingham)

Q 3 In view of the many factors which must be considered n the
design of waste stabihizaton ponds, is it not desirable to construct pilot
plants to observe thewr behaviour before full scale ponds are
cotstructed?

A 3 Piot scale studies have been undertaken to examine the effects
on performance of different configurations™ 3 However scaling up the
performance cntena may not prove to be rehable 1n view of the changed
mfluence of factors such as wind action

Q 4 What consututes the hmit 10 loading of facultaive ponds and
could there be some reduction 1n retention periods and some increase in
the loadng rates suggested in the paper®

A 4 The maximum areal loading rates for facultative ponds before
the onset of anaerobic conditions was related to mean monthly ambient
temperature by McGarry and Pescod® A factor of safety of | 5 has been
suggesied by Mara® for use in design

For a given surface area the retenton penod 1s a function of depth
only, normal depths of facultative ponds range between 10and | S m
depending on the sludge storage requirements and chmatic conditions

Q 35 How do the costs of waste stabilization ponds compare with
other treatment systems?

A 5 Any cost companson of treatment methods must include both
the capital costs, recurrent costs and operating costs Ponds are simple
to construct but where the majonity of the pond volume 15 below ground
level the rate for excavation will be the predonunant cost factor

A recent companson between a waste stabilizanon scheme and an
oxidation ditch scheme revealed the folowing capital cost comparnson
for a three stage construcuon

Stage 1 Stage Il Stage 1II
Oxidation Ditch 10 000 8 600 9 900
Waste Stabilization Pond 10 300 8 900 13 600

The Stage 1H of the pond scheme involved a conversien to an aerated
lagoon system
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From the above capital cosf comparison one might be templed to
adopt the oxidanon ditch scheme but when the operating costs and
recurrent costs are taken into consideration the pond scheme has a
discounted cost of 29 600 compared with 32 500 for the ditch scheme
and would therefore be selected on the basis of least discounted ¢ost
Further factors affecting the choice of process include
—the removal efficiency of pathogenic bacteria and viruses helminths

etc
—the level of local operative skill
—the proportion of foreign currency required

Gloyna'® gives the following cost companson of consfruction costs

Construction Costs per Head (1S$)

Waste
Stabdization Activated Percolating
Ponds Sludge Filters
1000 9-29 45-98 50110
10 000 413 231-52 23- 51
100 600 1756 12-27 11- 23

Mr W M Waterson (A H S Waters & Pariners)

Q 6 Is ammoma removal as complete as would be expected from a
long retention system”

A 6 Some researchers have reported ammoma removal efficiencies
of between 56 and 84 per cent whereas an exiensive mvestigation m
Sunnyvale Califorma'* found that no appreciable nitnification oc-
curred with or without surface aeration No inhibitory substances were
detected in the waste and although the nutritying bactena Nitrasomonas
and Nrrobacter were present in the pond the lack of agrobic surfaces
for attachment and growth was suggesied as being the cause of the lack
of nitnfying acuvity

Q 7 Is there expenence of removing sludge from a pond wathout
emptying 1e using a mud-cal type vacuum cleaner”

A 7 1do not know of any successful desludging methods used with
out first emptying the pond

Q 8 Is mcrostraming an effective method of removing the type of
algae that predominate in pond systems?

A 8 Probably no other system has been tnied so often and faned so
consistently as has microsiraimng in the attempt to upgrade pond
effluent '* The commonly occurning species of algae such as Chiorella
and Scenedesumus are often smaller than the smallest commercially
available microstramner aperture of 23 y

Mr C Macrorie (MSc Swudent Water Resources Technology Umi-
versity of Birmingham)

Q 9 Are ponds advised for combmed sewer systems 1e foul sew-
age and stormwater and if so how 1s the problem of surge dealt with
when effluent guarantees have to be given®

A 9 Ponds are probably more able than most treatment processes o
accommodate storm water ansing from a combined system However in
some Instances a storm water overflow pnior to the ponds may be
advantageous although generally a pond system should be designed to
accommaodate storm water flows Overflow weirs should be included 1n
each pond to prevent damage to the embankments The reduced reten-
tion times during storm flows are offset by the additional diluuon
availabie
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DESIGN AND CONSTRUCTION DETAILS OF WASTE STABILIZATION PONDS

1. General

This paper 1s concerned with the design of pond facilities, t!‘lelr interac-
tion with the process design and the detalls of construction. Included In
the facihities design are such factors as the net evaporation, precipitation
and percolation and mixing Both these factors have a direct influence on
the process design

A retention time based on the incoming design flow may be very different
from the actual due to the combined effects of evaporation, precipitation
and percolation. There have been cases where ponds have failed to fill
due to over-design resulting from not accounting for these factors. such

problems can be aggravated by initial flows being very much less than
expected due to over-ambitious projections of water usage, rate of house
connections to the system or similar factors buiit-in to a design The
policy in New Zealand is never to allow designs te cater for population
increases of more than 25 percent, EDEN (1978).

The degree of mixing within a pond is important for three reasons:

o firstly, the photosynthetic activity of the mixed algal population
1s greatly increased when adequate mixing is provided. Mixing
may be wind induced or mechanical High fences or other wind
breaks too near to ponds cause poor performance.

o] secondly, the bacterial breakdown of the waste Is enhanced by
maximum contact with the substrate ensured by adequate mixing

o thirdly, the degree of mixing I1s important as this affects perfor-
mance THIRUMURTHI (1969) developed a design approach
accounting for the degree of incomplete mixing using the dimen-
sionless dispersion number. TIMPANY et al (1971) emphasized
the importance of a relatively square shape to achieve good
mixing MURPHY and WILSON (1974) report that the degree of
mixing 1s more dependent upon the pond shape than the artificial



aeration nput over a given range for an aerated lagoon IWUGO
and WINNICKI (1978) undertook tracer studies of the mixing
characteristics and found that the mean residence time of a
rectangular pond was significantly greater than the wvolumetric
retention

The various factors included in the facilities design are listed by LUMBERS
(1979) as follows

configuration lining/sealing

o] precipitation o] inflow and outflow structures
o infiitration 0 embankments
o evaporation o wave protection
o] orientation o] mixXing
0 shape 0 groundwater level
o position o] sludge accumulation and removal
0 o
o}

future expansion

2 Precipttation, Infiltration and Evaporation

The combined effects of precipitation, evaporation and infiltration must be
accounted for 1n design so that complete pond filling I1s ensured and the
maximum and minimum retention periods over the year estimated Exact
estimates of these parameters and, of course, also the actual variations in
the flow of waste water itself, are difficult indeed a precise design would
call for consideration of long-term rainfall and evaporation statistics in
order that specified return-periods may be used in design

2 1 Precipitation

Local rainfall records are not always available, however reasonable data for
most locations may be obtained from the UK Meteorcological Office or alterna-
tively the US Weather Bureau A rough guide to world-wide precipitation
may be found In the Times Atlas of the Worid, or the Handbook of Applied
Hydraulics, DAVIS (1965).



2 2 Infiltration

The rate of percolation into the subsoll depends on the type of soil and
the depth of the groundwater table. In addition the infiltration rate
declines with time as the soil surface at the pond bottom becomes progres-
sively clogged with fine particulate matter and organic growth. In fine
sand for example, an nitial infiltration rate of 15 cm/d may graduailly
decline to 1 cm/d The frequency of desludging and the accompanying

scarifying of the pond bed will have an influence on the overall cumulative
loss

OSWALD (1975) quotes typical losses in California as being approximately
127 cm/d % 0.63 due to the combination of infiltration and evaporation.
Highest rates were observed on coarse shale at 6.4 cm/d, n fine sand at
3 3 em/d and in heavy silty clay at 1.0 cm/d.

Oswald also summarises the general aspects of an in-site percolation test
reported by McKINNEY (1970) shown here in Figure 1.

2 3 Evaporation

Evaporation data are often difficult to obtain A knowledge of evaporation
loss over the year is important as i1t affects -

the net retention

the maintenance of water depth

the concentration of pollutants in the pond contents e.g. nitrates
and phosphates, metals

Evaporation pans may be used and the results corrected to estimate lake
evaporation



3 Embankments

There are many factors which affect the design of embankments

o] height
o soil stability
o access requirements
o minimisation of earthworks
o wave protection
0 cross-section
3 1 Height

Embankment height is a function of the
o} maximum design water depth
0 freeboard

0 sludge accumulation provisien

The maximum water depth may be dictated by a storm water overflow weir

above the normal water level,

The freeboard requirement 1s determined by the predicted wave height In
order to prevent over-topping and consequential embankment damage A
minimum freeboard of 0 7 m 1s recommended and 1.0 m has been used
frequently

The provision for sludge accumulation s typically 200-300 mm and this
should be added to the design normal operating water depth

3 2 Soil Stabihity

Generally embankment designs are very conservative In the side slopes and
crest width. However 1t 1s advisable to establish the characteristics of the
material to be used regarding its slope stability, attainable compaction,
subsidence potential, etc. The guidance of a soill mechanics engineer 1s



preferable particularly where embankment stabilising techniques are likely
to be needed or where seepage problems are possible In difficult soils
stabilisation techniques such as, "stabilized earth", "reinforced earth" or
the use of fabric membranes may be appropriate.

3.3 Access Requirements

For vehicle access a minimym width crest width of about 3 m 1s necessary,
4 m is desirable and 5 m preferable for easy access and equipment hand-
hing

3.4 Minimization of Earthworks

It 1s highly desirable that the excavation of material is approximately
matched to that required for constructing embankments Removing excess
material from a site for disposal elsewhere could be extremely costly

3 5 wave Protection

Bank siopes are typically 1 1n 3 to 1 in 5 and this encourages dissipation
of wave energy. It is important to protect the embankments from erosion
by wave action Protection should extend at least 0.3 m above and below
the maximum and minimum water levels, taking into account wave action,
Pronounced wave action may occur in down-wind corners and here the
bank protection could be required to extend full height

The most common protection methods are stone pitching with 75-150 mm
stones rolled 1nto the surface or precast concrete slabs Concrete slabs
cast In-situ have been used but can be expensive. Asbestos cement
sheets have been found to crack or move Other methods, which are
simply extensions of bottom sealing, inciude asphalt, stabilized earth, and
plastic or butyl rubber sheeting Slabs must be keyed in to prevent
slipping and this is difficult to achieve adequately with small slabs. Weed
growth In joints is a problem and must be controlled.



3 6 Embankment Cross~Section

A variety of shapes are possible according to particular needs, Figure 2
gives some examples A cross-fall on the crest is needed to provide
surface drainage. LUMBERS (1978) gives an example of a specific design
of an embankment using a fabric layer for a pond overlying gravel and
embankments of clayey sandy silt

4 Embankment Construction

Embankments should be constructed on existing ground stripped of trees,
shrubs and vegetation. The ground should be prepared to accept embank-
ment fill by watering and harrowing.

The embankments should be constructed using selected cohesive fill mate-
rmal from the bulk excavations and should be free from organic matter and
large stones of 150 mm or more In diameter.

The selected fill material should be placed on successive layers about
200 mm thick, watered by bowser and then harrowed to mix the fill and
water together Watering and harrowing should be sufficient to raise the
moisture content to within 2 percent of the optimum for the compaction of
the particular material. Prior to the application of further layers, each
layer should be compacted by roller to obtain an i1n situ density of 95
percent of the maximum attainable I1n the standard compaction test Test
12, BS 1377 : 1975 The In situ density of representative samples should
be measured in accordance with Test 15(A) BS 1377 . 1975 or by other
approved methods The surface of the embankment during construction
should be watered to prevent drying and keep the same moisture content
as at the time of placing

At the beginning of constructing the embankments trials should be made In
order to determine the best method of operation with respect to placing,
watering, harrowing and compacting (number of roller passes required) In
order to achieve the specified density of the compacted material



Where pipes are constructed through embankments particular care should
be taken to ensure thorough compaction on back-filling the trench or
around the pipe as the embankment rises.

5 Sealing

The requirements for sealing the base of ponds should be considered in
the lLight of the potential groundwater pollution and the importance of
percolation losses to the operation and performance of the system A
knowledge is required of the subsoail, the groundwater level and its fluc-
tuations and the locally avatlable sealing materials such as clay. In'areas
where the ground water level can rise rapidly above the level of thelpond
base, sealed ponds must be filled quickly and maintained full

The entry of saline water into ponds can cause the reduction of sulphates
to sulphides If more than 5% salt 1s present., Saltwater can infiltrate into
pond systems in coastal areas or through the sewer system and justify
bottom sealing.

5 1 Clay Layer Sealing

The cost of synthetic sealing materials i1s prohibitive in many countries and
clayey soil material may be used where available Such material should be
laid in iayers of 200 mm up to a thickness of 1000 mm as necessary The
pond base may be rendered more durable by rolling on stones of a similar
size used for protecting embankments, but this 1s not essential Where
exposed gravel underlies the pond then 1t may be necessary to use a
fabric membrane on top of the gravel cover by a sand layer prior to
placing sealing material to prevent particle migration. The fabric should
be a synthetic permeable membrane such as "Terram" and should be man-
handleable and stored out of direct sunlight

Bentonite 1s a form of clay which expands when wet and fills the voids in
a coarse soil. Where 1t I1s locally available 1t may be economically attractive
used as a 25-50 mm skin or mixed with soil in a 5-10% mix.



5 2 Soil Stabilization

Soil stabilization or stabilized earth can be one of the most economic alter-
natives where sealing or lining is essential. A cement mixture with soil of
about 5-10% 1s mixed to form a surface layer of 150-300 mm thick The
iayer 1s then rolled and the natural ground moisture sets the mixture
The actual proportion of cement required should be determined by site
trials and 1in some cases It may be necessary to import suitable soil for the
mixture The resulting hining 1s permanent and facilitates sludge removal
without damage

5 3 Asphalt Sealing

Asphalt may be applied either as a layer containing aggregate (perhaps
from road repairs) or as a spray onto fine grained soils Spray applica-
tions are much less expensive but do not offer the strength of a conven-
tional paving layer In hot areas problems with softening and consequent
damage are to be expected

5 4 Synthetic Linings

These hnings include polyethylene, PVC, fibre-glass mats and butyl rub-
ber Al these are expensive and should only be considered where effi-
cient sealing 1s essential and the soil conditions rule out other choices of
sealing methods  Butyl rubber has been successfully used for a variety of
wastes

6 Inlets, Outlets and Transfers
6 1 Inlets

For small ponds of say less than 3 ha an inlet pipe about 30 m long on
piers 1s commonly used. The end of the pipe I1s often fitted with a down-
ward pointing bend directed onto a concrete plinth in order to disperse
the settled sludge as evenly as possible. The design of outlet bends has
not been thoroughiy evaluated and a simple horizontal or shightiy inchined
outlet would probably be just as adequate The cost of pipe bends can be
very significant and from a process point of view unjustified



Larger ponds tend to use multiple Inlet arrangements with pipes laid on
the pond base.

inlet pipes should be possible to drain by gravity and would benefit from
a shght gradient of 1 1n 200-300 The pipes should be designed to
achieve a self-cleansing velocity of at least 0.6 m/s and preferably 1.0 m/s
at least once or twice a day.

The pipe material should be selected to be resistant against internal and
external corrosion, with suitable protective surrounds as necessary

6 2 Qutiets

Outlets may either be a weir chamber constructed in the embankment or a
manhole within the pond itself An adjustable weir is preferable in order
to give operational flexibihty and a low level drain-down facility 1s
required for all ponds In which desludging 1s likely to be required,

Flexibility in the level of outlet draw-off is desirable as the level with
minimum algal content may be selected.

Scum boards are essential to protect outlet weirs and should be about
500 mm deep

Pond outlets should be sited at the upwind side of a pond If possible to
help avoid short-circuiting and scum accumulation at the outlet.

The use of penstock should be avoided If possible, especiaily screw pen-
stocks.

6 3 Transfers

At their most simple transfers from one pond to another are open ended
pipes laid through the dividing embankment. Alternatively channels with
the facility to place stop-logs may be used which have the advantage of
being able to control water fevel in the previous pond and also shut-off
fiow for maintenance Scum boards are drsirable to prevent carry forward
of floating material.
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7 _Shape and_Configuration

Rectangular ponds with rounded corners provide the best mixing and
reduce short circuiting Ponds over 12 ha are not preferred due to the

excessive wave action likely to be encountered

Two separate streams of flow are desirable for maintenance and intercon-

nections provide operational flexibihity

8 Maintenance

"Ponds are an economic means of providing sewage treatment for small
and medium sized communities The requirements for good workman-
ship In construction must not be underestimated. They should be
treated as permanent units which required regular, intelligent main-
tenance"

Ministry of Works & Development, Wellington, New Zealand

Ponds should be fitted as soon as possible to prevent weed growth and
water depths of at least 1 0 m to avoid tall rooted plants establishing
themselves

Tree and shrub growth in the wvicimity should be kept low to avoid a
reduction 1in wind-induced mixing

Most ponds should be visited at least once a week and the following activi-
ties undertaken
o remove floating debris
0 keep structures (inlets, outlets and transfers) clean and free
from growth
remove debris washed-up on banks
repair bank eroston
control vermin (rat) infestation
check and repair fences
clear banks of excessive weed growth
maintain any buildings
grease mechanical equipment
paint machinery as necessary

0O O 0o o o O O 0O O

keep effiuent channel clear
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It has been shown that keeping the banks and shallow areas free from
weed growth reduces the potential mosquito breeding problem to acceptable
levels f not completely, LEODOLFF, C.J (1963)

9. Siting

As a general rule ponds should not be sited nearer than 300 m from hous-
ing areas and where anaerobic ponds are used considerably more than this
depending on the sensitivity of the area Ideally ponds shouid be down-
wind of populated areas to reduce smell nuisance which 1s inevitable occa-
sionally

Flat exposed sites are preferable to obtain maximum sunlhight and wind-
mixing.

10. Miscellaneous
10.1 Fencing

Pond sites should be securely fenced to prevent access by children or
livestock

10 2 Warning Notices

wWarning notices must be erected at regular distances stressing the danger
of the contents for any kind of domestic or uncontrolled irrigation

10 3 Flood Protection

Where ponds are sited in low lying areas or wadis, care must be taken to
pretect against potential flood damage

10.4 Flow Measurement

Some form of flow measurement ts highly desirable to assist in operational
management and forward planning. 'V' or rectangular notch weirs provide
a simple means or alternatively flumes may be used but the liners are
expensive and prone to damage. Inlet and outlet flows should be measured
to assess losses.
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10.5 Staff Facilities

A building should be provided to store tools and equipment, keep plant
records, carry out routine tests if required and provide a washing facility
for staff
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FULLY AEROBIC (MATURATION) PONDS

These ponds are either used as the final stage 1n a series of anaerobic,
facultative, aerobic ponds or to improve the quality of the effluent from

a conventional wastewater treatment works. They are used

(i) for further lowering the BOD of the effluent;
(i1) for reducing the bacterial count in the effluent;
(iii) for further recovering suspended solids from the

effluent of a conventional treatment unit;
(iv) for oxidising ammonia to nitrate (nitrification);
(v) for recovering the nutrients, phosphates and nitrates

from the effluent.

When employed to further reduce the BOD 1n the effluent maturation ponds

continue the work of the facultative ponds, The first—order, complete-mix

equation
Le | _ 1
Li 1 + k.t

can be used to calculate the BOD reduction to be achieved (1.2.3.4.5.).
As maturation ponds are usually built in series this equation can be
modified to

Le _ ( 1 )n
i 1+ k.E
n

where Le BOD of effluent from the maturation pond (mg/1l)
L1 = BOD of influent to the maturation pond (mg/1)

= reaction coefficient (d™})
n = total number of ponds

t = total nominal retention time in the ponds (d;)

The results for BOD removal can be complicated by the presence of algae
in the effluent. The results calculated are only for 'soluble' BOD. The

presence of algae can increase this result greatly.

Removal of bacteria

The lowering of the bacterial count in the wastewater is achieved as a

result of

(i) the bactericidal effect of the U.V. light in the sun's

radiation;

oo-/



(1i) the presence of natural predators in the water
(particularly protozoa);
(111) the result of holding intestinal bacteria in a foreign

and unfavourable environment.

The die-off of intestinal bacteria 1s also supposed to follow first-order

kinetics (4.5.) and hence

Ne . L __
N1 1 + kyp.t

vhere Ne bacterial count in the effluent from the ponds
Ni = bacterial count in the influent to the ponds

ki, = the first-order rate constant for bacterial die-off

Maturation ponds can be very effective at reducing the numbers of
intestinal bacteria. The rate of removal is greatly affected by an
increase in temperature. In a series of four ponds with a total nominal
retention period of 86 hours in the limited temperature of an English
summer the E. coli count was reduced from 2 x 104/100 ml to 800/100 ml
and the faecal streptococci from 8000/100 ml to 10/100 ml (6). This
reduction would be greatly increased in a hotter climate.

Reducation of suspended solids

Maturation ponds can be used for reducing the concentration of suspended
solids in the effluent from a conventional sewage treatment works. If
employed for thig purpose the nominal hydraulic retention time will be
limited to a few hours - perhaps 24 at the outside = to prevent the
development of algae which would increase rather than reduce the suspended

solids 1n the water.

Oxidation of ammonia

Ammonia in an effluent can be dangerous when discharged to surface water.
Ammonia is very toxic to fish-life, even in very low concentrations. For
this reason ammonia in wastewater 1s normally oxidised to nitrate during
treatment. This 1s known as nitrification and is brought about by
bacterial action. 1In most conventional treatment works, and in facultative
ponds, in warm climates this oxidation should be complete, However, if the
works are overloaded or 1f the temperature 1s low there might still be an
appreciable concentration of ammonia in the effluent discharged., If this

is so then maturation ponds can be employed to increase the total nominal

oo !



retention period, to allow time for the nitrifying bacteria to develop and

operate and hence to achieve the required mitrification.

Removal of nutrients

Both phosphates and nitrates are removed from the water in maturation by
the development of algae. These nutrient salts are used in the creation
of new algae cells. This is called an anabolic process. However, most
of the nitrate removed during maturation pond treatment 1s the result of
'denitrification', and most of the phosphate is removed by precipitation.
Denitrification occurs when bacteria in the water employ the oxygen
contained in the nitrate 1on (NO)) for their metabolic (living, feeding,
growing) processes. Nitrogen gas 1s then given off to the atmosphere.
Precipitation of the phosphate occurs as the hydroxyapatite (7) as the pH
in the water increases daily under the influence of the photosynthetic
action of algae. In addition to these methods there can be a drastic
reduction in the phosphate and nitrate content of pond water if water-

hyacinth (Eichornia crasgipes) 1s grown in the maturation pond.

Mosquitoes

The development of mosquitoes can be a nuisance and danger in maturation
ponds. This is particularly so if malaria is endemic in the region. In
these situations extreme care must be taken that the risk of breeding

mosquitoes in the ponds is minimised. This risk can be reduced by

(1) placing concrete slabs around the water's edge (1.0m above
and below the water-line) to prevent the growth of weeds

and reeds in which mosquito larvae can exist;

(ii) wusing synthetic membranes, or other sealing devices, above

and below the water—line around the pond;
(iii) continually cutting and removing weeds and reeds that grow;

(iv) stocking the ponds with fish that will eat the larvae and

the weeds;

(v) spraying with herbicides (not generally recommended).

Several species of fish can be employed to prevent the development of
mosquito larvae in ponds. Perhaps the most commonly used 1s the species
Gambusia affinus (the mosquito fish) which eats the larvae. Several types
of carp have also been employed but the best species to use can often be

the Tillapia which eats the weeds and has been successfully used for keeping

irrigation canals and ditches in parts of the southern United States free

ool



from weeds (8.9.). Tillapia 18 also a good seurce of food protein and
has been known to produce a nine-fold increase in weight 1in only three
months (8.)}.

Depth, number and size

As maturation ponds should be fully aerobic and as there 1s no intense
oxygen demand, comparable with that of a facultative pond, the ponds could
be constructed with a greater depth. However, because 1t is necessary to
make use of the Ultra-Violet light in the solar radiation as a disinfecting
medium, it 1s usual to retain the same depth of 1.5m which is common for

facultative ponds.

Unlike facultative ponds it is usual to build a number of maturation ponds
in series, The greater the number of ponds in series the closer the flow
pattern approximates to the efficient plug-flow regime, and the better the
results achieved. It 1s, however, more costly to build a number of small
ponds rather than one or two large ponds so a compromise of three or four
ponds 1n series is normally selected. This results in efficient operation

at not-too-great a cost.
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hlgae, High-rate Treatment, Algae Removal and Harvesting

Algae are nearly invariably present in facultative and aerobac
stab:Zi1zation ponds. They add large quantities of dissolved-
oxygen to the water during the day as they respond photo-
synthetically to sunlight, but at night they withdraw oxygen
from the water. They also encourage thermal stratafication.

In =tubilization ponds the development of algae is the reverse
of the normal biological breakdown - or purification - of
complex organic materials.

With the normal aerobic biological stabilization of large,
complex, unstable organic molecules of pollution (the process
of purafication) these organic materials are broken down into
simple, stable incrganic compounds such as carbon dioxide,
water, sulphates, phosphates, etc. The development of algae
is the reverse of this process in that the simple, stable
inorganic compounds such as nitrates, phosphates and carbon
dioxide are used to form the complex organic materials that
make up algal cells.

In the effluent from a stabilization pond the algae represent
an additional and unwanted source of BOD. As the algae die
the cells will be decomposed by other aerobic microorganisms.
This will create an addjitional oxygen demand that is difficult
to quantify. As a result algae in the effluent from a
stabllization pond are a liability to the receiving stream.

As algae in the effluents do represent a major disadvantage
various technigues have been considered for removing them,
These technigues include several types of sand filtration
{rapid, slow, intermittent), continuous belt filtration,
microscreening, chemical coagulation followed by dissolved-air
flotation, and the application of chlorine.

Rapid sand filtration is only effective for algae removal if
the water is pre-treated either with alum or with magnesium
hydroxide (1.2.). 8low sand filtere quickly block, micro-
screening has proved to bhe largely ineffectual, continuous
belt filtration is relatively costly and complex (3), the
use of chlorine can be dangerous as well as costly (4),
chemical coagulation followed by dissolved-air flotation is
effective but complex and costly. Fish are only partially
effective,

On the whole, because of the cost and complexity of the

available techniques for algae removal, it is normally considered
to be not worth the effort. It is normally concluded that algae
in the effluent from stabilization ponde are an evil which must
be lived with.

There are however a few simple techniques for the removal of

algae which on occasions can be effective. The first of these

is to use a variable level discharge so that if algae are present
in the final pond at only one definite level then the effluent

can be withdrawn from a different level. Then, in some situations,
it 1s possible to retain the effluent in the final pond until

the algal bhloom dies off. This technigue can be useful if there
1S an appreciable period of cold weather during the year and if
there 1s excess capacity in the final pond.
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Tt ctrer, most effectuive, meens Of recucunc tae (Croe . -
¢i elcae 1n an effluent 15 to allow a Gicwth ¢f watcyr b, .-
{Frchhoinia crassipes) in tne last pond of the trecoi-e-nt
scrles (5 6). Wwater hyacainth 1s the fastest grow:ing ;1 -t
kriown and will guackly cover the whole pond area 1f tre .aten
temperature is above 21°C, although 1t 1s sensitive to taian
sal.nity water, Reduction of the algae concentrations of over
90% have been recorded. However, Eichhornia crassipes 1s -7
envaironmental hazard in many parts of the worid and shoulsd nct
be introduced into areas 1in which 1t does not already er:st,
but i1n thcse countries in whach the water hyecanth 1s alrcuay
prescnt 1t can conveniently be used to remove algae

High-rate ponds and the culture of algae

In several parts of the world (Floraida, Thailand, Is+ac.

The Phalippines, Singapore) investigataons have beern cal. «

out i1nto the possibility, not of discouraging the growtn ¢ PR
but of encouraging their growth so that they might be eves?
separated from the effluent, dried and used as a source of |
protein cattle, poultry or fish food

This has been done by using shallow ponds (200-600mm) w.thF
limited retention periods {1-3 days). In thisway the rass cf
algae produced has been greatly increased up to the range ol

20 to 40 g./m2.d (7), although the effluent has not 1 -ccosa=» 1
been of a good gualaty. Trouble has been eacourtered du- ‘¢ tr
presence of predators such as the cladocera Mpina which heve U ¢
ability of clearing a pond completely of algae in a very snor*
time One of the problems currently is the rapid rate of cteaor:
of the predominant species of algae which can lead to haivestun
difficulties, In Sangapore investigations are now in nNro; e
(1981) into the possibility of producing a single, constant
dominant strain of algae, such as micractainium, which will be
readily harvested.

Separation of the produced algae from the effluent (harvestinca)
1s readily achieved employing the coagulant alum, together with
acid to reduce the pH to between 6.0 and 6 5, followed by
dissolved-air flotation. Other coegulants such as magnesium
hydroxide on the natural floc¢ulant chitosan (9) have been
successfully used.

Dissolved-air flotation together with a suitable coagulant will
result an the producticn of an algal sludge containang 7% to

9% solads (7). This 1s then best treated by centrafuging to
produce 15% solids and then by drum drying to produce 90% sclads,
Alterpatively the 7% to 9% float can be solar dried by spreading
on porous cloth and covering with a plastic sheet which permits
the circulation of air while allowing the temperature of the mass
to rise. Unfortunately solar drying does not rupture the tough
walls of the algal cells as effectively as drum drying. Cell
rupture allows the proteinaceous contents tc escape and become
available for animal nutraition., If the cells are not ruptured
then moncogastraic animals are not able to utilize efficiently

the algae as a food supply
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Design Exercise

In the development of & new town (A) a site of approximately 26
hectares has been set aside for the treatment of all the wastewaters
produced from the residehtial and commercial areas and from the industrial
complex. This site is of a rectangular shape, being about 867m in
length by about 300m, and is immediately adjacent to the northern
boundary of the middle density housing estate. The contours of the site
are shown in figure 1.

Two distinct streams of wastewater will be received at this site,
One stream will be from the residential and commercial areas and the
other from the industrial development. Details of flows and of water
qualities are given in table 1.

The effluent from the wastewater treatment works will be discharged
into the local river. Because of the relatively low flow in the river ,
and as a result of the demands on it for drinking water, irrigation and
industrial abatraction the conditions of discharge are strict (See table 2).

The tdwn water supply will have a relatively high salinity of
600 mg/1 of which 200 mg/l will be sulphate. Amoebic dysentery, human
round-worm (Ascaris), malaria and schistosomiasis are endemic amongst
the local population.

There will be electrical power available at the site but 1t is
expected that this will not be completely reliable and will be subject
to frequent breakdowns which might last for up to four hours. Initially
there will be little skilled labour available locally.

Produce a design for a suitable wastewater treatment works whi;h
can consistently achieve the standard of effluent required. This will
include all necessary details of flow, retention period, tank or pond
sizes, depths, shapes and orientation, purification.expected in each
section, pre~treatment (if required), simple construction details, inlet

and outlet designs, but will neglect structural considerations of any

concrete or other structures considered necessary.



Table 1

The sewage flow from the residential and commercial areas can
be separated into three sections.

Low density housing

2,500 persons
350 litres/person.d water consumption
77 g/person.d BOD

Medium density housing

7,500 persons
190 litres/person.d water consumption
55 g/person.d BOD

High density housing

40,000 persons
50 litres/day sewage flow
42 g/person.d BOD

Concentration of Coliform bacteria in combined residential plus
comuercial flow = 12 x 107/100 ml.

Industrial wastewater

Daily flow 350 m3
BOD 2675 mg/1
CcoD 5400 mg/1
Suspended solids 800 mg/1
Volatile suspended solids 600 mg/}
pH 4,0 to 9.5
Combined nitrogen 67 mg/1
Total phesphorus 26 mg/1

Concentration of Coliform bacteria in industrial flow = 1.05 x 10°/100 ml.
Soluble sulphide - up to 25 wg/l



Table 2

Wastewater Treatment Works

Maximum Discharge Conditions

Biochemical Oxygen Demand 15 mg/1
Suspended solids 10 mg/1
Oxidised nitrogen 15 mg/1
Ammoniacal nitrogen 2.0 mg/1
Dissolved oxygen 5.0 mg/1
pH 6-8.5

Coliform bacteria 100/100 ml.
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OPERATION AND MAINTENANCE OF STABILIZATION PONDS

One of the principal advantages of stabilization ponds 1s the very limited amount
of operation and maintenance required. Once the pond system is in use, there is
very little that the operator can do to alter or improve the situation, There 1s
also very little general maintenance that 1s required, :

If the pond system possesses preliminary treatment processes, i.e. grit removal and
screening, then much of the operators time will be involved in cleaning these units
and keeping them free from blockages. Grit-channels, which are always constructed
in parallel so that one may be readily taken out of operation for cleaning, will
require regular de-gritting., The period between grit-channel cleaning will depend
on local conditions and will only be learnt from experience. Usually the grit
removed will be clean enough for disposal as land-fill, but occassionally it will
be necessary to bury it.

Inlet screens, when employed, will almost certainly have to be cleaned by manual
raking. Screens can block quickly and hence a close watch must be kept on them., The
number of times in a day that screens have to be cleaned will again depend on local
conditions of waste water flow and quantity, but often this will have to be carried
out every hour. With extensive pond works dealing with flows from large towns an
operations staff may have to be employed at night, 1f manually cleaned screens are
installed. This is not a good idea and should be avoided 1f at all possible, All
screening must be buried, The digging of suitable pits can be the most labour
intensive job associated with pond operations and one which, i1f not adequately
supervised, will be most disregarded, However, it 18 essential that all removed
screenings be properly buried and covered with at least one-metre depth of earth to
prevent access by rodents and flies.

I1f screens are not employed, and particularly 1f the first pond is a facultative pond,
then floating debris and scum are likely to accumulate on the pond surface and must be
frequently removed. Removal is essential to prevent fly and odour nuisance and to
allow for the maximum possible re-aeration of the pond directly from the atmosphere.
Removal 1s best achieved by employing long-handled rakes to reach floating material
as it floats near to the banks. Occasionally a boat can be used to direct the scum
and floating detritus towards the banks, Again, as with screenings, all floating
detritus removed must be adequately buried.

Where grit-removal channels are not incorporated as a preliminary process, the grit
and sand will settle out immediately under the inlet pipe. 1In facultative ponds a
shallow pit is frequently dug immediately under the inlet to receive this grit and
to delay the formation of an island on which reeds and weeds can grow, However,
periodically this accumulation of grit must be removed. This is best accomplished
by draining the pond and manually removing the deposited grit. If possible all
stabilization ponds should be designed to be readily drained. Grit removal will be
necessary perhaps only every two years, or even longer, but it will become necessary.



-2 -

Draining the ponds 1s also of importance if accumulated sludge has to be removed,
This will be necessary, infrequently, with both anaerobic and facultative ponds,
Initially the supernatant water has to be drained off or pumped off and then the
sludge layer allowed to dry before being removed either by mechanical means or,
preferably, manually, If the sludge layer in an anaerobic pond is deeper than
about 1:0m difficulty can be egcountered in drying 1t out adequately. Frequently
a thick dry layer 1s produced on the surface, but with semi-liquid sludge still
existing beneath. This can make manual removal very difficult. In such a
situation 1t is often better to pump out or bucket out the liquid sludge into a
shallow drying area immediately following the removal of the supernatant water,
The final disposal of the sludge should be carefully controlled, especially in
areas 1n which parasitic diseases such as amoebic dysentery, human round work or
hook~-worm are endemic. Storage of the sludge for an appreciable period, which
should be at least six months and preferably twelve months, is essential to
prevent re-cycling these parasites to the population 1f the sludge ie going to be
finally disposed of for agricultural purposes.

The presence of weeds and reeds in the shallow water along the banks can lead to
the production of mosquitoes and flies. Such vegetation should be reguiarly

and frequently cut and removed. This is perhaps the principal maintenance task
necessary at many pond sites. The removed vegetation is dried and burned, if
possible, or 1t can be composted.

Grass cuttings along the banks will also be an essential task during the wet

season (if any). Long grass makes inspection of the banks difficult and laborious
and encourages the presence of burrowing animals and of snakes. In some situations
animals such as sheep or goats may be employed to keep the grass down. Again any
grass cuttings must be dried and burned or removed and composted. No grass cuttings
should be allowed to blow into the ponds.

Daily inspection of the banks and ponds 1s essential. The oparator should walk
around all the ponds every day, particularly to check on the state of the banks and
to ensure that no damage is being done either by burrowing animals or by erosion.
Any damage should be immediately repaired. Sand bags are useful for repairing such
damage to the banks. Burrowing animals can be discouraged by, if 1t is possible,
periodically varying the level of the water in the ponds.

In order to guirde the operator, a daily check list should be compiled. Should the
operator be 1lliterate this can be produced using symbols instead of words.
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An example of such a daily check list could be:-
Walk around all the pond and check for
1. growth of water weeds
2, signs of burrowing animals
3. damage to the banks (erosion, leakage)
. any build-up of scum on the ponds

4

5, signs of anaerobic conditions

6. any damage to the boundary fence
7

. any evidence of short-circurting of flows

In addition
1. check all valves, channels and pipes for blockages and clean 1f necessary
2, check flow meters or weirs

3. clean inlet screens and grit channels and dispose of detritus.

Also
Check condition of the effluent

Check condition of the receiving stream

Record
Rainfall
Temperature {air and water)

Sunshine

and finally

Take any necess'ary samples.

Approximate maintenance required is one man for every 20 leatares of pond surface.
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AERATED LAGOONS

Aerated Lagoons

1. The aerated lagoon represents a definite increase in sophistication, and in
efficiency - if measured in terms of organic removal per unit area or volume -
over the stabilization pond and at its most developed is equivalent to a simple
activated-sludge plant in which there 1s no sludge return system. Over recent
vears aerated lagoons have been found frequently to be an economical alternative
to other more conventional treatment processes. Unlike stabilization ponds for
which there is only a very limited potential in this country there could be an
important future for aerated lagoons in the treatment of industrial wastewater.
Many industries which turn naturally to activated-sludge or percolating filters
could well benefit by considering the possibilities of aerated lagoons.

There are basically three types of aerated lagoon

2. Aerated stabilization pond - This is merely a facultative stabilization pond
with a water mixing device installed. The device does not add an appreciable amount
of oxygen to the system but merely brings the oxygen demand, represented by the
near anoxic water close to the pond bottom, into contact with the oxygen at the
pond surface, There is still a substantial layer of anaerobic sludge at the bottom
of the pond, no further settlement is required for the pond effluent and there 1s
still a large algal content in the discharge. This type of pond is normally only
suitable for hot country situations in which stratification is liable to decrease
substantially the efficiency of the stabilization ponds

3 Facultative aerated lagoons - These facultative aerated lagoons are sometimes
referred to as 'partially suspended' lagoons as a certain copcentration of volatile
solids are continually held in suspension and represent an embryonic bio-mass or
mixed-liquor., A low rate of atmospheric oxygen is added mechanically and although
there is increased agitation in the pond sludge settlement - and potentially
digestion - also occurs., Normally no further settlement of the pond effluent 1is
required but there is still likely to be an appreciable growth of algae in sunny
situations, although this is less than with the aerated stabilization pond.

It has been suggested that the power requirement for this type of lagoon is
between 1.0 w/m® and 2.0 w/m®, and that 1.0 w/m® represents a solids suspension of
about 20 mg/l (3 ). Scolids suspensions of 50 mg/1 to 100 mg/l have been

suggested but this might involve an additional settlement unit (5). In the summer,
if the temperature is sufficient to support active sludge digestion, the injection
of the products of partial anaerobic breakdown into the aerobic liquid phase can
represent an increagse in effluent substrate concentration of 50%. This is known
as seasonal feedback.

4. Completely mixed aerated lagoons - In these all the atmospheric oxygen is
supplied mechanically and all the solids are in suspension. The suspended solids
operate as an immature activated-sludge floc and the nominal retention period must
be related to the sludge growth rate so that the removal of solids with the lagoon
effluent does not deplete the active mass. These are essentially activated-sludge
units but without sludge return systems. The MLSS concentration is in the range of
0.2 to 0.4 kg/m®. A final settlement tank or pond is essential. There are no
algae in the effluent.
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As with all aerobic systems relatively large amounts of additional sludge are
produced as the substrate 1is stabilized., The sludge yield coefficient (Y)
varies between 0 5 to 0O B kg sludge produced per kg BOD destroyed.

Relating this to a critical retention period, to prevent wash-out, it has been
estimated that (5)

tre = 1
0 33y k L1
-1 d-1
where k 1is the specific substrate removal coefficient (1.mg )

and L1 1s the BOD concentration of the influend (mg/l)

As there 15 no sludge settlement or sludge digestion 1n these lagoons there
15 no storage of BOD in winter and nc seasonal feed-back in summer. The
lagoons are therefore designed for the coldest month of the year

5 Starting with the assumption that the rate of BOD removal 1s proportional
to the concentration of microorganisms (X) and to the BOD present (Le)

and that, of necessity, the lagoon must be a complete-mix system then by
taking a mass balance.

gri = v9b

dt
BOD 1in BOD removed BOD out

+ Q.Le

one arrives at

dL
L—e:v
L g ax
and then
1
Le T+k.X.t
and
A = S — (L1 -1)
D k.X -
Le

Then by assuming that the rate of synthesis of bacteria is the product of the
Yield Coefficient and the rate of organic removal

1.e, aX - Y dL
dt dt

an additional expression for the retention period in the lagoon can be
arrived at
1

Y.k.Le-b

Wt

1t =

It 1s claimed (5) that there are definite advantages in having a facultative
lagoon - or a series of facultative lagoons - following a completely mixed
aerated lagoon in that less power 1s required for the facultative lagoon in
which all settlement 1s also accomplished,

For this the total retention perrod (t,) in both the lagoons is suggested
as being
t = 1 + Le-L

t~ Y.k Le-b Xf.k.L,



6. The POD of the effluent from the lagoon consists of two fractions- the content
of unstabilized 1nfluent BOD together with the EQD exerted by the organic matter
represented hy the bacterial cells synthesised during oxidation (X) so that the
total BOD of the effluent can be represented by

Total BOD = Lg + 0.54.X

7. The pond depth of the completely mixed lagoons is usually between 3 m and 5 m
and it is common to line the lagoons with either butyl rubber or polyethylene
sheeting to prevent sgepage and erosion. A rule-of-thumb for the power required
is approximately 6w/m” of lagoon capacity, with most power being expended on
maintaining the solids in suspension. Retention periods will normally vary from
two to six days (1.3) although retention of less than one day will be possible
for some easily degradable wastes.

With facultative ponds the rate of sludge deposition can be considerable and the
neceasity for periodic desludging must be taken into account during the lagoon
design., Balanced sludge digestion will still leave about 2/3 of the deposited
solids gt the pond bottom,

Aeration devices for aerated lagoons may either be of the diffused-air type or
surface aerators, although surface aeration will frequently be more acceptable
due to the relative ease of running power cables rather than compressed-air
lines.

8. For the seasonal industry aerated lagoons can possess a real advantage in

that they are easily taken 1in and out of service with little or no maturation
period required. This advantage is also of value in countries with very definite
wet and dry seasons and in which the quality and quantity oi industrial discharges
is only contrelled during the season of high flows in the receiving stream.

Aerated lagoons are sujitable for treating most types of organic industraal
discharges and are widely employed in North Ameraca for the effluents from
abattoirs and meat processing plants and for the wastes from the fruit and
vegetable processing industry. One example shows the reduction of a strong
effluent (3000 to 4000 mg/1 BOD) from a pea-processing plant, by 76% during

a 5.5 day retention ppriod. As the removal rate coefficient is claimed as being
0.044 this indicates a low rate of solids suspension in_the system, The removal
rate coefficient varies from about 0.02 to 0.04 mg 1.d”l for domestic wastes
and might fall as low as 0,001 for some intractable organic wastes, although

0 01 to 0,021 mg~l.d"! is more common, Obviously this coefficient is greatly
effected by temperature and it has been suggested (1) that is will increase
according to

- 1-20
kp = Kgp.1035(1720)

The rate of auto-oxidation, b, is a first-order reaction coefficient and seems
to vary between 0.2 and 0.3 days
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SYMBOLS

Yield coefficient,(kg cells profluced per kg
BOD consumed?

BOD removal rate coefficient (1.mg-1. dfl)
BOD concentration (g-m-s)
Influent BOD concentration (g.m >)

Lagoon and effluent, BOD (g.m*B)

Lagoon or effluent, BOD - facultastive Lagoon (g.m73)
Concentration of micro-organisms in Lagoon (g.m 3y
Retention periocd (days)

tg - fully suspended lagoon

tf - facultative lagoon

Volume of lagoon (m3)

Flov rate (m>. a1y

Surface mres (m2)
Depth (m)

Rate coefficient for bacteriml auto-oxidation (days-l)
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AERATION OF WASTE WATER  THEORY, DESIGN AND EQUIPMENT

1 _Oxygen Requirements

Oxygen Is used in aerobic waste water treatment in the reactions which
degrade the substrate to yield compounds for cell synthesis and also for
respiration  The typical requirement in solution 1s 0 5-2 mg/l of dissolved
oxygen which s sufficient to prevent the process becoming oxygen limited
It 15 important to note that simply increasing the dissolved oxygen beyond
that required to prevent limitation will not increase the rate of biochemical
oxidation which has a maximum under ideal conditions which may not be
exceeded Indeed there i1s evidence to show that the mitrifying bacteria
are nhiblted at very high levets of dissolved oxygen of about 16 mg/|
This concept should not be confused with increasing the rate of Lreatment

which entalls increasing the numbers of micro-organisms 1n a reactlor by
settlement and recycling and thereby allowing a higher input load to the
same treatment volume | e the BOD removed per m3 reactor per hour s
increased When the rate of treatment i1s thus increased the oxygen re-
quirement per m3 per hour is also Increased In the activated sludge
process increasing the Mixed Liquor Suspended Solids (MLSS) will increase
the poss:ble BOD removal rate per unit wvolume, but the himitation on
increasing the MLSS is the performance of the secondary settlement tank
which depends on MLSS settleability and the rate of recycle

The daily total oxygen requirement is a function of

mass of BOD rempved

mass of Amm N. removed
endogenous respiration rate
the mass af micro-organisms
denitrification

0o © 0 ©o ©

Most treatment processes are classified directly or indirectly by the F/M
ratio. This ratio of food (incoming mass of BOD) to micro-organisms (mass
of micro-arganisms n the treatment tank) s sometimes known as the
siudge loading rate In the activated sludge process the mass of micro-



organisms 1s measured indirectly by the MLSS whereas in a biological fiiter
or rotating biological contactor the total surface area of media 1s the indi-
cator

The choice aof F/M ratio determines the operating postition on Lhe bacterial
growth curve, Figure 1 The operational influences of selecting a particu-
lar range are shawn In Figure 2, where it may be seen that high F/M
ratios produce more surplus sludge than low F/M ratios This difference
reflects the relative significance of endogencus respiration

If carbonaceous oxidation only is occurring then the oxygen requrrement
for a high sludge toading or F/M ratio of say 1 kgs BOD kg MLSS_-l might

have an oxygen demand of 0 8 times the BOD lcad compared to | 6 timers
the BOD load for an F/M ratic of £ 0 1 kgs BOD kg MLS.S-1 day'] Early
work by ECKENFELDER and O'CONNOR (1954) gave a formula for the

oxygen reqiirements

- Lo
02 required = a BCDr‘emoved + b  MLSS

This equation may be rewritten in terms of the F/M ratio and plotted in
graphicai form as shown in Figure 3 (ASCE, 1977) From this it may be
seen that for conventianal sludge locadng rates {(F/M's) o al

¢ 2 kg BOD MLSS-1 d-.I the oxygen regquired s 09 -17° kq\lz |

-1 , whereas at high sludge loading rates of 1 0 kg BOD MLS‘:.'d-i it
rem 1
is about 0 5-0 8 kg 0, kg BOD,.

When conditions are created to ensure comp'ete mitrification (f a1t s

required), the oxygen required will be increased by about 4 2 tmes (he
concentration of Ammoniacal Nitrogen This additional oxygen requitemert
may be of the same order of magnitude as that for carbonaceous oxidation
for an Amm N load of 30 mg/l the 02 demand is 126 mg/! (over .haleve
time period) compared to say a settled sewage of 150 mg/l C)2 demand

Where 1t i1s essential to achieve nitrification 1t s worthwhile designing and
controling an activated sludge system to achieve denitrification
Denitrification 1s the mechamsm under which the end product of nilrifica-
tion, nitrate, liberates oxygen under zerg oxygen conditions in what s



called an anoxic zone Much of the nitrate can be utilized in this way
with a resuftant saving In energQy costs of about 12 percent  The condi-
tions for nitrification and demtrification are often achieved n oxidation
ditches and are possible 1n activated sludge processes having relatively
long pertads of aeration 1 € 12 hours or more  The oxygen demand for
oxidation ditches 1s given In the notes on this subject

In aerated lagoon design 1t 1s common to calculate the oxygen required as
being equal to the ullimate BOD removed, which 13 typically about 1 2
times the 5 day BOD ECKENFELDER et al (1972) propose a relationship
for aerobic lagoans based on the BOD removed and the endogenous respi-

ration of the active biomass in the system
Where there are significant wvariations I1n lcad over the day then Lhe maxi-
mum oxygen requirement over a period equal to the retention time m the

system should be used 1n sizing the aerators -

Ongenalmn Theory

Several mathematica! models have been developed to describe the transfer

ol gases to hquids MARAIS (1975) proposes that three slages are

involved

! - O2 molecules are transferred from air to the liquid interface and

a saturated layer i1s guickly established

- 02 then passes through the hiquid film by diffusion, a relatively
slow process

m - 02 1s then transferred to the bulk hLquid by mixing and further
diffusian

There are two main groups of aeration equipment

0 mechanical surface aerators
0 diffused air sub-surface aerators

Mechanical aerator performance s governed by surface renewal whereas

diffused air 1s governed by molecular diffusion



For surface aerators the rate of transfer of dissclved oxygen is given by

% = kalegc) (1)
where
C = concentration of dissolved oxygen
¢, = saturation concentration of dissolved oxygen in water
kLa = oxygen transfer coefficient (tlmeq)
[ kL = mass transfer or exchange coefficient ]
s = A . interfaciat contact area, air/water interface
Vv valume of aeration tank or basin

t = time

For diffused air systems the wvalue of cg vares from the surface to the
bottom af the tank due to variation of pressure with depth and also the
partial pressure of oxygen within the gas bubbles themseives A modified
equation 1s propbsed by LISTER and BOON (1973)

%-ct:' = kLa[ 1+-R—L5'\17]-T7_s'p_Q Heg, - ) (2)
whaeare"

V = wvolume of aeration tank

H = Henry's constant

p = density of gaseigus oxygen

Q = air flow rate

= saturation concentration for water brought inta equiitbrium with
the inflowing air

(3]

Sl

The usual method of testing and comparing the oxygen transfer capabilittes
of aerators 1s to conduct a test in clean water The water 1s deoxygena-
ted using sodium sulphite plus a cobalt catalyst The rate of increase of
dissolved oxygen with time 1s then measured The method 1s known as the

UNSTEADY-STATE METHQD

For surface aerator tests a plot of In(cs-c) versus gives a straight hine of

slope kLa

For diffused air aerator lests a plot of ln(cs;c) versus L gives a straight

line of
kLa
1 +7k aVH/2pQ




There are two principal performance criteria for the evaluation of aeration
equupment, namely.

CXYGENATION CAPACITY (oc)
and QYXGENATION EFFICIENCY (0E)

Oxygenation Capacity i1s defined as the rate of transfer of oxygen into a
complelely deoxygenated hquid at a given temperature per unit volume or
to a known volume Temperatures of 10 or 20°C are commonly specified

For ¢ - 0 therefore, m equation we abtain
0C = kK ac, kgozm'sh"
or OC = kacV kgozh’1 for volume V

Oxygenalion Etficiency s defined as the Oxygenation Capacity per unit of
power sypplied (wtre ta water not shaft)

The above measures of perfarmance are obtained¢ under conditions which do
not represent those in actuyal operation for a number of reasons:

o the real canditions are pseudo-steady-state where there 15 simuli-
tanegus oxygenation and oxygen ulilisation

o the critera do not account for the mixing resistance in the bulk
hguid -see HOYLAND (1979)

o the real conditions of polluted water result in a different oxygen
transfer coefficient (kLa) and also a different oxygen saturation
concentration due to waste waler constituents and atse local
atmoespheric pressure

[+] tank shape, depth and diffuser configuration all influence the
performance

o the required dissolved axygen concenlration in the aeration tank
aor basin will affect effictency 1 e If DO 20 percent of saturation
OC s 80 percent of maximum potential and 1f DO 60 percent OC
15 pnly 40 percent of maximum
ke
measurement of the respiration rate of activated sludge systems

a does not vary significantly for MLSS of 2-7 kgs m'3

has shown that the oxygenation efficiency increases with the rate
of respiration - possibly because of direct oxygen transfer or
higher concentrations of bacteria at the water/air interface



The above factors are accounted for, in part, by the use of o and B
constants and correcting the required aerator capacity for wvarations In

atmospheric pressure

a s the ratro of the kla under operating conditions to that in clean water
The wvalue of a 15 affected principally by the influence of pollution on
surface tension and may thus be simulated under laboratory conditions by
the addition of 5 mg/l of anionic surfactant  The influence of the « factor
differs according to the type of aerator -

for surface aerators the o factor may be greater than unity due to

reduction In droplet size and the increased oxygen transfer 1 e the

hquid-air contact area 1s Increased raising the kLaactual

for diffused air aerators the o factor may be as low as 0 3 due 1o the

surfactant boundary at the surface of the bubble

Other influences on the o value are the type of system 1 e compistely
mixed or plug fiow and the F/M ratio or degree of treatment For plug-
flow systems the vaiue of o will vary along the reactor in'et to outlet for
example from 0 4 to 0 9 for a diffused air system and from 1 2 to 0 9 for
a surface aerator Where the degree of treatment 1s high, as in exlended
aeration systems, then the value of a will be similar for either system of

aeration

Aerator efficiencies (kgOZRWh-1) are quoted by manufacturers In clean
water, whereas the important consideration 1s the efficiency under the
actual conditions However, il 5 possible to have the same field etficiency
from very different oxygenation capac:ties and o factors as shown below

oxygenation actual
efficiency In o oxygenation
clean water efficrency
(kgo2 kwWh-1) (k902 kwh-1)
surface 17 12 20
aeration
diffused 33 06 20

alr




The value of B 1s very often assumed to be unity

The effect of tank depth, shape and diffuser configuration 1s assessed for
diffused air systems by LISTER and BOON {1973)

The oxygenation capacity under the actual conditions compared with those
under standard test conditions i1s given by

= a -g . 1T-20
Ocactual ® OCgtandard t:"5 [(TEU-e)BCs T cl (3)

where a,f,c, are as already defined
p % atmospheric pressure (mm Hg)

saturated vapour pressure at site {(mm Hg)

1]
n

0
1]

G ':s at temperatuyre of waste water (mg/l)
T
T = temperature (°C)
The above equation (3) is suggested for use by PEARSON (1970),
BARTSCH and RANDALL (1971), ECKENFELDER et al (1972) and

ARCEIVALA (1973)

Typical oxygenation efficiencies are
diffused air - fine bubble 15 - 36 kg0, kWh™'

- coarse bubble 09 - 12
surface aerators - vertical 19-22
- horizontal 1.2 - 34

BINGEL (1979) produced two Interesting q’raphs one regarding ihe rela-
tionship between oxygenation efficiency and capacily shown n Figure 4,
and the other show:ng the deviations from manufacturers guaranteed values
of OE, Figure 5,

2__ Aerator Design_and Equipment

It has been stated already that there are two principal classes of aeration
equipment surface aerators and diffused air aerators Any aeralion



device must provide sufficient oxygen for organic degradation and bacterial
respiration as well as adequate mixing without destroying the biological

floc

Diffused air equipment includes

o porous domes - fine bubbies

! diffuser tubes - medium - fine bubble

o] spargers - coarse bubble

4] static tube mixers - coarse - medium bubble
{(tubular diffusers) godd for lagoon applications

o Jet aerators - fine - medium bubble

These systems are sketched In Figure 6

Surface aeration equipment includes

o low speed radial flow - problems of notse, aerosol and odour
o high speed axial flow - mainly for lagoon application
o] horizontal brush, cage or mammoth rolors

The above systems are sketched in Figure 7

3 Closure

From the foregoing 1t wil be clear that the design and specitication of
aeration equipment s not as simple as perhaps would be expected
Equipment specifications do not apply to actual field operating condilions
and many factors must be taken into account 1n aeralor selecltion and
design  Available equipment from the manufacturers and the recommended

configurations and tank sizes should be considered i1n all designs



Figures
Figure 1 - Bacterial growth curve
2 - Influence of F/M on the activated sludge process

3 - Oxygen reguurements and the F/M ratio
4 - Measured ?E versus OC for different systems

5 - Deviatian from guaranteed QOE's for particular surface
aerator

6 - Diffused alr aerators

7 - Surface aerators
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ANNEX 1I

WHO - FACULTY OF ENGINEERING AND ARCHITECTURE
UNIVERSITY OF KHARTOUM

COURSE ON WASTE STABILIZATION PONDS
(DESIGN AND OPERATION)
KHARTOUM 12 - 21 DECEMBER 1981
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ANNEX TII

COURSE PROGRAMME

Review of wastewater treatment practices
Preliminary and primary treatment
Chemistry and parameters of wastewater

" " " i [1]

Percolating filters and rotating disc units

Microbiology (Introduction to)
" [ L] "

The concept of treatment by stabilization ponds
Anaerobic ponds
Activated sludge

”

Extended aeration and oxidation ditches
Facultative ponds (function, advantages etc)
Process design of stabilization ponds

n " " "

SEMINAR/REVIEW

Details of design and construction
n " n "

Maturation ponds
High-rate ponds and algae recovery

Design exercise
1" "

Design exercise
(1} "

Pond operation and maintenance

FIELD TRIP
Aerated lagoons
Aeration ~ theory, design and equipment
Design Exercise - Presentation of results

Design exercise

* Mr K.V. Ellis, WHO Consultant
** Mr J. Lumbers, WHO Consultant
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