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Abstract:
The activated sludge process has been utilized for treatment of municipal and industrial sewage for
over sixty years. It is today one of the most prevalent processes chosen for sewage treatment. Today's
enlarging variety of industrial wastes, more strict effluent limitations and increasing attention to
minimize construction and operating cost make predesign process investigations an absolute necessity
for those designers who hope to stay in business. These process investigations may range from strictly
theoretical evaluations based upon similar applications to full scale field operation using the specific
waste or circumstance in question. About midway in this range is laboratory scale pilot plant
operational investigation.

The purpose of this project was to develop an operable laboratory scale completely mixed activated
sludge pilot plant. A sucrose base synthetic waste was used for operational evaluation with seed culture
obtained from a municipal waste treatment plant. Operational problems encountered required major
revisions in equipment and techniques.

Each problem encountered is described together with all attempts at correction and the final solution.
Successful completion of this project is demonstrated by satisfactory operation of the final plant and
close comparison of resulting data with generally accepted values.

Determination of sludge growth and yield values is demonstrated in the final operational evaluation
run. A computer program written in Montana Basic Language was developed for computation of
growth and yield values. 
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ABSTRACT

ix

The activated sludge process has been utilized for treatment of 
municipal and industrial sewage for over sixty years. It is today one 
of the most prevalent processes chosen for sewage treatment. Today's 
enlarging variety of industrial wastes, more strict effluent limita
tions and increasing attention to minimize construction and operating 
cost make predesign process investigations an absolute necessity for 
those designers who hope to stay in business. These process investi
gations may range from strictly theoretical evaluations based upon-... 
similar applications to full scale field operation using the specific 
waste or circumstance in question. About midway in this range is 
laboratory scale pilot plant operational investigation.

The purpose of this project was to develop an operable laboratory 
scale completely mixed activated sludge pilot plant. A sucrose base 
synthetic waste was used for operational evaluation with seed culture 
obtained from a municipal waste treatment plant. Operational problems 
encountered required major revisions in equipment and techniques.
Each problem encountered is described together with all attempts at 
correction and the final solution. Successful completion of this 
project is demonstrated by satisfactory operation of the final plant 
and close comparison of resulting data with generally accepted values.

Determination of sludge growth and yield values is demonstrated 
in the final operational evaluation run. A computer program written 
in Montana Basic Language was developed for computation of growth and 
yield values.



CHAPTER I

INTRODUCTION

Activated Sludge

The purpose of treating wastewater is to eliminate such things as 

foul odor, other noxiousness (putrifying material), pathogens, toxic

ity, and excessive oxygen consumption with associated dissolved oxygen 

sag in the receiving water. This is accomplished principally by 

reduction of dissolved and suspended materials to a practical minimum. 

The settleable portion of suspended solids are removed in primary 

treatment systems by simple settling. The secondary stage of treatment 

involves removal of non-settleable and dissolved solids. In the 

activated sludge process, this is accomplished through oxidation or 

inclusion of the solids in a biological mass and separation of this 

mass from the waste stream. According to McKinney and O ’Brien (1968), 

the term ’’Activated Sludge" originated from the discussions and 

research of British scientists, Fowler, Arden and Locket, following 

Fowler’s return to England from Lawrence Experimental Station, . 

Massachusetts in 1914. Their studies and many of the early treatment 

plants utilizing this process were operated on a batch basis. Waste 

discharged into a tank containing a mass of biological sludge were 

aerated from twelve to twenty-four hours. Following aeration, the 

solids were allowed to settle and the supernatant was discharged as 

treated waste. Although there are still a few full-scale plants which
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operate on the batch basis, new plants are designed for continuous 

flow.

Purpose

The purpose of this project was to develop an operable 

laboratory-scale, continuous flow activated sludge pilot plant, 

which could be used by future students in evaluating functions and 

capabilities of the activated sludge process. This plant was also to 

serve as a basic unit after which more refined pilot plants could be 

modeled.

Scope
1 ' P

This project was limited to the construction of a bench scale 

pilot plant and operational troubleshooting. Revisions in equipment 

and operating procedures were to be made as necessary to provide a 

functional plant and recommended procedures.



CHAPTER II

BASIC CONCEPTS

Conventional Activated Sludge

Two tanks are used in a continuous flow plant. The raw waste and 

biological sludge are mixed and aerated in the first tank or reactor 

which discharges continuously into a second quiescent tank or 

clarifier. Solids which settle to the bottom of the clarifier are 

returned to the reactor or wasted as necessary to maintain desired 

reactor sludge concentration, called mixed liquor suspended solids 

(MLSS), usually between 2,000 and 2,500 mg per liter in a conventional 

plant. Overflow from the clarifier is discharged as treated effluent. 

Retention time in the reactor is usually from four to eight hours with 

air supplied at between 0.5 and 2.0 cu ft per gallon of sewage in 

diffused air systems (Schulze and Kooistra, 1969).

The first full scale continuous flow system and forerunner of 

today’s modem plants was designed by Joshua Bolton of Bury, England 

and constructed there in 1919. Figure I is a simple schematic drawing 

of this plant and exemplifies the conventional activated sludge 

process. Schematic drawings of some similar, yet characteristically 

different systems, which have been developed over the intervening 

years are shown in Figure 2.
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Contact Stabilization

The contact stabilization process, introduced independently by 

Ulrich and Smith (1951) and Eckenfelder and Grich (1956), takes 

advantage of the fact that most dissolved and suspended organic mate

rial is rapidly sorbed by the sludge, usually during the first ten 

minutes of contact. The reactor retention time is shortened to between 

30 and 120 minutes, which reduces the required volume and saves space 

and capital expense. The sludge must be aerated in a separate unit 

before being returned to the reactor. This additional aeration is 

necessary for continued biological metabolism and synthesis to consume 

sorbed solids and "re-activate” the sludge.

Step Aeration

The step aeration process was developed by R. H, Gould (1939).

This process, in which the sewage is introduced at a number of points 

along a rectangular aeration tank, provides load balancing capabilities 

unavailable in the conventional system, but its use is confined pri

marily to large plants. Small installations must be equipped with 

transverse baffles between the inlet points to avoid short circuiting. 

These baffles may hamper effective air distribution.

Complete Mixing

Recognition of the relationship between poor mixing and sensi

tivity to influent flow and concentration variations led to develop
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ment of the completely mixed activated sludge system. By supplying 

sufficient mixing effort and aeration, the reactor mixed liquor is 

maintained homogeneous. Shock loads are thus spread rapidly through 

the reactor and thereby reduced in magnitude. This system has been 

made possible by development of mechanical aerators which, alone or in 

conjunction with diffused air, are capable of supplying the required 

amount of mixing effort. The completely mixed system has been found to 

be particularly useful in small installations and is the only practical 

design for laboratory-scale units. It is also most difficult if not 

impossible in small units to provide sufficient aeration while main

taining the plug flow patterns of other activated sludge systems. Cost 

and efficient use of energy is of no importance in bench-scale pilot 

plants, and complete mixing helps to prevent sludge from bridging or 

becoming trapped in pockets characteristic of the small scale systems.

Design Elements

Rational design approaches for conventional activated sludge sys

tems such as those shown by Herbert (1961), Pearson (1966), and 

Lawrence and McCarty (1970) are based upon fundamental biochemistry of 

aerobic biological metabolism; and all use two basic terms, growth and 

yield.

Growth. The rate of bacterial growth is a function of the ratio 

of food available and bacterial population. When food in the form
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of organic matter is available in unlimited quantity and bacteria 

population is small, the growth rate is limited by the bacteria's 

capability for utilization and synthesis. As shown by Gaudy and 

Gaudy (1971), this may be expressed in the form of a first order 

differential equation

dX = RX dt - ' (I)- ‘ -
where:

dX = mass of bacteria produced over time dt 

X = mass of bacteria present 

R = maximum unit growth rate 

Integration of this equation over time T yields:

Il o* CD (2)

or

InXt - InX0 = Rt (3)

It can be seen that a plot of InX vs t would be a straight line 

with slope equal to R. The range over which growth conforms to this 

relationship is commonly known as the exponential growth phase.

When bacterial population exceeds the level below which the food 

supply is sufficient to support exponential growth, the above rela

tionship is no longer valid and growth becomes dependent upon the 

food supply in relation to microorganism concentration.

The differential equation expression for this phase is similar 

to that for the exponential phase:
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dX = RX dt (4)

Terms in this equation are the same as in Equation I except R is a 

variable function of the food supply.

The exponential growth phase is a necessary requirement for con- - 

tinned operation of a completely mixed single cell biological system 

or chemostat. At any lesser growth rate, biological solids concentra- . 

tion decreases continually as a result of system washout and finally 

reaches zero. Sludge return capability in the conventional completely- 

mixed activated sludge system allows operation at levels well below 

that at which exponential growth occurs. The exponential growth phase 

is also commonly referred to as the dispersed growth phase. The set- 

tleability of the sludge is very poor in this range. To avoid this and 

other problems such as foaming and sludge bulking encountered at high 

food to microorganism (F:M) ratios, the food-limiting situation con

trols microbial growth in completely-mixed activated sludge systems.

Monod (1949) developed the following empirical relationship relat

ing the unit growth rate for pure cultures with substrate concentration:

R ~ ^max Ks + S ^
where:

R = unit growth rate as in Equation 4.

Rmax = maximum growth rate (R in Equation I) .

S = substrate concentration in reactor.
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Ks = substrate concentration at which R = 1/2 Rmax- 

.Figure 3 is the conventional graphical presentation of the 

Monod equation. Figure 4 is a less conventional but much more useful 

presentation shown by Pearson (1966), based upon the following 

rearrangement of the Monod equation:

$" ife i * ids ~ CfiF
The straight-line form allows a more accurate estimate of the 

constants Rmax and Ks with fewer experimental values of R because an 

estimate of curvature is not required.

Yield. The ratio of sludge produced and substrate utilized is 

commonly referred to as yield. Expressed in equation form:

v dX/dt dX
Y = ai73t = a? (7)

where:

Y = Yield

dK = mass of cells produced over time dt 

ds = mass of substrate utilized over time dt 

Experimental results and discussion by Ramanathan and Gaudy (1969), 

Friedman (1970), Pearson (1966) and many others indicate that yield may 

be greatly affected by changes in such things as temperature,' mixing 

effort, and substrate composition. Unlike the growth rate, however, 

little change occurs with varying substrate concentration and according
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to Gaudy and Gaudy (1971), there is no difference between yield in the

exponential growth phase and in the substrate limited phase.
.

Determination of Growth and Yield

There are two primary reasons for determining growth and yield. 

One is for design and the other is for evaluating operation of an 

existing facility. For this reason, the following equations for 

determination of growth and yield are developed for either use and 

for any completely-mixed activated sludge plant from bench scale 

through full sized.

Growth. A material balance around the activated sludge plant 

system in Figure 5 is as follows.

Q1X1lA t  + V2X2tR2 A t  + V4X4lR4A t  =
QgXg' A t  +ZV1QX1Q + QgXg' A t  + QyXy' A t  +

V2AX2 + V 4AX4 (8)

X = suspended solids concentration 

V = volume of unit 

Q = volumetric flow rate 

A t  = time increment

A X  = change in suspended solids concentration over 

time At.

Primes = average value over time At.

Subscripts - point of occurrence in the system.



REACTOR WASTE

REACTOR SAMPLING

CLARIFIER

INFLUENT EFFLUENT

AERATION
TANK

SLUDGE WASTESLUDGE RETURN

FIGURE 5. COMPLETELY MIXED ACTIVATED SLUDGE PLANT SCHEMATIC



14

!S VioXio = sum of product of volume and suspended solids

concentration of samples collected during time At.

R = growth rate, mass cells produced per ^ ^ t  of time, 
mass of cells in system

If the aerator is completely mixed, Xg = X^ = Xg = X^Q. The 

V4X4’R4 A t  and V4A X 4 terms represent sludge production and 
increased sludge storage in the clarifier. When the mass of sludge 

retained in the clarifier constitutes a significant portion of that in 

the entire system, it may be necessary to collect representative sam

ples from the clarifier as well as the reactor and determine the growth 

rate in each unit. This could be avoided by maintaining sludge con

dition such that growth in the clarifier can be assumed^ equal to that 

in the reactor. It is generally accepted that if aerobic conditions 

are maintained throughout the system, the sludge growth rate remains 

constant. Rather than use this unproven assumption in this project, the 

pilot plant was constructed and operated such that the mass of sludge 

in the clarifier constituted an insignificant portion of the total 

system mass. This portion was less than five percent during periods of 

satisfactory operation. The clarifier sludge storage and production 

terms can then be considered negligible compared to the corresponding 

reactor terms and equation 8 becomes:
Q1X1' A t  + V2X21R2 At = Q5X5' At + X V 10xZ- + QgX2' At + 
QyXy' ZLt + V2 AX2 (9)
or:
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R = Q5X5'. + %  nx?___+2 VgXz' V2X2 At <••>
In full scale plants, the V^gXg term is negligible whereas in 

bench scale units it cannot be ignored.

Yield. A substrate balance around the pilot plant system in 

Figure 5 is as follows:

Q1S1' A t  - Y2&2&. A t  - V 4̂ 4.'R4 A t  = Q5S5' A t  + Q7S7' A t  + 
Y2 Y4

S V 10S10 + Q9S9' At + V2 * V4 A t  . (11)

S V iqSio = Sum of sample volume multiplied by substrate con

centration determined for samples taken during 

tune At.

The other terms are previously defined.

If, as in the growth equation, the portion of sludge retained in 

the clarifier is significant, equation 11 must be used without simpli

fication and yield must be determined for both units. If the portion 

of sludge in the clarifier is insignificant, the clarifier yield term 

can be considered negligible. Equation 11 then becomes:

VgXg'Rg
Y2 = Q1S1' - Q5S5' - Q7S /  - Q9Sgt - 1 X ^ 1 1 1 ( 1 2 )

The computer program developed in this project for the calcula

tion of growth and yield is included in Appendix A. This program, 

written in Montana Basic Language, is set up to calculate R and Y for



as many as 499 time spaced data points and upon completion of the pro

gram, prints out a twenty-line data sheet for the next test run.
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CHAPTER III

PILOT PLANT DESIGN AND CONSTRUCTION '

The essential components of a completely mixed activated sludge 

plant are an aeration tank with necessary aerating and mixing equip

ment, a final clarifier in which the biological solids can be 

separated from the effluent, and a means of recycling sludge from the 

clarifier to the aeration tank or wasting it. Additional equipment 

usually found, but not absolutely required, include such items as 

facilities for flow measuring and control, sludge concentrating and 

disposal, grit removal, raw influent screening and/or grinding, pri

mary settling, effluent disinfection and preliminary flotation or 

skimming for oil and grease removal.

Biological Oxidation and Synthesis

Elements chosen to be modeled in the initial pilot plant for this 

project included only the aerator and clarifier. These are shown in 

Figure 6 along with other equipment listed in Table I necessary to 

carry on biological oxidation and synthesis. The aerator and clari

fier were made of plexiglass to allow clear observation of movement 

through the system. Operating volumes of the aerator and clarifier 

were six and two liters, respectively. Liquid flowed from the clari

fier through the lower one-inch plastic tubing connection as a result 

of differential pressure when air bubbles reduced column weight in the 

aerator. This eliminated the need for a sludge return pump. Capability
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TABLE I

Rotometer

Air Flow Meter

Compressor

PILOT PLANT EQUIPMENT LIST

Fisher and Porter Model 10A1034NFC with 4 
tubes. Each tube is calibrated from O to 
450 cc/min.

Precision Scientific, Model
full dial I cu. ft., minimum division 0.01„cu.
ft., 3 dial totalizer,, max. reading 999 cu. ft.

Gelman Inst. Co., "Little Giant," Model 13152, 
1/12 H.Po
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to waste sludge was provided by installation of a valved tap on the 

sludge return line. It was not necessary to provide any primary 

treatment facilities as the prepared feed did not contain settleable 

material. The feed was supplied at a controlled rate from the constant 

pressure tank through a needle valve. Flow rate of filtered air 

through the air stone was controlled by adjusting the needle'valve~at- 

the bottom of each rotameter column. The volumetric gas flow or "wet 

meter" was included to measure the air supply volume.

Operation.

Starting culture. A  starting culture was obtained from the 

activated sludge plant at Galen State Hospital, Deer Lodge, Montana.

The 30-liter sample was aerated during transport by a compressed air 

storage tank and aquarium air stone. Upon arrival at the M.S.U. 

Laboratory, the sludge was filtered through a #30 mesh screen to remove 

twigs, leaves and other debris and to break up lumps, which developed 

during transport. Ten-liter portions were poured into each of two 

18-liter glass carboys. These duplicate cultures were continuously 

aerated by an air stone in the bottom of each carboy. Air was supplied 

through a cotton filter from the laboratory compressed air system. The 

color of this sludge when first obtained was gray, but within 72 hours 

after arrival in the laboratory, it became a healthy light brown.
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The lab cultures were fed daily by turning off the air, allowing 

the sludge to settle, removing one liter of supernatant, pouring in
' i

the prepared feed, bringing the volume back to 10 liters with tap 

water and turning the air back on. The feed composition was modeled 

after that used by Friedman (1970) and is shown in Table 2. The daily 

dose shown has a total COD of 11,340 mg as determined in accordance 

with Standard Methods (1965).

Plant startup. Two liters of mixed liquor were transferred from 

one lab culture bottle to the aerator and sufficient tap water was 

added to bring the liquid surface in the clarifier up to the outlet. 

The feed supply needle valve was adjusted to deliver at a rate of 

33 ml/min, (residence time = 4 hours). The air flow was set at 

400 ml/min (1.6 cu. ft. of air per gallon of influent). The clari

fier weir was set at an opening of one inch.

Operational Problems

Precipitate in feed solution. When the feed constituents were 

pipetted into a single flask, a white precipitate formed. This was 

eliminated by placing 500 ml of distilled water in the flask for dilu
tion before pipetting.

Irregular feed rate. Air bubbles formed in the feed lines and 

control valves causing a slow reduction in the feed rate and finally 

reducing it to zero. As a first attempt to solve this problem, the
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TABLE 2

PREPARED FEED CHEMICAL COMPOSITION AND DOSE 
SIX LITER REACTOR

"Chemical Stock soln. 
concentration 

(mg/1)

Daily dose 
to 6L system 

(mg)

Milliliters 
stock soln.

FeCl2 350 17.5 50

NH4Cl 189,400 9,470 50

MgSO4 TH2O ' 62,500 3,125 50

K2HPO4 44,000 2,200 50

C12H22°11('1') 55,555 ‘ 5,555 . ' 100

Bacto Peptoneto 55,000 5,000 100

toPure cane sugar, 42.1% carbon,
m

Typical analysis of the Bacto-Peptone as published by the 
manufacturer, Difco Laboratories, is as follows:

40.0%

Total Nitrogen „„ .15.5%

Amino Nitrogen .. 3 .0%

Carbon .......... 4 0 .4 %
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feed tank was pressurized to 20 psig. This caused the feed rate to 

decrease more slowly but eventually the flow was restricted as before. 

An attempted solution was the installation of a positive displacement 

roller pump driven by a variable speed 1/15 HP model 4K871 electric 

motor manufactured by Dayton Co,, Chicago, 111. The speed controller 

was a model KG201 manufactured by Knight Co., Chicago, 111. The feed 

supply line through the roller pump was 1/8 inch inside diameter tygon 

tubing. This unit proved unsatisfactory for continuous operation. The 

sealed motor bearings were not properly lubricated and after a week, 

began to squeak. Shortly thereafter, the rotor froze. The pump 

rollers showed signs of excessive wear, so the entire unit was replaced 

with a kinetic clamp pump driven by a variable speed 1/20 HP H O  v D.C, 

electric motor manufactured by Bodine Electric Co., Chicago, Illinois. 

The speed controller was a Minarik Electric Co. Model SH-33. The feed 

line remained 1/8 inch inside diameter tygon tubing. This unit per

formed without any internal problems throughout this project.

Plugging of air stones. First indication of this problem was a • 

slow decrease in air flow through the air stone after a few days of 

operation. At first, no reason for this decrease could be identified. 

The rotometer needle valves were inspected and found to be clean. It 

was suspected that the compressor couldn’t hold up under continuous 

operation, and supply pressure was dropping. Monitoring of the supply 

pressure showed just the opposite, a slow increase. The line was
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inspected and no obstruction was apparent. The air stone looked 

clean, but the color was yellow rather than white as in the beginning. 

The air stone was removed and washed in chromic acid and rinsed 

thoroughly in water. The white color returned; and when the stone was 

reinstalled, air flow and pressure' returned to normal. The acid

washing was repeated thereafter every three or four days; -Until--- ----

construction of the redesigned reactor as described later, the air 

stone could not be removed without first draining the entire plant.

Discharge of sludge. Bubbles formed in sludge trapped in the 

upflow side of the clarifier caused pieces of sludge to break away, 

rise to the surface, and leave in the effluent stream. This problem 

was similar to that described by Sawyer and Bradney (1945). In an 

attempt to solve this problem, the circuit flow rate was increased by 

raising the weir to an opening of two inches. But the sludge continued 

to break away and rise as before. The weir was adjusted to openings of 

one-half inch, one-fourth inch, three inches, four inches and five 

inches, allowing 24 hours to elapse between adjustments. The problem 

continued. As a final solution, the original clarifier was replaced 

with the new one, shown in Figure 7. A  positive displacement kinetic 

clamp pump and a constant speed motor were provided for a sludge return. 

This single unit pump and motor was a Sigmamotor, Inc. Model Al-4-100. 

The return line was 1/4 inch inside diameter tygon tubing. The sludge 

return rate measured by timed filling of a calibrated cylinder was
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84 ml/min.

- Sludge sticking in clarifier. Sludge collected on the sloped • 

inner surface of the new clarifier and would not fall to the bottom 

from whence it could be returned to the reactor. A  chain wiper, &

illustrated in Figure 7, driven by a one-third rpm H O  volt clock 

motor, solved this problem.

Trapped sludge in reactor. Inadequate mixing allowed sludge to 

accumulate in the bottom of the reactor below the air stone.

Increasing the air flow rate solved this problem temporarily; but as 

the MLSS increased, deposition began again, and it was clear that air 

alone could not provide adequate mixing. The reactor was rebuilt as 

shown in Figure 8 and equipped with a controllable speed mechanical 

mixer. The mixing blade was 1/8 inch thick plastic, 1-1/2 inches wide, 

five inches diameter and positive pitch 30°. The blade was driven by a 

Cole Palmer Motor No. 1106 equipped with a Cole Palmer solid state 

speed controller Model No. 4555-3.

Growth in stock feed solutions. Within 24 hours after prepara

tion, the unrefrigerated sucrose and Bacto-Peptone stock solutions 

became cloudy and malodorous. Refrigeration at four degrees centi- • 

grade and chromic acid washing of all glassware and rubber corks delayed 

the extraneous growth. Stock solution preserved this way remained 

usable for about one week.
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Growth in feed solution. The cloudy appearance and unpleasant, ' 

odor also developed in the feed solution. Until the gravity feed sys

tem was replaced, this problem was avoided by acid-washing the glass 

carboy each day before refilling. After the pump system was put into ' 

use each daily supply was prepared in a new plastic garbage bag 

supported in a plastic garbage can. To prevent contamination, the-bag 

opening was tightly tied around the pump intake line. Feed was pre

pared and delivery measured by weight converted to volume. For 

convenience, a Fairbanks Morse beam scale served as a stand for the 

garbage can. Each batch was of sufficient volume for 30 hours of con

tinuous operation. At changeover, the excess from the preceding day 

was discarded.

Growth in feed lines. Gradual development of white mucoid 

bacterial growth in the feed lines was eliminated by flushing them 

daily with chlorine solution during the changeover period. _

Contaminated tap water. With the coming of spring, the tap 

water became increasingly turbid and contained foreign matter such 

as twigs, pine needles and various types of insects. The COB of 

the water directly from the tap ranged irregularly from zero up to 

as much as 35 mg/1, making it totally unfit for feed dilution. A 

sufficient volume of distilled water was not available, so water 

was obtained from a shallow domestic well and transported to the
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laboratory in plastic garbage cans.

Temperature variation. The laboratory was equipped with a fur

nace which provided temperature control, but only above ambient 

temperature. With the coming of summer, diurnal temperature variation: 

began to increase. Coils carrying cold tap water were installed in the 

feed supply and aeration unit but could not provide adequate cooling 

tq prevent the midday temperature rise, and in addition, they hampered 

mixing. As a final solution, the entire pilot plant was placed in an 

insulated cabinet equipped with refrigeration which provided positive 

control only when ambient temperature was set below the minimum labora- 

tory temperature. Heating equipment to provide control independent of 

the laboratory temperature was ordered,but not delivered in time to be 

used.

Undesirable dominant growth. After each major revision in equip

ment or operation, the plant was cleaned and restarted with a new batch 

from the laboratory culture. Operating time (without upset) increased 

with each new run to a period varying between four and six days after 

restarting the plant. Then a pink foam began to appear on the aeration 

tank surface. Continued operation only resulted in an increased pro

duction of pink foam until the entire mixed liquor turned pink or foam 

overflowed the tank rim. Microscopic observation revealed the foam was 

made up almost entirely of filamentous bacteria. At first, no reason
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for this dominant growth could be identified and a number of runs were 

made, all ending in pink foam. Contamination of the lab culture was . 

suspected, but time was not available to obtain a new batch. Eventually 

it appeared that transfer from the aeration tank below the liquid sur

face allowed the filamentous organisms to concentrate on the surface

and not be passed into the clarifier, A new reactor overflow was— .. .

installed as shown in Figure 9. In addition to providing surface 

discharge, the new overflow could be rotated to regulate the surface 

elevation and the reactor volume over a limited range. The run follow

ing this revision was the concluding run and lasted successfully for 

seven days without any sign of upset. Power failure in the laboratory 

terminated this run on the eighth day. Figure 10 is a drawing of the 

pilot plant used for the final run.

Demonstration Run

Startup. One liter of laboratory culture was transferred to the 

reactor and diluted with tap water to a reactor operating volume of six 

liters. The feed rate was.adjusted to 23.8 ml/min to provide a deten

tion time of 4.2 hours. Air flow was set at 400 ml/min, the cabinet 

temperature was 56°F, and the mixing rate was 25 rpm, The sludge 

recycle rate was .84 ml/min.

Biological activity monitoring. Production of solids within the 

pilot plant was monitored by regular determination of MLSS and effluent
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suspended solids. Since the feed contained only dissolved material, the 

solids and MLSS increase were assumed to be entirely the results of 

biological reproduction. The filters used were Schleicher and Schuell 

glass fiber filters prewashed with distilled water and dried at 103°C 

for at least 24 hours. After cooling in a desiccator, the filters 

were weighed and placed in a Millipore filter apparatus. A sample was 

pipetted directly from the reactor or clarifier overflow onto the fil

ter, after which the filter was removed from the Millipore apparatus, 

taking care to retain all solids on the filter, and dried at 103°C for 

24 hours. All aerator samples were run in duplicate, so three filters 

were required for each measurement, two for the aerator samples and one 

for the effluent. After drying, the filters were cooled and again 

weighed to the nearest 0.01 mg. The final step was calculation of 

solids concentration based upon filter weight increase and sample 

volume. See Appendix B for sample Daily Monitoring Form sheet.

Substrate utilization was determined in terms of ACOD rather , 

than the more conventional A BODg. This procedure, recommended by Riser 

and Bush (1964), takes much less time and is more accurate. COD deter

minations were made in accordance with Standard Methods (1965). See 

Appendix C for sample COD Calculation Form. Separate portions of 

filtrate from MLSS and effluent suspended solids samples were frozen 

in half-filled 50 ml glass test tubes and stored in the freezer until 

time was available and number of samples warranted starting the COD
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reflux apparatus.

Other data collected included system temperature, aerator and 

clarifier dissolved oxygen concentration and pH. Dissolved oxygen 

measurements were made using a Yellowsprings Instrument Co. D.O.,meter. 

Model No. 54. An Orion Research Co. Model No. 404 meter was used to

measure pH. - - —  -----

Data obtained during this run are shown in Appendix D.



CHAPTER IV

DISCUSSION OF RESULTS

Acclimation

The rapid increase in MLSS between 2230 hrs, July 24 and 1130 hrs. 

July 25 (Figure 11) demonstrates the sensitivity of a biological system 

to changed conditions. The laboratory culture had been maintained 

on the glucose base feed for five months so the only changes were 

in the food to microorganism ratio and from batch to continuous 

operation.

Growth and Stability

The steady MISS increase after 1130 hrs, July 25 indicates the 

stability of this biological system and satisfactory operation of the 

pilot plant. Proper operation was further substantiated by the fact 

that removal of COD throughout the run, as shown in Figure 12, never 

dropped below 84.8%. The only irregular occurrence which could explain 

the rapid increase in effluent COD between 2130 hrs. on the 27th and 

1200 hrs. on the 28th was a short-time failure of the recycle pump. The 

pump was not operating at 2130 hrs. on the 27th, but the clarifier was 

less than half full of sludge, indicating the pump had not been off very 

long. The clarifier dissolved oxygen had dropped to 1.6 mg/1 from the 

normal level of about 2.1 mg/1. There may have been localized anaerobic 

areas in the trapped sludge, but no gas bubbles were apparent, so 

general denitrification had not begun. In an earlier run when the



R
E

A
C

TO
R

 
M

L
S

S
1 

(M
G

./
L

)
A1OOOt

3 ,0 0 0 --

2,000--

1,0 0 0 --

DATE

FIGURE 11. REACTOR BIOLOGICAL GROLTH



C
O

D
 

, 
(M

G
/L

) 
P

E
R

C
E

N
T

 
R

E
M

O
V

A
L

37

lOO-r

50- -

4 0 0 t

Ot— O -O -O -O
3 0 0 --

IN FLU ENT

200 -  -

100- - REACTOR AND EFFLU EN T

7/24 7/25 7/26 7/27 7/28 7/29 7/30 7/31 

DATE

FIGURE 12. SUBSTRATE UTILIZATION



38

sludge return bearings froze, gas bubbles were observed less than one 

hour after the pump stopped and within two hours, lumps of sludge were 

breaking away and floating to the surface of the clarifier. This indi

cates that the recycle pump had certainly been off less than two hours 

and probably less than one hour. Completely mixed systems are known for 

their ability to resist upset, and in the author's opinion"," there"must- - 

have been a more serious but undetected reason for the effluent COD 

increase. Return to better than 87% removal by 2130 hrs. on the 28th 
demonstrates the rapid recovery capability typical of a completely 

mixed system and shows further this pilot plant operating as a good 

model.

Microscopic observation of the sludge throughout this run revealed . 

the presence of morphologically identifiable rotifers:" Philodina 

roseola and Rotaria citrinus and ciliates: Vorticella microstoma and

Oxytrichia bifaria. According to Calaway (1968) the presence of these 

higher life forms is an indication of system stability and a well- 

operating process.

Growth and Yield

The usual procedure for pilot plant determination of growth and 

yield is to allow the system to reach steady state conditions before 

collecting data used in calculations. This permits a significant sim

plification of equations developed in Chapter II because dX/dt then 

becomes zero. The unsimplified equations can be used' with non-steady
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state data, such as that collected during the final run of this project. 

Calculation of growth and yield values in Appendix E was undertaken 

to check out the computer program and as. a final system suitability 

evaluation by comparison with expected values.

The computer calculation time was less than three seconds on a 

remote terminal time sharing basis and total time for raw data input, 

calculation and output was less than five minutes. No guess is made 

with respect to how long manual calculation would require, but the time 

savings and accuracy of results is of significant value.

The range of expected yield values based upon results of many 

researchers using similar feed as summarized by Friedman (1970) is 

0.14 to 0.77 with an arithmetic mean of 0.37. Results obtained in this 

project ranged from 0.19 to 0.58 with an arithmetic mean of 0.33.

Plant Cost and Use

The cost of the plant, not including the environmental cabinet, 

is summarized in Table 3, Cost of the author's time for construction 

is not included as no record was maintained.

The final plant was never used by other students investigating the 

activated sludge process, but it did serve as a forerunner of the plant 

constructed at Montana State University by Boe (1971) and Townsend 

(1972) under the guidance of Dr. A. A. Friedman. The M.S.U. plant, 

shown in Figures 13 and 14 and operating procedures incorporate many of
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TABLE 3

PILOT PLANT ITEMIZED COST

Item Description Source* Cost
(dollars)

Aeration Unit
Reactor 2 gal. wide mouth 

glass bottle (pickle 
jar)

I 5.00 '‘ "

Mixer Cole Palmer No. 1106 I 155.00
Speed Controller Cole Palmer No. 4555-3 I incl. w/motor
Blade Square end, plastic 

5" dia., lh" width.
2 0.35

Feed System

1/8" thick with 30° 
pitch

Feed Punp Kinetic Clamp 3
Motor Bodine 1/20 H.P. I
Speed Controller Minarik Mod. No. SH-33 I
Garbage Can Plastic, 30 gal. 3 4.99
Scale Fairbanks Morse beam 

scale
I 200.00

Feed Intake 3 ft. of 3/8" rigid 
plastic tubing

3 0.50

Plastic Bags 30 gal. plastic gar
bage can liners

3 , 0.72 per 
doz.

Air Supply Unit
Compressor Gehnan Inst. Co. No. 

13152
I 105.00.

Air Filter Cylindrical glass, 
cotton filled

2 1.00

Rotameter Fisher Porter No. 
10A1034NFC

I 300.00

Flow Meter Precision Scientific I 425.00
Air Stone Fritted Aquarium 

stone
3 0.50
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TABLE 3 (continued)

Item Description Source* Cost
(dollars)

Clarifier Unit
Clarifier Cylindrical, glass with 

conical bottom, 
(inverted Cater Ade 
Orange Juice bottle 
with bottom removed)

2 7.50

Wiper Motor 1/2 rpm synchronous 
H O  v. electric motor

3 2.35 '

Wiper Chain 

Miscellaneous Equip-

Stainless steel ball 
chain

2 2.75 -

ment and Materials
Sludge Waste Pump Sigmamotor No. Al-4-10O 

pump and motor unit
3

Pump Timer Army surplus, adjusta
ble timer

3 5.25

Waste Sludge 2 liter grad. cyl. I 13.25
Storage
Sludge Recycle 
Pump

Sigmamotor No. Al-4-100 
pump and motor unit

3

1/4 in. i.d. 
Tubing

Tygon Plastic Tubing 3 13.60/50 ft.

1/8 in. i.d. Tygon Plastic Tubing 3 8.40/50 ft.
Tubing
D. 0. Meter Y.S.I, No, 54 I 450.00
pH Meter Beckman No. I 145.00

*1. Already in laboratory equipment inventory; cost is present 
catalog list price.

2. Built by laboratory personnel; cost for materials and time by 
■ individuals other than the author,

3. Purchased.
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FIGURE 13- PHOTOGRAPH OF M.S.U, PLANT
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■the operational and equipment innovations developed to solve problems 

outlined in Chapter III. These include the chain wiper in the clari

fier, mixer in the reactor, garbage bag storage of feed, cone-shaped 

clarifier, and daily washing of feed lines (they used acid in place of 

chlorine solution). Through information gained in this earlier study,

Townsend and Boe were also able to avoid time-consuming eva-luation-of... .

unsatisfactory methods and equipment, such as the gravity feed system 

and roller pumps. Without the valuable information obtained in this 

project, the M.S.U. plant wrould have cost much more than its actual 

price of $6,000.

Summary

While the results of one single run are by no means conclusive, the 

following items demonstrate good operation of the final pilot plant and 

satisfaction of the original project purpose.

1. the healthy appearance of sludge under microscopic observation;

2. steady increase in biological solids; * 1 2 3 4 5

3. excellent reduction of COD;

4. characteristic ability to acclimate and recover rapidly;

5. close comparison between anticipated yield values and those 

actually obtained; and

operational capability of the M.S.U. plant which was 

modeled after the final plant in this project.

6.



CHAPTER V

CONCLUSIONS

The conclusions are recommendations which should be followed in 

developing a bench scale pilot plant. These recommendations fall in 

two groups, design considerations and operational techniques.

Design Considerations 1 2 3 4 5

1. Gravity flow through valves is unreliable. Positive dis

placement pumps for feed and recycle are required for accurate 

control.

2. A  positive means to prevent sludge from adhering to the 

clarifier wall enhances performance and reduces labor. A 

slow rotating chain wiper works well.

3. Aeration alone can not be relied upon for complete mixing.

A mixing propeller should be installed and driven by a varia

ble speed motor so it can be adjusted to deliver sufficient , 

energy to maintain completely mixed conditions at various 

levels of MLSS.

4. The system temperature must be closely controlled. An environ

mental cabinet capable of maintaining temperature within t 1°C 

and large enough to enclose the entire system is desirable.

5. ' The discharge from the aeration tank to the clarifier should

come from the surface of the liquid to prevent selective reten

tion of foam-causing organisms.
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Operational Techniques

1. All hoses should be cleaned regularly to avoid the buildup of 

growth on inner walls. The recommended cleaning schedule is 

once each day.

2. Stock feed solutions should be refrigerated in acid-washed 

containers--particularly glucose and Bacto-Peptone. This—  - ■ 

reduces bacterial growth and greatly increases allowed storage 

time.

3. The feed supply should be prepared daily in a new uncontamina

ted container or one which has been acid-washed. The most 

suitable procedure used was to prepare the feed each day in a 

new, unused, plastic garbage bag. The bag was placed in a 

plastic garbage can for support and protection against acci

dental puncture. The top of the sack was sealed around the 

feed pump intake line to reduce airborne contamination.

4. Daily feed portions of stock solutions should be diluted before 

mixing to prevent formation of an insoluble white precipitate. 

The recommended procedure is to pipet the proper daily portion 

of each stock solution directly into the feed supply container 

which already contains the day’s volume of dilution water.

5. Air stones should be acid-washed regularly--at least twice

each week.
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6. If tap water is used for feed dilution, it must be tested to 

be certain it contains no dissolved or suspended material 

which may affect system.operation or reliability. Chlorinated 

water should be allowed to stand in a suitable open container 

for a period of 24 hours before being used.
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APPENDIX A

COMPUTER GROWTH AND YIELD CALCULATION PROGRAM '



COMPUTER GROWTH AND YIELD CALCULATION PROGRAM

10 PRINT "ACTIVATED SLUDGE GROWTH AND YIELD FACTORS"
20 PRINT "PROGRAM BY R. T. MONTGOMERY"
30 PRINT "CE 580 SPECIAL PROBLEM"
35PRINT 'DATE TIME AV AV FEED EFF AV AV ■ GROWTH
36PRINT" CELL EFF VOL VOL FEED EFF ■ RATE"
37PRINT" MLSS SS COD COD" .
50 REMARK A=DATE
52 REMARK B=TIME ,
54 REMARK C=REACTOR MLSS, MG/L
56 REMARK D=EFFLUENT S.S., MG/L • ' -  —
58 REMARK E=FEED RATE, L/HR 
60 REMARK F=WASTE VOL (MILLILITERS)
62 REMARK G=SAMPLE VOL (MILLILITERS)
64 REMARK H=SAMPLE WT.
66 REMARK I=REACTOR VOL (LITERS)
68 REMARK J=LISTING NO.
70 REMARK K=COD FEED 
72 REMARK M=COD EFF.
100 DIM A (20) , B(20),C(20),D(20),E(20)",F(20),G(20),H(20)
102 DIM K(20),M(20)
104 REMARK 105-120 DATA READ, INPUT
105 READ Z,I
H O  FOR. J=ITOZ STEP I
115 READ A(J),B(J),C(J),D(J) ,E(J),F(J),G(J) ,H(J),K(J) ,M(J)
120 NEXT J
130 REMARK STEP 140 BEGINS CALCULATIONS 
138 PRINTUSING 215,A(I),B(I)
140 FOR J=2 TO Z STEP I
145 V=24* (A(J)-A(J-I))+B(J)-B (J-I) '
147 REMARK V=DELTA TIME 
150 Q= (C(J)+C (J-I))/2 
152 REMARK Q=AV CELL MLSS 
155 S=C(J)-C(J-I)
157 REMARK S=DELTA CELL MLSS
160 T=(D(J)+D(J-I))/2
162 REMARK T=AV EFF SUSP SOL CONC
165 P=E(J)aV
167 REMARK P=FEED VOLUME
170 U=P-.OOIaG(J)-.OOIaF(J)
172 REMARK U=EFF VOL .
175 L= (K(J)+K(J-I))/2

(continued on next page)
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I

177 REMARK L=AV FEED COD- 
180 N= (M(J)+M(J-I))/2 
182 REMARK N=AV EFF COD 
185 O=M(J)-M(J-I)
187 REMARK O=CHANGE IN REACTOR COD 
190 R=(U*T+F(J)*Q+H(J-I)+I*S)/ (I*Q*V)
192 REMARK R=GROWTH RATE, MG/MG/HR 
195 Y=(I*Q*R*V)/(P*(L-N)-I*0-F*N-G*N)
200 PRINTUSING 205,Q,T,P,U,L,N,R,Y
205: > ■ ####. ###. ##.# ##.# ###. ###. #.#### #.####
210 PRINTUSING 215,A(J),B(J)
215: ## .#
220 NEKT J
250 PRINT
251 PRINT
252 PRINT
253 PRINTnDATA SUBMIT NEKT JOB"
254 PRINT
255 PRINTmNO OF LINES OF DATA"
256 PRINT'VOLUME OF REACTOR"
257 PRINT
258 PRINT
259 PRINTmNO. DATE TIME KR XE FEED WASTE SAM SAM COD COD"
260 PRINT" RATE VOL VOL WT FEED EFF"
270 FOR K=I TO 21 STEP I
275 IF K=21 GO TO 999 
280 IF K 21 GO TO 298 
298 PRINT
300 PRINT:--- --- ---  -------------  ----  — - —  --------"
302 NEKT K 
500 DATA 7,6
510 DATA 8,9,637,20,1.84,0,40,25,108,13
511 DATA 8,22,645,14,1.84,0,40,26,110,32
512 DATA 9,9,773,9,1.68,0,40,31,110,22
513 DATA 9,15,912,3,1.68,0,40,36.110,16
514 DATA 9,21.5,1020,13,1.68,0,40,41,110,15
515 DATA 10,9,1162,3,1.82,0,40,46,110,13
516 DATA 10,15,1300,2,1.82,0,40,52,110,10 
999 END 1
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APPENDIX B

SAMPLE DAILY MONITORING SHEET



DAILY MONITORING

DATE

MLSS:
Sample No. 1 2 3 4
Time
-Pan No.
Source '
Sample Size ;___________"_______________________________
Wt. D i r t y ___________________,_______________________
Wt. Clean
Sus. S o l . _____________________________________~~ ~~ ~
Cone.
COD Filt.

FEED:
Time on: (yesterday)
Time off: (today)
Hrs. run
Wt. start (yesterday)
Wt. end
Wt. fed
Vol. fed
Feed rate
Det. time
30 min set vol.

Ingredient Cone, (mg/1) ■
c12h22°11 __________
Bacto-Pepto ____________
FeCl?
MgSOzl-IH7O
K2HPO4 ____________
NH4Cl ____________
COD ____________
COD ____________mg/1

WASTE: MISC. DATA:
Samples Deliberate Aer. Clar. Air
Time mg Time time temp D.O. D.O. pH Flow
______  _____  Vol. ________  ____ ____ ____ ____ ____ ____
______  _____ Cone.________  ____  ____ ____  ____  ____ ____
______  _____ Wt. _______mg ____ ____  _______________ ____

TOTAL WASTE

Tot.

COMMENTS:
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APPENDIX C

SAMPLE COD ANALYSIS AND CALCULATION SHEET



COD DATA SHEET

Titrant Standardization:

Trial No. I 2 3

Stop vol. ______ .___ ______ .___ _____
Start vol. ______ .___ , ___ _____

Vol. used ______ .___ ______ .___ _____

Average ' ______ .___

Normality = ___________ = _____.____________

Sample size (unless noted) ml

(Sample, size) (Normality)
COD Calculation:

Flask
No.

Ident. Titrant Yol.ume a - b COD
(mg/1)Start Stop Used(b)

I Blank (a) I *
2
3 .
4
5
6 •
7
8 •
9
10
11 .
12 .
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APPENDIX D

TRIAL RUN DATA



DATE TIME REACTOR EFFLU. INFLU. 
MLSS SOLIDS DISSO .

COD
(mg/1) (mg/1) (mg/1)

FEED
RATE

(1/hr)

EFFLU. 
DISSO. 
COD 
(mg/1)

SAMPLE SAMPLE 
VOLUME WEIGHT

(ml) (mg)

REACTOR REACTOR CLARI. 
TEMP. DISSO. DISSO.

OXYGEN OXYGEN 
(0F) (mg/1) (mg/1)

PH AIR - 
FLOW

cc/min

7-24 2230 982 42 310 « •  — 26 —  — —  — - »  — 3.9 3.8 7.0 400
7-25 1100 — 56 3.9 3.0 6.9 .  400
7-25 1130 1,358 36 310 1.43 29 50 67.9 57 — - - - - - —  “  -

7-25 1700 57 3.9 3,5 7.0. 400
7-25 2230 1,526 35 310 1.43 28 50 76.3 — -  -  - — —

7-25 2300- 56 4,2 4,2 7.0 400
7-26 1100 1,672 41 310 1.42 29 50 83.6 56 3.2 2.1 6.9 400
7-26 2200 1,772 71 310 1.42 27 50 88.6 56 2.8 1.3 6.9 400
7-27 2130 2,010 50 310 1.41 29 50 100.6 -  -  - — — —

7-27 2200 56 2,0 1.6 6.8 400
7-28 0900 57 2.6 2.2 7.0 400 vi
7-28 1200 2,188 22 310 1.40 - 47 50 109.6 57 2.3 2.0 7.0 400 ̂
7-28 1900 56 2.4 2,0 6,9 400'
7-28 2130 2,232 28 310 1.40 38 50 111.6 - - - - - -  - — —

7-28 2200 - -  ’ 57 2.5 2.1 7.0 400
7-29 1000 2,370 22 310 1.41 39 50 118.5 56 2.0 1.0 6.8 400
7-29 1700 57 2.0 1.4 6.9 400
7-29 2200 2,590 14 310 1.41 39 50 129.5 — — - - - - - - - - - —

7-29 2400 56 1,9 1.0 6.9 400
7-30 1000 -  - 57 :2;3 1.4 6.9 400
7-30 1100 2,846 36 310 1.41 38 50 142.3 - - - - 1 - - - - - - -  * ■  —

7-30 '1600 57 .2.2 1,4 6.9 400
7-30 2200 2,982 20 310 1.41 29 50 146.6 — i  — - - - - - - - - - -  —  —

7-30 2300 57 2.3 1.3 7.0 400
7-31 0900 57 , 2.5 1.9 6.8 400
7-31 1200 3,064 74 310 1.41 34 50 153.2 57 12.3 1.8 6.9 400
7-31 2200 63 I 0.1 0.0 6.7 0
7-31 2230 2,980 70 310 — 34 50 149.0 "  - i -  - -  - t r * r - - - '
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APPENDIX E

TRIAL RUN COMPUTER GROWTH AND YIELD PRINTOUT



TRIAL RUN COMPUTER GROWTH AND YIELD PRINTOUT

DATE TIME AV AV FEED
CELL EFF VOL
MLSS SS

24 22.5
1170. 39. 18.5

25 11.5
1442. 36. 15.6

25 22.5
1599. 38. 17.8

26 11.0
1722. 56. 15.6

26 22.0
1892. 61. 33.1

27 21.5
2100. 36. 20.3

28 12.0
2210. 25. 13.3

28 21.5
2301. 25. 17.6

29 10.0
2480. 18. 16.9

29 22.0
2718. 25. 18.3

30 11.0
2914. CO 15.5

30 22.0
3023. 47. 19.9

31 12.0
3022. CN 14.9

31 22.5

EFF
VOL

AV
FEED
COD

AV
EFF
COD

GROWTH
RATE

YIELD

18.4 310. 27. 0.0331 0.5813

15.6 310. 29. 0.0171 0.3699
17.7 310. 29. - • 0.0135 0-3256 -

15.6 310. 29. 0.0137 . 0.3533
33.1 310. 28. 0.0133 0.3796

20.3 310. 37. 0.0103 '0.3451
13.3 310. 42. 0.0056 0.1951

17.6 310. 38. 0.0079 0.2858
16.9 310. 39. 0.0098- 0.3809 .

18.3 310. 39. 0.0100 0.4242

15.5 310. 34, 0.0072 0.3186

19.8 310. 32. . 0.0062 0.2852

14.9 310. 34. 0,0037 0.1735
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