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ABSTRACT

Continuous flow laboratory tests were conducted over a 135

day period to evaluate the efficiencies of a new upfìow clarifier
prototype in separating sìudges with different settling characteristics.

The continuous flux upflow clarifier (CFLUC) separated the different

s'ludges produced, by an acti vated s'ludge system treati ng a syntheti c

dairy waste at four different F:M and/or SRT values. All sludges

produced had different physicaì and biochemical characteristics. Other

operating control parameters were seìected to simulate actual operating

conditions for a full-scale wastewater treatment facility at Souris,

Man i toba

It was concluded from the study that the CFLUC system could

effectiveìy separate sludge types produced over a wide range of organic

ìoadings. At low F:M ratios of 0.10 to 0.24 g C}D/g MLVSS.d the upflow

clarifier removed 70% of the pinpoint floc that remained after quiescent

batch settling tests in a 1000 mL cylinder. The sludges at these low

organic loading rates were characterized as normal zoogleal sludges

with considerable pinpoint floc. The good settling properties of these

sludges were typical of extended aeration sìudges. At high F:M ratios

of 0.41 to 0.83 days-1, the upfìow cìarifier was capable of separating

fiJamentous bul king sìudges. The sludges could be characterized as

severe bu'lk'ing sludges with very poor settling characteristics. The

effluent quaìity (in terms of suspended solids) was similar to the

results obtained under quiescent batch settling tests.

(i )



The study results indicate that the solids separation

efficiencies of the CFLUC system exceed previous treatment effic'iencies

achieved in conventional clarifiers.

(ii)
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CHAPTER 1

INTRODUCTION

1.I NEED FOR INNOVATIVE TECHNOLOGY

The prob'lem of treating wastewater efficiently and economically

has always been an jssue of major concern for smal I communities

(Sparìing, 1983). During the earlier period, design engineers placed

emphasis on more sophisticated and compìex treatment processes which

were intended to improve overall treatment. efficiencies. Today, small

communities find these equipment-intensive plants very difficult and

costly to operate and maintain (l^Ihite, 1981). Financial constraints

have compourided the probìems as these communities strive to meet

treatment objectives. Higher energy costs, inflation, lower tax support

bases, and reduced government funding are the primary antecedents.

For exampìe, these communities can seldom compete for the services

of skilled personneì required to operate such facilities. In general,

there has been a decrease rather than a projected increase in treatment

effi ci enci es .

There is a need for the use of simpler, lower-cost, and more

efficient wastewater treatment systems (Saxon et â1., 1981). The need

was also recognized by the United States Environmental Protection Agency

(herein referred to as E.P.A.). E.P.A. introduced the "Innovative

and Al ternati ve Program" , whi ch offered state fundi ng as i ncenti ves

for consuìting firms to satisfy the aforementioned needs. Environmental

engineering practitioners have now placed emphasis on designing processes

which reduce capì tal and operati ng costs (Chri stopher et ôl . , 1984).
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In addi tjon, there has been a trend towards improvi ng treatment

effjciencjes. In genera'1, there continues to be an improvement in

the design of traditional elements which include: oxygen transfer,

mixing and celì-separation performance.

The focus of this thesis is to present and evaluate a new

concept of upflow clarification in activated sludge separation. Cowatt

Systems of Mani toba, Canada have recently constructed a wastewater

treatment faciìity of novel design. The wastewater treatment facility

can be described as a continuous flux upflow clarjfier system (herein

referred to as the CFLUC system). As shown in the following case study,

CFLUC offers the potentiaì to improve cell-separation performance while

minimizing cap'ital and operating costs (Sparìing, 1984).

L.2 CASE STUDY: TOl,lN 0F SOURIS

In 1981, the Town of Souris, a small community located in

southwestern ManÍtoba, was faced with the financial burden of

constructfng a new wastewater treatment faci'lity. The Town had solicited

design propcsa'ls and had two options, which included the construction

of a conventional extended aeration pìant, oF an extended aeration

faci'lity of novel design. The primary reason the Town selected the

latter option was that the capital cost was two-thirds the cost of

the conventional facil ity. 0ther considerations included simp'le

operation and lower projected operating costs.

A flow schematic of the proposed 920 m3/day facility is shown

in Figure 1.1. The CFLUC system consists of three basic components:

extended aeratjon basin, newly concejved upfìow clarifier, and an air

s uppl y.
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The faciìity had been designed on the basis of preliminary

pi'lot p'lant studies conducted on s j te at Souri s, Mani toba. The pi I ot

pìant consjsted of a pilot scale aeration basjn (volume: 10 m3) and

an upflow clarifier (diameter: 750 mm) for final sedimentation. The

design flow, overflow rate and HRT were 20 n3/day, 22 m3/m2.day, and

LZ hours, respectiveìy. Similar to the full-scale treatment facility,

the piìot pìant received domestic sewage and industrial wastewaters

from local cheese and plastic factories. An evaluation of the wastewater

characteristics indicated significant daily variations in the strength

of the wastewater and the quantity of flow.

It was concluded from the pilot p]ant studies that, (sparling,

1eB2):

1. "The treatment provided by the pilot plant is capable
of treating domestic sewage tg a degree that compl ies
with the discharge requirements.

2. "Care must be taken by the Town to ensure shock ìoadings
from the cheese plant to be minimized."

3. "Every effort should be taken by the Town to eliminate
storm-runoff and 'inf i I tration to the di stri bution system."

In summary,. the piìot p'lant studies had shown the CFLUC system

to be workable, and answered many questions reìated to the wastewater

characteristics. 0ther operating cond'itions of the system such as

the performance of the clarifier at various F:M and/or SRT ratios,

however, remain unanswered. Other limitations of the pilot p'lant studies

include conducting tests for operating conditions which were different

than those used in design. For example, all pilot testing was conducted

at an HRT of 12 hours, however, the design of the full-scale pìant

was based on an HRT of 24 hours. Unfortunately, the discrepancy in

operating parameters was a result of financial and time constraints
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imposed on the designer during the selection of the pilot-sca1e

equipment. There is evjdence to show that the operating conditions

in the bioìogical reactor can have a marked effect on clarifier

performance (BosognÍ and Lawrence, 1970).

In order to evaluate and project the performance of the

CFLUC system at Souris, there was a need to conduct further ìaboratory

studi es .

1.3 OBJECTIVES

The generaì purpose of this study was to present and evaluate

a new concept of upf'low clarification in activated sludge separation.

The specific objective of the test program was to evaluate the efficiency

of the upfìow clarifier in separating sìudges with different settìing

characteri sti cs. An acti vated s1 udge system was used to treat a

synthetic dairy waste at four different F:l'l ratios and/or SRT,values.

Al 1 s'ludges produceC had r different physical oy: hioihemical

characteristics. Operating control parameters such as HRT, overflow

rate and dissolved oxygen levels were selected to simulate operating

eondítions at Souris, Manitoba.



CHAPTER 2

BACKGROUND

2.I GENERAL DISCUSSION

The activated sìudge process has been defined as "a continuous

or semi-continuous (fil l-and-draw) aerobic method for biological

wastewater treatment incìuding carbonaceous oxidation and nitrification"

(Ganczarczyk, 1983.) In simple terms, the process can be thought of

as a conversion process whereby sol ubìe organics are converted to

biologicaì growth in an aerobic environment (i .e. aeration basin).

The biologicaì growth is then separated from the treated wastewater

in the secondary clarifiers. A portion of the bio'logicaì growth is

wasted from the system and the remainder is returneci to the aeration

basin. A flow diagram of the conventional activatecl sìudge process

is shown in Figure 2.1.

AIR

INFLUENT EFFLUENT

w.A.s.

AEBATION
TANK

SECONDARY
CLARIFIER

R.A.S.

Figure 2.1 Flow diagram of the conventional activated sludge process

In the operation of the activated sìudge process, the efficient

performance of the secondary cìarifiers is as important as the operating
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control parameters in the aeration basin. This is because the clarifíer

has to provide sol ids-separation with the dual purpose of firstly
providing a clarified effluent low in SESSS and, secondly, s'ludge

thickening so that activated sìudge can be returned to the aeration

basÍn (Pitman, 1980). Inadequate soì ids-separation can resul t in high

SESS values and also a failure of the process caused by insufficient

return of the biomass to the aeration basin. Sedimentation efficiencies

can be optimized by controlling the operating variables of the bioìogical

process and by improvÍng the hydraulic design of the secondary clarifier

to enhance flocculation and sedimentation. Both approaches are addressed

in the following sections.

The fol ì owi ng secti on , enti tl ed "Acti vated Sì udge Process

Concepts" includes a historical review and a discussion of biologica'l

and envi ronmental concepts that i nfl uence process effi ci enci es . In

Section 2.3, an assessment of past and current secondary clarification

design concepts are presented, which include hydraulic, operatÍng and

bioflocculation considerations. A conceptual model of the CFLUC system

is presented based on new applications of established concepts. The

final section of the chapter includes a description of the new upf'low

clarifier, and its operating characteristics in relation to conventional

cl ari fi ers .

2.2 ACTIVATED SLUDGE PROCESS CONCEPTS

2.2.1 Historical Perspective

The activated s'ludge process was initialìy deve'loped by Fowler,

Ardern, Mumford and Lockett in 1914' Historically' one of the most

remarkable facts subsequent to the di scovery, was that rudimentary



I
tests conducted by the aforementioned researchers would be transformed

into full-scale applications in a matter of years (Sawyer, 1965; Alleman,

1983). However, despite the monumental value of the discovery, activated

sìudge did not find widespread appìication until the 1940's and 1950's.

The mai n reasons for thi s were patent I i ti gati ons and a poor

understanding of the biologicaì factors of the process.

The years of 'legal controversy were also highlighted by two

opposing theories. The debate centered around the fundamental behavior

of the process, more spec'ificalìy, in terms of whether it was a

physical-chemical or a biological process (Alleman and Prakasam, 1983).

By 1930, the process was considered by many researchers (Baly, Parker,

Theriault, Mohlman) to be primarily a physical process. The physical

theory of activated sludge treatment during this period may be summarized

as follows, (Metcalf and Eddy, 1930):

"The first and perhaps most noticeable function of the process
is that of coagulating or fìocculating suspended and colloidal
matters in the sewage. The floc is a sponge-like mass, or
as expressed by Stein, an open mesh network which, in the
process of formation may envelop, entrap, or entrain colloídal
matter and bacteria. The sponge-'like structure of the floc
offers a very ìarge surface area for contact. Buswell has
estimated that 'the sludge surfaces present an area of 500
square feet per cubic foot of tank voìume. When the floc
is driven about in the liquid, it has a sweeping action,
oF, as stated by Parker, the "process may be regarded as
passing a filter through the water in pìace of passing the
water through a filter.""

By 1935, the arguments in favor of the bioìogicaì theory

It would not be until 1982,of acti vated s'ludge were wel I establ i shed.

however, that physicaì mechani sms such

to provide flocculation/sol ids contact)

as conditioning (opportunity

would be utilized integraììy

with bioìogica'l mechanisms in the design

faciìity (Parker, 1983).

of a ful l-scale treatment
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New concepts in the appìr'cation of the activated sìudge process

were introduced in the 1940's, and resulted primariìy from ìmprovements

in pìant operatìon (McKinney, 1962). These improvements led to tapered

aeration, step aeration, and modi fied aeration systems. Further

innovations resulted jn the high rate, Kraus process, and contact

stabj I i zatj on systems .

0ne disadvantage of the conventional activated s'ludge process

is the'large quantities of sludge produced, which resulted in d'isposa'l

problems. This factor was signifjcant in that it el'iminated the

practicaì applìcation of the activated sludge process in many small

installations. This led to the development of the extended aeration

system, where sìudge volume was reduced. Today, the extended aeratjon

process has made the acti vated sì udge process a practì caì system of

treatment for many small communjties.

In all of the aforementioned modifications of the activated

sludge process, initial design methods were empiricaì'in nature, and

based prìmarily on hydrauì ic detent'ion tìmes and deveìoped ìoading

criteria. It has on'ly been withjn the last thirty years that design

concepts have been based on the fundamental and scientific concepts

of mass balance and microbial growth kinetics. l.lith this neþ, design

approach, jt js now possible to design a process on biologicaì

parameters.

2.2.2 Process l.licrobiology

To operate and design an activated sìudge system effjcjently,

it is necessary to understand the role of microbioìogy in the process.

Activated sludge is a mixed b'ioìogica'l popuìation of bacterja, viruses,
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protozoa, fungì , and other

s'ludge floc are dead cells,

solids.

multicellular organisms. Entrapped in the

waste bi-products, and jnert and/or organic

The species of microorganjsms will depend on several factors

wh'ich include: wastewater characteristics, env'ironmental considerat'ions,

operati ng condi tions , and process desì gn. The mi crobj al communi ty

i s domi nated by heterotrophi c bacteri a and, to a I esser extent, by

autotrophìc bacteria. Heterotrophic bacteria utilize organic wastes

as a source of both carbon and energy. Autotrophic bacteria util jze

carbon dioxjde as a carbon source and derive their energy from either

photosynthesis or the oxidation of mineral compounds as an energy source

(Ganczarczyk, i983). A schematic presentation of the heterotroph'ic

and autotrophic metabolisms is shown jn Figure 2.2.

in the aeration basin, a porticn of the organic waste (herein

referred to as a substrate ) i s removed and assimi I ated by the

heterotrophic bacteria to obtain energy for further synthesi s of

substrate into cell tjssue (Metcalf and Eddy,1979). The cell tjssue

will be converted to gaseous end products and energy through endogenous

respiration. The aerobic conVersion of organìc matter is

stoichiometrically represented jn Table 2.1.

Act'ivated sludges are genera'lìy classified into two main

categories: normal and/or buì king sìudges. There ís a significant

number of djfferent bacterial species for each category. Ejkelboom

(1975) 'ident'ifjed a variety of over thirty filamentous organisms whjch

are attri buted to bul ki ng s'ludges.

Ear'ly jnvestigators noticed that zoogìea'l bacteria predominated

i n normal acti vated sl udge and contri buted si gnì fi cantly to the
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F'iqure 2.2 Schematic representation of heterotrophic and autotrophic
bacterial metabolisms (¡,letcalf and Eddy, 1979)

TABLE 2.1

AEROBIC CONVERSION OF ORGANIC SUBSTRATE

Oxidation (dissimilatory process) COU¡IS + 0Z + bact * C02 + NH3 +

energy + end Products

Synthesis (assimììatory process) COHNS + 0Z + bact + energy ->

C5H7N02 (new cel I s )

Endogenous Respiration C5H7N02 +502 * 5C02 + NH3 +

(cell t'issue)

2H20 + energy

I

2

3
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development of a stable floc (t'lcKìnney, 1952). 0ther bacteria have

been shown capable of performing similar functjons, and include members

of the genera P,5eudomona.l, Achnomobac,tut, tLavobac.turium, ALcuLLgønel ,

BdelLovnibnio, MtJcobac,tuúun, and the two autotrophic bacterja,

Ni-lno ¿ omo nn ó, and Ni.tttobac-ten.

The term "bulking sìudge" has been used jn the past to describe

a variety of probìems associated wìth the separation of activated sìudge.

Chambers et al. (1982) defined buìking as the phenomenon which occurs

in actjvated-s'ludge pìants when the sìudge occupies an excessive volume

and does not settle rapid'ly, so that in extreme cases, the effl uent

contains excessive concentrations of SESS. One cause of sìudge buìkìng

is the excessive growth of filamentous organisms resulting from adverse

changes in the aerobic environment. l4any different organisms have

been identjfied which may cause s'ludge buì king. Several of these

organi sms i nc I ude : SphnettoÍi-Lu,t, Bctci,L[,u.rt, Bøggia-toa, ThioÍ.hhix,

GøoÍ,vLchun and Noc-and,La. (Eikelboom, I975; Gerardi, 1983).

While the bacteria are the microorgan jsms that actua'l'ly

assimilate the organic substrate, other organisms such as protozoa

and rotifers take part indirectly in the stabilization of the organic

waste. The relative growth of micro-organisms stabilizing an organic

substrate is shown in Figure 2.3.

During the earìy stages of the growth cycìe (j.e. at hìgh

substrate loadings), fìagellata and/or free swimming cil'iates

predominate. These microorganisms consume dispersed bacterium and

thus improve the qual i ty of the effl uent. As the substrate load

decreases with time, stalked ciliates become the predominant organism.

This protozoa form is normalìy a sign of a welì-operating process
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Fìgure 2.3 lìelail'ive growth of m'icroorgan jsiis in a si;art-up phase of
the activated slrldge process (after Ganczarczyk, J.J.,
1983 ì

(|^l.P.C.F., 1976). Rotifers are present in over-aerated and under-loaded

systems. The organjsm js common jn extended aeration systems. Rotjfers

consume smal I bio'logicaì floc particles and are common indicators of

a stabl e biol og'icaì system.

For many years, the vi sual exami nation of mi xed ì iquor has

been used as a guide in controì I ing the operation of the activated

sì udge process.

In the past, attention has been given to the growth pattern

of bacteria, since this Ís the major microorganism responsible for

the removal of pollutants in wastewater. The growth pattern of bacteria

i s an i ntegral part of understandi ng the fundamental concepts of

substrate util ization and microbial growth kinetics. The bacterial

growth pattern for a normal activated sludge is shown in Figure 2.4.

The jdeal growth curve is based on a batch culture appìicatjon.

Varjous positions on the curve are associated with changes

in the physical or biochemical characteristics of the normal zoogìeaì

popu'l ations. The rel ationshi ps between the fundamental characteri sti cs

L
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J
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Figure 2.4 Icleal grorvth curve for a batch type activated sìudge unÌt
lafter" !,fPCF, I{'r1l

of t.he curve and settleab'ility have been established. At the beoinning

of the growth cycìe there is a'lag phase or a period of time when the

nli croorganí sms are accl imated +"c the substrate. The I ag phase i s

followed by a rapid jncrease in growth, often termed "logarithmic rate

of growth". In this growth phase there ís a high oxygen demand and

the substrate is removed at a maximum rate of conversion into new cells.

In the'logarithmic growth phase the substrate is non-limiting and is

often characterized by a hìgh F:M ratio. It was theorized by McKjnney

(1962) tnat hígh energy levels kept the microorganjsms dispersed,

resu'lting jn poor settleab'il'ity. As the substrate is utjljzed and

the F:M ratio decreases, the bacteria show a declin'ing rate of growth.

The substrate is said to be a limìting factor for further growth. Most

conventional activated s'ludge p'lants operate in the declining growth
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phase.

As the substrate 'i s further depì eted, the growth rate wj I I

eventually equaì the death rate, hence, the beginn'ing of the endogenous

phase. In the endogenous phase, the bacteria metabolize the remaìning

substrate at a very slow rate. 0ld cells are lysed to produce metabolic

substrate for new cells, resultìng in a net reduction'in energy levels.

It has been hypothesized by several researchers (McKinney, L962; Bosogni

and Lawrence, I970) ttrat jn the endogenous phase the bacteria start

to produce extracel I ul ar bìopoìymers which promote the formation of

fl oc partì cl es. Thi s phase j s often characteri zed by ì i ght, $ood

settling s'ludges, wìth the formation of pinpoìnt floc in the supernatant.

The previous discussion shows that the operating condjtions

in the aeration basin can have a marked effect on the physìca'l or

biochemical character of normal zoogìeal populat'ions. Biologicaì

parameters which are used jn operationa'l control and design include

MLSS, SRT, and HRT. These parameters are addressed in the foìlow'ing

secti on.

3 Factors Affeetfn q the Ac tfvated Sludqe Process2.2

(i ) Wastewater Characteri sti cs

gne of the major compìaints concernìng the actjvated sludge

process is its lack of stability which js mainly attributed to

fluctuating wastewater strengths and flows. The activated sìudge process

is continuous rather than the batch type process represented in Figure

2.4. Daily varìations jn the wastewater characterjstics result in

constant osc'illatjons along the growth curve, and often result in a

conti nuous imbal ance of the mi croorgan'i sms . The app'ì i cat'ion of f I ow
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equalization basjns offer a practicaì solution to ìmprove the stability

of the process.

(ii) Hydraulic Detentjon Time

One important process parameter in the actjvated sìudge process

is the concept of HRT. The HRT'is the time duration required to aerate

wastewater wi th acti vated sì udge. It i s usuaì ìy expressed j n hours,

and can be determined from the folìowing relatìonship:

* = HRT (1)
u

where V = Volume of aeration basirì, rlì3

Q = Wastewater flow, m3/h

The recommended values of HRT varies for each modification

of the acti vated sl udge process. Recommended desi gn val ues are

summarjzed in Table 2.2 (Metcalf and tddy, 1979).

Longer HRT val ues, such as that comparabì e to the extended

aerati on process , are recommended i n wastewater treatment pl ants

experiencing shock loads. Ganczarczyk (I976) reported that there is

an increase jn "buffering capacity" for such systems.

(iii) Food to Microorqanism Ratio

As indicated in Table 2.2 the F:M ratio is an ìmportant design

concept often used to characterize a specified activated sìudge process

modification. The F:M ratio is measured jn terms of kg of BOD5 or

kg of COD per kg MLVSS.d. The F:M ratio is determined from the fo'llowing

relationship (Metcalf and Eddy, I979):

F:M = So

G-nT)TÍf Q)
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IABLE 2.2

RECOI4MENDED DESIGN PARAI.IETERS FOR THE ACTIVATED SLUDGE PROCESS

Process Modi fication
HRT
(h)

F:M
(d- 1 )

SRT
(d)

14LSS

(mg/L)

1. Conventional

2. Tapered Aerat'ion

3. C. F. S.T. R"

4. Contact Stabi I'ization

Hi gh Rate

Extended Aeration

0.2-0.4

0.2-0.4

0. 2-0. 6

0.2-0.6

5- 15

5- 15

5-i5

5- 15

5

6

4-B

4-8

3-5

0.5-1.04
0.3-6.0b

0.5-2.0

18- 36

0.4-1.5

0.5-0.15

1,500-3,000

1,500-3,000

3 ,000- 6 ,000

1 ,000- 3 ,0004
4 ,000- 10 ,000b

4,000-10,000

3 ,000- 6 ,000

5- 10

20- 30

a Contact Unit
b Solids Stabilization Unit

The success i n operatì ng an acti vated s ì udge pì ant j s to

majntain an optìmum F:M ratio. The ultimate control of the system

is based on the wasting of sol'ids (j.e.new growth). The wasting of

sol jds based on F:M ratios is djfficult and seldom practiced. The

evaluation of So and X is usuaììy what makes the use of the F:M ratio

impractical as a control parameter.



1B

(iv) Mixed Liouor Sus pended Sol ids

The concentrat'i on of MLSS j n treated wastewater i s onìy an

estimate of the density of mjcrobial solids in solution. The MLSS

in a treatment unit consists of active microorganismsr non-actjve

microorganisms, non-biodegradab'le organìcs and 'inorganic mass

(Ganczarczyk, 1983). The most common parameter used as a measure of

bioìogicaì soljds is the volatile suspended solids (herein referred

to as MLVSS). This parameter is also inaccurate since it does not

measure the active cellular material. Ganczarczyk (1983) reported

that the active microbial mass represents only 30% or less of the MLSS.

The evaluation of the active mass of micro-organisms ìs usuaììy

what makes the MLSS impractìcaì as a control parameter. In addition,

thi s parameter Í gnores the concept of the F: M ratj o. For exampl e ,

significant increase in organic load could result in poor settleabi'lity

(i.e.a shjft in the growth curve) íf the operator was to control the

process by maintainjng a constant MLSS level.

(v) Solids Retention Time

The val ue of SRT j s based on the concept that to control

the growth rate of micro-organisms, a percentage of the cell mass (j.e.

new growth) must be wasted from the system daily. In literature, SRT

is often referred to as mean cell residence time and/or the sludge

age. The net microbial growth rate can be expressed mathematjcaììy

as shown in Equation 3.

-qÄ = Y9: - Kdx (3)dt dt

The SRT i s

srowth rate (i.e. {f).

related to the reciprocal of the net microbial

Equation 3 can be rearranged to yield:
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E Kd (4)

The value of SRT may also be determined by calculating the

total mass of micro-organisms in the system and dìviding it by the

rate at which micro-organisms are wasted from the system-

As shown in Equations (3) and (4), the sRT is inverse'ly

proportionaì to the F:M ratio and the rate of mjcrobial growth. 0ne

is indirectly controììing the F:l.l ratio and the mjcrobial growth by

contro'lling the SRT of the system. Presently, maintaining a constant

SRT in the aeration bas'in is considered the best control method that

can be utilized for the actjvated s'ludge process (Ganczarczyk, lgg3;

Metcalf and Eddy, 1979). For example, if an sRT of 20 days is required

for a desired treatment efficiency then 5% of the total cell mass js

wasted from the system daiìy. tlasting soìids jn this manner is a simpìe

method of controììing and measuring SRT.

The performance of the activated sìudge process is jnfluenced

by the SRT value selected. It is possÍbìe, in most appìications, to

determine the optimum SRT value requìred to maximize effluent equality.

( vi ) Sl udge Vol ume Index

The SVI index, introduced by Mohlman in 1934, characterizes

how well a s'ludge settles and compacts. Pipes (I979) defined the SVI

index as the volume occupied by the sìudge after 30 minutes settling

di vj ded by the MLSS concentrati on . The SV I i ndex i s defi ned

mathematical'ly as fol lows:

svr = #33 (5)

lF:M
To-0

=YI1

SRT

The SVI 'index for a particular test can vary dependìng on
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factors such as:

diameter, jnitial

1e6e ) .

injtial MLSS concentration, temperature, test cyìinder

depth and the effect of stìrring (Djck and Vesiland,

The 'i ndex, al though I imi ted i n i ts appì i catj on , represents

the combined Ínfluence of the physical propert'ies of the sìudge. It
js not a scientific parameter but can be used as an operatìona'l tool

for i n-pl ant control .

The SVI test al so gives the operator an indjcation of the

return sìudge rate. The return sìudge rate to the effluent flow rate

can be calculated as the sludge volume divjded by the supernatant volume

after settling for 30 m'inutes in a i000 mL graduated cyìinder.

As a general rul e, i t i s accepted that SVI val ues greater

than 200 mL/g indicate severe filamentous buì king. SVI values less

than 100 mllg are considered typical for a normal s'ludge. Values between

the aforementioned extremes indicate moderate bulkìng (Pipes, L979).

Variations in the SVI jndex can be main'ly attributed to two

bioìogìca'l responses. The first response, djscussed in Section 2.?.2

is associated with variatjons in the physical and biochemical character

of normal zoogìeal sìudges. The second response involves the shift
in normal zooglea'l popuìations to the excessive growth of filamentous

type organisms. The latter response is more comp'lex and is still poorly

understood.

l,lith regard to the first response, changes in the F:1'1 ratio

may result in shifts in the biological growth curve and poor settìing

performance. These sett'ling prob'lems include the formatjon of pìnpoint

floc and deflocculation. Pinpoint floc cons'ists of small yet visjble

flocs and usually occurs in the extended aerat'ion mode (j.e. F:M <
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0.2 d-1). Aìthough the SVI jndex values are low (typicaì SVI < 100

mL/g), ind.icatìng a good sett'ling sìudge, the eff luent is turbid. The

term defl occul ati on i s al so referred to as di spersed growth. In

ì aboratory studies, Bosogni and Lawrence ( 1970) reported predominantìy

dìspersed growth at high F:M or low SRT values (i.e.SRT = 0.25-2.00

d). These results were supported by Pipes (1979) who concluded, after

anaìyzì ng s'ludges f rom 32 pì ants throughout the Un'ited states, that

sludges have a tendency to deflocculate when F:M ratios exceeded 0.4 d-1.

Investigations into the phenomenon of buì ki ng s'l udges have

been undertaken for the past 60 years to ìdentify the condjtions

responsibìe for bulking sludges. In I978, Sezgin et al. presented

a unified theory describing those factors which appear to be responsib'le

for fj I amentous bu'l ki ng s1 udge. The authors concl uded that fi I aments

form backbones on which zoog'lea1 bacteria attach and form strong

fl ocs. An excess of fi I amentous growth presents aggì omeration and

a lack of filaments led to the formation of pinpoint floc. It was

concluded that a filament length of L07 u/mL was a good dividing po'int

between a filamentous bulking sludge and a non-bulking s'ludge.

Similarly, Magar et al. (L976) concluded that the density

of the floc particle decreased with filament ìength and this was the

most s'ignificant factor repsonsible for high SVI values.

Chao and Keinath (I979) in treating a synthetic substrate

derived a relationship between SVI and various SRT values for the system.

The authors concluded that the lower settling rates and poor compaction

could be attributed to the conditjon of the floc surface. Normal s'ludge

fìocs have relatively smooth surfaces. The rough surface of filamentous
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type flocs resul ts jn increased frjctional drag forces, hence, reduced

settl'ing rates.

The effects of buìkìng on final effIuent qua'lity wi'l'l depend

on the serjousness of the prob'lem. 0ne characteristic of a high SVI

index Ís that low SESS concenfrations are produced. Keefer (1963) and

Pipes (1979) have observed that unusuaìly clear effluents result when

settleability is poor but not excessive.

Sezgì n et al . ( 1978 ) and Pi pes (I979 ) postuì ated that an

abundance of filaments protrudìng from the floc produce a network and

absorb and entrap small fìoc part'icles, resulting in a clear supernatant.

Factors associated with the occurrence of buì king have

included: overloading, underìoading, over-aeration, under-aeration,

short-circuiting, nutrjent imbalance, high pH value, low pH value,

high temperature, sulphìdes, and many other identifiable conditjons

(Barnard , I978; Chambers and Toml inson, 1982). It i s apparent that,

with the many factors respons'ib'le for sludge buì kìng, 'it becornes

difficult to predìct the respective trends of SVI on a universal basis.

This is ind'icated on Figure 2.5 by two prominent researchers in the

field who attempted to correlate SVI with SRT values (Barnard,1978)

of nricroorqanisms which remain dispersed after quiescent settlinq.

200
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between SVI and sìudge age (after Barbard,
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Aìthough it is presentìy recognjzed that there is no un'iversal

relationship between SVI and SRT, many researchers (Ford and Eckenfelder,

L967; Ganczarczyk, 1983; Chao and Ke'inath , I979; Segzin et â1.,

1978 ) show the tendency for acti vated sì udges to bul k at very I ow

I oadi nqs and at i ncreased ì oadi ngs. Pal m et al . ( 1980 ) veri fi ed

tckenfelder's curve and concluded that it would be possìbìe to deveìop

unique curves for each D0 concentration jn the aeration basin. The

authors postuìated that the rising limb, at high F:M ratjos, was caused

by low D0 values'in the floc interior. The research also verified

that by increasing the D0 concentration in the aeration basin, the

range of optimum SVI values was extended. It was postulated that the

ri si ng I imb may be attri buted to nutri ent defi ci enci es whi ch favored

the growth of fi I amentous type organi sms. The resul t of thi s study

is schematjcal'ly'i'llustrated in Figure 2.6.
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Chao and Keinath (1979) concurred with the above relationship,

but their results índicated that two optimum F:M ranges exjsted for

low SVI values. These ranges compared wjth the extended aeration and

high rate modes of operatíon. Further investigations are required

in this area to substantiate the author's results.

(vi i ) Zone Settl inq Velocity and Percent Di spersion

The settling characteristics of activated sludge can be defined

by two addi ti onal parameters : zone settl 'i ng vel oci ti es , and the percent

of microorganisms which remain dispersed after quìescent settlìng.

The use of ZSV to characteri ze s1 udge settl i ng performance

is generalìy considered superìor to SVI (Dick an¿ Vesiland, i969). The

values of ZSV for a partìcular s'ludge can be determined by conducting

batch sett'ling tests. The solids-jnterface heìght is p'lotted versus

time, enabìing the computation of interface settìing velocity in the

ljnear range for each suspension. A typìcaì normal activated sìudge

settl ing curve is shot,rn in Fj gure 2.7 .
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Figure 2.7 Typical normal activated sludqe settlinq curve
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Bosogni and Lawrence (1970) reported ZSV values of "2-6 ft

per hour and 15 ft per hour" for well formed floc and pìnpoint floc,

respectiveìy. Sezgin et al. (1978) reported that ZSV values decreased

linear'ly with high filament ìengths in the range tO6-tOB u/mL.

The second method used to define the setiìing characteristjc

of floc particìes 'is "percent dispersion" or simpìy the percent of

solids whjch do not settle. The test js performed by aì'lowing the

SVI sample to settle for an additjonal tá hour (i.e. a total time of

t hour). The solids remaining in the test cyclinder (SPSS) only gives

an idea of the percent of I4LSS which remain dispersed under qu'iescent

settling conditions. It is not to be construed to represent the SS

concentration that will be dispersed jn the clarifjer (SESS).

The SPSS obtained under batch condjtjons is a useful parameter

for comparing the performance of existing clarifiers. Parker (1983)

reported that when SESS exceeds SPSS the floc carryover is indicative

of some operating probìem within the clariffer. These problems may

include: density currents, short circuitjng, high sìudge blanket'

or some other factor causing sign'ificant deviations from the jdeal

settìing batch cond'itions. To the contrary, when the SESS concentration

is less than the SPSS level, this condition is indicative of improved

efficiencies 'in the clarifier; most I ikely resulting from enhanced

bioflocculation. The fo'l'lowìng section addresses the concept of

bacterial flocculation.
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2.2-4 Bacterial Flocculation

There is no universa'lìy accepted theory to explain why

act'i vated s ì udge fl occul ates . To further compì i cate matters , there

is no accepted method of measurìng the extent of the flocculation.

Pipes (I979) attempted to describe flocculation in terms of SESS and

SPSS. If the effluent contained low concentrations of SPSS and SESS,

it is described as pinpoint floc. If the effluent is turbid and also

contajns hìgh concentrations of SESS and SPSS, jt is termed

deflocculated. A'lthough this description is not scientific, jt can

be concluded that concentrations of SS that do not settle are somehow

related to the lack of bioflocculation.

Ganczarczyk (1983) presented two models which partia'lìy expìain

the flocculatjon of microorgan'isms. These jncluded the phys'ica'l-

chemical and biopolymer models.

(i ) Physical-chem'ical Model

The theory of f'loc formatjon based on the physìca'ì and chemical

properties of the bacterial surfaces was proposed by McKinney (1952).

McKi nney concl uded that because of the chemi cal structure of the

bacteria, which he postu'lated involved ionized carboxyl and amino groups,

there was the high possibility for chemical exchanges to occur. McKinney

suggested that catjons from salt solutions were adsorbed on the bacterial

surface , reduci ng the net surface charge. Through physi ca'l means '
such as qentle agitation, l4cKinney hypothesized that cells (which have

a 'large surface area to volume ratio) approach one another, forminq

chemical bonds such as salt and ester linkages.
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( i i ) Bi opo'lymer Hodel s

The theory of biopoìymers is receiving increased attention,

especial ìy jn the food industry. The present observations concernìnq

bìopoìymers suggest that floc forming bacteria produce an exocellular

polysaccharide biopoìymer during the ear'ly decìining qrowth stage. It
i s assumed that these poìyeì ectrolyte-type compounds are responsì bì e

for bacterial flocculatjon (Chao and Keinath, I979). This observation

was also in accordance with Pavoni et al . (1972)"

Monosaccharides and disaccharides in combination with their

derivatives are the predominant chemical components of bìopoìymers

extracted from s'l udges ( Fo rster, 1968 ) . Some researchers have found

that, with the presence of excessive nutrients, the concentrations

of these biopoìymers are very low (Ganczarczyk, 1983).

Parker at al. (1971) recognized the significance of physical

agitation as a means of improving bioflocculatjon. The authors

demonstrated the effi ci ency of a fl occul ati on step to provi de an

envjronment more conducive to encourage aggregatìon of dispersed floc

into well-formed floc partjcles.

2.3 APPLICATION OF CONCEPTUAL THEORY TO DESIGN

2.3.1 Conventional Clarifiers

This sectjon pertajns to the design of conventional clarifjers

for gravity sedimentation of biologìcaì secondary treatment, excluding

separation techniques such as fi I tration, tube and lamel I a separators,

flotation and microstrainers. In many cases, the latter separation

techniques are costìy and can be avoided by optimizino the design of

secondary clarifiers and controllinq the operating variables of the
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bioìogicaì process (Parker, 1983).

Among the general types of convent'ional cìarifiers avail able

for grav'ity sedimentation are the folìowing:

( i ) Hori zontal fl ow cl ari fiers

(ii ) Upfìow clarifjers (example, Dortmund tanks)

(iii) Solids contact unit

(i ) Horizontal Flow Clarifiers

Circular clarifiers (radial or square radial ) are the most

common clarjfication units util ized jn actjvated sìudge treatment. In

genera'l , the hydraul ic principìes of circular clarjfiers apply to

rectanguì ar hori zontal fl ow bas'i ns as wel I . The theory of

sol ids-separation in a clarifjer basin bejnq a function of overflow

rate or HRT was first proposed by Allen Hazen jn 1904. Camp (1953)

further deveìoped the theory, in that he hypothesized that, if one

could obtajn plug flow'in a clarifjer, its performance would be jdentical

to that predicted by quìescent batch settling tests. As shown in Figure

2.8, Camp (1953) proposed to divide the clarifier volume into four

zones: inlet zone, clarifjcation zone, outlet zone, and sludge zone.

INLET IDEAL vo

ZONE
SETLING

ZONE

Figure 2.8 Idealized model for a horizontal rectanqular continuous
flow clarjfier (after Camp, 1953)

OUTLET

ZONE

Camp ( 1953)

short-circuitÍng cannot

suggested that in actual basin hydrauljcs,

be prevented, and as a resul t, there wi I I be
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a decrease in the actuaì time of detention. This model has led to

the use of inlet and outlet baffles to insure uniform flow distribution

across the clarifier, thus reducing short cìrcuiting and dead spaces

in the clarifier.

In the earìy stages, horizontal flow clarjfiers were desiqned

on arbitrary values of overflow rate and HRT. More recently, the

importance of solids loading has been researched, ìeading to the limÍting

solids flux theory proposed by Dick (1970).

According to thjs theory, there js a ljmitjnq soljds flux

concentration for a given sìudge. It is thjs ì imiting sol jds flux

or critical solids ìoading condition that could govern the desìgn

of secondary clarifiers. The ìimiting solids flux can be determined

by conducti ng batch sett'l ì ng col umn tests . The data shoul d then be

ana'lyzed using simpìe graphical methods (Metcalf and Eddy, I979).

Althouqh the design of secondary clarifjers without sett'ling

tests is not recommended by Metcalf and Eddy (1979), there may be

situations where engineers must reìy on arbitrary overflow and solids

loading rates. The overflow rates g'iven in Tabl e 2.3 are typica'l values

used in the design of activated sìudge systems (l.,letcalf and Eddy, I979).

(ii¡ Upflow Clarifiers

The first upfìow clarifiers were constructed in Germany and

were referred to as Dortmund Tanks. As shown in Figure 2.9, the Dortmund

Tank resembles a funnel-shaped tank with vertical upfìow. The influent

pipe extends below the sludqe blanket. The mixed liquor then passes

through the fluidized sludge bed to take advantage of bioflocculation

enhancement and the removal of very fine suspended solids (Resch, i9B0).

The fl ui di zed bed i s I ocated between the thi ckeni ng zone
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TABLE 2.3

TYPICAL DESIGN INFORI'IATION FOR SECONDARY CLARIFIERS

Overflow Rate
*3¡¡Z.d

Load Ì ng

kg/n2.n
De pth

m

Type of Treatment Average Pea k Average Pea k

Settl ì ng fol ì owi ng ai r-
acti vated sì udge (excl ud-
ing extended aeration) 16-32 40-48 3.0-6.0 9.0 3.5-5.0

o

Q+

QR

Fjgure 2.9 Dortmund Tanks with Vertical upflow (after Resch, 1980)

o

(f,r) and the clear water zone (h+).

and the storage of actj vated sl udge
\

region (fr2+fr3) . The f I uid j zed bed

The sol ids-separation phase ( hZ)

(h3) occur in the fluid'ized bed

i s characteri zed by a constant

J cuean
EFFTUENT h+

a

F I LTER
h=he*hc

ÏHICKENING

hl

H
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distribution of S.S. and by a horizontal sìudge blanket level. The

fluidization of a s'ludge layer in an upfìow mode is equal to the fallinq

velocity of the suspension at the same concentration (Resch, 1980).

The required depth for secondary clarification in a Dortmund

Tank may be determ.ined by calculating the different ìayered heights:

h1 = th'ickening zone

h2 = separatjon zone

h3 = storage zone

h4 = clear water zone

Kalbskopf (I974) jndicated the fo'llowing formulas are

recommended by the ATV Committee in the Federal Repulic of Germany.

TABLE 2.4

ATV COMMITTEE DESIGN GUIDELINES FOR UPFLOI,I CLARIFIERS

hl = MLSS x SVl /1,000 . (m)

h2 = 0.80 - 1.0 m (hZ <.5 m if h+ > i.0 m)

h3 = 
^MLSS 

x V x SVl / (500 x A)

where:

AMLSS = the di fference between the sol i ds content duri ng
dry and wet weather and must not exceed I.3 g/l

+ = volume of aeration basin (m3¡

A - surface area of clarifier (m2)

h4 = 0.5 m (a m'inimum he'ight of 0.5 m is recommended)

As shown

as sol i ds I oadi ng.

i n the above equati ons, SVI i s equal 'ly as 'important

Pflanz (1969) indicated that both of these parameters
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determine the required storage volume jn a secondary clarifier. It
'is, therefore, jmportant 'in designing Dortmund Tanks, to consider depth

in conjunction with the surface area.

Pflanz (1969) introduced the comparative sìudge volume, VSy,

which is the product of SVI and the l'1LSS in the aeration basin. In

Germany, the ATV Committee on guideì ines for "Settì ing l4ethods"

recommended that hori zontal fl ow rates shoul d be a function of VSv

accordjng to Fìgure 2.I0.

25

t.o

o.5

o
too

20l¡J
t-
É.

.ô-É
tLçej,
l¡J

o

300 soo
V Sv ( mlll)

700 900

Fìgure 2.10 Overflow rate as a function of comparative sludae volume
(after Kalbskopf , I974)

It 'i s ì nteresti ng to note that i n the case of predorni nant'ly

vertical flow secondary clarifiers with fluidized blankets, the overflow

rate can be set at 30% higher for the same VSv value. Upon eva'luating

several ful l-scale upfìow clarifiers in Germany, Resch (1980) concluded

that even higher overflow rates could be achieved in upflow clarifiers

(tfrat is, greater than 30%).

Pflanz ( 1969) al so introduced the concept of "sol ids surface

feed", which 'is defined as the volume of activated sludge which can
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be i ntroduced to the surface of secondary cì ari fjers for a spec'i fied

HRT value. The parameter VS¡ is mathematicaììy defìned as follows:

vsr =#xvSu Ítnz.n) (6)

= overflow rate x comparat'ive sludge voìume

Pfl anz ( 1969) and Resch ( 1980) have shown in thei r studies

that, wjth upflow clarifiers ìncorporatìng a sludge blanket, there

was no deterioration in effluent quaìíty as a result of increasing

VS¡ and/or the s'ludge recycle rate. Thjs was the case as long as there

was sufficíent depth in the clarifier to prevent the sl udge blanket

level from reaching the outlet we'irs. Thjs was contrary to observations

for horizontal flow clarifiers. Tabl e 2.5 presents the recommended

soljds loadings to ach'ieve a SESS of 30 mg/L at various SVI values

( Ganczarczyk, 1983 ) .

TABLE 2.5

RECOMMENDED SOLIDS LOADINGS AT VARIOUS SVI VALUES

( after Pfl anz , 1969 )

SVI, m'l/g
Solids Loadings per hr

lbs per sq. ft kg per sq. m

100
200
300

0.7
2-0.3
r-0.2

0
0

3.5
1.1-1.3
0.8-1.1

(jii) Solids Contact Clarifier

Upfìow solids contact clarifiers have been extensively appìied

the treatment of potab'le water since the early 1930's (Metcalf andln
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Eddy,1930). The soljds contact clarifier provides chemical coaguìation,

floccuìatjon, and sed'imentatìon in a single tank. In the process'

treated water flows upward through a sìudge blanket which is comprìsed

of fl occul ated materi al .

Recently, sol'ids contact units have been used in advanced

wastewater treatment for the chemi cal treatment of i ndustri al and

municipaì wastewaters. There have been, however, reported difficulties

in majntaining the sludge blanket (Culp et â1., 1978). As a result,

a good quality effluent could not be achieved with any consistency;

thus I jmitjng the degree of reliabil ity assocjated wjth their use.

Fisher and Hillman (1940) and Camp (tgS¡) fra¿ recognized

and emphasized the need for a pref'loccul ation step prìor to

sedimentation. Camp (1953) recommended that the flocculat'ion chambers

be constructed integral'ly with the clarjfier to mjnimize the possìbil ity

of floc destruction. Further work by Parker et al. (1971) supported

the concept of phys'icaì condjtìonìng of sludge prìor to sedimentatjon.

The author conc I uded that the opportun'i ti es for f I oc format'ion i n

conventional clarifiers were limited.

Recently, Norrjs et al. (tggZ) used a modified concept of

a solids-contact clarifler (herein referred to as SCC) to treat a

trick'ling filter effluent. The SCC un'it was a modifjed versjon of

a circular clarifier used extensive'ly in the activated s'ludge process.

The SCC unit, however, included aR added center well wh'ich provided

a mildly stirred environment for intimate contact between the flocculated

particles. In contrast to conventjonal upf'low solids contact units,

the SCC units were operated at min'imal sludge blanket levels. Soljds

contact was practised in the flocculator center well rather than in
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the sludge bìanket. Norrjs et al. (I9BZ) concluded from the studies

that'it was possìb'le to achieve consistent advanced wastewater treatment

effjciencies on the SCC units ( i.e. BOD5 and SESS concentrations less

than 10 mq/L ). A schematjc of the SCC un'it 'is shown in Fiqure 2.11.

FLOCCULATION M¡ XER
CHAMBER

DRAFT
TUBES

Fi gure 2.17 Schematic of a modjfied soljds-contact clarifier (after
Parker, 1.983)

The SCC units were 35

depth and featured a center wel I

m jn diameter, with a 5.5 m sjdewater

with a HRT of 20 minutes.

2.3.2 The Developmen t of a New Desiqn I'lodel

The development of a new design model involves a two-step

approach. Firstly, existing theories and establ ished concepts are

reviewed. Secondly, the concepts which have resulted in substantial

improvements are incorporated 'into the new design model . It i s

hypothesized that, through the iteration of optimizìng established

concepts and existing theories, one may approach an ideal design model

such as proposed by Camp (tgSS) for an "ideal sedimentation basjn".

In secondary clarification, the folìowing concepts are

sgi n'if i cant i n thei r appl i cati on to the desi gn :

,,\
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(i) Hydrauìic Condit'ions

(ii) Operation Conditions

(iii ) Bioflocculation Conditions

An assessment of the aforementi oned concepts i s presented

in the following section. The conditions that wjll result in substantial

improvement of effluent quaìity are summarized for each concept. It

is these conditjons whjch have been used in the development of a new

concept of upflow clarification in activated sìudge separation.

(i) Hydrau'lic Conditjons

The importance of overflow rate, clarifier depth, uniform

fl ow di stri buti on , and we'i r pl acement are endemi c , i f not ubì qui tous ,

jn the ljterature. It is evjdent that the modern approach to secondary

clarifier design js dominated by the consideration of overflow rate

(l^l.P.C.F., 1976). In horizontal flow clarifjer desìgn theory, SESS

has been shown to be directly related to the overflow rate (Parker,

1983; Crosby and Bender, 1980). There was no deterjorat'ion in effluent

quality with a corresponding increase in overflow rates, however, for

upfìow clarifiers (Resch, i980). As a result, higher overflow rates

are permitted in the Federal Repubìic of Germany for the design of

upflow clarifjers. This observation, however, was on'ly valid as long

as the sludge blanket djd not reach the outlet weirs. Consequently,

clarifier depth is an important consideration in the design of upf'low

cl ari fiers.

Parker (tgAg) has indicated that there was also a trend towards

uti'l izing deeper tanks in horjzontal flow clarjfiers. This result

i s based on the real ization by designers that the di stance from the

sludge blanket level to the outlet is directìy related to effluent
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qual i ty.
Camp ( lybJJ had rational ì zed that i f one coul d obtai n pì ug

flow in a clarifier, there would be little need for the use of inlet

and outlet baffles. The phenomena of density currents, short-circuiting

and turbulence have been well documented, which expìains the difficu'lty

of implementjng ideaì conceptuaì theory in pract'ical design.

Contemporary clarifier design suggests that inlet velocitjes

should be minimized, flows distributed equaìly 'in the outlet zone'

and short-ci rcui ti ng prevented. These gui de1 Í nes have resul ted i n

the use of solid sk'irted baffles in most designs to d'irect the influent

flows towards the bottom of the clarifier. It has now been observed

that the high dens'ity mixed ìiquor, when introduced in this manner'

flows aìong the s'ludge blanket until it strjkes the far wall and flows

toward the effluent weir (Katz et â1., L962; Parker' 1983; Crosby

and Bender, 1980). Typicaì results also indicate that dead zones are

deve'loped by the baffle and good vertical distribution 'is prevented.

To reduce thjs probìem, the authors recommenced placìno effluent weirs,

2/3 to 3/4 of the rad'ial distance from the center of a typica'l center

feed circular clarifier. It should be noted, however, that this

recommendation does not resolve the probìem. By any reasonable estimate,

horizontal flow clarifiers are turbulent, not laminar. l.ljth conventional

design, one is confronted with eddys which move particles upward while

horizontal transport is occurring. Rebhun and Argaman (1965) conducted

experiments using tracers'in a horizontal clarifjer wìth inserted baffles

at the jnlet and outlet, and concluded that the effective flow consjsts

of 70% m'ixing and 30% plug flow.
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Silveston et al. (1980) introduced the concept of flow

contraction at the outlet. Their studies indicated that clarifier

performance coul d be 'improved by the suppression of internal waves

or vertical currents that may propagate back from the outlet weir.

Ives ( 1968), who mathematicaì ìy characterized orthokinetic

flocculation, jntroduced a new concept to minjmize the effects of

turbulence. The author proved that turbulence energy diminished rapidly

as the flow passed upward through a sìudge blanket. This !'/as based

on the theory that the sludge blanket could be regarded as an infjnite

series of flocculators, each ôL thick (where L is the 'length of the

sì udge b'l anket) . In the analysi s, Ives emphasi zed that the j nl et fl ow

must be uniformly distributed across the inlet pìan section and

coìlection must be uniform at the outlet section.

(ii) Operatjonal Conditions

Several operatìng conditions that influence effluent qual'ity

jnclude: MLSS concentratjons, solids 'loading, sludge blankei: levels,

and the method of sludge removaì.

Norris et al. (1982) concluded that SESS levels jn the effluent

'increase with a rise in MLSS concentration and/or solids ìoading. It

was suggested that to minimize sol'ids loading, one could convert an

overl oaded system to contact stabi I i zation, step and tapered aeration

processes (see Tabl e 2. 2 page 17 ).

In separating solids consisting of trickìing filter effluent

and return sì udge, Norrj s et al . ( 1982) observed that SESS was at a

m'inimum when MLSS was between 500 and 1500 ng/1. At higher MLSS

concentrations, the sol ids removal effjciencies remained constant,

resultìng in higher SESS concentrations.
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Bush (1983) suggested that l't may be possÍ b'le to I ower MLSS

concentrations and still maintain effluent quaììty (i'e' substrate

concentration). Tuntoolavest and Grady, Jr. ( 1982) had shown that one

\¡\lay to'improve effluent quaìity was to reduce the MLSS concentration

by control'ling the operating conditions 'in the aerat'ion basin'

Pfl anz ( 1968) and Munch et al . ( 1978) j I I ustrated that sol'i ds

loading js dependent on the overflow rate. It js rational to assume

that the operati on of a wastewater treatment p'l ant usì ng I ow MLSS

concentrations and/or sol ids ìoadìng js des'irable jn both upf 
'low and

horjzontal-type flow clarifiers'

The s'l udge bl anket I evel and the method of sl udge removai

has a pronounced effect on the performance of a clarifjer (Ghobrjal'

1g7B). parker (1983) suggested that the sludge b]anket level be operated

at a minimum level dur.ing average flow cond'itions' The author js jn

agreement with this since this not onìy decreases the possibility of

high StSS but also minimjzes the deterjorat'ion of sìudge quality due

to anoxjc condit'ions. The minimum level in the new design modeì could

be designed on the requirement to djssipate turbulent energy'

The depth of the cl ari f i er shoul d be based on the hei gh t

of the sludge blanket resultìng from an increase in sol'ids during peak

flow conditions. As suggested by Pflanz (1968) ' some considerat'ion

should be gìven to the SVI of the partìcular sludge'

The use of higher MLSS (example, pure oxygen systems) nas

resulted.in the development of extensive research in solids f'lux theory.

An even distribution of s'ludge removal is essentjal when considerìng

the appìicabi'lity of sol jds flux theory to design' Munch and Fitzpatrick

( 1978) postul ated that sorne factor j n the method of sl udge remova I
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may be responsib'le for their observatjon that the actuaì solids flux

capacity may fall below theoretical values predicted from batch settl'ing

volume tests. Mechanical scrapers and rotating hydraulic suctjon removal

devices are commonìy used in conventional clarjfiers for sìudge removal.

The former option js considered to be less sujtable since the s'ludge

has to be moved from one bl ade to another i n the raki ng mechanj sm.

Katz et al. (1962) reported that critical velocitjes by these mechanjsms

may have shearing effects, resuìtìng in resuspensìon of the sìudge

and causing it to flow as a thjxotropic ìiqu'id to the removal point.

It appears that rotati ng hydrau'l i c sucti on remova I devi ces

are more advantageous than scraping removal, as the s'ludge js removed

more quickìy. Data collected by Crosby and Bender (1980), however,

'indicated that commonìy specified rotatjonal speeds are excessive,

resul ti ng i n sol i ds overfl ow.

Boy'le (1981) reported that an even distrjbutjon of sludge

removal across the entire floor surface area is critical for improved

cl arj fj er performance . It i s al so an important cons i derat'i on when

usìng solids flux theory as a design parameter. Ironically, there

is no sìudge removal mechanism available which utilizes the entire

floor area for the removal of solids.

(iji) Bioflocculation Considerations

Camp (1953) recognized the need for prefìocculation and

ind'icated that, to minim'ize floc breakup, the flocculation chambers

should be constructed integraìly with the clarifier. Several researchers

have reported that gentìe mÍx'ing and/or small velocity gradients improved

effluent quality by enhancing flocculation through inter-particle

collision (Katz et al., 1962; Dick, i970; Parker et â1., I97L; Norrjs
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et al . , L9B2; and Parker, 1983).

Veìocity gradients in the order of 2.5 sec-1 to 10.5 sec-1

were observed as suitable values to enhance flocculation ( Ives, 1968;

Parker et al., 1971). Further studjes conducted by Japanese researchers

indicated that flocculat'ion jn an upfìow s'ludge blanket was enhanced

at upfìow velocities of 11 m/h to 15 n/h ( Ives, i968). There ìs

substantial evidence that correlates detention time with flocculation

enhancement (Ives, 1968). Norris et al. (1982) utiljzed a 20 minute

residence time in the flocculation center well of the'ir SCC unit.

Using the concept of stratified flow theory, the rate of

collisions between particìes, bjoflocculation can be enhanced by the

use of puìsating forces. Silveston et al. (1980) described this

phenomenon by considering an element of fluid jn a clarifier vessel

flowing downward. If a random disturbance forces this flujd vert'ical'ly

upward, it enters jnto a region of less dense fluid. Subsequently,

the fluid element, once overcoming the buoyancy forces, is accelerated

downward by gravity, and w'il I move past its originaì position into

a regi on of hi gher dens i ty. Us i ng the method of pul sati ng forces ,

one js actuaìly forcing the particìes'into regions of higher dens'ity,

hence, promot'ing'inter-particle collison and enhancing the oportunity

for bioflocculation.

Parker et al. ( 197i) proposed pìacinq a mildìy stirred

flocculation step between the aeration basin and the secondary clarifier

to promote bioflocculatjon of fine suspended sol jds. The mjldìy stirred

flocculation basÍn could be modified as a downward flow channel (exampìe,

pi pe ) uti I i z'i ng the concept of puì satì ng forces.
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(iv) Summary of Hydraulic, Operational and Bioflocculation Conditions

A summary of the hydraul ic, operationaì and

conditions that should resul t jn improved clarifier
shown in Tabl e 2.6.

bi ofl occul ati on

performance i s

TABLE 2.6

A SUI'II.IARY OF HYDRAULIC, OPERATIONAL AND BIOFLOCCULATION

CONDITIONS APPLIED TO NEI.I DESIGN MODELS

COND I TIONS DESIGN FIATURT

(A) HYDRAULTC CONDTTT0NS

1. Less influence of overflow rate
2. Prevent solids overflow
3. Avoid density currents

4. Minimize turbulence

5. To reduce vertical currents

6. To prevent shortcircuiting

(B) OPERATIONAL CONDITIONS

7 . Reduce sol i ds I oadi ng to
clarifier

8. Lower SESS concentrations

(c) BrOFl0ccuLATr0N CONDITTONS

9. Uniform sludge removal

10. Flocculation step between aera-
tion basin and clarifier

11. Gentle mixing
12. Residence time in flocculation

chamber
13 . Downwa rd ve I oc 'i ty

1. Upfìow mode
2. Deep clarifier (5.5 m)
3. l'lixed liquor introduced at

clarifier bottom
4. llixed ì'iquor distributed

uniformly at inlet and through
s1 udge bl anket

5. Flow contraction device at
outl et

6. Uni form f I ow d'istri bution
at inlet

7. Operate at lower MLSS (1500-
2000 mgll )

B. a) Low sìudge blanket ìevel
Qavg (minimize

ence /'ludge bl anket I evel
Qpeak ( storage )

duri ng
tu rbu I

b) Hish s
duri ng

9. Sìudge removal mechanism to
remove sìudge over entire
floor area

10. Downward flow flocculation
chamber constructed integral ìy
with clarifier

1 1. Pul sati ng forces
12. Varies (10-20 minutes)

13. Varjes (11 m/h-15 m/h)
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A schematic of the proposed model incorporating the hydraulic,

operating and bioflocculat'ion design features summarjzed in Table 2.6

is shown on Figure 2.I2.

EFFLUENT OUTLET

FLOCCULAT ION
CHAIlBER

UNIFORIl FLOl^J COLLECTION
DEVICE

t¡î
rf,

æ
t¡J
tl-
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Jo
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UJ
tllo

DOl,JNI,IARD FLOI,I

vrlocrTY ( 11- 15
m/h)

HRT ( 10- 20 rni n )
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DURING SLUDGE
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INFLUENT (

AT BOTTOM

HIGH SLTJDGE BLANKET (storage)
at Qpeak

LON SLUDGE BLANKTT (minimize
turbulence) at Qavg

L)
( I ow IaLSS )

NEI{ SLUDGI REMOVAL IîECHANIS¡1

Fi gure 2. 12 Schemati c of proposed desi gn modeì i ncorporati no hydraul i c ,
operating and bioflocculation concepts

2.4 CONTINUOUS FLUX UPFLOI.¡ CLARIFIER

2.4.1 Description and Operating Characteristfcs

UNIFORII FLOW DSITRIBUTION

The continuous flux upf'low clarifier was developed by C.D.

of Cowatt Systems Limited, Manjtoba. A ìaboratory prototype

continuous upfìow clarifier (herein referred to as CFLUC) was

Hughe s

of the

UPFLOl^f

HSBL

LSBL

t10

oF
t¡:9
\to

SLUDGE
DISCHARGE

ÏANK



44

constructed by Dr. A.B. Sparìing at the Univers'ity of Manitoba. A

descri ption and operati ng characteri stj cs of CFLUC i s addressed i n

this section. A schematic of the upflow cìarifier model is shown on

Figure 2.13.

CFLUC consists of two basic components: the upfìow clarifier,

and the sìudge removal mechanism. The clarifier component consjsts

of the flocculatjon pipe, pressure lock cone, clarjfjer basin, fjlter
deck, overfl ow wei r, ai r supply, and ai r equal j zation tube. The sl udge

removal mechanism consists of the sludge discharge tube, sìudge discharge

tank, and the sìudge effluent pipe.

The operat'ion of the clarifier component 'is descrjbed as

fol I ows . Mi xed ì i quor fl ows down the fl occul ati on pi pe and enters

the clarifier at the bottom. The outlet of the flocculation pipe js

located direclìy above the pressure lock cone. The pressure lock cone

serves two functjons. Fírst'ly, the cone distributes the mjxed'liquor

uniform'ly as jt flows upward through the clarifier. Secondìy, the

mixed ìiquor is prevented from fìowing'into the sìudge discharge tank

by an ajr pressure lock located under the cone and in the s'ludge

discharge tank. As the mixed ì iquor flows upward, flocculated sìudge

particles wjth a density greater than water will settle downward. A

s'ludge blanket interface will form, with the clarified effluent ìeavìng

the unit via the overflcw weir.

The formation of a sìudge blanket is jllustrated'in Figure

2.14. The clarjf ier js norma'l'ly referred to as operating in the

clarification mode. Durìng the clarification mode, the air supp'ly

valve is open and the air release valve is closed. The air pressure

head ín the s'ludge discharge tank is Ín equiìibrjum with the head of
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FÍ gure 2. 13
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NO DISCHARGE

AIR RELEASE--- cLosED

PRESSURE LOCK

INTER FACE

AIR SUPPLY
OPEN

Figure 2.14 Schematic of CFLUC system operating in the clarífication
mode
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water (and friction losses) in the clarifier vessel. This 'is

accompìished through the use of air equaìization tubes, whereby excess

air escapes from beneath the cone through the equaìization tube, thus

mainta'ining a constant air-clarifier jnterface.

Periodicaì ìy, acti vated sl udge has to be removed from the

clarifier to be either returned to the aeration basin or wasted from

the system. To remove solìds from the clarifier, the ajr supp'ly valve

is closed and the air release valve is opened. As shown in Fìgure

2.15 there js a drop in the sìudge blanket level as the accummulated

sludge flows under the cone, in a puìsated vacuum-type fashion, and

into the sìudge discharge tank. The rate of discharge js control led

by the air release rate, and the sludge volume to be removed by the

durat'ion of the air release. Sludqe removal is usua'lìy accompìished

with the use of timers and/or float sw'itches.

0nce the required volume of s'ludge to be removed Ís obtajned,

the air supply valve js reopened and the air release valve js closed.

Duri ng the sì udge removal process , the sl udge bl anket I evel and the

ì iquÍd level wil I drop. Mixed ì iquor, however, flows continuousìy

durìng s'ludge removal and, as a resuìt, the ìiquìd level rjses'in the

clarifier to the overflow weir posit'ion after the sludge removal phase.

As shown in Figure 2.16, the rise in stat'ic head and the new air suppìied

to the sìudge discharge tank forces the slurry of soljds up and out

the sl udge ef f 'l uent pi pe.

Once the sì udge I evel drops i n the sì udge di scharge tank

to a controlled level, the sludge discharge through the sludge effleunt

pipe ceases, and sludge removal is compìete. As noted, we are back

to the orìginaì clarification mode of operation.
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NO DISCHARGE
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OPEN

NO PRESSURE LOCK

NO INTER FACE

AIR SUPPLY
CLOSED

SLUDGE DISCHARGE

Figure 2.15 Sludge removal from clarifier component to s'ludge
di scharge tank
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F'igure 2.16 Sludge discharge mode in CFLUC System
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The puì sed vacuum-type sì udge wi thdrawal , whi ch occurs j n

a matter of seconds, insures un'iform sìudge removal across the entire

floor area of the clarifier bottom. The sìudge blanket drops uniform'ly

during soljds removal wìthout significant turbulence. This method

of withdrawal has dual benefits of clean'ing the filter deck jn a backwash

fashion, while enhancìng bioflocculation in the sìudge blanket and

the flocculation chamber through the generation of pulsating forces.

2.4-Z CFLUC: Fulì Scaìe Application

Two CFLUC clarifiers, each 6.0 m x 8.0 m x 3.0 m (l x w x d),

were constructed as part of a wastewater treatment faci ì'i ty for the

Town of Souris, Manjtoba. As shown in Figure 1.1, air is suppìied

to the clarjfiers by 2 compressors with a rated output capacity of

i190 m3lh each. The design flow and overflow rate through the clarifiers

are 920 ¡¡37¿ and ,g 
^3¡n2.d.

A cross-section of the secondary clarifiers js shown in Figure

2.17. The most noticeable feature of the clarjfjer is the mult'ilpììcìty

of cones . In each cl ari fi er, there are twel ve cones whi ch are

constructed of steel. Míxed 1 iquor flows downward, through the

flocculation chamber, and js transported by a series of plastic pìpes

to each cone. The cones are pos'itoned to ensure uniform and comp'lete

sol ids removal .

The mì xed I i quor then fl ows through the rectanguì ar fi I ter

deck consist'ing of perforated plastic sheets. The filter deck promotes

uniform flow distribution at the outlet and reduces the effects of

internal waves propagating back from the out.let weir to the s'ludge

bl an ket .

The remaining design and operating features of the full-scale
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clarjfier have been previousìy addressed in

features of CFLUC are summarized in '[able 2.7

Section 2.4.1. The unique

(Sparìing, 1984).

TABLE 2.7

FEATURES OF CONTINUOUS FLUX UPFLOI.¡ CLARIFIER

FEATURE CONCTPT

1. Air pressure lock cone

2. Sìudge blanket

3. Pulsed sìudge withdrawal

4. Flocculation chamber

5. Fi I ter deck

6. Inlet flow

7. Upfìow mode

Uniform inlet flow distribution of
mi xed I i quor, avoi d'ing the genera-
tion of mixed currents and short
circujting.

Minimize turbulence and enhance
solids removal through the mechan-
ism of flocculation and entrapment.

Uniform solids removal across clari-
fier bottom and cleans filter deck.

4. Bioflocculation enhancement by
puì sati ng forces ( 3).

5. Uniform outlet flow distribution,
reduces propagation of internal
waves.

6. Inlet flow introduced at bottom to
reduce vertical currents.

7. Less influenced by overf'low rate.

I

2

3
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CHAPTER 3

EXPERII4ENTAL APPROACH

3. I SCOPE OF STUDY

In accompl i shi ng the objecti ves outl i ned j n Chapter 1 , a

ìaboratory study was conducted over a i35 day period. The selected

operating control parameters measured during the experimental program

are outl ined in Table 3.1. The environmental conditions and operating

control parameters were based on similar conditions for a ful l-scale

plant at Souris, Manitoba.

TABLE 3.1

SCOPE OF STUDY - ENVIRONHENTAL CONDITIONS AND

OPERATING CONTROL PARAMETERS

CFLUC SYSTEM
COMPONENT

ENVIRONMENTAL CONDITIONS PARAMETERS MONITORED

1. AIRATION
BASIN

MLSS

MLVSS
SESS
SPSS
TS (xn)

TVS
SV1
pH

a
Qn

2. CFLUC
COMPONENT

pH 7 .0-7 .5
D0 1.0-2.0
overfl ow rate
s'ludge wasting
Temp 20-25"C

pH 7 .0-7 .5 F: M vari es
D0 3.0-5.0 mg/L SRT varies
MLSS 1500-2000 FLOt,l 576 L/d
Temp 20-25'C
HRT 1 day

INFLUENT, COD

INFLUENT, BOD

EFFLUENT, COD

EFFLUENT, BOD

SOLUBLT EFFLUENT

SOLUBLE ML

TURB I D ITY
DISSOLVTD OXYGEN

AIRFLOW RATE

SOLIDS WASTED

18.3 m3lm2.d
vari es

The study was conducted to assess the performance of the

CFLUC system in regards to activated-soljds separation. The new concept
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of upflow clarification in sìudge separation offers the potentÍaì to

improve eff luent quaì'ity wh jle minimìz'ing capitaì and operatìng costs

( Sparì ì ng, 1984) .

3.2 I'IATERIALS AND METHODS

3.2.I Apparatus

A CFLUC prototype used 'in prevìous studies by Sparling (1983)

was empl oyed for thi s stud.y. The I aboratory prototype consi sted

basically of two components; an aeration basin and an upfìow clarjfier.

A sketch of the laboratory unit is shown in Figure 3.f..

The fibergìass aeration basin with an average insjde diameter

of 1.250 m, height of 0.750 m, held a total liquid volume of 576 L.

The outìet of the aeration basin consisted of a 50 mm opening and was

shielded wjth an alumjnum baffle to reduce surging effects. l4ixìng

in the aeration basin was provìded with a'laboratory mjxer (l4odel #

103, T-Line Paddles and Accessories). Air was continuously supplieci

to the aeration basin from a laboratory air compressor. The air was

distributed to four coarse bubble djffusers through a copper manjfold.

The four air d'iffusers were positioned at the bottom of the aeration

basin (S0 mm from basjn bottom). The air flow rate was measured through

a glass aìr/gas flow rator (series 104 3500 - F'isher and Porter). A

photograph of the aeration basin and ai r supply system is shown in

Fi gure 3. 2.

The synthetic raw waste entered the top of the aeration basin

liquid level through two influent feed l'ines. Tap water was pumped

from a continuousìy filling water reservoÍr through one of the feed

lines. Concentrated jnfluent feed was pumped through the second feed
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Figure 3.2 Photooraph of air supply system and aeration basin

líne and míxed with the tap water using a polypropylene tee connection.

The concentrated influent storage reservoir was located in a refrigerator
to prevent deterioration and souring of the synthetic raw waste.

Pumpi ng was accompl i shed usi ng a Masterfl ex@ mul ti -channel

variable speed pump (NoOet 7567, Cole-parmer Instrument Company). Tygon

tubing was used for al I gas and ì iquid transport I ines in the

experimental unit. Pump membrane tubing was replaced weekìy to reduce
'laboratory errors associated with varying flow rates resuìting from

worn tubing.

The mixed liquor flowed from the aeration basÍn through a

50 mm orifice located 80 mm from the top of the aeration basin. The

mixed liquor flowed downward for a distance of 2.1g0 m through a b0

mm A.B.s. pipe. As shown on Figure 3.3, the mixed liquor entered the

bottom of the upflow clarifier unit. The pìexiglass upfìow clarjfier
sectíon has an outside diameter of ZIS fiffi, inside diameter of Z0Z mm,
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and a totaì depth of 2.500 m. Four sampììng poìnts (12 mm ID nippìes)

were provided for testjng purposes.

As the mixed liquor flowed upward, the solids were separated

and the effluent passed through a rockfilter and out the overflow weir.

A cross-section of the rock fi I ter i s shown in Figure 3.3. Graded

granite rock Ì^ras pìaced on a perforated acryì ic disc (approximately

50 mm in thickness) to form the filter. The djsc, which 'is 202 mm

in diameter and 6.4 mm jn depth, has 9 mm diameter holes drilled in

at 25.4 mm centre. A tube, 38.1 mm in diameter, was attached to the

disc to provÍde an access opening for a mixer (Modeì # I02 - T-Line

Paddl es and Accessori es ) . The mi xer was used to dì sperse f'l oati ng

solids that could accumulate under the filter.

As shown in Figure 3.3, air was suppìied to sìudge discharge

tank # 2. The supp'ly of air passed through an air pressure reducing

valve (Pf = 82.8 kPa) and was transported to the sludge discharge tank

via 12.7 mm I.D. tygon tubing. A cut-off valve was installed on the

air supply line to control the volume of air transported to the tank.

As a safety measure, the Masterflex@ pump was connected to an air

pressure act'i vated swi tch. In case of a mechani cal fai I ure of the

air compressor and/or corresponding reduction in air pressure the

synthet'ic raw waste flow would be shut off automatically. Two excess

air tubes (25 mm I.D.) were constructed integraì1y with the cone. To

ensure an airtight seal, a silicon rubber compound was applied to all

pìexigìass-rubber interfaces. The excess ajr tubes extended upward

from the clarifier wall jnto a suspended reservoir where the air was

allowed to escape into the atmosphere.

Sludge was removed from the clarifier into sludge discharge
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tank # L by the release of air from sìudge dìscharge tank # 2. Thjs

was accompì'ished automatica'lìy using an air-gas solenoid valve (50

mm I.D" - 60 cycìe - I20 volt, Ascoelectric Limited) and time swjtches

(Model # 60M 800 l, Tork Time Control Inc.). 0nce the required volume

of sludge was removed from the clarifjer into tank # I and # 2, the

air suppìy valve was opened and the air release valve was closed. The

new air suppìied to tank # 2 was transferred through a 12.5 mm connecting

tube into tank # I. The new air forced the sìudge from tank # 1 jnto

tank # 2, through a connecting tube (50 mm I.D.) located between the

two tanks at the bottom of the clarifier. The s'ludge then flowed from

tank # 2, through a sludge effìuent pipe into a sìudge reservoir. S'ludge

was manualìy wasted from the reservoir and/or purnped back to the aeration

basin. This was accomplished using a submersible pump (Model # l-42,

Little Giant Pump Company) which was automatical ìy control led with

a timer switch. The cycìic pump rate was selected based on a detention

tjme of less than 30 minutes to avo'id anoxic conditions and sludge

deterioration in the s'ludge reservoir. A photograph of the continuousìy

fed CFLUC system is shown in Figure 3.4.
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. .,.æ

Figure 3.4 Photograph of upflow clarifier and sludge discharge tanks

3.2.2 Experimental Procedure

The experimenta'l program was deveìoped and conducted in two

phases (herein referred to as phase A and phase B). phase A of the

experiment was termed the "start-up and accl Ímation phase". During

thi s phase, the primary objecti ve was to accl imate the seed sl udge

to the synthetic raw waste. 0perating conditions for a specÍfic F:M

ratio were monitored during the accl imation phase. The F:M ratÍo
selected during the accl imation period was an average of the range

of F:M ratios that the experÍmental unit would be tested with during
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the second phase of the program. A secondary objectì ve was to
characterize the synthetic raw waste and define the operating control
parameters.

The primary objective during phase B of the experimental

program was to evaluate the soì ids-separation performance and

efficiencies of the laboratory unit at four different F:M ratjos and/or

SRT vaìues. SÍnce the biologicaì operating parameters are directìy
related to the setiling characteristics of the sìudge, substrate removal

efficiencies were also monitored to assess the bioìogical activ.ity
and operating performance of the System. Figure 3.5 i I I ustrates the

overall time commitment in carrying out the experimentaì program. A

further description of detai led experimentaì procedures dur.ing phase

A and phase B are addressed in this section.

(i) PhaseA-Start-u pan d Accl imation P ha se Stud.y

Return sì udge from an extended aeration pì ant i n Sel ki rk,
Mani toba was uti I i zed as seed for the ì aboratory uni t duri ng the

accl imation phase. The average influent strength of the wastewater

to the selkirk pìant was 360 mgll cOD, the HRT, MLss and F:M ratio
for the aforementioned plant was determined to be 19.s h, zB00 mg/L,

and 0.16 d-1, respectiveìy.

The fi rst objecti ve of the accl Ímation period study was to
define the design and operating control parameters of the'laboratory
unit. These are summarized in Tabìe 3.2

As a means of eva'luating flow accuracy, the variance in flow
rates (i.e. pumped by the Masterflex@ pump) was checked at three
different flow rates. The variations were calculated by conduct.ing

fi fteen measurements wj th a graduated cyl i nder over a one hour time
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TABLE 3.2 DESIGN AND OPERATING CONTROL PARAI'IETERS FOR THE LABORATORY UNIT

AERATI ON

BASIN

UPFLOl^l

CLARi FI ER

FLOCCULATI ON

CHAMBER

Q OVERFLOW RATE

mL/min-1 *3¡¡n2.day

VOLU14E

Li tres

AREA

n2

0.0324

AREA
cn?

20.3

390

805

1 200

So
COD

n9/L
400

INFLUENT FLOI^J

mL/m'in

400

OVERFLOl^l

24

RATE

n/h

0.8

VE LOC ITY
n/h

11 .8

MLVSS
ng/L

i 500- 2500

HRT

HRT :M
OD
-1

F

c
d

576

L/d

576

h

.2r

HE I GHT

m

2.33

HE IGHT
m

?.r8

390

805

r270

h

SOLIDS LOAÐiNG

kg/nzn

11.0

TABLE 3.3 FLOI.I VARIATIONS AT DIFFERENT OVERFLOI.I RATES

TEST RUN (One Hour Period)

3.1 1.1-1.9

HRT

min

400 400 395 405 410 410

820 820 820 820 820 820

r2r0 r2r0 1210 1210 r2r0 1270

^3¡¡n2.d
18. 3

DOl^fNl'lARD

cmlmj n

19.7

r23456789101112131415
AVERAGE Q

mL/mi n

399.7

813. 6

T2IO

400

800

1 200

18. 3

36. 6

54.9

390

805

1 200

395

805

IzTO

400

810

r270

400

815

I2TO

400

820

r220

400

810

I?T5

410

820

I2I5

Oì
(¡)
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period. The results are tabulated in Table 3'3'

Thereappearedtobeljtt]evarianceinflowrateatthe

design flow of 400 ml/min. Since all test runs were conducted at thjs

flow rate, the control accuracy was within 400 t 2'5 mL/min' Th'is

is acceptable. However, to minimize the effects of th'is varjation

and possibìe flow variations due to worn tubìng, the flow rates were

mon jtored dai ìy before samp'l'ing and adiusted when necessary'

The second ob ject'i ve of the accl i nlat j on phase study was to

characterize the synthetic raw waste. The synthetic raw waste consisted

primarjly of mjlk solids supp'lemented w'ith additional nutrients' A

concentrated stock feed solution was prepared which was fed contjnuously

and m'ixed with tapwater, to the desired influent raw waste concentration'

The concentrated stock feed solution cons'isted of various constituents

to provide the microorganj sms wi th a substrate of organic carbon '

n.itrogen, phosphorous, ffij scel I aneous nutrients and al kal i n'ity' The

organic carbon was provided in the form of skim m'ilk solids (Modern

Dajries Brand), beet extract, (Difco Brand), and yeast extract (BBL

Brand). The composition of the dry milk soljds is ìllustrated'in Table

3. 4.
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TABLE 3.4

COMPOSITTON OF DRY I,IILK SOLIDS

CONST I TUENT PERCENT BY

l^lE IGHT
CONCENTRATION OF

STOCK FEED

s/L

Butterfa t
Prote i n
Ca rbo hyd ra te s
Organi c Carbon
Nitrogen (N)
Phosphorous (e0a)

0.8
35. 0
55.0

23
1

0

.4 o2

.33

.27

Additional 'inorganic (nitrogen) was provìded jn the form

of ammon'ium su'lphate and inorganic phosphorous in the form of mono

and dibasic potassium phosphate. The additional nutrients (excluding

milk solids) and their respectÍve concentrations are shown in Table

3. 5.

Soda Ash (Na2C03) was added to provide the necessary alkalinity

required for pH control. Approximateìy 80 grams of alkalinity (CaC03)

was added per gram of nitrogen. This quantity was based on alkalinity

requirements for nitrification and pH control. The soda ash solution

was added directly to the aeration tank so as to avoid chemical

precipates in the stock feed solution.

Trace metal s were added to the stock feed sol ution. A

concentrated trace metal solution of four ljtres in volume was prepared.

A volume of one mL of trace metal solution was added per litre of stock

feed solution. As illustrated Ín Table 3.6, this resulted in a trace

metal concentration of 6.6 mg/L for each trace metal added jn the stock
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TABLE 3.5

COMPONENTS AND CONCENTRATIONS OF ADDITIONAL

NUTRIENTS IN STOCK FEED SOLUTION

COMPONENT
COMPONENT

CONCENTRATI ON

s/L

CONCENTRATION OF

DESIRED CONSTITUENT

s/L

Organic Carbon

Beef txtract
Yeast Extract

Ino anic Nutrients

)z soq

0
0

60
15

3.37 02
trace

( NH+

KH2P
KzH
CaCL

04
( Po+

2-2H

r.67
0. 33
0. 33
0.27
0. 20
0.20

NH4-N
Poq
Poq
Ca

t4g

Mn

7

1

1

0
2
0

B6
45
90
98
03
2I

)

20
20
20

MgS04.7H
MnS04.7H

Al kal i nj ty

Na2C03 25.25 23.8 CaC03

TABLE 3.6

TRACE I4ETAL CONCENTRATIONS IN STOCK FEED SOLUTION

CHEMICAL
ADDED

CHEMI CAL
CONCENTRATION

ßtr)

TRACT MITAL
CONSTITUENT

TRACE MITAL
CONCINTRAT I ON

(g/t)

FeCL3

l'ln S04. H20

CoCL2

CuS04. 5H20

H3 803

Zn S04

( NHa) 6M070244H20

ALCL3

19.25

20.57

14.62

25.23

36.62

16. 50

12.20

33. 00

6.6

6.6

6.6

6.6

6.6

6.6

6.6

6.6

Fe

Mn

Co

Cu

B

Zn

M

AI
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feed sol ution.

The stock feed solution was prepared jn 20 L volume quant'itjes

and stored j n a refri gerator at 4"C. Duri ng the accl i mati on peri od ,

dilute raw waste feed was prepared in concentrations ranging from 350

to 400 ng/L COD. A dilutjon factor (P) of 66.67 (6 ml of stock feed

per 400 ml of tap water) was utilized. The average COD:N:P ratio of

the di I uted feed sol uti on was 100: 11: 3. The concentrati ons of the

constituents of the diluted raw waste feed are shown in Table 3.7.

An analysis of the diluted synthetic raw waste for cOD'

nitrogen and al kal inity concentrations was conducted to confi rm the

values shown in Table 3.7. The results of the analysis are tabulated

in Table 3.8.

The acclimation phase commenced on August 24, and terminated

gctober Zl. A summary of data collected over the 65 day acclimation

perìod study is shown in Table 4.1, Appendix A. The operating conditjons

of the system were stabi I 'i zed by September L4. The sol i ds retent'ion

time during the period September L4 to October 14 was estimated to

be 26 days and was based on periodic solids wast'ing calculations shown

in Table 4.2, Appendix A. A clarifier upset, attributed to power fajlure

in the laboratory, resulted in the loss of 45% of the solids on October

15. The concentrated feed rate was increased to increase the

concentration of bacterial cells in the system. Stab'ility was achieved

by gctober 27. The rapid assimilation of the substrate and cell

generation confirmed that the microorganjsms were well acclimated to

the substrate.

se B - Execution of Experimental Plan(ii) Pha

Subsequent to sludge growth and acclimation, the second phase
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TABLE 3.7

CONCENTRATIONS OF DILUTED RA}I I.'ASTE CONSTITUENTS

CONSTITUENT
CONCTNTRATI ON

STOCK FEED
(g/L)

CONCENTRATI ON

DILUTED RAl^l I,IASTE

mg/L

DILUTION
FACTOR

c0D 26.7 4 66.7 400

Tota l
0rgan i
i no rga

N i trogen
cN
nic N

3.0
1.33
1.67

45
20
25

66.7
66.7
66.7

Total Phosphorous
Organic P

Inorganic P

66.7
66.7
66.7

T4
4

10

93
27
66

0
0
0

Cal c'ium 0.27 66.7 4

Magnes i um 0. 20 66.7 3

Manganese 0. 20 66.7 3

Yeast Extract 0. 15 66.7 trace

Trace Metal s 6.6 66.7 0.1

Al kal jnity (CaCO:) 23.8r 66.7 357

TABLE 3.8 ANALYSIS OF DILUTED SYNTHETIC RAI'J I'IASTE

DATE ACTUAL

COD mg/L

N I TROGEN

NH3-N ORGANIC N TKN-N

pH ALKALINITY

CaC03

Sept. B/84
Oct. 4/84
0ct. 6/84
0ct. 7 /84

4i 1.0
403.0
407 .0

9.4
9.1

022.024.0 46
389
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of the experimental pìan was to evaluate the sol ids-separation

performance and the efficiency of the CFLUC system at various organìc

loadings. An outline of a tentatjve experimentaì design p'lan is shown

in Table 3.9. All testing was conducted at the same HRT.

TABLE 3.9 EXPERIMENTAL DESIGN PLAN: PHASE B

l..lEEK

MLSS
ng/L

F:M (C
days-

HRT

days
TIMI PTRIOD

PERI OD

so(coD)
mg/L

OD
1

RUN

fr

1

2

Oct 28-Nov 3

Nov 4-Nov 10
i 500- 2000
1 500- 2000

140
140

0.09-0.12
0.09-0.12

1.0
1.0

81 AC

81 T

1.0
1.0

0.2
0.2

3
4

Nov 1l-Nov 17
Nov l8-Nov 24

1 500- 2000
1 500- 2000

350
350

2-0.29
2-0.29

82 AC

82T

1.0
1.0

v2
c2

No

De

5

6
S-Dec I
-Dec I

1 500- 2000
I 500- 2000

0.55-0.73
0.55-0.73

83 AC

83T
875
875

7

B

Dec 9-Dec 15
Dec 16-Dec 22

2000- 2500
2000- 2500

0.93-1.16
0.93-1.16

1.0
1.0

1850
1850

84 AC

84T

Previous studies by K'lapwijk et al. (1981) for upflow

clarifiers indicated that the best results for test data Ís that the

test run be conducted for at least three times the SRT.

Each experiment, however, wou'ld take too ìong so Klapwijk conducted

his experiments for at least three times the HRT before coìlecting

data, In this experimental p'lan, a period of six days or six times

the HRT was selected as a guideljne for the acclimation periods (Run

# 81 AC, BZ AC, 83 AC, and 84 AC) between test runs (Run # 81 T, Bz

T, 83 T and 84 T). By monitoring parameters such as MLVSS, SVI and

waste removal efficjencjes, one could accurately define the time periods
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corresponding to the accl imatjon period and steady state conditÍons.

Adjustments were made to the experimental desi gn pì an i n test runs

where ìonger or shorter acclfmation tjme periods were required to achieve

steady state operating conditions.

Testing for phase B of the experimental study commenced on

0ctober 20, 1983 and termjnated January 5, 1984. Two additional weeks

of acclimation were required in test runs # 82 T and 84 T to achieve

steady state conditions.

Over the 70 day experimental study, test data were collected

for the four F:M ratios and/or SRT values being investjgated. The

sampl ing procedures and anaìyti ca1 measurements for the study are

addressed in the follow'ing section.

3.3 SAHPLING AND ANALYSIS PROGRAH

A sampìing and analys'is program was developed for the

experimenta'l study and is shown in Table 3.10.

Most anaìytica'l measurements were conducted twice daily (09

00 and 16 00 h) to accurately monitor and define environmental conditions

in the system. All tests, excluding the COD test, were anaìyzed

immediately, after withdrawal from the aeration bas'in and the upf'low

clarifier. Samples for the COD test were acidified with sulphuric

acjd to pH 2.0. The COD samples were ana'lysed within 48 hours of

preservati on .

Samp'les for the SESS test were withdrawn from the overflow

weir. 0n alternate days, sampìes b/ere also withdrawn at various sampìe

port locations in the clarifier (above the sludge blanket). These

sampìes were analyzed to determine the influence of the rock filter
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and the sìudge blanket depth on SESS concentrations.

TABLE 3.10 TIME SCHEDULE FOR ANALYTICAL MEASUREMENTS

COMPONINT

ANALYS I S
PARAMETER

SA¡,IPLING TIMES
DAILY l.lIEKLY

ANALYSIS
PARAMTTTR

SAMPLING TIMES
DAILY l.JEIKLY

AE RAT I ON

BASIN
Flow Rate
pH

DO

14LSS

MLVSS
SVI

XX*
XX

XX

XXX

XXX

XX

X

X

XX

XX

BODq ( Feed )
COD- ( Feed )
COD (Feed) Soluble
Air Flow
Temperature
Mi croscopi c
Exami nati on

XX

X

UPFLOt,l
CLARIFIER

pH

DO

Temperature
SESS
SPSS
Turbidity (EFF)
B0Ds (EFF)
coD (EFF)
cOD (EFF)
Sol ubl e

TS S'ludge
TVS Sì udge

S1 udge Di scharge
S1 udge Heì ght
Sì udge l,Iast'ing

XX

XX

XX

XX

XX

XX

XX

Y

X

XXXX

XX

XX

XX

vari es

* NOTE: X denotes the number of times samples taken jn a day and/or
week.

Sludge samp'les were obtained during discharge from the sludge

effluent pipe and were analyzed for total and total volatile solids.

The data was analyzed to assist in the determjnation of sludge wasting

and recycle rates. Periodical'ly, solids were withdrawn from the sampìe

port locations to determine the average sol ids concentration in the

fluidized sludge blanket.

Al I g'lassware was washed with hot soapy water and rinsed

with tap water. The gìassware was then washed wjth concentrated
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chromic-sulphuric acid cleanìng solution, rinsed with tap water,

distilled water and dried at 103'C in a drying oven.

3.4 ANALYTTCAL TECHNIQUE

3.4.1 FIow Rates

The flow rates of the concentrated feed lines and dilution

water (tap water) were checked twice dajly using a graduated cyìinder

and a stop watch. Tþree measurements were taken and the approþiiate

flow adjustments were made on the Masterflex@ multi-channel variable

speed pump. A substantial varying flow rate was usual'ly an indication

of worn pump membrane tubing.

3.4.2 ,pI

The pH of the mixed 'liquor and effluent was determined by

the gìass electrode method given in Standard Methods (anon., 1980).

A Radiometer Type PHM 29 b pH meter was used jn conjunction with two

eìectrodes. The pH electode and reference electrode was manufactured

by Fisher Scientific. The pH electrode was a universal g'lass pH

electrode (Cat. No. 13-639-3) while the reference electrode was a calomel

reverse-sleeve reference electrode (Cat. No. 13-639-ô1). Prior to

pH determinations, the pH meter was calibrated with a set of buffer

solutjons at the temperature of the sampìes to be anaìyzed. The accuracy

of the pH meter was established by the manufacturer to be t 0.03 pH

units.

3.4.3 Dissolved 0xygen

The membrane electrode method given in Standard Methods (Anon.,
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1980) was used. The dissolved oxygen was measured using a ySI Model

518 oxygen metcr and a YSI Model 5739 menrbrane eìectrode. The oxygen

meter was calibrated against a water sample of known dissolved oxygen

concentration, as determjned by the modified azide idometr.ic method.

The membrane eìectrode system can obtain an accuracy of t 0.1 mgll D0.

3.4.4 Non-Fi I trabte and Volati'te Resi due

The mixed ì iquor suspended sol ids (MLSS ) and non-fi I trabl e

residues (SESS) were determined using Method 2Og 0 ,'Totaì Non-filtrable
Residue dried at 103-105oc". The mixed 'l iquor volati le suspended sol jds

(MLVSS) were determined using Method 2og Ë "Total volatile and Fixed

Residue at 550oC". Both methods are described in Standard Methods

(Anon. , 1980). Dupì icates of each samp'le were analyzed immediate'ly

after col lection.

3.4.5 Total and Volatile Soìids

Sìudge samples were anaìyzed for total and volati le sol ids

using Method 209 G, "Volati le and Fixed I'latter in Non-f j I trable and

in solid and semisolid sampìes" as described in standard Methods (Anon.,

1980). Duplicates were anal yzed for each sampìe

3.4.6 SIudqe VoIume Index

The sludge volume index test was utilized as a routine process

control parameter to monitor the sett'l ing characteristics of the

activated sìudge. The sludge volume index was measured in accordance

with Method 213 C "Sludge Voìume Index" as described in Standard Methods

(Anon., 1980)
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3.4-7 Supernatant Suspended Sol ids ( SPSS )

The mixed ì iquor suspension for the SVI test was al lowed

to settle for an additional 30 minutes. A supernatant sample was drawn

off using a syphon. The SPSS'concentration was determined in accordance

with Section 3.4.4.

3.4.8 Turbidity

The turbi dì ty of the effl uent was measured

nepheìometric turbÍdimeter (Model DRT-150) as manufactured

Instruments Limited, 0ntarjo, Canada. The "Nepheìometric

usr ng a

by H.F.

Method " ,

was usedsection 214 A as described in Standard Methods (Anon. , 1980)

for determination of turbidity.

3.4.9 Chemical Oxyqen Demand

Al I chemical oxygen demand test determ'inations empìoyed a

colorimetric method described by Knechtel ( 1978). The samp'les were

p'laced in Kimax 25 x 150 mm culture tubes. Digestion reagents were

added and the Kimax tubes were then tightìy capped with teflon-lined

bakelite caps. The culture tubes were inverted three times to ensure

uniform mixing of the contents and p'laced in a 150'C oven for three

hours to digest the oxygen demanding material. After cooìing in a

water bath (tf¡is practise has recent'ly been discontinued due to safety

reasons), the tubes were placed in a Baush and Lomb, Spectroni c Z0

spectrophotometer and absorbance and transmittance readings were taken

at a 600 mm wavelength. A COD analysis was conducted on two repìicates

of each sampìe and standards. Each set of potassium acid phtalate

standards were measured to obtain a cal ibration curve. The COD of
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the unknown sampìes were determined from the calibration curve. Total

and soluble COD determinations were determ'ined from the mixed liquor

sampìe. In order to determine removal efficiencies, COD determinations

were also conducted on influent and effluent samples.

3.5.0 Biochemical 0xygen Demand

The BOD5 of the influent and effluent sampìes were determined

using Method 507 "Oxygen Demand Biochemjcal" as described in Sta nda rd

f'lethods (Anon. , 1980). The samp'les were ana'lyzed immediateìy, therefore

provisions for preserving the sampìes were not required. The djssolved

oxygen measurements conducted on the prepared sampìes and di I ution

water blanks were determined using the method outlined in Section 3.4.3.

3.5.1 l¿licroscopic Examination

Mi croscopi c examj nati on of the mi xed 'l i quor was conducted

on a daily basis to identify major microorganism types. The examjnation

of microorganjsms gave a quick indicat'ion of treatment efficiencies

and operation in accordance with a b'iological growth curve. A Bausch

and Lomb, Balp'lan microscope was utilized for the test.
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CHAPTER 4

RESULTS

4.I SUI.IMARY OF SOLIDS SEPARATION DATA

The results of the solids separating performance of the CFLUC

system at various F:M ratios are presented in Tabìes 4.1 to 4.4,

i ncl usi ve. The tabul ated data represents the average dai ly val ues

of the ana'lytícaì results during steady state operating conditions

for each test run. As d'iscussed in Section 3.2.2, one could accurateìy

define the time periods corresponding to acclimation and steady state

operating conditions by plotting the operating parameters: SRT, MLSS

and waste removal efficiencjes versus time. As shown on Figure 4.1,

the aforementioned operat'ing parameters remajned re'latively constant

with time during steady state operat'ing conditions. Data tabulated

for runs 81 AC, BZ AC, 83 AC and 84 AC have been excluded from further

analysis but are shown in Tables 8.1 to 8.4, Appendix B, jnclusive.

The daily results presented in Tables 4.1 to 4.4 have been averaged

and are sumamrized in Table 4.5

As shown in Table 4.5, the environmental conditions (ph'

Do and Temp.) remain relativeìy constant during the test periods. The

onìy operating parameter that lvas s'ignificant'ly varÍed was the organic

ìoading and MLSS concentrat'ions. A summary of the F:M rat'ios and SRT

values corresponding to each test run are shown jn Table 4.6.

In determin'ing the F:M ratios corresponding to each test

run, an analysis of the jnfluent characteristics and removal efficiencies

was conducted. The results were tabulated and are shown in Tables

C.1 to C.4, Appendix C, inclusive. The influent has been characterized
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TABLE 4.1 STEADY STATE OPERATING CONDITIONS RUN # B1T; F:l.l = 0.10 g C0D/g ÞlLVSS.d

AERATION BASiN UPFLOW CLARIF]ERDATE

I.IONTH DAY

pH TEMP
oc

DO

mg/ L

SVI
ng/ L

pH DO

ng/L
TURB I D ITY

N.T.U.

Nov

Nov

Nov

Nov

Nov

141

149

r42

r44

144

7.75

7.70

7.70

7.68

7 .65

3.3

2.9

?.9

3.6

4.0

2.r

2.2

2.9

2.6

3.4

99. 5

99. 5

99 .4

9v. 4

99.2

7

I

9

10

11

7 .55

7.50

7 .48

7 .45

7. 50

5.3

5.0

4.2

5.3

6.0

18. 0

18.0

18. 0

18.0

17 .5

MLSS

ng/ L

1705

i608

1490

1517

1 525

[ILVSS
ng/ L

1368

1 335

125 5

r337

r255

TEMP
OC

19. 5

?.0.0

20.0

20.0

19. 5

SE SS

ng/ L

8.9

8.6

8.8

8.8

11.5

S PSS

ng/t

34. 0

37 .5

40. 0

35. 0

REMOVAL

lo

\t
co



TABLE 4.2 STEADY STATE 0PERATING CONDITIONS RUN # B2T; F:M = 0.24 g COD/g l.lLVSS.d

AERATION BASiN UPFLOW CLARIFIERDATE

I4ONTH DAY

pH DO

ns/ L

SVI
ng/ L

pH DO

ms/ L

Nov

Nov

Nov

Nov

Nov

Nov

Nov

Nov

Nov

Dec

22

23

24

25

26

27

28

29

30

1

7 .63

7 .63

7 .63

7.53

7 .68

7 .65

7 .82

7 .60

7 .50

7.50

6.0

5.9

6.0

4.9

6.6

5.9

6.2

Ão

5.6

6.5

r523

1 460

r437

141 5

1 507

i485

r452

r327

1 553

140 5

103

r02

96

105

101

TO?

i98

101

105

104

7.75

7.75

7.75

7.70

7.77

7.75

7 .90

7 .63

7.68

7 .55

2.4

2.4

2.5

7.7

2.9

2.7

3.3

2.6

?.6

2.3

44. 5

520

7 4.0

44.0

54. 0

53. 0

7 2.5

52. 0

48. 0

54.0

TEMP
oL̂

i6. 5

16.0

16.0

16.0

16.0

16.0

16. 0

16.0

16. 0

16. 0

MLSS

mg/ L.

1978

18 18

17 62

i685

17 67

177 3

165 5

i6 35

17 38

17 67

ML VSS

mgr"J

TEMP
oc

18. 5

18. 7

i8. 3

18. 5

18. 5

18.0

18.0

78.2

18. 3

18. 0

SE SS

ng/ L

14.2

22.4

21.9

16. 9

22.4

?T.I

24.3

t9.2

15. 4

19. 3

SPSS
ng/ L

S.S
REMOVAL

99. 3

98.8

98.8

99.0

98.7

98.8

98. s

98.8

99. i

98. 9

!
\o



DATE

NONTH DAY

TABLE 4.3 STEADY STATE OPERATING C0NDITI0NS RUN # B3T; F:Î'l = 0.41 g CAD/g MLVSS.d

AERATiON BASiN UPFLOW CLARIFIER

pH DO

ng/L
TIMP

oc
MLSS

ng/L
14LVSS

mg/ L

207 5

21 10

2070

2060

?039

SVI
ng/L

381

390

391

394

383

SESS
ng/L

7.4

6.7

6.5

10. 3

6.5

SPSS
ng/L

7,I

8.8

6.7

rt.7

9.0

S.S
REMOVAL

pH DO

ng/L
TEMP

"c

Dec

Dec

Dec

Dec

Dec

4.r

5.1

4.9

4.7

4.2

15. 5

16. 5

15. 5

75.2

15. 0

7.70

7.73

7 .60

7.70

7.50

17.5

77 .5

17 .7

i7 .0

17 .0

99.7

99.7

99.7

99. 5

99.7

7

8

9

10

i1

7 .66

7 .67

7 .63

7 .60

7 .60

2457

2455

2478

2437

2500

1.1

1.3

1.3

5

9

1

0

oo
O



TABLE 4.4 STEADY STATE OPERATING CONDITI0NS RUN # B4T; F:H = 0.83 g COD/g I'1LVSS.d

AERATION BASIN UPFLOl,l CLARIFIERDATE

MONTH DAY

pHSVI
ng/ L

DO

ng/ L

Dec

Dec

Dec

Jan

Jan

Jan

Jan

Jan

29

30

3i

1

2

3

4

5

pH

7.75

7 .68

7 .60

7 .60

7 .63

7 .60

7.70

7.70

DO

ng/L
TTMP

OC

15. 0

15.0

i 5.0

15. 0

15.0

15. 0

15.5

16.0

MLSS

ng/ L

2442

23L3

2567

2637

25 10

2667

2537

2493

MLVSS

mg/L

2743

2r63

2287

2377

2140

2290

2740

TEMP
o

Û

17 .0

77 .0

17 .0

17 .0

18.0

18. 0

18.0

18. 5

SESS

ng/ L

37 .0

34. 0

41 .0

39. 5

43. 0

44.0

44.3

33. 3

S PSS

mg/ L

31.0

34.2

36. 5

S.S
REMOVAL

98. 5

98. 5

98. 4

98. 5

98. 3

98. 4

98. 3

oa7

4.9

5.1

4.4

4.4

6.0

4.3

4.2

3.0

389

409

372

365

382

364

376

381

7.78

7.75

7 .68

7 .65

7 .63

7.70

7.75

7 .80

1.0

0.7

0.8

0.8

0.8

0.8

0.7

0.6



TABLE 4.5 SUMI'IARY OF AVERAGE RESULTS DURING STEADY-STATE CONDITIOI{S

AERATION BASIN UPFLOW CLARÏ FIERTEST

RUN

B1T

BzT

B3T

B4T

pH

TEST

B1T

B?T

B3T

B4T

DO

ng/t
TEI4P

oc

17 .9

16. 1

15.5

15.2

I'ILSS
ng/L

1 569

17 58

2465

252r

I4LV SS

mg/L

1310

1456

207 r

2220

SVi
ng/L

r44

r02

388

380

DO

ng/L
TEMP

oc

19.8

i8. 3

t7 .3

17 .6

pH ST SS

ng/L
S PSS

n9/L

9.3

19.7

7.5

39. 5

SRT
d

net growth = 0

27 .t

9.1

4.2

SS REMOVAL
o/
/o

99 .4

98. 9

99.7

98. s

7.50

7 .62

7 .63

7 .66

7.70

7.7?

7 .65

7.72

36. 6

54.8

8.7

33. 9

5.2

6.0

4.6

4.5

I N FLUENT
COD

ng/L

I N FLUTNT
BOD

ng/L

3.3

7.2

0.8

TABLE 4.6 SUI4MARY 0F F:M RATI0S AND SRT VALUES

52

F: þ1 RATI0

r32

346

857

1837

87

210

552

906

i 310

1 456

207r

2220

HRT

24

24

24

?4

0. 10

0.24

0. 41

0.83

I'lLVSS
ng/L h gC0D/gMLVSS. d gBOD/gMLVSS. d

0.07

0. 14

0.27

0.41

æ
f\)
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jn terms of COD and BOD. During the course of the testing, BOD/COD

relationships were deve'loped to reduce extensive BOD testing. The

average B0D5/C0D value was 0.60 during the test program.

In determining the SRT val ues corresponding to each test

run, a solids ana'lysis was conducted to determine the sludge wasting

rates and the characteristics of the return s'ludge. The results were

tabulated and are shown in Tables C.5 to C.8 inclusive, Appendix C.

Typicaì calculations for the F:M rat'ios, and SRT values are shown jn

Appendix C.

4-2 Evaluation of Bfokinetic Constants

An eval uation of the bìoki neti c constants was conducted to

confirm the vaìidity of F:M ratios and SRT values shown in Table 4-6.

As discussed in Section 2.2.3, the SRT is related to the reciprocal

of the net microb'ial growth rate by the fol'lowìng equation:

(7 )

A plot of the specific oxygen utilization rate, IF:M/100]E'

versus the specific growth rate, [I/SRT], should result in a

sträight-ì.ine function. The straight line function would indicate

that the yie'ld constant, Y, was identical for each selected F:M ratio

and would also verify that steady-state conditions had been achieved

in all test runs. The derived biokinetic constants (Y and Kd) could

also be compared wíth other literature sources to further verify the

test data.

The first step in evaluatìng the biokinetic constants was

to determine the process efficiency (E jn percent). The process

efficiency can be defined by the following equation:

1

SRT
=Y[ffitE-K¿
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it'x100=E (B)

The process efficiency is determined by measuring the soluble

B0D5 and/or soluble C0D in the influent and effleunt. In this test

program, the COD test was the most convenient and accurate method of

measuring process efficiency, however, not without its limitatjons.

The COD test measures both biodegradabìe and non-biodegradabìe organic

matter. It is, however, only the biodegradab'le portion that influences

the biochemical process. The derivation of biokinetic constants in

previous kinetjc models have been developed solely on the soluble

biodegradab'le organic fraction. Grady and Lim (1980) concluded that

the efficiency of the process can be corrected for the non-biodegradab'le

COD by subtracting this value from the influent and soluble effluent

concentratjons. This can be mathematicalìy expressed as follows:

So=Co-Ci

S=C-Ci (9)

where: Ci = non biodegrabale COD

Co = influent concentration

C = soluble COD effluent concentration

A summary of the corrected process efficiencies at the various

F:M ratios and/or SRT values is shown in Table 4.1

There is a decrease Ín the corrected process efficiencies

with a substantial increase in the F:M ratios. The corrected values

for the process efficiency urere used in the development of the arithmetic

plot shown on Figure 4.2.
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The biokinetic constants, Y and Kd, derived from the plot

were determined to be 0.35 mglmg and 0.04 days-1, respectiveìy. It
is interesting to note that the specific growth rate was zero at a

TABLE 4.7

C0RRECTED PROCESS EFFICIENCIES AT VARIOUS F:ltl RATI0S AND SRT VALUES

TTST SRT
RUN d

F:M

sC0D/SMLVSS. d
E

EFFICIENCY

''3;''* 
too

CORRTCTED

TFFICIENCY
So-S/S0 x 100 (%)

Co

mg/L
C

ng/L
cl'

mg/L

BiT

B2T

B3T

B4T

27 .0

9.0

4.2

37

37

37

37

0.10

0.24

0. 4i

0. B3

r32

346

857

1837

37

37

44

r52

7 2.0

89. 3

94.9

9r.7

= 100.0

= 100.0

99.2

93.7

specific oxygen util'ization rate of 0.12 ¿-1. Theoretically, this

would be equivalent to an SRT value of infinity. Typicaì biokinetic

constants reported by Grady and Lim (1980) for skim milk substrates

were:

(1) Yield Coefficient (Y) - 0.38 gram ce'l'ls/gram COD removed

(2) Decay Ceofficient (Kd) - 0.05 d-1

The comparì son of the biokinetic constants confi rmed the

F:M ratios and SRT values determined in phase B of the experimental

study. The constant yield and decay coefficients also confirmed that

steady-state conditions had been achjeved in all test runs.
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4.3 ZONE SETTLING VELOCITIES

The average zone settì ing velocitjes were determined for

each F:t'l ratio (during steady-state conditions) and are shown in Table

4. B.

TABLE 4.8 AVERAGE Z0NE SETTLING VELOCITIES AT VARI0US F:M RATI0S

RUN
JI
11

F:M
gC0D/gMLVSS. d

ZSV
in/h

ZSV
cm/h

BlT

B2T

B3T

B4T

0. 10

0.24

0. 41

0. B3

114

170

290

431

3.9

2.3

1.5

0.9

A computer program was utilized to p'lot the daiìy solids

interface versus time curves. Typica'l plots representing the average

zone settl ing velocjties at each F:M ratio are shown in Figures 4.3

to 4.5, inclusive. Daily results are shown in Tables D.1, Appendix D.
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4.4 SLUDGE BLANKET AND SLUDGE RECYCLE CHARACTERISTICS

To determine the effect of sludge bìanket height jn the upf'low

clarjfer on effluent quaìity, miscellaneous suspended solids measurements

were taken from sampìe ports in the clarifier (i.e. at various heights

from the sludge blanket). These values were then compared to SESS

measurements at the overflow weir. The results are shown in Table

4.9.

A comparison of the susoended sol'ids at the various sample

poìnt locations to 5t55 measurements indicates little improvement in

effl uent quaì i ty above the sì udge 'bl anket I evel . Al so, an i ncrease

in sludge blanket height does not appear to improve effluent quality.

Total solids were also conducted on sludge samples at various

sampìe po'ints in the sìudge blanket to define the characteristics of

the fluidized and thickened portions of the sludge bìanket. The results

are tabulated in Table 4.10. The results, indicate that the fluidized

sludge blanket is characterized by a constant distribution of suspended

solids, regard'less of sludge blanket height.

The purpose of the return of sludge is to maintain a sufficient

concentration of activated sìudge in the aeration tank so that the

required degree of treatment can be obtained. In generaì, the

return-s'ludge pumps in conventional clarifiers are set so that the

return flow is approximateìy equa'l to the percentage ratio of the volume

occupied by the settleable solids to the volume of supernatant liquid

after settìing for 30 minutes in a 1000 ml graduated cyìinder (Metcalf

and Eddy, Inc., I979). The sludge recyc'le rates calculated as above

were compared wi th actual s1 udge recycl e rates determi ned for the

ìaboratory unit. The average results obtained for each test run under
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TABLE 4.9

THE EFFECT OF SLUDGE BLANKET & CLARIFIER HEIGHT ON EFFLUËNT QUALIÏY

RUN

# DATE

SAMPLE
SS

ng/L

SESS*
n9/L

SLUDGE BLANKET
HE IGHT

cm

SAMPLE LOCATION
HE I GHT

cm

BlT

BlT
B2T

B2T

B3T

B3T

B4AC

B4AC

B4AC

B4AC

B4AC

B4AC

B4T

B4T

B4T

B4T

B4T

B4T

B4T

B4T

Nov B

Nov 10

Nov 23

Nov 27

Dec 7

Dec 9

Dec 20

Dec 22

Dec 25

Dec 26

Dec 27

Dec 28

ùec 29

Dec 30

Dec 31

Jan 1

Jan 2

Jan 3

Jan 4

Jan 5

15.0

13.0

25.0

22.5

15. 5

18. 3

16.9

40.0

40.0

29.5

36.0

36. 5

42.0

37 .5

42.5

49. 5

44. 0

35. 5

8.2

8.8

21.7

13.0

36. 5

25.0

34. 0

35.0

36. 5

32.5

43.0

42.0

40. 5

29.0

30

29

34

27

50

66

4B

54

6B

4B

2L

2l
37

47

67

72

59

67

55

43

34

66

156

156

156

156

66

66

96

66

34

34

66

66

96

96

96

96

66

66

5.6

5.7

2r.5
6.0

4.3

18. 5

14 .4

36. 5

* NOTE: The overflow weir (SESS) is at 218 cm above datum
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TABLE 4. IO

CHARACTERISTICS OF THE FLUIDIZED AND THICKENED

PORTIONS OF THE SLUDGE BLANKET

RUN

# DATE
SLUDGE BLANKET

HEIGHT (cm)
FLUIDIZED

T.S. %

TH I C KENED

T.S. %

AlAC 0ct
0ct
0ct
llov

45
35
45
70
50
48
45
44

47
46
45
45
47
47
45
49

28
29
31
1

2
3
4
5

0
0
0
0
0
0
0
0

0. B1
r.02
0. B5
0.94
0. 95
0.96
0.97
1 .07

ll

il

¡t

il

TABLE 4.11

CALCULATED VERSUS ACTUAL SLUDGE RECYCLE RATES

RUN

#

F: 14

gC0D/gl'lLVSS. d
CALCULATED

RECYCLE RATE Qn/Q

ACTUAL RTCYCLE
nATE Qn/Q

B1T

B2T

B3T

B4T

0. 10

0.24

0. 41

0. B3

0.29

0.22

2T.21

28.80

0. 20

0.20

0. 58

0.24
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steady state operating conditions are shown in Table 4.11.

The results indicate the calculated sìudge recycle rates

'in test runs 83 T and 84 T would be 40 to I20 times greater than that

actuaììy obtained in the laboratory unit. As shown on Figures 4.5

and 4.6, this is attributed to the poor settling buìking characteristics

of the sludge. The enhancement of bioflocculation in the upflow

clarifier, however, results in signìfìcantly reduced sludge recycìe

rates which permits the solids-separation of bulking sludges.
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CHAPTER 5

DISCUSSION

5. I PROCESS EFFICIENCY

The eff iciency of a secondary treatment process i s norma'l 
'ly

described in terms of the concentrations of B0D5 and suspended solids

in the secondary effluent. The present secondary effluent requirement

speci f i es a 30-day average B0D5 of 30 ng/L and a suspended sol i ds

concentration of 30 mglL. The effl uent from bioìogica'l treatment

processes consists of soluble and insoluble effluent 80D5. The soluble

B0D5 is mainìy a result of soluble organics that escape treatment in

the aeratì on tank whereas the i nsol ubl e B0D5 i s due to poor

solids-separation in the secondary clarifiers. The removal of soluble

B0D5 can be readily ach'ieved in most cases by contro'll ing operating

parameters such as the F:M ratio and SRT values. Over the past 10

years, there has been a generaì recognition among jnvestigators (Pipes,

I979; Eckenfelder, 1967; Loehr and de Navarra, 1969) tfrat most of

the effluent BOD is a result of insoluble B0D5 caused by excessive

loss of solids from the secondary clarÍfier.

A plot of B0D5 and soluble COD removal efficiencies versus

various organic loadings are shown in Figure 5.1. The BOD5 and soluble

CQD removal efficiencies ranged from 95 to 99%. The 30 ng/L standard

for effluent B0D5 was only exceeded at an F:M ratio of 0.83 ¿-1. The

influent organic concentration to the CFLUC system was in the order

of 900 mglL 80D5.

The sol ids separation effic'iency of the upfìow clarífier

at various F:M ratios 'is shown in Figure 5.2. The plot of SESS
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illustrates that the suspended solids'in the effluent were well below

the 30 mg/L standard (less than 20 ng/L and as low as B tgll) for three

of the organic ìoadings ranging from 0.10 to 0.41 ¿-1. Similar to

Figure 5.1, the standard was exceeded at an F:M ratio of 0.83 d-1'

However, the average SESS concentration at this high organic loading

was onìy 40 mg/L. Very few plants have F:M ratios exceeding 0.4 ¿-1

(Pipes, 1979). The flexjbility of the CFLUC system to meet present

secondary effluent requirements for such a wjde range of organic loadings

has great engineering significance.

A pìot of supernatant suspended solids (SPSS) on Figure 5.2

illustrates that SPSS values exceed SESS values at F:M ratios of 0.10

and 0.41 ¿-1. The upfìow clarifieris capable of removing 70% of the

suspended solids that are left after the sludge is settled under

quiescent condítions in a 1000 ml cy'l inder. Thi s phenomenon seems

to indicate that enhanced bioflocculat'ion and/or the filtration effect

(enmeshment) of the sludge blanket may be responsible for the reduction

in pinpoÍnt floc. it is interesting to note that at higher organic:

loadings (0.41 and 0.83 d-1) the SESS values were approximately equal

to the SESS values. The solids-separation performance of the upflow

cìarifier for a wide range of organic loadings exceed or equal the

performance efficiencies predicted by quiescent batch settling tests.

The sol ids-separation performance of a treatment process

is dependent not onìy on the design of the secondary clarifier but

also on the sett'l ing characterÍstics of the sludge. As indjcated in

Section 2.23, a relatíonship exists between the settling characteristics

of the sludge (expressed as SVI índex) and operating control parameters

(F:M ratios and/or SRT values). The relationships developed in this
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study are shown in Figure 5.3.

The curves are in agreement wïth a study compìeted by P'ipes

( 1979) who deveìoped a relationship shown in Figure 5.4 from data

collected over a lZ-year period from 32 municipal wastewater treatment

plants located in the United States.

Similar to the aforementioned study, pinpoint floc was observed

at low organic loadings (0.10 to 0.24 d-1). As shown in Figure 5.5,

the zone settling velocities ranged from 29I to 431 cmlh, indicating

a good settling sìudge. Bosogni and Lawrence (1970) reported average

zone settling velocities of 457 cn/h and also observed pinpoint floc

for similar organic 'loadings. A microscopic examination of the activated

sludge at low organic loading (0.10 to 0.24 d-1) revealed a heaìthy

normal zoog'leaì popu'lation with eucaryotic popuìations of stal ked

ciliates, rotifers and little filamentous bacteria.

As noted in Chapter 4, the SRT corresponding to an F:14 ratio

of 0.10 days was calculated to be infinity since no solids were wasted

from the system at the specific organic 'loading. The accuracy of these

results are questionable due to the ìarge scale of the pi'lot plant.

For example, sludge samples and mixed liquor sampìes for testing purposes

were indirectly wasted from the system. It is estimated (see dashed

line on Figure 5.3), that the actual SRT would be in the range of 35

to 40 days. Barnard (1978) and PÍtman (1980) had shown that when

reaching SRT's of 50 to 60 days filamentous forms that can use the

remaining po'lysaccaride material as food may proì íferate. This

phenomenon was actually observed by the writer on earlier nitrification

studies conducted for .the CFLUC system. l,lasting of activated s'ludge

to within an SRT of 30 days rectified the prob'lem of fiIamentous
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organ'i sms i n the aerati on basi n .

At high organic loadings (0.41 to 0.83 d-1), the sludges

could be characterized as severe bu'lking sludges with very poor settling

characteristics. At an F:14 ratio of 0.41 ¿-1 or an SRT value of g

days, the sìudge volume index was 388 mL/g. A clear supernatant with

low SPSS concentrations (8.7 mglL) was observed. This characteristic

i s typi ca1 of fi I amentous bu1 ki ng sl udges ( Pi pes , I979) . Fi I aments

were observed from microscopic examinations as st'icking out from the

floc particles. A photograph of the filaments are shown in Figure

5.6.

FÍ gure 5. 6 Photograph of f i I aments protrudi ng 'f,rorn 'l'1oc parti cl es
at an F:M ratio of 0.41 d-r

The zone settl ing velocities decreased significantìy (bV

a factor of 100) as compared to settling characteristics at lower organic

'loadi ngs (see Fi gure 5. 5 ) .
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_ At an F:M ratio of 0.83 d-1, the sludge was stiìl bulkìng

(SVI = 380 mllg) but deflocculated part'icles, much smal ler than pinpo'int

floc, were observed jn the supernatant. There was excessive filamentous

growth and few eucaryotes. Pipes (I979) and Bosogni and Lawrence (i970),

also observed predominatìy dispersed growth at hìgh F:M ratios (i.e.

greater than 0.40 d-1 ). Starkey and Karr ( 1984) concl uded that at

an F:M ratio of 0.8 g B0D5/g MLVSS.d, low exocellular poìymer production

and few eucaryotes were responsibìe for deflocculated particìes and

d'ispersed growth.

The efficiency of the upf'low clarjfier can be descrjbed jn

terms of the sett'ling 
.characteristics 

wh'ich have been previously

evaluated at various organic ìoadings in the CFLUC system. It appears

that at'low organic ìoadings (0.10 d-1 to 0.24 d-1) the upflow clarifier

is capab'le of removing approximaluely 70% of the pinpoint floc partic'les

that remain in the supernatant during quiescent batch sett'l ing tests.

This is due to enhanced bioflocculation jn the upf'low clarifier.

At higher organic loadings, the upflow clarifier is capabìe

of separati ng fi I amentous-type bu1 ki ng sì udges . The effi ci ency of

the upflow clarifier, however, is similar to that achieved from quiescent

batch sett'l i ng tests . The f I exi b'i ì i ty of the CFLUC system to separate

act'ivated sludges for a wide range of organìc loadings and meet

environmental regulations is significant.
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5.2 OPERATING CHARACTERISTIC AND DESIGN CRITERIA

As shown jn Sectjon 4.3, the sìudge blanket height does not

appear to ìmprove effl uent quaì i ty ( j .e. j n terms of SESS

concentrati ons ) . It i s reasonabl e to assume that the bi ofl occul atj on

process is taking place through physìca'1, bjo-conditionìng mechanisms

in the downward flow channel. I'lore research is required to define

and determine the mechanisms responsible for bioflocculation enhancement.

As shown'in Section 4.4, the enhancement of bioflocculation in the

upflow clarjfier results in a signjficant reduction in s'ludge recyc'le

rates whjch permits the solids-separation of bu'l king sludges at high

organic ìoadings.

The characteri st'ics of the s'ludge bl ankets suggest that a

low s'ludge blanket level be maintained jn the upflow clarifier. This

operatìng characterist'ic would be advantageous for two reasons. Firstly,

anoxic conditions which could result in denitrification and the formation

of nitrogen gas bubbles in the sludge blanket could be prevented. Th'is

would reduce the occurrence of a poor quality effluent caused by the

buoying of sludge part'icles to the surface. Secondly, the dissolved

oxygen levels in the clarjfier would increase, resultjng in operating

wjth lower D0 levels in the aeration basjn. Presently, a dissolved

oxygen concentration of 5.0 - 6.0 ng/L is requ'ired jn the aeration

tank to majntajn a dissolved oxygen level of 0.6 ng/L (re-operating

a sludge blanket at I/3 the height of the clarifier). Lowering the

sludge blanket level in the clarjfjer could permit operating dissolved

oxygen levels of ?-3 ng/L in the aeration tank wjth adequate dissolved

oxygen levels in the clarifier to prevent denitrification. Ultimately'

a lower s'ludge blanket level would reflect a reduction in operating
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costs due to lower energy consumption.

The des'ign crìterja discussed in Chapter 2, based on gu'idel ines

estabìished jn the Federal Repubìic of Germany, has direct appìicat'ion

to the CFLUC system. A summary of the actual overflow rates versus

recommended overflow rates for each F:M ratio is shotryn in Table 5.1.

At lower organ'ic ìoadings (F:M = 0.10 to 0.24 d-1) greater overf low

rates may be utilized. The German guideìines recommend overflow rates,

three times greater than those used in thjs study. The overflow rates

used i n thj s study were compared wi th - overfl ow rates used for

horizontal-flow type clarifiers for the separatìon of extended aeratjon

s'ludges (see Table 2.3). As concluded in Section 2.3.2, the use of

I ower MLSS concentrati ons has defj ni te operati ng advantages i n that

greater overflow rates may be utilized.

TABLE 5.1

ACTUAL OVERFLOI.I RATE VERSES ATV GUIDELINE RECOMMENDED OVERFLOI.I RATES

OPTRATING
CHARACTERI ST I C

ACTUAL
OVTRFLOW RATE

ACTUAL
MLSS

vSv ATV GUIDELiNE
RECOMMENDED

OVIRFLOId RATE

f:¡,t (¿-1) SVI
nL/9 m/h ng/L ml /L m/h

0. 10

0.24

0. 41

0. B3

r44

r02

38B

380

0.8

0.8

0.8

0.8

226,

179

956

958

1 569

17 58

2465

252r

2.28

2.60

0. 40

0. 40

At hi gher organi c ì oadi ngs , greater

utjlized in the 'laboratory unit (0.8 n/h versus

overfl ow rates were

0.4 m/h) as compared
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to surface ìoad'ing recommended in the German guìdeì ines. Sjmilar results

by Resch (i980) concluded that actual pìarrIs incorporatìng upfìow

clarifiers in Germany yield much higher permissible surface loadings

than gi ven by the ATV-gui del i nes .

More research is required to verify the desìgn guideìines

on overflow rates established by the Federal Republic of Germany for

upf1ow clarifiers. The poss'ibility of ìncreas'ing the overflow rate

by a factor of three for good settling sìudges has great engìneering

significance. Smaller clarifier units would be required in the future

resulting ìn a sign'ifìcant reductjon in capitaì costs.

txtensive investigatìons by Pflanz (1969) led to the German

guidelines on dimension'ing upf'low secondary clarifiers, as shown in

Tabl e 2.5. Pfl anz recommended sol i ds I oadì ng rates to achj eve an SESS

of 30 mg/L for varjous SVI values.

For examp'l e , Pfl anz recommended a sol i ds ì oadi ng of 0.8

1.1 kg/n?.n for a sludge with an SVI of 300 ml/g. The actual solids

loading to the CFLUC clarifjer was 1.83 kg/nZ.n for an SVI of gB0 ml/g

(j.e. F:M = O.g¡ ¿-1).

An 'interestìng observation was made on December I2-I4 inclusjve

(Run # 84 AC). During this time period (see Table 8.4, Appendix B),

a problem with frozen concentrated feed resulted in SVI's exceed'ing

b00 n1/g. As expected, the s'ludge blanket rose to the overflow weir,

confirming that clarifjer area and depth is directìy related to the

SVI. As observed by the writer and confirmed by Resch (1980), increasing

the sl udge recycle rate did not lower the s'l udge bl anket but onìy

aggravated the problem'by increasing the overflow rate. The only

solut'ion waS to reduce the overflow rate by one-half, resulting in
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a solids loading rate of 0.9 kg/m2.hr. 0nce the frozen feed probìem

\^/as corrected and the SV I improved to 383 nl /9 (Uec . 17 ) the overf I ow

rate and soljds 'load'ing rate were increased to their orìgìnaì values.

This observat'ion conf irmed that the separat'ion of buì k'ing sìudges in

an upflow clarifier js controlled by SVI, overflow rate, MLSS and the

dimensions of the clarifier.

The characteri sti c of a buì k'ing s'ludge ì s that a cl ear

supernatant I ow i n suspended sol 'ids i s produced. The capab'i 'l i ty to

separate a buì kì ng sl udge has great engî neerì ng si gni fi cance si nce

the results will yieìd a high quaìity effìuent.
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CHAPTER 6

ENGINEERING SIGN I FICANCE

Based on the results of the study, the CFLUC system appears

to have the potential to separate all types of sludges for a wide range

of organic ìoadings (F:t4 = 0.10 - 0.83 g C0D/g MLVSS.d). At low organ'ic

'loadings the upfìow clarifieris capable of removing 70% of the pìnpoint

floc particles that remajn in the supernatant during quiescent batch

sett'ling tests. At high organic load'ings, the upf'low clarifier has

the capabi ì i ty of separati ng fi I amentous-type buì ki ng sl udges. The

signìficance of the results js that no system has been capable of

separati ng bul k'ing s'ludges due to the I arge sl udge recycl e rates

requi red. It i s hypothesì zed that due to the mechani sm of

biofloccul at'ion and/or physicaì bio-conditìoning in the downward flow

channel of the clarifier, a signìficant reduction in sìudge recycìe

rates can be achieved, thus permitt'ing the separation of severe buìking

sì udges (380-3BB m Ug) .

The potential of having the capabi'lity to separate all types

of s'ludges over a wide range of organic'loadings gives the designer

and operator great flexibt'l ity jn the design and operation of a

wastewater treatment facj I ity.

The study results seem to indicate that the solids-separation

efficiencies of the CFLUC system far exceed simìlar capabilities of

conventional clarifiers. For example, the upflow clarjfier appears

to have the potential to separate severe buì king s'ludges (SVI:

380-388 mL/g) at sim'ilar overflow rates used in conventional clarifiers

wh'ich are used to separate normal extended aeratjon sludges (see Table
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2.3). 1'lore research is required to verify the piìot pìant studies

(eg. ful l-scale pìant studies) due to the engineering significance

of the above fìndings.

The efficiencies of the CFLUC system can be compared to

advanced sol jds-separation techniques such as fi I tration, flotation,

tube and lamella separators. The study results seem to indicate that

the CFLUC system does approach the ideal design model proposed by Camp

(1953) for an "ìdeal sedimentation basin".
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1

2

CHAPTER 7

CONCLUSIONS

The results of thjs study'lead to the following concìusions:

Based on the operating controì parameters selected to simulate
condi tions at Souri s, Mani toba, the' CFLUC system can
effectively treat a synthetic dairy waste at F:M ratios of
0.10, 0.24,0.4i and 0.83 g C0D/g MLVSS.d.

The SRT values corresponding to the aforement'ioned F:M ratios
were determined to be approxìmateìy 40, 27, 9 and 4 days,
respectiveìy.

An evaluation of the biokinetic constants confirmed that
steady-state operating conditions had been achjeved for each
operatìng condìtion.

Normal zooglea'l sìudges with pìnpoint floc were observed
at low F:M ratios of 0.10 and 0.24 d-t. The upfìow clarjfjer
could remove approxìmately 70% of the pìnpoint floc that
rema jned after quìescent batch settì ìng jn a 1000 ml cy'l'inder.
The sludges at these loadings cou'ld be characterized as typìcaì
extended aerati on sl udges wi th good settl i ng properti es.

Filamentous buìkì4g sludges were observed at F:M rat'ios of
0.41 and 0.83 ¿-r. The upfìow clarifier was still capab'le
of separati ng the bul ki ng sì udge, however, the effl uent qual i ty
(in terms of SESS) was similar to that occurring under
quì escent batch settl i ng tests .

?
J

4

5

6 The B0D5 and soluble C0D removal efficjencies
90 to 99% for the di f ferent operat'ing cond'i t'ions ,

good biological activity in the aeration basin
ratios investigated.

ranged from
indìcating

at al I F:M

7 Djssolved oxygen concentrations rang'ing from 5.0 - 6.0 ng/1
are required in the aeration basin to prevent anoxic condjtions
'in the cl ari f i er ( i .e . operatì ng a sl udge bl anket at I/3
the clarif ier he'ight).

A higher s'ludge blanket does not appear to improve effluent
quality (jn terms of SESS).

A low sludge blanket level and I4LSS concentration js des'irable
in the operatìon of the CFLUC system.

The separation of normal zoogìea'l sludges in upfìow clarifiers
is less influenced by overflow rate aS compared to recommended
design values for conventjonal clarifiers.

B

I

10.
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11 The separation of bulking sìudge is controììed by the following
operating controì parameters SV1, MLSS and the overflow rate.

The actuaì s'ludge recycìe rates in the pìlot plant durìng
the separation of bulking sludges was signifìcantly lower
i n magni tude ( +O- tZO times ) as compared to the cal cul ated
sìudge recycle rates from batch sett'l'ing tests. It is
hypothesized that this phenomenon is due to bioflocculation
enhancement and/or physicaì bio-conditioning 'in the downward
flow channel.

T2

13. The study results seem to indicate that the solids separatìon
effi ci enci es of the CFLUC system at Souri s , Mani toba woul d
exceed previous treatment efficiencies that have been achjeved
by conventjonal clarifiers.

14. At the ful l-scale pìant in Souris, l.lan'itoba, there is the
potentia'l to separate aìl types of sìudges (includìng
fi lamentous buì king sl udges) for a wide range of organic
ìoading conditjons. This advantage gives the operator greater
flexibjljty in separating s'ludges with different settìing
characteristics (eg. shock loads).

15. The study results seem to indicate that the upfìow clarifier
incorporated in the CFLUC system simulates the ideal des'ign
model proposed by Camp ( 1953) for an "ideal sedimentatjon
basin".
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are

Ba sed

suggested as

Investi gate
condj ti oni ng
clarifier.

Due to the engi neeri ng
a fj I amentous bul ki ng
pl ant are requi red to
studies.

sign'ificance associated with separating
s'ludge, more studies in a ful I scale
verify the results of the piìot pìant

CHAPTER B

SUGGESTIONS FOR FURTHER STUDY

on the findings of this study, the foì lowing topics

possible subjects for further study:

the mechanism of bio-flocculation and/or physicaì
i n the downward f I ow channel of the upf 'low

1

2

3

4

5

Deve'lop design crjteria and guìdeì ines for overf low and sol icls
ì oadi ng rates i n the CFLUC system. These gu'i deì i nes can be
compared to recommended rates used in the Federaì Repub'l Íc
of Germany.

Conduct studies to determjne the application of upflow clarifjersjn water treatment and/or the treatment of industrial wastes.

Apply solids flux theory to the CFLUC system jn order to evaluate
the potentiaì and effjcienc'ies of the new sludge removal
mec han i sm.

6 Investi gate methods of
the upfìow clarifier to
denitrification reactor.

deni tri fi cation
clarifier to a

increasing
convert the

rates i n

bioì ogì caì
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Alleman, J. and Prakasam, T.B.S
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p. 436.

BIBLIOGRAPHY

1983
l,la te r

Reflections on Seven
Pol I ut. Control Fed. ,

.t Deca de s
55 May,

Anonymous,
[,lastewater,

1980. Standard Methods for the Examination of ll/ater and
1Sth ed t 10n e\^, or

Barnard , J . L. , 1970. Sol vi ng S'l udge
Control Fed., p. 103.

Bul ki ng Probì ems . J. ÞJater Pol I ut.

Bosogn'i and Lawrence , I970. Relatìonships Between Bioìogicaì Sol ids
Retenti on Ti me and Settì i ng Characterj stj cs of Acti vated Sl udge . Water
Research, Pergamon Press, Vol. 5, p. 753.

Bush, 4.l,l., i953. Chemical Reactor Design Theory and Bìo'logìca1
Treatment of Industrial l,lastes - Is There a Gap? Proceedings of the
38th Industrìal l^laste Conference. Purdue Unìversity, p. 57I.

Camp, T.R., 1953. Studies of Sedjmentation Basjn Design. Sewage and
Industrial l,lastes: 25 Jan. 1:14.

Chambers , B. and Toml i nson , E. J. ,
Preventative and Remedial Methods.

1982. Bul kinq of Acti vated Sl udqe,
tllis Horwood Ltd

Chao and Kei nath , I979. Infl uence of Process Loadi ng Intensi ty on
Sludge Clarjfication and Thickening Characteristics.

Christopher, S. et al., 1984. Pilot Tests Prove Innovative, Cost-savìng
l^lastewater Treatment System. J. l.Iater Pollut. Control Fed. 56,
Jan.: 34-40.

Crosby, M. R. and Bender, J.H. , 1980
Affect Secondary Clarifier Performance.
March.

Considerations That
Technology Transfer,

Hydrau ì i c
U.S. E.P.A.

Cu'lp, R.L. et â1.,
Second Edi ti on . Van

1978. Handbook of Advanced Wastewater Treatment,
Nostran Re n ta neerr ng er es.nv't ronmen ng

Treatment.
r57 .

Djck, R.I. and Vesiland, P.4., 1969. The Sìudge
Is It? J. Water Pollut. Control Fed.,41 July:1285

Volume Index - What

Dick, R. I. , I970. Role of Activated Sìudge Final Settl ing Tanks. Jour
San. Eng. Dir. Proc. Amer. Soc. Civ. Eng., 96. SA2, 423.

Eckenfelder, W.W., Jr., 1967. Comparative Bìo1ogìca1 l^laste
Jour. San. Eng.Djv. Proc. Amer. Soc. Civ. Eng.,93, No. 5A6,

Ejkelboom, D.H., 1975. Filamentous Organisms 0bserved in
S1 udge. l^later Research. Pergamon Press, Voì . 9, p. 365.

Act'ivated



115

Fisher, A.J. and Hillman, A, i940. Improved Sewage Clarjfication by
Prefìocculation l^Ji thout Chemicals. Sewage [.lorks J. , L2:200.

Fitch, E.B. and Lutz, l,l.A., 1960.
J. lrlater Pollut. Control Fed. 32.

Fed-wells for Density Stabil jzatjon.

Forster, C.F., 1968. The Surface of Activated Sìudge Particles in
Relation to Their Settl ing Characteristics. l,Iater Research, 2, p.
767.

Ganczarczyk, J.J.,
Marcel Dekker, Inc

1983. Activated Sludge Process, Theory and Practjce
New York and Basel.

Gerardi , G.H. , 1983. Identi ficatjon and Enumeratjon of Fí I amentous
Microorganisms Responsibìe for Sìudge Bulking. J. t^Iater Pollut. Control
Fed., l4arch, p. 32.

Grady, C.P., Jr. and Ljm, H.C., 1980.
Theory and Applications. l4arcel Dekker,

Bioloqjcal l.lastewater Treatment,

Ives, K.J., 1968. Theory of Operation
Proc. Inst. Civ. tng., 39, p. 243.

Inc. , New York , N. Y.

of Sìudge Blanket Clarifiers

Katz, l.l.J. et â1., L962. Concepts of Sedimentation
Water and Sewage Works, Part 1, Part 2 and Part
l4ay: 169-171, Jul y :257 -259.

Appì 'ied to Des i gn .

3. April:162-164,

Kìapwijk, A. et â1., 1981. Bioìogicaì
Sì udge Bl anket Reactor. [.later Research.
Press Ltd. , Great Bri ta'in .

Denitrification in
Vol. 15, pp. 1-6.

an Upf 
'low

Pergamon

Knechtel , J. R. , L978. A More
of Chemical 0xygen Demand. J
p. 25.

Economical Method for the Determination
l^Jater Pol I ut. Control Fed. , l.faylJune,

Loehr, R.C. and de Navarra, D.T., Jr., 1969. Grease Removal of a

Municipaì Treatment Faciì ìty. Jour. Water Pol lut. Control Fed. , 4I,
R142 ( 1e6e).

Magara, Y

Acti vated
7r.

et â1.,
Sl udge on

1976. Biochemical and Physical Properties
Settì i ng Characteri sti cs . Water Research

of an
10, p.

McK'inney, R.E., 1952. Fundamental Approach to the Activated Sludge
Process; z-Approach Theory of Fl ax Formation. Sewage Industrial
l,lastes:24, p. 280.

McKinney, R.E., 1962 Microbioloqy for Sanitary Engineers. McGraw-Hill
Book Company, Inc., New York, Toronto, London.

Metcalf and Eddy, 1930. Seweraqe and Sewaqe Disposal, A Textbook.
McGraw-Hill Book Company, Inc., New York and London.

Metcalf and Eddy, I979. l^lastewater Enqineering Treatment/Di sposa I /Reuse .



116

McGraw-Hj I I Book Company, Kìngsport Press, Inc.

Munch, l.l. L. and Fitzpatrick,
Cl ari fiers at an Acti vated
Fed. Feb., p. 265.

J.4., I978. Performance of Circular Fjnal
Sl udge Pl ant. J. Water Pol I ut. Control

Norri s , D. P. et
Without Tertiary
p.1087.

â1., 1982.
Treatment.

High Qua'lity Trickìing
J. [.later Pol I ut. Control

Fi I ter Effl uent
Fed. 54, July,

Pipes,
Pol I ut

Palm, J.C. et al., 1980. Relationship Between Organic Loading, Dissolved
0xygen Concentration and Sludge Settleability in the Compìeteìy Mixed
Activated S'ludge Process. J. Water Pollut. Control Fed.

Parker, D.S., et â1., I977. Physica'l Condit'ioning of Activated Sìudge
Floc. J. Water Pol lut. Control Fed. 43.

Parker, D. S. , 1983. Assessment of Secondary Clarification Design
Concepts. J. Water Pollut. Control Fed. 55, April, p. 349.

Pavonj, J.L. et al., I972. Bacterial Exocellular Poìymers and Bio'logicaì
Flocculat'ion. J. Water Pollut. Control Fed. 44, p. 4I4.

Pflanz, P., i968. The Sedimentation of Actiavted
Settling Tanks. l.later Research 2, p. 80.

Sì udge i n Fi nal

W.D., I979. Bulking, Defìocculation and Pjnpo'int Floc. J. l^later
Control Fed., 51, Jan., p. 62.

Pitman, 4.R., 1980. Settìing Properties of Extended Aeratjon Sludges.
J. Water Pollut. Control Fed., March, Vol . 52.

Rebhun, 14. and Argaman, Y. , i965. Eval uation of Hydrauì ic Effjc'iency
of Sedimentatjon Basjns. J. of the Sanìtary Engineering Djvision,
Proceedings of the American Society for Civil Engineers, SA5, Oct.,
p. 37.

Resch, H., 1980. Investigat'ions of the Performance of Upflow Final
Settling Tanks in Activated Sludge Plants. Prog. t,lat. Tech., Pergamon
Press, Printed in Great Britain, Vol. 12, N0.3, p. 20I.

Sawyer, C.N., 1965. Milestones in the Development of the Activated
Sludge Process. J. l.later Pollut. Control Fed. 37 Feb., p. 151.

Saxon et al . , 1981. Outl ook for Water and l,,Jastewater Systems , Processes
and Equipment. t^later/Engineering & Management, Feb., p. 42.

Sezqin et â1., 7978. A Unifjed Theory of F'ilamentous Activated S'ludge
Buì king. J. l.later Pol lut. Control Fed. , Feb. , p. 362.

Siìveston, P.L. et ô1., 1980. The Use of Flow Contractions to Improve
Clarifier Performance. Prog. l.later. Tech. IAWPR/Pergamon Press Ltd.
Vol. 12, p. 385.



TL7

Sparling, 4.8., 1982. Souris Pilot Plant Evaluation for Cowatt Systems.
Brandon , I'lan i toba .

Sparl ing, A. B. , 1983. Unsol icited Proposa'l for the Performance
Assessment of the Sewage Treatment Plant at Souris, Manitoba.

Sparìing, 4.8., 1984. 0ptimizatjon of Innovative Secondary Clarifier
at Souris Sewage Treatment Plant.

Storkey, J.E. and Korr, P.R., 1984.
Concentration on Effluent Turbidity.
July, p.837.

Low Dissolved 0xygen
Pol I ut. Control Fed.

Effect of
J. Water

Tuntool avest , Ir1. and Grady, Jt^. , 1982. Ef fect of Acti vated
Operational Condi tions on Sì udge Thickeni ng Characteri st'i cs. J
Pollut. Control Fed., 54, Jul y:III2-III7.

Sì udge
l,'fater

l,'lhi te , R and Presecan , N. , 1981. 0utl ook for Water and l.lastewater
Systems, Processes and Equipment. Water/Engineering & Management. Feb.,
p. 42.

l^l.P.c.F.,
a Manual

L97 6. MOP/ 11 . 0perati on of l,lastewater Treatment Pl ants ,
of Practi ce. Lancaster Press , Lancaster, Pa.



APPENDIX A



118

TABLE A.1 ACCLIMATION PERIOD STUDY RESULTS - PHASE A

AERATION BASIN UPFLOI,I CLARIFITR

TIME pH MLSS

mg/L
14LVSS

ng/L
DO

m9/ L

TEMP

"c
NFR

mg/ t'
SVI

nL/9
DO

mglL
TEMP

"c
T. S.

Sì udge %

pH

Aug 24
25
26
27
28
29
30
31

Sept 1

2

3

4
5

6
7

B

9
10
i1
I2
13
I4
15
16
T7

18
19
20
2I
22
23
24

4630
3630
4020

3270
3090
2460
2635

1950
1985
2000
237 5

2329
2515

2380
2r70

3180
25 10
28 10

2390
2225
1825
1950

145 5
1540
1580
iB60

IB47
1980

1890
17 25

7.5
7.5
7.4
7.5
7.5
7.5
7.4
6.3
7.4
7.3
tat.J
8.3
7.6
7.8
7.4
7.6
7.4
7.6
6.8
7.5
7.6
7.5
7.6
7.9
7.4
7.6
7.5
7.5

220
2.8
5.4

8.2
9.0

6

0
4.5
1.1
4.5

7.7
7.4
7.2

2r.0
?2.5

46. 0
25.0
15. 0

0.3
0.7

1.0
1.5
0.9

22.5
23. 5

1. 5 23.5

3.8 23.5

23.0
24.0
24.5
23. 5

27.5
22.0
2t.5
27.5

20.0
20.0
20. 0
20.0
20.4
20.0
20.0
20.0
18. 5

18. 5
19.0

19. 0
20. 0
20.0

2r.6
2r.5

1. 33
L.32

229
178
159

24.5

24.50.91

1. 30
1.11
r.24

0.9

o.o

3.2
3.3
3.1
2.0
3.4
3.4
3.8
3.9

6.0
6.0
4.8
2A
4.2
3.8
6.2
r.4
3.8
2.8
,_u

7.4
15.7
35.2

2.8
13.0

7 24.0
7 25.0
7 25.5
7 24.5
7 22.5
I 23.0
I 22.5
B 22.5

0
0
0
0
0
0
0
0

2580 1995 49.0 451 I.r7

328
252
375
244

318

300

2t.0
2r.0

1.0
0.9
0.9
0.6
0.9
0.8
r.2
0.8
0.9
0.8

2r.0
2r.0
20.5
2r.0
20.5
20. 5

19.0
19.02310 1865 6.6 390 0.85

0.85
0.85

0.68
0.77

4
3

20.0
20.5
2r.0

1.2
0.6
1.3
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TABLE 4.1 (Continued)

AERATION BASIN UPFLOW CLARIFIER

TIME pH r.lLSS

ng/L
DO

ngl L

TEMP

"c
MLVSS
mgl L

NFR

mg/=L
SVI

nU9
T.S.

Sì udge %

DO

ng/L
TEMP

oc
pH

349
0.82
0.7 2

383 0.70

324
186

299
337

345
295
380

174
2r5
257

249
322
314

6

0.81 0.8 2r.0

i.00

0.92
0. 90
0. B5

1.9
1.8
1.0
1.9

4
0

1.
1.2;

20
21

20

20

0921

7.7
7.7
7.5
7.8
7.6
7.4
7.6
7.6
7.6
7.6
7.6
7.3
7.7
7.6
7.6
7.7
7.5
7.5
7.6
7.6

ptSe 25
26
27
28
29
30
i
2
3

4
5

6
7
ôo
I

10
11
T2
13
T4
15
16
T7

1B

19
20
2T
22
23
24
25
26
27

2160
22:0

23 50

1785
I 660

1 410

iB60
17 55

1890
1930
199 5

I 500
r625
1 655
1960
2130

2325
21 50
196 5

2r.0
?0.5
23.0
2r.0

0
0
0

5.2
4.5
4.5
,_o 7.66.7

;.
13.i9.0

5.
,-.

i

7

7

6.
4.
5.

3.
4.

20.0

i8. s
18. 0

0ct

7.5
7.5
7.6
7.5
7.6

7.7
7.7
7.5
7.5

7.7
7.7
8.0
7.7

20.01

0
,90

1

0,
0
0

5

4

4.9

4.4

+lo

227 5

2r35

1 695
2145

2270
2370
2405

0.9

0

0

3.0
3.8

20.
20.

6.6
6.8

1.2

201.6013.4
0
7

7

0

0.797

CLARIFIER UPSET(

o

LOST SOLIDS

0

1800
1945
2005
2325
24r0

zlgo
2580
2355

7.5
7.7
7.6
7.7
7.8
7.6
7.7
7.7

6
6
7

7

7

7

0
0

7.6
7.7
7.6
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TABLE A.2 SOLIDS RETENTION TII'IE DURING ACCLII'IATION PERIOD STUDY

DATE Qwn
I i tres

MLVSS
mg/L

X CALCULATIONS

mg
R

L

Sept 14
22

28
29

Oct 14

20 8500
6800
BOOO E

7000
7000
7900

LB47
1890
1755 E

1920
1920
199 5

0c = L l4!!S!
Qwn xn

Ql,lR = 165/30 = 5.5 L/daY

V = 547 litres
... Qc = (547)(1888)" r5.Ð(F33)-

24
20
40
30
30
25

TOTAL:
AVERAGE:

165 06 = 26 days
7533 1BB9

NOTE The SRT of 26 days during the accl'imation period study was

approximateìy equaì to tñe SRT of 27 days for Test Run # BZI.
fhi s was eipected si nce the organi c 1 oadi ngs wefe identi cal
(0 .24 n COD/ S MLVSS. d ) . The dupì i cati on of resul ts provi ded

a check-to the accuracy of the experìmental study results.
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TABLE 8.1 ACCLI}IATION RUN # 81 AC

AERATION BASIN UPFLOI,J CLARiFIERDATE

I'lth/Day

OcT 28

OcT 29

OCT 30

OCT 31

NOV 1

NOV 2

NOV 3

NOV 4

NOV 5

NOV 6

DO

ng/L

5.3

5.7

4.9

4.2

4.7

4.6

5.5

5.2

4.4

4.8

18. 3

18. 3

18.0

18. 0

i8.0

18. 5

18.0

18.0

18. 0

18.0

2TT3

2343

2113

2730

2060

2087

2003

1983

r862

t798

MLVSS
ng/L

t7 66

1898

17 53

17 53

17 18

1 690

r682

165 5

1517

1603

SVI
mL/g

296

313

308

228

181

154

218

161

154

i40

TEMP
oc

20.3

20.3

19. 0

19. 5

19.8

20.5

19. 5

10 Ã

19. B

20.3

SES S

ng/L

1.9

5.8

1.3

2.3

2.2

3.0

4.5

3.5

3.0

5.0

pH TEMP
oc

MLSS
mg/ L

pH DO

ng/ L
TURBIDITY

N. T. U.

3.1

5.2

2.2

2.0

1.5

i.1

r.7

3.0

r.2

2.0

7.5

7.6

7.6

7.5

7.5

7.5

7.4

7.4

7.4

7.4

7.5

7.8

7.6

7.5

7.6

7.7

7.5

7.5

7.5

7.6

2.7

2.3

2.2

?.4

1.6

2.2

?.4

3.3

1.9

1.7



TABLE 8.2 ACCLIMATION RUN # 82 AC

DATE

t4th/Day
pH

7 .53

7 .65

7 .67

7 .55

7.55

7.55

7.65

7 .60

7 .70

7 .67

DO

ng/L
TEMP

oc

17 .3

17 .0

17.0

17 .0

17 .0

16. 5

17.0

17.0

i6.0

16.0

MLSS

mg/ L

I 535

1655

157 0

1 558

1 693

18 10

i843

1 670

17 90

17 35

SVI
nL/g

r27

133

119

r20

105

100

103

119

I17

1i4

DO

ng/L
TEMP

OC

i9. 3

i8. 5

19.0

19.0

19. 0

18. 7

i9.0

19. 0

i8.0

18. 3

SESS
ng/L

11.6

17.5

72.6

i0.7

10. 5

76.2

19. 4

16. 5

18. 5

t7 .4

SPSS
ng/L

46.0

47 .0

47 .0

?oÂ

40. 5

54. 5

62.5

48. 0

46.0

44. 0

14LVSS

n9/L

1233

1 340

r295

13 37

r397

r448

1 537

1340

i 540

1418

AERATION BASIN UPFLOI^I CLARIFITR

H

l1
p TURB I D ITY

N.T.U.

4.9

3.5

4.8

6.3

5.8

8.3

6.5

9.2

8.4

NOV 12

NOV i3

NOV 14

NOV i5

NOV 16

NOV 17

NOV 18

NOV i9

NOV 20

NOV 21

3.5

5.4

5.4

4.6

4.6

6.2

6.1

5.9

6.3

6.1

7.75

7.75

7 .87

7.70

7 .63

7 .78

7.75

7 .65

7 .80

7 .83

r.7

1.9

2.9

2.2

2.t

2.2

2.0

2.9

2.9

7ô.

l\)
N)



TABLE 8.3 ACCLIMATION PERIOD RUN # 83 AC

AERATION BASiN UPFLOW CLARIFIERDATE

Mth/Day

DEC 2

DEC 3

DEC 4

DEC 5

DEC 6

DO

mg/ L.

TEMP
oc

MLSS
ng/ L

16 58

178 5

187 3

215r

?467

MLVSS
mgl1-

1 345

1 500

15 58

I77 3

2000

SVI
nL/9

115

126

144

172

368

pH

7 .60

7 .68

7.70

7.73

7.73

DO

ng/L
TEMP

oc

18

T7

17

I7

17

STSS
ng/L

14.8

14.5

16. 0

15. 6

14.3

SPSS
mgl L

pH

7.53

7.50

7 .63

7.73

7.73

5.6

4.6

4.8

5.6

5.5

15.8

15.0

15. 0

15. 0

15.0

2.0

7.4

r.2

1.5

r.4

53. 5

42.0

40.8

49. 3

14.2

l\)
C^)



TABLE 8.4 ACCLIMATION PERIOD RUN # 84 AC

AERATION BASIN UPFLOI^I CLARÏFIERDATE

Mth/Day
pH DO

ng/L
TE14P

oc
MLSS
ng/L

MLVSS
mg/ L

1755
1708
1562
199 3
2030
2278
2345
237 5
22r3
2278
247 5
2170
2083
2r03
2395
2168
2468

SVI
nL/9

449
448
504
398
383
322
308
32r
335
310
315
307
32r
300
316
327
351

pH

7 .67
7 .65
7.70
7 .32
7 .85
8.03
7 .95
7 .88
7 .60
7.75
7 .77
7 .78
7 .80
7.70
7 .65
7.78
7.75

DO

ng/L
TTMP

"c
SE SS

ng/L

10.
13.
14.
13.
15.
15.
i0.
11.
14.
31.
31.
27.

SPS S

ng/L

*DE
*DE
*DE

DT

DT

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DT

7 .55
7 .60
7 .65
7 .35
8.00
8. 00
8. 00
7.78
7 .63

.65

.63

.68

* Note Frozen Feed

c12
ci3
c14
c 15
c16
c77
c18
c19
c20
c2r
c22
c23
c24
c25
c26
c27
c28

4.7
4.5
4.1
2.3
3.5
4.8
4.2
5.0
5.5
4.8
4.4
4.6
4.4
4.6
4.3
3.5
3.8

?

6.
6.
4.
5.

1.9
1.5
1.5

15.
15.
16.
17.
16.

0
3

3
0
7

0
7

3

0
0
0
0
0
0
I
5

0

?r77
2165
i895
2448
2 500
297 5
3085
297 6
2640
27 68
2865
2578
26L0
27 60
287 3
2666
2632

17.3
17 .5
17.5

?

0
I
9

2
6
7

0
0
I
4
4
0
4
3

5

0

.75

.70

.73

.75

.65

7

7

7

7

7

7

7

7

16.
15.
15.
15.
15.
15.
15.
15.
15.
14.
14.
i5.

1.0
1.1
i.0
i.4
i.1
r.2
1.4
1.0
1.1
1.3
1.1
1.1
0.9

19. 3
18.8
18. 0
17 .7

17.0
16. 5
17 .0

17 .0
t6.7
16.7
77 .0
16.8
i6. 5

10. 7

9.7
19.7

30. 5
36. 0

t9è
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TABLE C.l BOD AND COD ANALYSIS - RUN # 81 AC AND 81 T

DATE iNFLUENT (COD) EFFLUENT (COD¡

NiHzñ #Eb, Mf?Èt iIL rIrffiro nrfóù
ns/L t;!yi- M.L. mslt tÍ,ftt(,i) nglL EFFfftt *_låài

AL
(5
1)

TNFLUENT (BoD)

eo6TloJ
(1)/(8)

EFFLUENT BOt

% REMOVAL
(8)-(10)
x100(8)

irÉ10ùrur
mg/ L

TEST

PER I OD

# BiAC

# B1T

OcT 28
}cT 29
OcT 30
OCT 31
NOV 1

NOV 2

NOV 3

NOV 4
NOV 5

NOV 6
NOV 7

NOV 8
NOV 9
NOV 10
NOV 11

180
180
180
180
175
155
170
140
143
146
135
135
I?I
133
t37

2360
2600
2500
2300
2500
?490
2300
2264
?r48
1900
1900
1828
t628
1940
i938

86. 1

83. 3
83.9
86.7
82.9
80.6
79.4
80.0
75.5
79.5
70.4
7 7..6
7 T.T
7 2.9
7 3.0

25
30
29
24
30
30
35
28
35
30
40
37
35
36
37

25
42
20

25
42
27
?8
30
38

24

35
19
25
') ')

29
33
33
30

86. 1

7 6.7
88. 9
86.7
82.9
7 6.r
80. 6

75.0
79.7
82.9
75.6
78.5
7 2.7
75.2
78.1

lÉtb
) mglL

100
89EST
86EST

sOEST
88EST
9OEST

r24 .69

110 .6330
37
33
43
40
28
36
46
49
39
66

.68

.66EST

.64

.66EST

.66EST

.66EST

5

3

6

94EST

9 6EST

9 3TST

94ESTAVERAGE # B1T
Steady-State

r32 7847 37 7 2.0 47 32 7 6.0 87EST . 66* c
J

*N0TE: (EST) - Estimate
Average of Oct 28, Nov 1, Nov 6 and Nov 8 Used in calculatjng Est'imated Influent BOD volume and % removal values.

l\)
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TABLE C.2 BOD AND COD ANALYSIS - RUN # 82 AC AND 82 T

INFLUENT (COD) EFFLUENT (COD)

TEST

PERI OD

# BZAC

# BzT

450
458
313
400
351
360
390
315
310
315
320
313
3i3
353
343
340
340
353
348
435

1938
1840

DATE

( 1) (zT
MTH/DAY FEED MIXTD

Mglt LIQUOR
ng/L

(3)
F I LTERED

M. L. mg/L

(4)
RIMOVAL
%(1)-(3)
x100(1)

(5)
EFFLUENT

ng/L

(6)
FI LTIRED
E FFLUENT

ng/t

(7)
REMOVA

% (L)-(
x100(1

L

5)
)

(8)
FE ED

ng/L

( 10 )
E FF LUE NT

ng/L

TNFLUENT (B0D)

(e)
BOD/COD
(1)/(8)

EFFLUENT BOI

% REMOVAL
(8)-(10)
xi00(8)

NOV i2
NOV 13
NOV 14
NOV 15
NOV 16
NOV 17
NOV 18
NOV 19
NOV 20
NOV 21
NOV 22
NOV 23
NOV 24
NOV 25
NOV 26
NOV 27
NOV 28
NOV 29
NOV 30
DEC 1

49
45
48
43
50
62
35
35
40
50
35
37
37
37
37
37
37
42
35
40

89.
90.
84.
85.
85.
82.
91.
88.
87.
84.

89.
89.
89.
89.
88.
90.
90.

55
70
58
65
70
80
50
50
50
62
50
60
65
58
62
62
67
62
53
65

87 .7
84.7
81.5
78.3
80. 1

77 .8
87 .2
84. 1

83. 9

80. 3
84. 4
80.8
79.2
83. 6

81.9
81.8
80. 3
82.4
84. I
85. 1

8.0

6.0

1

2
7

7

8
I
0
9
1

1

1

2

2

5

2

1

1

1

0
I

42
45
48
40
50
65
35
35
40
40
36
36
40
35
37
40
35
40
36
45

38

300 66

2r3 .59

189 .61

i95EST
191EST
191EST
208
2O9EST
208
208EST
21 StST
2i 2EST
26 5EST

.61EST

. 61E ST

.61EST

.59

.61EST

.61

.61

.61EST

.61EST

.61EST

6.0

89
88
88 11 .0

10.0

9.0

94E ST

95EST

96EST

82.4 270 .61*

T2.O 95EST

11 95AVERAGE # B2T
Steady- State

346 37 89. 1 60

*NOTE: (EST) - Estimate
Average of Nov 12, Nov 17, Nov 19, l{ov 25 and Nov 28.

l\)
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DATE

TABLE C.3 BOD AND COD ANALYSIS . RUN # 83 AC AND 83 T

TNFLUENT (COD) EFFLUTNT (COo¡ TNFLUENT (BOD) EFFLUENT BOI

TEST

PERIOD

# B3AC

MTH/DAY FEED

ng/L
FILTERED REMOVAL

M.L. mgl L %(I)-(3)
x100(1)

REI'IOVAL FEED
% (1)-(s) ng/r
x100( 1 )

MI XED

L I QUOR
n9/L

E FFLUENT
ng/L

F I LTERED
EFFLUENT

ng/L

45
46
54
47
45
50
Ãtr

37
35
37

43

BOD/COD
(1)/(8)

E FFLUENT
m9/L

% REMOVAL
(8)-(10)
x100(8)

98.8EST

98.7EST

DEC 2

DEC 3
DEC 4
DEC 5
Dtc 6
DEC 7
DEC 8
DEC 9
DEC 10
DEC 11

450
540
630
700
800
800
885
894
845
860

857

535
520EST
57 SEST
578
549tST
540

.67

.65EST

.65EST

.65

.65EST

.63

47
45
50
47
50
50
50
35
37
50

86.7
88.0
88. 3
90.7
91.9
92.5
93.2
95.5
95.4
92.4

89.
91.
ot
93.
93.

6
7

1

3
8
I
4
1

6
2

60
65
74
65
65
60
60
40
39
65

53

I2

l4
# B3T

AVERAGE # B3T
Steady- State

93
94
96
95
94

7

7

44 94.8 93.8 552 .65* 7 98.8

*N0TE: (EST) - Estimate
Average of Dec 6, Dec 9, and Dec 11.

f\)\¡



DATE

TABLE C.4 BOD AND COD ANALYSIS - RUN # 84 AC AND 84 T

TNFLUENT (C0D) EFFLUENT (COD)

(1 ) (2) (3) (4)
MIXED FILTIRED REMOVAL
LIQUOR 1,1.1. mslL %(1)-(3)
ms/L x100(1)

(5r
E FFLUE NT

ng/ L

(6)
FI LTIRED
E FFLUENT

ng/ L

(7)
REMOVAL

% (1)-(5)
x100(1)

TNFLUENT ( BOD)

(e)
BOD/COD
( 1)/(8 )

(10)
E FFLUT NT

mg/L

EFFLUENT BOt

% RIMOVAL
(8 )- ( 10 )
x100(8)

(8)
FE ED

ng/ L

TEST

PER I OD

# B4AC

# B4T

MTH/DAY FEED

ng/ t

DEC

DEC

DEC

DEC

DEC

DEC

DEC

DEC

DEC

DEC

DEC

Dtc
DEC

DEC

DEC

DEC

DEC

DEC

DEC

DEC

JAN
JAN
JAN
JAN
JAN

45
55

98.
94.
96.
96.
95.

T2
13
I4
15
i6
T7

18
19
20
2L
22
23 94.

94.
92.
88.
89.
89.
90.

845
875

2223
3600EST
36OOEST
36OOEST

3600
2640EST
lSOOEST
1800
lSOOEST
1830

94.7
93.7

40
50

37
45

95. 3

94. 3

24 1840
25 1740
26 I8Z0
27 1840
28 1800
29 1800
30 17 40

1880
1840
1900
1 900

31
1

2

3

4
5

i15
180
150
130
150
120

r25
95

115
115
i75
180
160
140
t87
170
i45
180
140
r25
130

r52

96.8
95. 0
95.8
96.4
94.3
93. 3

93. 1

94. 8
93.8
93. 4
90. 4
90.2
91. 1

92.2
89. 3

91.0
92.7
90. 5

92.6

92.8

91.5

50
200
130
130
140
140
r25
720
110
95

725
205
200
190
i65
197
185
200
215
175
175
i40

182

48
195
115
115
130
138
95

110
95
88

100
155
168
150
130
145
140
145
i55
130

105

136

92.
o?
o?

88.
90.
89.
88.
90.

42.0

24.0

882EST
853tST
97 2E ST

9O2EST
882EST
931

92.2 815 .45

90. 1 906 .49

6

4
4
o(J

I
2
I
9

I
8
8
7

I
4
I
7

?

1

7

I

970 .54

816 .47

/u 
^

28.0

40. 0 9s.3

95.2

35. 3 95. 3

.49EST

.49EST

.52

.49EST

.46EST

.49

0018

AVERAGE # B4T 1837

l\
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TABLE C.5 S0LIDS ANALYSIS - RUN # 81 AC and # Bl T

TEST
PERIOD

DATE

I'lth/Day
TVS

/o

0. 55
0.69
0.7 2

0.66
0.78
0.70
0.7 2
0.7 5

0.82
0.68

0.7 3

0.81
0.86
0.87
0.62

RECYCLE
(Qn)
L/h

Qn%

T-

(2)
l^lASTI NG

(Qw)
L/d

(3)
MLVSS

(x)
ng/L

(4)
SRT

Days

# B1AC

# BiT NOV

NOV

NOV

NOV

NOV 11

AVERAGE # 81 T
Steady- State

FLUIDIZED
BED HEiGHT

cm

33

0cr
0cr
0cT
0cr
NOV

NOV

NOV

NOV

NOV

NOV

8.8
7.8
8.8
7.8
9.7
9.7
9.7
8.8
7.8
8.8

45
35
44
45
70
50
48
45
44
44

28
29
30
31

1

2

3

4
5

6

(1)
TS (xn)

28
16
20
20
16

6.8
3.9
4.9
4.9
3.9

43
33
38
33
20

7

8
o

10

0.69
0.88
0. 95
0.82
0.94
0.88
0.89
0. 93
1.01

.84

.93
i .00
1 .08
i .09

.80

.37

.33

.37

.33

.37

.37

.37

.37

.33

.37

J
3

17 66
1898
17 53
17 53
17 18
1 690
r682
16 55
T5T7
1603

MICROSCOPIC
EXAMINATION

During test period # 81 AC
populations included
stal ked ci I i ci tes ,
roti fers , nematodes.
Fj I amentous microorganisms
began to decrease on
November 4th.

l4any roti fers , I ess stal ked
ciliates and little
fi I amentous durì ng
test period 81 T.

Death rate = growth rate
no wasti ng

1 368
1 335
I255
r337
r255

98 .78 4. 3 .20 0 i 310

l\)
(.o



TABLE C.6 SOLIDS ANALYSIS - RUN # BZ AC and # 82 T

TTST
PERIOD

# B?AC

# B2T

DATE

Mth/Day

NOV 12
NOV 13
NOV 14
NOV 15
NOV 16
NOV 17
NOV 18
NOV 19
NOV 20
NOV 21

NOV 22
NOV 23
NOV 24
NOV 25
NOV 26
NOV 27
NOV 28
NOV 29
NOV 30
DTC 1

FLUIDIZED
BED HEIGHT

cm

32
44
34
23
2T
34
30
24
33
25

33
28
33
35
31
31
24
39
36
39

33

Ts (xn)
o/

RECYCLE
(Qn)
L/h

WASTI NG

(Qw)
L

4
4
4

3

3
**
**
3

3

TOTAL
24

MLVSS
(x)

ng/L

TVS
o/

0.81
0.77
0.9?
1.01
1.05
0. 95
0.79
1.04
0. 61
0.88

Qn%

16

a

SRT
Days

MI CROSCOP I C
TXAMI NATi ON

More rotifers than stalks
little filamentous
no nematodes
More stal ked ciliates
than rotifers. Pinpoìnt
fìoc particles visible
in effluent. Crisp
white foam in aeration
basin.

Many free swimmers,
stal ked ci I i ates and
rotifers evident.
Mixed culture of
mi croorgani sms
I i ttl e to no fi I amentous
pinpo'int floc
evi dent i n effl uent

SRT =
Vx MLVSS

A;-X Tß

1.04
0.99
r.20
r.27
1.33
r.22
L.02
r.32
0.79
1.14

3.9
6.8
5.8
2.9
3.9
5.8
5.8
2.9
5.8
4.9

4.9
4.9
3.9
4.9
5.8
5.8
4.9
3.9
?0
3.9

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

?8
24
T2
16
24
24
L2
24
20

0. 20
0. 20
0. 16
0. 20
0.24
a.24
0. 20
0. 16
0.16
0. 16

1233
1 340
t295
1 337
7397
r448
1537
i 340
i 540
1 4i8

1523
1 460
r437
1415
i 507
1485
r452
r327
1 553
1405

i. 10
t.22
t.22
r.32
1.11
r.37
1.23
1.10
1.13
r.26

0.
0.
0.
1.
0.
1.
0.
0.

85
94
94
04

26
22
22

33
26

33
27

87

**
**

09
98
94

0.91
1.00

AVERAGE # B2T
Steady- State r.21 0.96 4.7 0.20 i456 27

** Reactor upset - excluded wasting data

(^)
O



TABLE C.7 SOLIDS ANALYSIS - RUN # 83 AC and # 83 T

TEST
PERI i)D

# B3AC

# B3T

DATI
Mth/Day

Dtc 2

DEC 3
DEC 4
DEC 5

Dtc 6

DEC 7

DEC 8
DEC 9
DEC 10
DEC li

TS (xn)
o/
lo

TVS
/o

0.78
0. 49
0.78
0.7 3

0.67

0. 50
0. 52
0. s0
0. 41
0. 36

MLVSS
(x)

ng/L

SRT
Days

AVERAGE # B3T
Steady-State

FLUI D IZED
BED HEIGHT

cm

36
29
44
42
63

70
85
85
87
94

70

RECYCLE Qn %

(Qn) T-
L/h

0
0
0
0
0

4.9
4.9
5.9
7.8
9.7

I^lAST I NG

(Qw)
L

MICROSCOP I C
EXAMINATION

Transition from I ìttle
filamentous to considerable
filamentous on December 6th
Few rotifers, more stalked
c'il i ates

51 udge bul ki ng supernatant
cl ear, consi derabl e
fi I amentous , many free
swimmers, few rot'ifers,
some stal ked ci l'iates

i.00
0. 65
i .00
0.94
0.89

0.67
0. 69
0.67
0. 56
0. 50

0. 20
0. 20
0.24
0. 31
0. 39

3
AT

5

11
15

1 345
1 500
15 58
r77 3
2000

207 5
2110
2070
2060
2039

13. 1

24.6
14.6
i4. 6

16.0

10
I
I

10
7

25
30
30
30
50

52
58
58
58
64

0.62 0.46 14.6 0.58 33 2071 9

cnr_VxMLVSSJKr - 
A;-x-iVlS

(,



TABLE C.8 SOLIDS ANALYSIS - RUN # 84 AC and # 84 T

TEST
PERIOD

# B4AC

# B4T

DATT
Mth/Day

FLU I D IZID
BED HEIGHT

cm

141
i80
131
119
113

49
47
37
77
95
39

r26
56
40
45
33
35

TS (xn)
lo

TVS
o/

0. 38
0. 32
0.32
0. 35
0. 45
0. 56
0.62
0.82
0.81
0. 60
0.70
0.76
0. 69
0.70
0. 67
0.73
0.70

0. 99
0.87
0.79
0.68
0.73
0.72
0. 64
0.76

Qn%

a-
MLVSS

(x)
ng/L

SRT
Days

RECYCLE
(Qn)
L/h

NG

)

l,lASTI
(Qw

L

MI CROSCOP I C
EXAMINATION

(1) many free swimmersDE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

DE

c12
c13
c14
c 15
c16
CT7
c18
c19
c20
C2T
c22
c23
c24
c25
c26
c27
c28

0.53
0.47
0. 46
0. 54
0. 69
0.85
0. 93
1. 13
i.03
0.78
0.88
0.95
0.85
0.88
0.84
0.88
0.86

I.T7
1.04
0.94

0.88
0.90
0.81
0.92

16.
11.

0
6
I
I
9

9

8
I
8
8
9
7

7

7

7

7
ô
Õ

0. 64
0. 46
0.80 *
0. 60
0. 45
0. 45
0.29 *
0:T5
0.27
0.27
0.24
0. 35
0. 43
0. 35
0. 35
0. 39
0. 31

70
70
20
60
40
40
55
50
40
40
40
50
40
40
50
50
40

1755
1708
r562
199 3
2030
2278
2345
237 5

22r3
2278
247 5

2170
2083
2 103
2395
2768
2468

2143
2163
2287
2377
2140
2290
2140

tal ked ci I i ates
derable filamentous
e a light
e brown col or
e i s bu'l k'i ng

3.8
4.4 and s

cons i

6

3.9
6.5
Ão
4.0
3.3
4.0
5.5
5.1
3.3
4.3
4.3
4.1
3.4
5.1

7.
7.
5.
5.
3.
3.
6.
6.
5.
8.

10.
8.
8.
9.
7.

3.1
4.1
4.8
4.5
3.8
4.6
4.8

0.83

5.9
tro
5.9
5.9
5.9
5.9
5.9
5.9

2

3
)
)

(4)
(s)

I udg
rang
I udg

s

0
s
p

b

t
a

rotozoa consuming
acteria attached
o fi I amentous
eration basin foaming

DEC 29
DEC 30
DEC 31
JAN 1

JAN 2
JAN 3
JAN 4
JAN 5

0.24
0.24
0.24
0.?4
0.24
0.24
0.24
0.24

40
35
35
45
45
40
40
40

44
44
56
53
51
43
45
37

( 4.0 avg. >

NOTE*-ReducedQby%

AVERAGE # B4T
Steady-State 5.9 0.24 40

u)
l\)

47 0. 94 0.77 2220 4.2



APPENDIX D



TABLE D.1 DAILY ZONE SETTLING VELOCITIES AT VARIOUS F:M RATIOS

ZSV
cn/h

RUN #RUN #

81 T

F:M = 0.10

AVERAGE

RUN #

82 I

F:14 = 0.24

DATE

1 1-06
1 1-07
1 1-08
i 1-09
11-10
11- 11
I7-T2

DATE

17-22
LT-23
TI-24
1T.25
rt-26
II-27
LT-28
LI-29
I1-30
T2-OT

270
270
2r0
235
235
4i1
396

290

500
389
274
468
429
444
546
477
389
396

ZSV

cn/h

DATE

12-07
12-08
72-09
I2-IO
I2.TI

DATE

ZSV
cn/h

3.9

ZSV
cm/ h

83T

F:M = 0.41

AV E RAGE

RUN #

84T

F:M = 0.83

5.4
Ãtr
3.0
3.0
2.7

12-?9
12-30
12-37

1-0 1

r-02
1-03
1-04
1-05

4.7
3.0
2.I
1.5
1.0
1.0
2.5
2.5

UJ
(-^)

AVTRAGE 431

AVERAGE 2.3




