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. ABSTRACT

The results of this evaluation of the extended aera
tion treatment plant at the Arizona Youth Center showed that . 
this plant normally produced a highly nitrified and oxidized 
effluent and that overall treatment provided at the plant 
was normally very good as measured by effluent biochemical 
oxygen demand, chemical oxygen demand, and suspended solids. 
The major problem encountered at the plant was poor settle- 
ability of the sludge.

The evaluation Of the plant further showed that the 
poor settleability of the sludge was due to anaerobiosis and 
the filamentous nature of the sludge. These conditions were 
caused by the low dissolved oxygen concentration in the aer
ation tanks for long periods each day as a result of periodic 
shock loadings on the plant. Extreme variations in hydraulic 
and organic loadings on the plant occurred regularly because 
of the rigid schedule of activities at the institution served 
by the treatment plant.

The long periods of low dissolved oxygen concentra
tion occurred despite the fact that the amount of aeration 
provided at the. installation was increased to a level sub
stantially above that required under the current design
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practices. Also, the daily organic and hydraulic loadings 
were ordinarily not too excessive for this type of treat
ment unit.

It is evident that the aeration equipment for ex
tended aeration treatment plants should no longer be designed 
to satisfy the oxygen demand of the average daily loadings 
on the system, as currently practiced, but should be designed 
to satisfy the oxygen demand which occurs under peak loading 
conditions.



CHAPTER I

INTRODUCTION

This report is an evaluation of the extended aera
tion sewage treatment plant at the Arizona Youth Center, lo
cated 20 miles north of Tucson, Arizona. The study was 
initiated because there was a serious settleability problem 
in the plant and was conducted to determine the cause of this 
problem.

Because of an odor problem at the plant, the aera
tion capacity in the aeration compartments was increased by 
the addition of an auxiliary compressor just prior to the 
start of this investigation? that is, both of the compressors 
provided at the plant were run simultaneously for 24 hours a 
day. This immediately resulted in an elimination of the odor 
problem and the settleability improved. However, after two 
weeks of operation the settleability.showed a sudden deterio
ration and the final settling tank became completely filled 
with non-settling sludge. A preliminary microscopic examina
tion showed that this sludge contained a large number of fil
amentous organisms. The contents of the final settling tank 
were pumped into a tank truck and transported to the City of 
Tucson sewage treatment plant. The extended aeration plant
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was again put into operation and at this time this study was
begun„

This, study began with an evaluation of the performance 
of the plant and was concluded with an evaluation of the ef
fects of the extreme variation in sewage loads— a character
istic of this institution— on sludge settleability. No effort 
was made during the course of this study to alter any of the 
plant operations.

Plant performance was evaluated by measuring the flow 
of sewage into the plant and determining the following opera
tional parameters: 1) biochemical oxygen demand (BOD) in
both the influent and effluent; 2) influent and effluent chem
ical oxygen demands (COD); 3) total suspended matter and vola
tile and fixed suspended matter in the influent, the effluent, 
and the four aeration tanks; 4) organic nitrogen, nitrite 
nitrogen, nitrate nitrogen, and ammonia nitrogen in the in
fluent, effluent, and aeration compartments; 5) the sludge 
volume index (SVI) and dissolved oxygen (DO) in the four aer
ation tanks; and 6) bacterial content on the influent and ef
fluent. These parameters were then analyzed in the light of 
previous evaluations of extended aeration sewage treatment 
facilities and of expected performance characteristics based 
on theoretical design and operational considerations. Data 
for this portion of the study were collected for a period of 
approximately two months.



The effects of the variations in sewage loading on 
settleability were evaluated by hourly measuring the DO in 
the aerated trash and grit chamber and first aeration tank, 
the SVI in the first aeration tank, the BOD of the influent 
the COD of. the influent, the total suspended matter and vol 
atile and fixed suspended matter in the influent, and the 
magnitude of the influent flow. These values were all ana
lyzed and compared to determine if there were any signifi
cant relationships between them and the poor settleability.



CHAPTER II

INSTITUTION SERVED BY TREATMENT PLANT

The Arizona Youth Center is a juvenile detention and 
rehabilitation institution for all juveniles committed by the 
14 juvenile courts in the State of Arizona. It has the fol
lowing two functions: 1) diagnostic study in which all the
individuals who are committed by the juvenile courts are ana
lyzed and then either returned home, detained for treatment, 
or sent to other institutions? and 2) treatment, which at
tempts to help individuals with special problems. The average 
time in which individuals are detained for diagnostic study is
6 weeks and for treatment is 9 months.

The institution is a completely self-contained living 
unit at which is provided a school, dormitories or "cottages," 
dining facilities (including a kitchen in which all meals are 
prepared), and recreational facilities. The activities of 
the inmates are strictly regulated and center around the use 
of these facilities. This is extremely important because the 
loading on the sewage treatment plant is thus also regulated? 
that is, the majority of the hydraulic and organic loads oc
cur in relatively short periods throughout the day and the 
rest of the time these loadings are very low. This directly
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5
affects the treatment of the sewage at the plant and will be 
discussed more thoroughly in the following report.

Finally, the average inmate population of the insti
tution is 146 juveniles in addition to which there is a staff 
of 50 employees, most of whom work 8 hours a day. Thus, it 
is assumed in this report that the sewage treatment plant is. 
serving a population of approximately 163 persons.



CHAPTER III

THE EXTENDED AERATION SEWAGE 
TREATMENT PROCESS

Because of, recent population increases and accompa
nying rapid growth of the suburbs, there has arisen a great 
need for small sewage treatment plants to serve both as in
terim and permanent isolated sewage treatment facilities.
The extended aeration process, which is one of many modifica
tions of the activated sludge process, is being used exten
sively to fill this need because it is compact, is adaptable 
to small sites, provides an assured, high degree of treatment, 
is economical to build, and is fairly automatic in operation, 
resulting in low labor costs.

Basically, the plant is designed to provide an aera
tion period much longer than the conventional activated sludge 
process (generally 18-24 hours) followed by a 3-6 hour period 
in a final settling tank for separation of the liquid and the 
sludge. The clarified liquid is then discharged as the plant 
effluent. The sludge is not wasted, but is returned to the 
aeration unit.

Development of the process started in 1947 at East 
Palestine, Ohio (1) when an attempt was made to improve the 
operation of an underloaded conventional activated sludge



plant by returning 100 percent of the final settling tank 
sludge to the aeration tanks. This resulted in producing an 
excellent plant effluent. Because of this, three "extended 
aeration" plants were installed in Ohio in 1950 to treat milk 
wastes and also provided effective treatment. As a result, 
the Ohio State Department of Health approved the use of this 
type of process for treatment of sanitary sewage from an in
dustry. This was followed by the installation of two plants 
to treat domestic and cafeteria wastes in 1952 and two plants 
to serve schools in 1953. Since their satisfactory use in 
Ohio, interest in this process has grown greatly and it has 
found widespread application for treating the wastes from 
small concentrations of population and from industries.

Since the use of this type of treatment has become 
widespread, it has been further developed into "package 
plants." That is, its various tanks and other facilities 
have been combined into one structural unit. The treatment 
plant which is being evaluated in this report is one of these 
package plants.

Fundamental Biochemistry
The biological stabilization of organic matter in 

wastes is brought about by the metabolic reactions of the 
micro organisms, which are primarily bacteria, and consists 
of two processes, synthesis and respiration. Synthesis re
sults in the conversion of some of the organic and inorganic 
compounds in the sewage into biological protoplasm. This
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conversion requires energy which is normally supplied by oxi
dation of a portion of the organic matter being metabolized. 
This energy scheme is known as respiration.

In aerobic biological systems, respiration results in 
the oxidation of organic matter to carbon dioxide and water 
which are the most stable chemical forms of carbon and hydro
gen .

In the early stages of an aerobic process, such as 
extended aeration with an acclimatized sludge established, if 
there is an unlimited food supply with proper nutritional bal
ance, the bacteria are in a log growth stage and the bacterial 
growth is limited only to the bacteria's ability to reproduce. 
The oxygen uptake rate is increasing due .to absorption of the 
organic load and the synthesis of new sludge cells. As the 
oxidation of the organic load proceeds, a declining growth 
phase is reached due to limitations in the available food, 
and the oxygen uptake rate also declines. When there is just 
enough available food to provide the minimum amount of energy 
to maintain basal metabolism, such as motion and enzyme acti
vation, a so-called endogenous respiration exists. The endog
enous respiration reaction is a continuous reaction that 
results in the metabolism of certain components of protoplasm. 
Even when excess nutrients are available, endogenous metabo
lism proceeds with the breakdown of protoplasm. When the 
substrate is not able to provide enough organic matter for 
synthesis and respiration, and the rate of destruction exceeds
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the rate of growth, the micro organisms obtain energy b y .auto- 
digestion of the cell protoplasm and the biologically degrad
able organic matter in the sludge cells is oxidized to carbon . 
dioxide, water, and ammonia. As aerobic digestion proceeds, 
the ammonia is converted to nitrates, the oxygen uptake levels 
off, and mineralization increases because of the destruction 
of volatile solids. The residue consists of fixed solids and 
volatile solids resistant to further bio-destruction (2)„

In the conventional activated sludge process the me
tabolism of the waste by bacteria is accompanied by the syn
thesis of new bacteria with a relatively minor reduction of 
organic mass through autolysis. Thus, there is a constant 
accumulation in the sludge mass. In order to maintain a,rel
atively constant level of suspended solids in these proces
ses, some of the return sludge must be continually wasted (3)„ 

In the extended aeration process an attempt is made 
to capitalize more fully on the endogenous respiration of the 
sludge organisms in order to prevent the accumulation of 
sludge and thus prevent the need for continual sludge wasting. 
As the aeration period is extended and the synthesized bac
teria are allowed to accumulate, there is a reduction in the 
amount of food available for each organism. If the aeration 
period is extended beyond the time required for the sludge to 
be metabolized, the organisms, which always must fulfill their 
basic energy requirements, must spend an increasingly larger 
portion of the aeration period in endogenous respiration.



Eventually a balance can be theoretically reached wherein the 
autolysis of the sludge equals the magnitude of the sludge 
synthesized. That is, there is a maximum number of organisms 
which can develop} and sustain themselves on the amount of food 
available in the system. When this number of organisms are 
developed, the system is at equilibrium in a stationary growth 
phase and theoretically no further accumulation of active 
sludge mass is possible (3).

However, it has been found that there is an accumula
tion of solids even though there theoretically should not be 
and this has been studied by many investigators. These in
vestigations began in 1958 when Symons and McKinney (4) stated 
that it was impossible to operate a biological treatment sys
tem without some sludge buildup. They based their statement 
on a study of nitrogen utilization in batch activated sludge 
units in which waste products in the form of polysaccharides 
accumulated in the waste sludge mass.

In 1959 Kountz and Forney (5) conducted model studies 
of total oxidation systems and found through metabolic energy 
balances that a conventional type system operating at a long 
detention time continued to accumulate sludge over an extended 
period. They stated that there would be a net accumulation 
of solids in the system because 20 to 25 percent of the bio
logical solids produced are relatively inert to biological 
oxidation. It was therefore concluded that with continuous
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operation and no loss of solids to the effluent an increase 
in volatile solids will result.

In 1962 Washington and Symons (3) studied the charac
teristics of these relatively inert excess volatile solids 
from several types of soluble feeds. They determined that 
polysaccharides were the major constituents and that these 
solids also contain fatty-acid and organic-nitrogen compounds. 
These volatile solids accumulate because they are biologically 
inert to the organisms in activated sludge and could be con
sidered inactive mass.

Therefore, if an extended aeration plant is properly 
designed and operated, it is theoretically possible to remove 
a large fraction of the degradable organic matter contained 
in the influent waste by maintaining a low organic loading to 
active cell mass ratio. Once the maximum number of bacteria 
are developed, and the system is at equilibrium an effluent 
with a low BOD will be produced. However, there will be a 
slow accumulation of inert material in the system which, if 
there is no controlled sludge removal, will be released in 
the effluent.

Design Criteria 
Initially, the design criteria for extended aeration 

plants were based largely oh theoretical concepts and the re
sults of pilof-scale studies. Therefore, the design require
ments vary from state to state. However,; there is a trend
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towards standardization as the performance and operational 
data from full-scale units has become available. Generally,. 
these design requirements are limited to the flow, the organic 
loading, the detention times in the aeration and clarifica
tion units, the rate of air supplied and the rate of sludge 
return. In addition, some standards also limit the hydraulic 
loading for the final clarifier and require sludge withdrawal.

In 1960 a report from The Robert A. Taft Sanitary 
Engineering Center (6) surveyed the design criteria as then 
employed in the various states. These criteria are generally 
the same as those which are employed today and Arizona's re
quirements are based on the findings presented in their report.

These researchers found that more consideration was 
given to the aeration time than to the BOD loading. The aer
ation time was commonly 18-24 hr except in plants treating 
very strong wastes where it was usually extended beyond 24 hr. 
The BOD loadings were found to vary between 15 and 30 lb per 
1000 cu ft of aeration capacity. Generally small plants hav
ing a capacity of less than 10,000 gal were designed on the 
basis of 15 lb of BOD.per 1000 cu ft and plants with a capac
ity of 30,000 gal or larger were designed on the basis of 
the 30 lb load. A graduated loading was used for most plants 
having a capacity between 10,000 and 30,000 gal. This was 
not true of all plants, however, and some were designed for a 
BOD loading of 20 lb per 1000 cu ft of aeration capacity re
gardless of plant capacity.
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With the design BOD loading, the level of solids in 

the aeration tanks is generally about 5000 to 6000 mg/1 of 
which the volatile portion is about 65 to 75 percent. Because 
of the weight added by the inert material, the solids are 
dense and should settle very well. -

The oxygen requirements of the mixed liquor solids 
were very low— about 10 to 15 mg/1/hr— and were about 25 per-̂  
cent of the oxygen requirements at the influent end of the ac
tivated sludge aeration tank. However, since the most 
important consideration in the aeration of the mixed liquor 
was the thorough mixing of the biological sludge and raw sew
age, the air normally used was twice the quantity of air re
quired for the conventional activated sludge process. 
Therefore, the type of diffusers employed did not have a high 
transfer efficiency and were designed to provide a high rate 
of mixing as well as to provide the necessary oxygen.

Two types, of clarifiers were used in the extended aer
ation system: 1) an upflow solids contact basin; and 2) the
conventional sedimentation basin. In the first type the 
sludge is returned by gravity flow. In the second the sludge 
is concentrated in the bottom of the sedimentation basin and 
removed by a return sludge pump. The settling tanks gener
ally provided for a 4 hr retention time based on the average 
24 hr flow. The surface overflow rate Was usually about 100 
gpd per sq ft for the sedimentation tanks and 200 gpd per
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sq ft for the upflow basins. Usually, the rate of return was 
100 to 200 percent of the influent flow.

Since there is an accumulation of solids in the sys
tem, which causes an increase in the quantity of solids in the 
effluent thus reducing the effluent quality, those plants 
which require the maximum degree of treatment must remove and 
dispose of the excess sludge produced. Generally this was ac
complished by periodically pumping a portion of the return 
sludge into an aerated sludge holding tank. The sludge was 
ultimately disposed of by remova.1 with a tank truck or by dry
ing on a sand bed. If the ultimate disposal was by tank truck 
the required capacity of the sludge holding tank ranged from 
2 to 8 cu ft per capita, and if.the sludge was dried on a sand 
bed the required capacity was as low as 1 cu ft per capita.
The sand beds were designed with an area equivalent of 0.3 cu 
ft per capita per day.

Design of Plant Under Investigation 
The extended aeration plant studied in this investi

gation is a package plant constructed by Defiance of Arizona, 
Inc. A flow diagram of the plant is shown on Figure 1 and the 
design data' for the plant is given in Table I.

As is shown in the flow diagram, the plant is equipped 
with a bar screen, an aerated trash and grit chamber, four 
aeration tanks, a final settling tank, a chlorinator, an aer
ated sludge digestion tank, an effluent weir, and a sludge
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Table I. Design Data for Treatment Plant Under Investigation

System Parameter
Manufacturer's 
Rated Capacity

Total Plant Maximum Gallons per Day 
Maximum Gallons per. Hour 
Average Gallons per Hour 
B O D -  Maximum Pounds per Day

20000 
2000 
834 . 
66

Trash Trap Liquid Capacity - Gallons 
Detention at Maximum Flow - Hour

1000
0.5

Aeration Liquid Capacity - Gallons
Detention - Day
Cubic Feet per Pound BOD
Air- Supply, Cubic Feet per Pound

20000
1

40.4 
BOD. 2664

Settling Settling Capacity - Gallons 
Detention at Maximum Hourly Flow 
Detention at Average Hourly Flow

4650
- Hour 2. 3
- Hour 5.5

Air Blower Capacity at 3.5 psi - cfm 202
Sludge Return Air Lift Pump Capacity - gpm 59



return for both floating and settled solids. The bar screen 
is provided to prevent large or relatively heavy objects from 
entering the plant. The trash and grit chamber retains grit. 
and floating materials, such as rags and paper which have not 
been retained by the bar screen, and has a liquid capacity of 
1000 gal. The four aeration tanks each have a liquid capacity 
of 5000 gal and are connected in series by a 6-in. submerged 
pipe. The aeration tanks have been arbitrarily numbered 1, 2, 
3, and 4 and throughout the rest of this report these numbers 
will refer to the specific aeration tank shown in the flow 
diagram. The final settling system is composed of a 4650 gal 
sedimentation tank with a liquid depth of 11.8 ft, measures 
7.5 ft by 11.1 ft at the top and 18 in. square at the hopper 
bottom and provides a retention time of 6.7 hr and a surface 
overflow rate of 241 gpd per sq ft of surface area at the de
sign hydraulic loading. The weir in the final settling tank 
is 7.5 ft long. The return of the activated sludge from the 
final settling tank to the first aeration tank is accomplished 
with an air lift pump which provides a recirculation ratio 
(return sludge flow to influent flow ratio) of 4.25:1. The 
air supply for the plant is provided by two blowers with a 
total capacity of 202 cfm at 3.5 psi. Also provided at the 
plant are antifoam equipment and an aerated sludge digestion 
tank neither of which were used during this study because no 
foaming problem occurred at the plant and controlled sludge 
wasting was not employed.



CHAPTER IV

EVALUATION OF PLANT PERFORMANCE

This portion of the report was conducted to determine 
if any of the operational parameters, when analyzed and com
pared with previous evaluations of the extended aeration 
treatment process and expected performance characteristics 
based on theoretical design and operational considerations, 
gave any indication as to the cause of the settleability prob
lem at this planto The results of this study, which include 
a literature review, the procedures for sampling the labora
tory analyses, the analytical results, and a discussion of / 
the analytical results, are presented in the following chapter„

Review of Previous Evaluations 
The first effort to evaluate the extended aeration 

sewage treatment process was made in 1960 by the Robert A.
Taft Sanitary Engineering Center for the United States Depart
ment of Health, Education, and Welfare (6). In this report, 
a performance evaluation was made based on the laboratory data 
from 59 of the 1,224 extended aeration plants reported in ser
vice or under construction as of July 1, 1960. These re
searchers reported that an extended aeration plant with proper 
design, maintenance, and operation can effect high BOD
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19
reductions„ Their data showed a range of efficiencies from
33.3 to 99.3 percent, with an average of 86 percent BOD re
moval. In addition, it was found that suspended solids re
moval ranged from 0 to 96.5 percent with an average of 62 
percent. It was also stated that at that time considerable 
uncertainty existed concerning the need for sludge wasting 
facilities to assure a high removal of BOD and suspended sol
ids and that several states required sludge holding tanks or 
supplemental facilities such as sand filters to maintain high 
effluent quality.

In a second report by the Robert A. Taft Sanitary 
Engineering Center (7) it was reported that solids accumula
tion was an inherent characteristic of this process and the 
efficiency, of the plant's performance is directly related to 
the amount of solids lost in the effluent. In addition, it 
was concluded that the principle causes of excessive solids 
losses are extreme fluctuations in raw waste flow, floating 
solids losses due to denitrification in the sedimentation ba
sin, and lack of routine solids wasting and disposal. Final
ly, long term BOD tests were conducted to study the relation
ship between the carbonaceous and nitrogenous oxygen demand 
of both the influent and effluent, and it was found that the 
degree of nitrification in the plant had a very significant 
effect on the effluent quality. The carbonaceous stage in 
the effluent samples was nearly complete at the beginning of 
the BOD test and after 2 days the nitrification stage became
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predominate„ Because a significant error is possible when 
plant BOD reduction efficiencies are based on 5-day 20°C BOD 
without consideration of the nitrogenous oxygen demand of the 
effluent, long-term BOD analyses should be used to supplement 
the 5-day BOD test periodically in order to permit more com
prehensive evaluation of extended aeration plant efficiency.

Also in 1963, a paper was presented by John T. Pfeffer 
(8) which was an evaluation of the design practices and a pre
sentation of a study of a field installation of an extended 
aeration system. The design practices presented in this paper 
were merely a restatement of those presented by the Robert A^ 
Taft Sanitary Engineering Center report summarized in Chapter 
III and will not be repeated here.

Pfeffer did note, however, that inorganic solids are 
more dense than the biological solids and thus should not be 
continuously discharged in the effluent. It was also stated 
that the design practice of maintaining 25 to 35 percent in
organic solids in the mixed liquor makes the sludge dense and 
it should settle very well. That is, if the solids were all 
biological the settleability would be so poor that it would 
be impossible to maintain them in the system. He speculated 
that this density difference was also the major cause of the 
gradual accumulation of heavy inorganic solids in the aera
tion tank. This speculation was based on the results of a 
study of an extended aeration treatment plant. During this 
study he found that, even though the influent suspended solids
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were about 90 percent volatile, only 75 percent of the mixed 
liquor solids were volatile. Despite this high concentration 
of inorganic solids in the mixed liquor, the solids which 
were discharged in the effluent were 95 to 100 percent vola
tile.

In Pfeffer'S study of a field installation he found 
that because the air was supplied by diffusers having a rela
tively low efficiency, a high rate of aeration was required 
to maintain the settling characteristics of the sludge and to 
produce a well oxidized effluent. At an aeration rate of . 
2,500 cu ft per lb BOD, the reduction of BOD and suspended 
solids was 94 percent, the SVI was 180, and the nitrate con
centration in the effluent was zero. However, using the rated 
efficiency of the diffusers under standard conditions as 6.4 
percent, the quantity of air necessary according to the de
sign practices would only be about 1,500 to 2,000 cu ft per lb 
of BOD. However, not until the aeration rate was increased to 
about 4,000 cu ft per lb of BOD— about twice the design rate— - 
did the SVI drop to below 100. The nitrate concentration in 
the effluent was about 8 mg/l-N and even with this high aer
ation rate the DO still dropped to less than 1 mg/1 in the 
aeration tanks when the peak BOD loading occurred. Thus, the 
author concluded that since there was a large discrepancy be
tween the. field data and the data used in evaluation the aer
ation equipment, that the equipment should be rated under 
field conditions. . Also, it should be noted that the amount of
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air required greatly exceeded the expected requirements and 
that the design criteria for the aeration rate may be too low 
for this process. -

The most pronounced operational problem found in the 
investigation was the rising of large masses of sludge to the 
surface of the settling tank. It was stated that this prob
lem occurred because no sludge collecting mechanism was pro
vided and denitrification and anaerobic conditions occurred in 
solids which were deposited on the sides and in the corners of 
the sludge hoppers. The gases produced bouyed the solids to 
the surface.

Finally, the author concluded that with BOD loadings 
between 15 to 30 lb per 1,000 cu r.t of aeration capacity, it 
is possible to obtain 95 and 90 percent reduction in BOD and 
suspended solids respectively with controlled sludge wasting. 
However, at a load of less than 10 lb per 1,000 cu ft the 
treatment was not acceptable because there was a decrease in 
the level of solids in the aeration tank as a result of self- 
oxidation and less of solids in the effluent. Thus, it was 
concluded that the sludge of underloaded plants will exhibit 
poor settling characteristics as a result of over-oxidation 
of the sludge.

In 1968 a bench-scale study of a model extended aer
ation unit was conducted by Middlebrooks and Garland (9).
The authors used comminuted degritted raw wastewater col
lected at the local wastewater treatment plant. They found
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that the volatile fraction of the mixed liquor solids remained 
constant during the various periods of operation with differ
ent feed rates. It was concluded that with the periodic 
losses of large quantities of solids the units tended to ad
just the volatile content. Also, it was believed that the 
gradual accumulation of non-biodegradable material contributes 
significantly to the periodic "regurgitation" of large masses 
of solids by extended aeration plants,

Prior to 1966, there were no detailed studies done of 
the operational and performance characteristics of field in
stallations of extended aeration plants. The previous inves
tigations were short-term studies or bench-scale studies and 
reliable performance data of actual field installations were 
scarce. In 1966 the first comprehensive study of the opera
tional and performance characteristics of two field instal
lations was conducted by Westrick, Morand and Eye (10).
During this study, two extended aeration plants were investi
gated. The first plant, which the investigators labeled 
plant "A", was investigated without any .attempt to control 
the operating variables. The second plant, called plant "B", 
was investigated while the hydraulic loading, aeration time, 
and sludge return rate were regulated. The results of both 
these investigations are given below.

Briefly,, plant A was designed for a hydraulic, load of 
90,000 gpd but was underloaded most of the time. The organic 
load was correspondingly low and ranged from 2.0 to 4.2 lb



BOD/day/1,000 cu ft of aeration tank volume. The BOD of the 
effluent samples did not exceed 5 mg/1 and the overall BOD 
reduction ranged from 95 to 99 percent. The nitrate concen
trations in the effluent ranged from 27 to 37 mg/1 - N dur
ing the dry weather and 7 to.16 mg/l-N during the wetter 
spring months. Minimum DO concentrations in the mixed liquor 
aind effluent were 3.3 and 3.9 mg/1 respectively. Suspended 
solids reductions ranged from 57 to 95 percent and effluent 
suspended solids varied from 10 to 50 mg/1. The total bacte
ria and coliform reductions varied from 83 to 95 percent and 
86 to 98 percent, respectively. Finally, there was from zero 
to 50 percent nitrogen reduction throughout the study. Thus, 
the study of plant A indicated that an underloaded plant can 
give excellent treatment and also that over-oxidation of the 
sludge in underloaded plants does not necessarily result in 
poor settling characteristics as had been reported earlier by 
Pfeffer (8).

, The study of plant B was significant in that several 
operating variables were regulated, including the quantity of 
air supplied to the system under each loading condition.
Thus, the results of this investigation will be presented in 
detail.

Two ranges of hydraulic loading were used. The higher 
loading varied from 24,350 gpd to 50,500 gpd with an average 
of 28,900 gpd and the lower loading varied from 15,900 to
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20,950 gpd with an average of 18,800 gpd. The quantity of air 
supplied to the system under each loading varied as follows:

1) Continuous aeration for a total of 24 hr per day 
resulting in 194,400 cu ft per day air supplied.

2) Intermittent aeration for a total of 20 hr per day 
resulting in 162,000 cu ft per day air supplied. The aeration 
schedule was for continuous aeration from 6:00 AM to 10:00 PM 
and the air was off 15 minutes out of each half-hour from 
10:00 PM to 6:00 AM.

3) Intermittent aeration -for a total of 16 hr per day 
resulting in 129,600 cu ft per day air supplied. The aeration 
schedule was for 45 minutes aeration out of each hour from 
6:00 AM to 10:00 PM and 15 minutes out of each half-hour from 
10:00 PM to 6:00 AM.

For the. higher loading the organic load ranged from 
6.7 to 14.7 lb BOD/day/1,000 cu ft with an average of 9.6 lb 
BOD/day/1,000 cu ft, and the average amounts of air supplied 
during the 24, 20, and 16 hr aeration phases were 4,000, 3,400, 
and 2,200 cu ft/lb BOD respectively. Although the average 
daily flow was generally less than the design flow of 40,000 
gpd, solids washout occurred on 14 days out of the 20 day 
sampling period.

The high suspended solids concentrations in the efflu
ent resulted in correspondingly high BOD and COD concentra
tions in the effluent, although the BOD and COD concentrations 
in the effluent were lower for the continuous aeration phase
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than for either of the intermittent aeration phases. Also 
during continuous aeration, the ammonia nitrogen was very low 
and nitrate nitrogen was the major form of soluble nitrogen, 
indicating good oxidation. The soluble COD was less than 40 
mg/1 after the first two days of sampling which also indi
cated good oxidation of the substrate. When the air supply 
was reduced to 20 hr per day there was a substantial increase 
in ammonia nitrogen and it became the predominant form of sol
uble nitrogen. The soluble COD also increased slightly and 
these results indicate that oxidation was less complete than 
with continuous aeration. For an aeration time of 16 hr per 
day both the ammonia nitrogen and soluble COD increased con
tinuously to the end of the study. Therefore, the air sup
plied was insufficient for oxidation of the substrate at this 
loading.

In the aeration tanks the suspended solids averaged 
4,300 mg/1,. 5,100 mg/1, and 5,000 mg/1 for continuous, 20 hr, 
and 16 hr aeration, respectively. About 75 percent of the 
solids were volatile. The SVI averaged 200 for continuous 
aeration, 150 for 20 hr aeration and 175 for 16 hr aeration, 
and the sludge settled best when the sewage was aerated for 
20 hr. The nitrate and ammonia nitrogen concentrations cor
responded to those of the effluent. The DO concentrations 
varied from 1.0 mg/1 during peak organic loading hours to 6.1 
mg/1 at night for continuous aeration and 0.0 to 1.4 mg/l for 
the 20 hr aeration phase. The DO data were not available for
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the 16 hr phase. However, during the 16 hr phase the DO was 
probably utilized as soon as it could be transferred.

For the lower loading, the average organic load was
6.3 lb BOD/day/1,000 cu ft and the average amounts of air sup
plied for the 24, 20, and 16 hr phases were 5,500, 4,800, and
4.100 cu ft/lb BOD, respectively. Again solids washout oc
curred on several days but the effluent quality improved con
siderably over the higher loadings.

The effluent BOD and COD were low through all stages 
of aeration as long as solids were not discharged. There was
no dissolved oxygen present in the effluent at any time. The
soluble COD and ammonia nitrogen values indicated a well oxi
dized effluent for the 24 and 20 hr aerations, while in the 
16 hr phase soluble ammonia nitrogen concentration continually 
increased and COD increased during the last three days. Also 
during the 16 hr phase, nitrate nitrogen was reduced and am
monia nitrogen became the predominate soluble nitrogen form. 
Thus, the oxidation was not as complete during this phase.

In the aeration tank the suspended solids averaged
5.100 mg/1 for continuous aeration, 5,500 mg/1 for the 20 hr 
aeration, and 6,200 mg/1 for the 16 hr phase. The sludge 
settled well during the 20 hr run and during several days of 
the continuous aeration run with an average sludge index of 
about 100. However, during the 16 hr run the sludge settled 
to only 93 percent volume, giving an index of 150. :



' ■ • : 28
Some of the observations made by the.investigators in 

their discussion of the above results were as follows:
1) The sedimentation unit was unable to retain the 

sludge solids even though the average daily flows were below 
the design flow and the settleability was good in all cases 
except for the 16 hr phase at the lower loading,

2) For the higher loading the air supply per lb BOD 
during the 16 hr aeration phase coincided with the air per lb 
BOD supplied under continuous aeration. Therefore, it ap
peared that not only is the total quantity of air supplied 
pertinent to the oxidative process, but also the method in 
which it is applied.

3) For the higher loading condition any reduction in 
air below 4,000 cu ft/lb BOD resulted in inefficient oxidation 
although this was almost twice the air supply as recommended 
by the design criteria. .

4) Since the plant studied did not produce effluents 
of satisfactory quality near the design loading and the air 
requirements were considerably higher than those specified by 
the design criteria, the process required careful considera
tion of design and operational characteristics in order to 
provide efficient treatment.

In addition it should be noted that the sludge settled 
to only 93 percent volume in 30 min during the 16 hr aeration 
phase at the lower loading suggesting that inadequate aeration 
would cause poor settleability.
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The final performance evaluation reviewed was pub

lished in 1969 by Eye et ad. (11). Their report was a com
prehensive evaluation of the performance and operational 
characteristics of typical extended aeration plants. The in
vestigation extended over a period of three years and five 
plants were studied.

The individual evaluations of each plant, although 
informative, were not particularly useful for the evaluation 
of the plant being studied for this report and will.not be re
viewed except for two studies done on solids washout.

The first study was conducted at two identical plants, 
called plants 3-A and 3-B by the authors. Plant 3-B was used 
as a control and was operated normally. Sludge was added to 
plant 3-A from another extended aeration plant on three sep
arate occasions to ascertain the effect of increased solids 
loading on the effluent quality. The effluent suspended sol
ids increased almost immediately after the first addition of 
sludge even though the volume added was only about 3 percent 
of the aeration tank capacity. The second addition of sludge, 
about 9 percent of the volume of the aeration tank, was fol
lowed by extensive unloading of solids for a period of almost 
two weeks. . The mixed liquor volatile suspended solids (MLVSS) 
increased at a relatively constant rate during the first 16 
days and then fluctuated because of solids unloading from the 
clarifier. The SVX was high but remained relatively constant, 
throughout the entire period. A third addition of sludge was
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not followed by an immediate loss of solids in the effluent 
but. the MLVSS did show a considerable increase during the fol
lowing 4 days. After about 8 days, increased suspended solids 
appeared in the effluent and then a major unloading of sludge 
occurred. Meanwhile, plant 3-B was performing better than 
plant 3-A from the standpoint of effluent suspended solids.
The MLVSS were considerably higher in plant 3-B. than in 3-A, 
but the SVI remained in a more normal range.

The authors explained this loss of solids on the basis 
of a mass balance according to Stewart (12). Stewart showed 
that there is a maximum concentration of mixed liquor sus
pended solids (MLSS) that can be retained in the aeration 
tank. His equation for the maximum MLSS is as .follows:

As = 106.R/( (Q+R) (SVI)
where A = maximum MLSS

Rs = return sludge flow, gpm
Q = influent flow, gpm

SVI = sludge volume index
By substituting the observed data for plants 3-A and 

3-B into the above equation, the authors calculated the val
ues for the maximum MLSS for the existing conditions. From 
this information it was shown that both plants were operating 
at or slightly above the theoretical maximum concentrations 
of aeration, tank suspended solids throughout most of the 
study. The authors concluded that plant 3-A could not accept 
additional solids the first and second time they were added 
because it was already at peak capacity. The third addition
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of sludge coincided with a MLSS level below the maximum and 
solids were retained until the level exceeded the calculated 
maximum.

A second study on solids washout was conducted on an
other plant, designated as plant 4 by the authors, in which 
the flow rate was increased each hour up to a final value of 
277 percent of the design flow. The data showed that the 
amount of suspended solids discharged in the effluent increased 
rapidly when the overflow rate exceeded 40 gallons per hour 
per square foot.

Calculations based on Stewart1s formula showed that 
the aeration tank MLSS were less than the theoretical maximum 
throughout this study. Therefore, on this basis a. solids 
washout would not have been expected.

The authors explained this washout on the basis of a 
minimum recycle ratio (minimum return sludge flow to influent 
flow ratio)., that had been presented previously in the litera
ture and that theoretically must be maintained for the system 
to achieve a steady state. This minimum recycle ratio is 
given by the following equations

r = 1/ ( (Bsmax/Ag) -1) ) .
where r = minimum recycle ratio

B max = return sludge solids concentration = 
s 106/SVI,

and A = maximum MLSS concentration
If a recycle ratio less than given by the above formula is
used, solids will accumulate in the clarifier and ultimately
be lost in the effluent.
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Application of the above formula to the observed data 

showed that the recycle ratio was at or below the theoretical 
minimum during the entire study. In addition, similar re
sults Were obtained during another study of two weeks dura
tion. Calculations, based on the data obtained during the two 
separate washouts showed that the MLSS concentration approached 
the maximum theoretical calculated by Stewart's formula, but 
in both cases the recycle ratio was less than the theoretical 
minimum. .

The authors concluded from the above studies at plants 
3-A, 3-B, and 4 that the concepts of maximum MLSS and minimum 
recycle ratio permit valid predictions of the solids reten
tion capability of an extended aeration system.

Eye et. ad. (11) concluded their paper with an evalua
tion of the overall performance of all the plants under study. 
Overall performance was evaluated by comparing the quality of 
the effluent with generally accepted design and operational 
parameters. The three parameters selected were: 1) ratio
of applied to design BOO load; 2) the loading factor "F" (lb 
BOD applied per day per lb MLVSS); and 3) the ratio of the 
actual detention time to the design detention time.

A comparison between effluent BOD and the ratio of ap
plied BOD to design load showed that low effluent BOD values 
were observed over the entire loading range. However, consis
tently low BOD values occurred only at ratios of 0.5 Or less.
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At ratios above 0.5 the BOD of the effluent showed wide vari
ations with many Of the individual values being in excess of 
40 mg/1.

In comparing the effluent BOD to the loading factor, 
acceptable performance was observed at both low and high load- . 
ing factors and poor performance was experienced frequently at 
low loading factors.

The authors stated that little significance can be at
tached to the BOD loading ratio or to the loading factor in 
evaluating the performance of plants unless effective control 
of suspended solids can be achieved. This is because the BOD 
and suspended solids in the effluent are related closely and 
frequently there were large amounts of solids in the effluent. 
This caused a high effluent BOD and thus contributed to the 
wide range in the comparison of effluent BOD to the BOD load
ing ratio and to the loading factor.

Low effluent suspended solids values were observed, 
consistently only at flow rates that gave detention time ra
tios (ratio of actual detention time to design detention time) 
of 2 or more. The authors believed that the low suspended sol
ids levels in the effluents at detention time ratios of 2 or 
greater are attributable to decreased overflow rates in the 
clarifier rather than to the increased detention times.

From the above investigation. Eye est aJL. (11) con
cluded that overall performance of extended aeration plants
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can be enhanced considerably by enlarging the clarifier, par
ticularly with respect to surface area, or by including 
sludge wasting in the operating procedure.

Sampling
Measurement of Flow

The flow through the plant was measured with an in
fluent weir and Leupold-Stevens Tape F recorder. The weir was 
attached to the end of the 8-in. pipe which was discharging 
screened sewage into the aerated trash and grit chamber. The 
float for the recorder was placed inside the pipe approxi
mately 1.6 ft behind the weir. The recorder measured flow 
continuously for 24 hr and from these records the daily, max
imum hourly, minimum hourly, minimum, and maximum flows were . 
obtained. Also, ail composite samples of the influent were 
proportional samples taken according to the flow that was be
ing monitored by the recorder at the moment of sampling.

Evaluation of Plant Performance
All sampling done to evaluate the performance of the 

installation was conducted between the hours of 7:00 AM and 
8:00 PM because most of the activity of the institution oc
curred during these hours and thus most of the sewage entered 
the plant during this time interval.

Two replicate proportional samples of the influent 
were taken hourly and combined, making two composites for anal
ysis. All influent samples were obtained from the sewage
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flowing over the influent weir into the trash and grit cham
ber. Two daily composites of the effluent were collected by 
combining 200-ml samples obtained at 8:00 AM, 1:00 PM, and 
6:00 PM. Effluent samples were taken from the final sedimen
tation tank at the effluent weir. An influent composite and 
an effluent composite were each treated with 10 ml of 2N mer
curic chloride and kept in an ice chest with the two untreated 
composites during sampling. Samples were stored in the labo
ratory at 4°C.

At approximately 2:00 PM on each sample day a 400-ml 
grab sample was collected at the effluent end of each of the 
four aerators. Also, at this time, the SVI was determined in 
the four aerators and an attempt was made to determine the DO 
content using the copper sulfate-sulfamic acid flocculation 
modification (13). However, because of the poor settleabili- 
ty, great difficulty was encountered in the determination of 
the DO content and these data are not complete.

The above sampling was conducted approximately every 
third day from July 10, 1969 to July 18, 1969 and from 
August 7, 1969 to August 19, 1969, and approximately every 
seventh day from August 19, 1969 to September 17, 1969.

Laboratory Analyses 
The standard 5-day biochemical oxygen demand (BOD) 

test was performed on the untreated influent and effluent com
posites. BOD, which is the amount of oxygen required by
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bacteria while stabilizing decomposable organic matter under 
aerobic conditions was determined for the influent composite 
to give a measure of the amount of biologically oxidizable 
organic matter being introduced to the system (organic load
ing) . BOD was determined for the effluent composites so that 
these values could be compared with the influent BOD values 
and thus give an indication of the efficiency of the treatment 
process and degree of oxidation in the system. BOD determina
tions were performed using the techniques.; and- methods as spec
ified in "Standard Methods for the Examination of Water and 
Wastewater" (13).

The chemical oxygen demand (COD) determination was 
performed on the influent and effluent composites which had 
been preserved with 10 ml of 2N mercuric chloride. This de
termination provides a measure of the oxygen equivalent of 
that portion of the organic matter in a sample that is suscep
tible to oxidation by a strong oxidant. The COD was obtained 
for the influent composites to give a measure of the organic 
loading and was obtained for the effluent composites to give 
an indication of the efficiency of the treatment process and 
degree of Oxidation in the system. COD determinations were 
performed using the techniques and methods as specified in 
"Standard Methods for the Examination of Water and Waste
water" (13) .
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The total suspended matter determination was performed 

on the preserved influent composites, effluent composites, and 
400-ml grab samples from the four aeration tanks. This test, 
which measures the matter that remains as residue upon evapo
ration and drying at 103 to 105°C, was performed on the influ
ent composites to give an indication of the organic loading.
It was performed on the effluent composites to give an indi
cation of the effectiveness of the treatment units and of the 
final settling tank. Finally, it was performed on the. grab 
samples from the four aeration tanks to observe the pattern 
of accumulation and loss of aeration solids. Total suspended 
matter determinations were performed according to the tech
niques and methods as specified in "Standard Methods for the 
Examination of Water and Wastewater (13)."

The volatile and fixed suspended matter determination 
was performed on the preserved influent composites, effluent 
composites, and 400-ml grab samples in order to obtain a mea
sure of the Organic matter (volatile suspended matter) present 
in each of the samples. This test was performed on the influ
ent composites to give an indication, of the organic loading 
. and was performed on the effluent composites to give an indi
cation of the treatment effectiveness and the effectiveness 
of the final settling unit. Finally, this determination was 
performed on the 400-ml grab samples and the effluent compos
ites to observe the pattern of MLSS accumulation and loss.
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Volatile and fixed suspended matter determinations were per
formed according to the techniques and methods as specified 
in "Standard Methods for the Examination of Water and Waste
water" (13) .

The organic nitrogen content of the preserved influ
ent composite and preserved effluent composite were determined 
to give an indication of the degree of stabilization of organ
ic matter in the system. In addition, the organic nitrogen 
content of the 400-ml grab samples were determined to observe 
the pattern of stabilization of organic matter in the aera
tion tanks. Determinations of the organic nitrogen were per
formed according to the Kjedahl method as presented in "Standard 
Methods for the Examination of Water and Wastewater" (13).

The soluble nitrogen contents (ammonia nitrogen con
tent, nitrate nitrogen content, and nitrite nitrogen content) 
were determined for the preserved influent composites, efflu
ent composites, and 400-ml grab samples to obtain an indica
tion of the degree of oxidation in the system, to observe the 
pattern of nitrification through the system, and to obtain an 
indication of the degree to which denitrification is occurring 
in the system. Nitrite nitrogen determinations were performed 
according to the diazotization method, nitrate nitrogen deter
minations were performed according to the modified brucine 
method, and ammonia nitrogen determinations were performed
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according to the distillation method. All determinations were 
performed according to the methods as specified in "Standard 
Methods for the Examination of Water and Wastewater-" (13) .

Finally, total coliform reductions were determined on 
the untreated influent and effluent composites collected on 
July 10, 1969, July 14, 1969, July 18, 1969, August 20, 1969 
and September 2, 1969 and fecal coliform reductions were de
termined on the samples collected on August 20, 1969 and 
September 2, 1969. The tests were performed according to the 
membrane filter technique presented in "Standard Methods for 
the Examination of. Water and Wastewater" (13).

Analytical Results
Flow Characteristics

The flow of sewage into the treatment plant was re
corded for 24 hr on each sample day except August 7, August 10, 
and September 17, because on these dates operational problems 
were encountered with the Leupold-Stevens Type F recorder.
From this recorded data Table II was prepared which shows the 
minimum, maximum, minimum hourly, maximum hourly, and daily 
flow that entered the plant on the sampling days.

Figure 2 is a plot of the flow recorded for August 26 
and illustrates the extreme variations in the influent hydrau
lic load. The flow for August 26 was plotted at 15 minute in
tervals and the resultant graph is similar to those obtained 
for all recorded flows.



Table II. Influent Flow Characteristics Recorded Between 
July 10 to September 9, 1969 on Days Sampled

Date
Minimum,

gpm
Maximum,

gpm
Minimum Hourly, 

gph
Maximum hourly, 

gph
Daily,
gpd

July 10 1.5 33.5 90 1680 15,140
July 14 2.5 33.5 150 1620 16,000
July 18 2.5 34.0 150 1860 e 15,450
August 13 7.4 44 . 7 444 2100 24,000
August 19 6.5 35.0 ' 390 1920 24,650
August 26 5.4 43.0 324 2340 21,820
September 2 5.5 45.0 330 2340 21,780
September 9 1.5 29.5 90 1590 13,000

I
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Figure 3 is a composite of all the daily flows which 

were recorded. It was prepared by averaging, at 15 minute in
tervals, the recorded flows and is presented to illustrate the 
effect of the daily activities at the institution on the in
fluent flow. Also, since this figure is a composite of all 
the. flows recorded, it is assumed to represent an average 
daily flow.

Performance Characteristics
The results of the analyses to determine the perfor

mance characteristics of the treatment plant are shown on
Tables III through VI.

Table III presents the characteristics of the influent 
and effluent samples. On this table are listed the influent 
and effluent 5-day BOD, COD, suspended solids (SS), volatile 
suspended solids (VSS), percent VSS, organic nitrogen (Org-N), 
nitrate nitrogen (NO^-N), nitrite nitrogen (NOg-N), and am
monia nitrogen (NH^-N).

Table IV, entitled Performance Characteristics, lists 
the percent suspended solids removal and percent BOD removal.

Table V shows the reduction in total and fecal c o n 
form on the few days on which they were determined.

Table VI presents the characteristics of the sludge in 
the aeration tanks, which were arbitrarily numbered 1, 2, 3, 
and 4 in the order in which they occurred from the influent 
to the final settling tank^ This table lists the SS, VSS,



- 44
percent VSS, Org-N content, NO^-N content, NO^-N content, 
NH^-N content, DO, and SVI in each aeration tank. Since con
siderable difficulty was encountered in obtaining the DO be
cause of the poor settleability of the sludge, many of these 
values are missing. Also,on September 9 and 17 the DO and 
SVI were only obtained for the first aeration tank.



■Table III. Influent and Effluent Characteristics for Samples Taken from
July 1.0, 1969 to September 17, 1969

Suspended Solids Nitrogen Content
BOD, COD, BOD/ SS, VSS, Percent Org-N, NO--N, NO„-N, NBL-N,

Date Sample mg/1 mg/1 COD mg/1 mg/1. VSS mg/1 mg/1 mg/1 mg/1

7/10 Inf. 445
Eff. 17

7/14 Inf. 465
Eff. 255

7/18 Inf. 413
Eff. 14

8/7 Inf. >990
Eff. 18

8/10 Inf. 420
Eff. 22

8/13 Inf. 382
Eff. 19

8/19 ; Inf. 433
Eff. >105

880 .51 604
220 .08 147
870 .53 642
630 .40 588
900 .46 673
160 .09 163

1840 .54 823
125 .14 66
831 .51 552
90 .24 39

571 .67 449
84 .26 31

701 .62 558
156 . 67 287

599 99 28
139 95 2
629 98 24
516 88 33
657 98 31
133 82 2
821 100 5364 96 10
525 95 23
25 66 5

442 99 27
17 55 1

554 99 34
286 100 13

3 0.00
13 0.07 0.26
4 0.77
18 00oo 0.77
7 »  em wm 0.77
6 0.02 0.26
5 0.15 0.26
5 0.00 0.00
4 0.06 0.66
10 0.00 0.00
5 0.05 0.99

14 0.01 0.00
5 0.11 3.68
1 0.18 1.53

in



Table III, Continued

Suspended Solids Nitrogen Content
BOD, COD, BOD/ SS, VSS, Percent Org-N, NO.-N, NCU-N, ]NH_-N,

Date Sample mg/1 mg/1 COD mg/1 mg/1 VSS mg/1 mg/1 mg/1 mg/1

8/26 Inf. 894 1306 .68 790 774 98 40 4 0.075 1.50
Eff. 3 52 . 06 40 39 98 3 32 0. 040 0.00

9/2 Inf. 413 657 .63 446 428 96. 45 . 8 0.028 2.00
Eff. 22 44 .50 40 39 98 3 21 0.040 0.00

9/9 Inf. 511 1153 .44 689 668 97 26 6 0.035 0.59
■ Eff. 55 102 .34 75 75 100 3 30 0.133 0.00

9/17 Inf. 750 972 .77 602 572 95 39 8 0.039 1.76
Eff. 6 64 .09 99 97 97 . 4 3 0.014 0.00

a>
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Table IV. Performance Characteristics 

of Plant on Sampling Days from 
July 10 to September 17, 1969 .

Date
Percent Suspended 
Solids Removal

Percent BOD 
Removal

July 10 76 98
July 14 8 45
July 18 76 97
August 7 94 99
.August 10 93 .95
August 13 93 95
August 19 49 75
August 26 95 100
September 2 91 95
September 9 89 89
September 17 84 99

Table V. 
ColifOrm

Reduction in Total and Fecal 
Bacteria before Chlorination

Date
Total Coliform 

Percent Reduction
Fecal Coliform 

Percent Reduction

July 10 82- — — . '
July 14 . 58 — — -
July 18 4.9 ■ --

August 20 59 77
September 2 95 91



Table VI- Characteristics of Sludge in Aeration 
Tanks on Sampling Dates from 

July 10, 1969 to September 17, 1969

Suspended Solids i Nitrogen Content
Date

Aeration 
Tank No.

SS, VSS, 
mg/1 mg/1

Percent
VSS

Org-N,
mg/1

NO -N, 
mg/1

n o 9-n ,
mg/1

NH--N,
mg/1

DO,
mg/1 SVI

7/10 1 4201 3522 84 260 48 .025 2.31 224
2 4010 3408 85 249: 50 .023 1.28 —  — — 240
3 3887 3310 85 259 52 .023 1.28 ' ------- - 250
4 3780 3218 85 261 64 .013 0.77 -------- 262

7/14 1 3801 3440 91 249 5 .004 3.33 0.2 265
2 4062 3532 87 252 5 .001 1.28 0.2 239

. 3 4059 3540 87 264 9 .008 ■ 0.51 0.2 240
4 3909 3387 87 259 12 .008 0.77 0.2 252

7/18 1 3971 3414 86 248 2 .020 2.05 0.0 244
2 3829 3307 86 231 6 .010 1.54 0.0 254
3 . 3806 3282 86 .233: 24 .001 0.51 0.0 255
4 3701 3179 , 86 223 32 .001 0.51 0.0 264

8/7 1 3365 2822 84 230 8 .121 0.00 273
2 3409 2897 85 223 2 .024 0.00 —  —  ” 282
3 3228 2750 85 222 15 .206 0.00 300
4 3177 2713 85 216 34 .222 0.00 — — — 307

8/10 1 3514 3048 87 280 12 0.069 0.00 0.0 272
2 3531 2983 84 ■ 274 8 0.090 0.00 0.0 273
3 3915 3186 81 273 13 0.062 0.00 0.0 242
4 4250 3495 82 274 38 0.105 0.00 0.0 230



Table VI, Continued!

Date
Aeration 
Tank No.

Suspended Solids Nitrogen Content
DO,
mg/1 SVI

SS» VSS, Percent 
mg/1 mg/1 VSS

Org-N» 
mg/1

NCu-N,
mg/1;

NO„-N,
mg/1

NH-j-N,
mg/1

8/13 1 3109 2668 86 205 1 0.003 0.00 253
2 3004 2530 84 205 12 0.073 0.00 306
3 3184 2499 78 214 39. 0.014 0.00 —  —  — 301
4 3310 2635 80 220 48 0.007 0.00 -- 288

8/19 • 1 1516 1462 96 110 1 0.003 0.00 230
2 1750 1671 95 111 2 0.009 0.00 234
3 1692 1651 98 115 8 -1.690 0.00 —  — — 236
4 1500 1490 99 113 12 2.488 0.00 -- 274

8/26 1 3661 3115 86 258 11 0.131 0.00 0.3 267
2 3606 3085 86 259 19 0.080 0.00 0.2 268
3 3441 2994 87 251 21 0.126 0.00 0, 2 288
4 3351 2908 87 246 44 0.220 0.00 0.0 298

9/2 1 4257 3827 90 321 2 0,011 0.00 —m mmm ew 234
2 4247 3771 89 311 , 1 0.023 1.50 236
3 4059 3696 91 311 8 0.031 0.90 — — 246
4 : 3665 3295 90 309 23 0.011 0.30 — 272

9/9 1 4186 3856 92 299 2 0.007 1.47 0.4 221
2 4368 4040 93 306 1 0.012 0.59 —  — — —  ——
3 . 4742 4454 94 317 21 0.008 0.00
4 4806 4436 92 312 31 0.007 0.00 ■—r—— : — — —

9/17 1 4947 4403 89 365 2 0.004 0.00 • 0.3 200
2 4870 4337 89 383 1 0.003 0.00 — — — T- — —
3 5054 4568 90 386 13 0.004 0.00 . — — —
4 5153 4511 88 358 10 0.002 0.00 . — —  —



Discussion of Results
This sewage treatment facility treated the sewage for 

an institution from which the hydraulic loading varied sig
nificantly both daily and throughout the day. These varia
tions of course, are expected in sewage treatment facilities 
however» those encountered during this study were of much 
greater magnitude than generally encountered. The variation 
in daily flow can be seen on Table II which showed the daily 
flow was only 15,140 gpd on July 10 and that it increased to 
a high of 24,550 gpd on August 19 and then decreased to a 
low of 13,000 gpd on September 9. The extreme variations in 
flow which occurred throughout the day can also be seen on 
Table IT. For example, on August 26 the flow ranged from 
5.4 to 43 gpm and the hourly flow ranged from 324 to 2,340 
gph. This variation is emphasized more dramatically on Fig
ure 2 which is a graph, at 15 minute intervals, of flow re
corded on August 26. The extreme variations shown on Figure 
2 are typical of those found on all sampling days.

These flow variations are caused because the activi
ties at the institution are strictly regulated and center 
around the use of the school, dining facilities, dormitories, 
and recreational facilities. The schedule for a typical day 
is as follows: 1) the inmates awake at approximately 6:30 AM,
clean their cottages, and prepare for breakfast; 2) the in
mates eat breakfast at approximately 8:00 AM; 3) the dishes 
from the morning breakfast are washed from approximately
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8:00 AM to 9:00 AM; 4) most of the inmates attend classes from 
9:00 AM until noon except for breaks between classes; 5) at 
noon lunch is served in the cafeteria; 6) the dishes from, the 
noon meal are washed from approximately 12:30 PM to 2:00 PM;
7) most of the inmates attend classes from 1:00 PM to 3:00 PM?
8) from 3:00 PM to 4:00 PM the inmates are engaged in calis
thenics and similar recreational activities; 9) at 4:30 PM 
the inmates undergoing diagnostic study are required to show
er; 10) at approximately 5:00 PM dinner is served; 11) dishes 
from the evening meal are washed from approximately 5:30 PM to 
7:30 PM; 12) at approximately 8:00 PM thq inmates undergoing 
treatment are required to shower; and 13) by 10:00 PM all in
mates are asleep in their dormitories.

The effect of this daily schedule is shown more clearly 
on Figure 3 which is a composite of all recorded flows. This 
figure shows that there are four intervals of high flow inter
spaced with four intervals of low flow with the largest flow 
occurring in the morning; the smallest at night.

Since Figure II is a composite of all flows recorded, 
it is assumed to represent an average daily flow. From 
Figure II, the average flow was found to be approximately 
18,300 gpd which results in a per capita flow of 112 gpd (as
suming that the plant is serving a population of approximately 
163 persons). The maximum manufacturer's rated capacity is
20,000 gpd for the plant. However, Table II shows that this
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capacity was exceeded on 4 of the 8 days for which flow data 
were available.

In addition to these variations in hydraulic load
ings, the organic loadings also varied considerably through
out the study. As shown in Figure III, the 5-day influent 
BOD ranged from a low of 382 mg/1 to a high in excess of 990 
mg/1. The resulting organic loadings ranged from a low of 53 
lb per day.of 19.8 lb BOD/day/1,000 cu ft to a high of 163 lb 
per day of 51.5 lb BOD/day/1,000 cu ft. Since the maximum 
rated capacity for the plant was 66 lb BOD/day, the organic 
loading of August 26 exceeded the design capacity by 97 lb 
BOD/day- Finally, it was found that the organic loading ex
ceeded the maximum rated capacity on 6 of the 9 days for which 
BOD and flow data were available.

Despite the fact that the influent loadings often ex
ceeded the plant's rated capacity, the plant normally produced 
a highly oxidized and nitrified effluent. As Table III shows, 
the 5-day effluent BOD ranged from 3 to 22 mg/1 except on 
July 14, when it was 255 mg/1, September 9, when it was 55 
mg/1,, and August 19, when it was greater than 105. mg/1. The 
values on July 14 and August 19 occurred because there was a 
high solids content in the effluent. This was not the case on 
September 9, however, and it is not clear why such a high val
ue occurred. The effluent nitrite concentration on September 9 
was only 0.133 mg/1 and there was no ammonia present in the 
effluent so a large oxygen uptake due to nitrification was not
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possible. The percent removal of BOD is shown on Table IV 
and, except for the three days mentioned above, ranged from 
95 to 100 percent removal.

Normally, an excellent reduction in COD was attained. 
The influent and effluent COD are shown on Table III and 
ranged from 571 to 1840 mg/1 for the influent and 44 to 630. 
mg/1 for the effluent. As can be seen from Table III, there 
was a general correlation between influent BOD's and COD's, 
However, this was not the case for the effluent BOD's and 
COD's.

The influent suspended solids, as shown on Table III, 
ranged from 446 to 823 mg/1 and the percent volatile suspended 
solids in the influent ranged from 95 to 100. The effluent 
suspended solids showed a much wider range and varied from 31 
to 588 mg/1. The percent volatile solids in the effluent 
ranged from 55 to 100. The percent removal of suspended sol
ids is shown on Table IV and, except for July 14 and August 19, 
ranged from 76 to 94. On July 14 and August 19 there were 
heavy concentrations of solids in the effluent and the per
cent removals on these days were only 8 and 49, respectively.

The Org-N content of the influent was high and ranged 
from 23 to 53 mg/1. The influent NO^-N content was likewise 
high and ranged from 3 to 8 mg/1. These two values apparently 
were high because at this institution there was not as much 
dilution of the human waste as would be found in a normal com
munity. The NOg-N and NH^-N content of the influent were very



54
low and ranged from only 0.03 to 0.15 mg/1 and 0.00 to 3.68 
mg/1, respectively. The Org-N content of the effluent was 
generally very low and, except for periods of high solids 
losses, ranged from 1 to 10 mg/1. The effluent nitrate con
centration ranged from a low of 1 mg/1 on August 19 to a high 
of 32 mg/1 on August 26. The NC^-N and NH^-N were very low 
and ranged from 0.00 to 0.13 mg/1 and 0.00 to 1.53 mg/1, res
pectively. Thus the NO^-N was the predominant form of. solu
ble nitrogen in the effluent, indicating good oxidation in the 
aeration tanks. Finally, Table III shows that the quantity of 
nitrogen in the influent far exceeds the quantity of nitrogen 
in the effluent on all days except for July 14. at which time 
there was a large quantity of solids in the effluent. There 
are two major reasons for this loss of nitrogen from the sys
tem. First, solids were almost daily collected from the sur
face of the final settling tank and buried, resulting in a 
decrease in the Org-N content of the system. Secondly, the 
sludge was subjected to anaerobic conditions during large por
tions of its detention time. Thus denitrification probably 
took place during which time large amounts of nitrogen gas 
could have been evolved and lost from the system. This latter 
decrease in nitrogen will be discussed more thoroughly later 
in this report.

The DO of the effluent was taken occasionally and was 
found to be very low. It never exceeded 0.3 mg/1 and was 
generally 0.0 mg/1.
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The percent reduction in total and fecal coliforms 

were determined for several samples and are shown on Table V. 
The low values are presumed to have occurred because the lack 
Of DO in the aeration tanks, as shown in Table VI, made them 
unsuitable to support a large active population of micro
scopic predators.

The suspended solids in the four aeration tanks on 
Table VI show that the solids retention capacity of the sys
tem is very sensitive to variations in the hydraulic loading. 
The MLSS averaged approximately 4,000 mg/1 at the start of 
the test, decreased to a low of approximately 1,600 mg/1 on 
August 19, and at the end of the test had increased to ap
proximately 5,000 mg/1. The percent VSS in the mixed liquor 
was approximately 85 from the start of the test until August 
19 when it jumped to approximately 97. The percent VSS then 
decreased to around 90 where it remained to the end of the 
testing period.

The gradual decrease in MLSS to August 19 and increase 
in MLSS from August 19 to the end of the test corresponds to 
an increase in daily flow from the beginning of the test to 
August 19, and then a decrease in flow from August 19 to the 
end of the test as shown on Table II. Also, in the routine 
daily operation of the plant large matts of floating solids 
were skimmed from the surface of the final settling tank and 
buried until approximately August 19. However, for a few 
weeks after August 19 few floating solids appeared in the
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final settling tank, and after this until the end of the test 
the amount of floating solids increased until again these 
matts of solids had to be removed daily and buried. Thus, 
any increase in hydraulic load caused large losses of solids 
in the effluent.

A comparison of the flow rate and reduction of MLSS 
with the percent VSS in the effluent shows that the effluent 
suspended solids had a.lower VSS content during the period of 
unloading from July 10 to August 19 than during the period of 
MLSS accumulation from August 19 to September 9. As shown on 
Table III, the percent VSS ranged from 55 to 96 from.July 10 
to August 13, and 97 to 100 from August 19 to September 9.
This corresponds with the results reported earlier by Pfeffer 
(8) who speculated that the density difference between the 
inorganic solids and organic solids was the major cause of 
the gradual accumulation of heavy inorganic solids in the aer
ation tank. Thus, since the final settling tank is such that 
the mixed liquor from the fourth aeration tank must flow to 
the bottom of the sedimentation tank before it can rise and 
go over the effluent weir, the solids can be somewhat delin- 
eated by the upflow, depending upon the density of the solids 
and rate of flow. The. solids in the final sedimentation unit 
are, of course, in a flocculated suspension and zone settling 
theoretically should occur in which the flocculated suspen
sion will settle as a mass. However, since the upflow pro
vides an upward velocity which will oppose the settling



. „ 57
velocity of the suspension, floes with settling velocities 
close to the velocity of the rising fluid can accumulate in 
a blanket through which the fluid must force its way. Three 
apparent mechanisms which will cause solids losses can occur 
when a sludge blanket accumulates: 1) non-flocculent parti
cles whose settling velocities are less than the upward ve
locity of the fluid can break away from the sludge blanket 
and rise to the surface; 2) denitrification can take place in 
the sludge blanket and the resultant gas evolved will carry 
masses of floes to the surface; and 3) the upward velocity of 
the fluid can be so great that the top of the sludge blanket 
will reach the surface of the settling tank and a major un
loading will occur. All three of these mechanisms evidently 
occurred at this installation. From July 10 to August 13 the 
top of a sludge blanket was clearly visible in the final set
tling tank. It was very close to the surface and at times 
actually reached the surface.

When the top of the sludge blanket reaches the sur
face or when flocculent materials are lost in the effluent 
because of denitrification there will be a much larger per
centage of dense material in the effluent than during periods 
when only non^flocculent materials are discharging in the ef
fluent. Also, during periods of high flow when the sludge 
blanket is near the surface its large depth will cause a 
greater proportion of floes to rise to the surface because 
of denitrification than during periods of low flow when the
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height of the blanket is low. Thus, when the flow was de
creasing the percentage of VSS in the effluent ranged from 97 
to 100 and was higher than when the flow was increasing at 
which time the VSS content was always less than 95 percent. 
This corresponds to the values of 95 to 100 percent VSS in 
the effluent during periods of MLSS accumulation reported by 
Pfeffer (8).

The above mechanisms for solids accumulation and loss 
with flow rate explain the observation made by Middlebrooks 
and Garland (9) that the units tended to adjust the volatile 
content with the periodic losses of solids and that the vola
tile fraction of the mixed liquor solids tended to remain 
constant at constant feed rates.- That is, since there is a 
continual accumulation of non-biodegradable volatile solids, 
there should also be a continual decrease in the density of 
the flocculated sludge. However, because of the upflow in 
the settling tank there would also be a continual loss of ma
terial in the effluent. At a constant upflow rate there 
would tend to be a constant loss of material whose density is 
less than the density of the MLSS and the MLSS would tend to 
have a constant density. If there is an increase in the flow 
rate there will be an increased loss of denser material. A 
decrease in the flow rate will result in a decreased loss in 
the denser material. Thus, the units will adjust the vola
tile percent of the MLSS according to the flow rate.
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The mechanism for solids accumulation and loss with 

flow rate also explains the periodic losses of large masses 
of solids by extended aeration plants, called regurgitation 
by M-iddlebrooks and Garland (9) .... Since the sludge is thor
oughly mixed and will have an almost uniform consistency 
which, through solids losses in the effluent, has adjusted 
its density to that which will be retained at one flow rate, 
an increase in the flow rate could cause a large enough up— 
flow rate in the final settling tank so that the entire floc
culated suspension is not dense enough to be retained. .

Thus, it does appear that the overall performance of 
extended aeration plants can be enhanced by including sludge 
wasting in the operating procedure as suggested previously in 
the literature (6, 7, 8, 9, 10, and 11). Also, as concluded 
by Eye et ad. (11), it appears that the overall performance 
can be improved considerably by enlarging the clarifier. 
However, from the above discussion of the mechanism for sol
ids accumulation and loss with flow rate, it appears that a 
more rational design for the final clarifier would be to con
struct it's sides with two slopes, the steeper slope at the 
bottom, so that a much larger cross-sectional area is en
countered toward the top of the settling tank. The upflow 
velocity will, therefore, decrease at a greater rate towards 
the top of the unit and the system will not be so sensitive 
to variations in flow rate. A large increase in flow rate 
will cause the sludge blanket to rise to a level in the
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clarifier at which the upflow velocity corresponds to the ve
locity at which the density of the MLSS had previously been 
adjusted. Since the upflow velocity will decrease at a 
greater rate towards the top of this type of unit than in the 
unit now.in use, it is more likely that the upflow velocity 
which corresponds to the velocity to which the density of the 
MLSS had been adjusted will occur. Thus, unless there is a 
very drastic increase in flow, the sludge blanket will hot 
reach the surface of the final clarifier and most major un
loadings will be avoided.

Finally, Pfeffer (8) reported that the level of sol
ids generally encountered with the design BOD load should be
5,000 to 6,000 mg/1 of which 65 to 75 percent should be vola
tile. He stated that the weight added by the inert material 
would make the sludge dense.and it should settle very well. 
The average percent MLVSS for this plant in this study ranged 
from 80 to 97.- This suggests that the settleability of the 
sludge should be very poor. Indeed, this is the case as 
shown by the very high values for the SVI in Table VI. How
ever, it is speculated that although this high percentage of 
VSS contributed to the poor settleability, it was not the 
major cause. The cause of the poor settleability is consid
ered to be the fact that throughout this study the sludge 
was very filamentous in nature. This will be discussed more 
thoroughly in Chapter V.
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An attempt was made to apply Stewart's formula (12) 

and the recycle ratio to the data obtained in this perfor
mance study to determine if these concepts were valid.in the 
case of this plant. However, it was assumed in these formu
las that a well settling sludge will attain close to its max
imum density within 30 minutes. The return sludge concentra
tion can then be expressed in terms, of the SVI; that is 
Bg = 10^/SVI. The sludge for this plant did not settle well 
and rarely settled below 900 ml in 30 minutes when placed in 
a 1-liter graduated cylinder. Therefore, if the data from 
this study are substituted into Stewart's formula for the max
imum MLSS which can be held in the system, the value of the 
maximum MLSS obtained will be much higher than the actual 
MLSS which can actually be maintained in the system. Like
wise, the minimum recycle ratio obtained from the formula will 
be much greater than the actual minimum recycle ratio which 
must be maintained in the system. Therefore, these values 
will not permit a valid prediction of the solids retention 
capability of this system.

Table VI showed the DO and nitrogen content of the 
four aeration tanks. The DO values ranged from 0.0 to 0.3 
mg/1 and were taken at approximately 2:00 PM. Thus, it is 
seen that the plant could be going through long periods dur
ing which there is a low concentration of DO in the aeration 
tanks. These long stages of anaerobiosis are indicated by the 
nitrogen data presented in Tables II and VI and explain why



62
there is such a large discrepancy between the influent and 
effluent nitrogen content. These tables show that, although 
there is good oxidation in the plant because the soluble ni
trogen in the effluent is mainly composed of NO^-N and be
cause the NC^-N content of the aeration tanks are always low, 
there is always a large discrepancy between the NO^-N content 
of the fourth aeration tank and the effluent. Also, there 
are large discrepancies between the daily NO^-N contents in 
the aeration tanks. For example, on July 10 the NO^-N con
tents were 48, 50, 52, and 64 mg/1 in aeration tanks 1, 2, 3, 
and 4, respectively, and on July 14 they were only 5, 5, 9, 
and 12 mg/1 in these same tanks. Also, on some days there 
was actually a decrease in the NO^-N in consecutive tanks 
such as on August 7 when the NO^-N content was 8 mg/1 in the 
first aeration tank and only 2 mg/1 in the second aeration 
tank. Thus, denitrification, which is the reduction of ni
trites and nitrates to nitrogen gas or NgO, is a major prob
lem at this plant and the gas evolved is one of the reasons 
for the poor settleability of the sludge and the large losses 
of solids in the effluent.

The reason for the low DO values in the aeration tank 
is not clear because the aeration capacity was 202 cfm. At 
the design capacity of the blowers and at the design loading 
of 66 lb BOD/day the blowers would be supplying 4,410 cu ft 
of air per lb BOD. The influent BOD1 s were,, as discussed be
fore, usually higher than the design loading but, except for
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August 7 when the influent BOD was 163 lb/day which is con
sidered not to be normal, the blowers would have supplied 
around 4,000 cu ft of air per lb BOD. No information is 
available as to the efficiency of the diffusers; however, it 
is probably less than 6 percent.

Pfeffer (8) found in his study that because the air 
was being supplied by diffusers having a low efficiency the 
aeration had to be increased to about 4,000 cu ft/lb BOD, 
which was almost twice the design rate, in order to maintain 
good settling characteristics in the sludge and to produce a 
well oxidized effluent. It should be noted, however, that 
the DO in the aeration tanks only dropped to less than 1 mg/1 
for a brief period when the peak BOD loading occurred.
Westrick et aj.. (10) conducted a study in which the quantity
of air supplied to an extended aeration system under high and 
low loadings was varied. It was found that at high loadings, 
6.7 to 14.7 lb BOD/day/1,000 cu ft of aeration capacity, any 
reductions in air below 4,000 cu ft/lb BOD resulted in inef
ficient oxidation although this was almost twice the air sup
ply as recommended by current design practices. Thus it 
appears that the.air supply recommended by the current design 
practices is too low. This was supported at the plant studied 
in this report because just prior to the start of this inves
tigation there was a serious odor problem at the plant, sug
gesting incomplete oxidation in the aeration tanks. When the 
air supply was increased by the addition of the second blower .
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the odor problem was stopped and throughout this study good 
oxidation was found in the aeration tanks. Since there is 
good oxidation in the plant, and since the aeration rate is 
'approximately 4,000 cu ft/lb BOD, there is no apparent rea
son for the almost complete lack of DO in the aeration.tanks.

In conclusion, the evaluation of the performance of 
this plant showed that it normally provided very good treat
ment as measured by reductions in BOD, GOD and suspended sol
ids, even though the influent organic and hydraulic loadings 
often exceeded the rated capacity of the plant. . The plant 
also produced a highly oxidized effluent as shown by the pre
dominance of NO^-N despite the fact that the DO in the aera
tion tanks was always low at the time of measurement. The 
major problem in the treatment efficiency encountered was the 
occasional loss of large amounts of suspended solids in the 
effluent. This was characteristic of this type of plant and 
had been reported previously in the literature (6, 7, 8, 9, 
10, and 11). The principle causes of excessive solids losses 
which are given in the literature are extreme fluctuations in 
raw waste flow, floating solids losses due to denitrification 
in the sedimentation basin, and lack of routine solids wast
ing and disposal.

All three of these causes apply at this plant. How
ever, because of the poor settleability of the sludge the 
principle reason for solids losses was the extreme sensiti
vity of the solids retention capability of the final settling
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tank to variations in hydraulic loading. The poor settle- 
ability in turn was caused by anaerobiosis and the filamen
tous nature of the sludge. These conditions were evidently 
Caused by the lack of DO in the aeration tanks.

There is no apparent reason for this lack of DO. The 
daily organic loadings, although high, varied from 20-33 lb 
BOD/day/1,000 cu ft.except for August 26 when it was 52 lb 
BOD/day/1,000 cu ft. These loadings are not too excessive 
on a daily basis. The amount of aeration provided would nor
mally be adequate enough to supply this system with oxygen.



CHAPTER V

EFFECT OF VARIATIONS IN LOADING 
ON SETTLEABILITY

A lack of DO in the system resulted in considerable . 
denitrification and allowed a large growth of filamentous or
ganisms to develop, resulting in poor settleability. However, 
the amount of aeration provided at this plant should have been 
adequate enough to supply this system with enough DO so that 
these conditions should not have developed if one considers 
loadings only on a daily basis„

From the study of flow characteristics, it was deter
mined that extreme variations in hydraulic loadings occurred. 
Also, because of the daily schedule of activities at the in
stitution, there were extreme variations in.influent organic 
loadings throughout the day. Thus, these variations in the 
loadings were the probable cause of the lack of DO in the aer
ation tanks and thus the cause of the poor settleability.
This portion of the report was conducted to determine if 
these variations in loadings did indeed cause these condi
tions. The results of this study, which include a literature 
review, the procedures for sampling, the laboratory analyses, 
the analytical results, and a discussion of the analytical re
sults, are presented in the following chapter.

' ■ ■ ee ' V :
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Literature Review

Response of Activated Sludge Systems to Changes 
in Influent Substrate Concentrations

All waste treatment plants treating wastes from com
munities are subject to variations in both influent hydrau
lic and organic loadings. The Water Pollution Control Fed
eration Plant Design Manual (14) states that the flow rate 
varies from a minimum of 20 percent of the average daily flow 
to a maximum of 400 percent for smaller communities, and from 
50 to 200 percent for larger cities„ Loehr (15) has summa
rized the variations in waste strength for a number of plants 
and found that the influent BOD and suspended solids concen
trations both had hourly variations of from 25 to 220 percent 
of the average day within a week. However, almost all of the 
research work and mathematical modeling of the activated 
sludge process, and thus extended aeration process, has been 
based on steady state conditions.

The first study reported which is of interest to this 
report was by O'Brien (16), who studied the response of acti
vated sludge cultures to transient loading conditions while 
developing an apparatus for the continuous monitoring of the 
BOD of various wastes. In this study the oxygen uptake rates 
were observed to be 120 to 150 percent higher than correspond
ing' steady state rates for transition periods following shock 
loads.



68
This first study was followed by a more comprehensive 

study of the oxygen uptake response of activated sludge sys
tems to changes in the influent substrate concentrations by 
Agnew and O'Brien (17). These researchers performed their 
study on laboratory activated sludge systems with no solids 
recycle. Three synthetic wastes, whose limiting nutrient was 
the carbon source, were studied. The experimental program 
was designed to monitor step increases and decreases in the 
influent nutrient concentrations.

The response of the activated sludge cultures to de
creases in influent substrate concentration was a very rapid 
decrease in the oxygen uptake rate to a new steady state lev
el. Agnew and O'Brien stated that these rapid changes in ox
ygen uptake rate are demonstrative of the magnitude of change 
expected in systems where the synthesis of cellular materials 
is exerting a significant portion of the oxygen demand. The 
rapid decrease in oxygen uptake rate in response to downward 
transitions can be attributed to a decrease in oxygen utili
zation when food is depleted from a sample of mixed liquor 
by metabolism. Thus, as the level of soluble food is de
creased, a greater proportion of the oxygen uptake rate is 
due to the endogenous respiration requirements of the micro
organisms.

There were two general forms of response to the step 
increases in influent carbon concentration. The responses to 
small step increases were smooth increases to new steady state
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levels for the oxygen uptake rate, total COD, and suspended 
solids. After each transition the time which was required 
to reach a general condition which closely approximated the 
new steady state level was four hours. Thus the activated 
sludge system appears to be capable of easily absorbing small 
increases in influent nutrient concentration.

The oxygen uptake response to large increases in the 
influent substrate concentration was a rapid increase to an 
oxygen uptake peak in excess of the final steady state level. 
In all cases where a peak in the oxygen uptake rate occurred, 
periods of logarithmic growth were observed. Agnew and 
O'Brien (17, p. 11), using the growth kinetics o.f the system,

. gave the following explanation for this phenomenon.
In these instances, the rate of addition of COD 

exceeded the rate at which it could be assimilated by 
the culture, and the soluble COD in the reactor in
creased until the concentration of microbial mass was 
large enough to process the influent food at a rate 
equal to that entering the reactor. Thereafter, the 
concentration of soluble COD in the reactor was re
duced both by a continuously increasing rate of bac
terial assimilation and by washout until the final 
steady state concentration was reached. Thus, as the 
concentration of soluble COD approached the new steady 
state value the net metabolism of the culture reached 
an abruptly terminated maximum. It is interesting to 
note, that while the end of the oxygen uptake peak 
coincides with the establishment of the new steady 
state value of COD, the change from logarithmic to 
declining growth rate in the culture occurs near the 
start of period of maximum oxygen consumption.

Settleability of Sludge in Activated Sludge Systems
Settleability refers to the settling characteristics 

of the sludge. The most common method of measuring the
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sludge settling characteristics quantitatively is the SVI 
which is the volume in millileters occupied by 1 gram of ac
tivated sludge after settling the aerated liquor for 30 min
utes^ Activated sludge, if it is in good condition, will 
settle rapidly in a uniform mass and have a SVI of less than 
100. The supernatant which remains will be clear and there 
will be a distinct separation between the sludge and the 
supernatant.

There have been many conditions described in the lit
erature in which activated sludge exhibits poor settling 
characteristics. One of the first which was described was 
11 filamentous bulking" which occurs when large numbers of fil
amentous organisms are present in the aeration sludge. In a 
study in 1928, Ruchoft and Watkins (18) isolated and properly 
identified Sphaerotilus natans as a filamentous bacterium 
causing bulking. Since then, despite the fact that many in
vestigators have stated that a number of other organisms could 
be the cause of filamentous bulking, most investigators have 
assumed that any filamentous organism in activated sludge is 
Sphaerotilus natans. Actually, only Sphaerotilus. natans and 
a fungi. Geotrichum candidum, have been definitely established 
as the organisms which have caused a specific case of filamen
tous bulking in full scale activated sludge plants. However, 
there probably are other organisms involved (19).

A sludge which is experiencing filamentous bulking 
settles much more slowly than normal sludge. Therefore, the
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SVI is very high. However, there is still a definite demar
cation between the sludge and the supernatant, and the su
pernatant is lower in turbidity and BOD than it is with 
normal sludge. Therefore, the only problem with filamentous 
bulking is the settleability of the sludge and thus the sol
ids separate in the secondary clarifier.

Whether or not filamentous microorganisms influence 
settleability was investigated by Finstein and Heukelekian 
(20) in 1965. Samples from four activated sludge plants were 
studied. . It was found the more filamentous sample invariably 
had the higher SVI. At two plants the SVI was related to the 
mean total length of filaments per floe by a constant factor. 
A conclusion was that, to a large extent, filaments govern 
SVI.

The conditions under which the growth of Sphaerotilus 
will be produced was presented in a report by Okun (21, 
p. 763) in which he stated that

Sphaerotilus disappeared under anaerobic conditions. 
Sphaerotilus did flourish, however, at low oxygen con
centrations in the precipitation unit. A hypothesis in 
explanation may be formulated as follows: The zoogloeal
organisms, Sphaerotilus, and other micro-organisms in 
the mixed culture of biological floes all require oxygen, 
but in normal circumstances, when the oxygen tension is 
high, Sphaerotilus appears to suffer in competition with 
the other organisms for the available food. At low oxy
gen. concentrations, such as 0.1 ppm, the metabolic ac
tivity of many micro-organisms, including Sphaerotilus, 
zoogloea, and many protozoa, is reduced. The oxygen has 
difficulty in penetrating into the interior of the 
zoogloeal masses due to the relatively limited surface 
area available for oxygen transfer per unit weight of 
organisms. The zoogloeal organisms suffer accordingly. 
The slender filaments of Sphaerotilus, with large
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surface area per unit weight, however, are still able 
to obtain needed oxygen. The ability of Sphaerotilus 
to exist and grow at oxygen concentrations as low or 
lower than 0.1 ppm (as long as some oxygen is present), 
has been demonstrated by Ruchhoft and Kachmar (22).
On the basis of its survival at minimal oxygen concen
tration that inhibit the growth of other organisms, 
the food supply falls to Sphaerotilus.

Sampling
This phase of the study was conducted by hourly tak

ing 2 grab samples of the influent, one of which was kept in 
an ice chest during sampling and the other of which was pre
served with 10ml of 2N mercuric chloride, while concurrently 
measuring the settleability in the first aerator and the DO 
in the influent end of the aerated trash and grit chamber and 
in the effluent end of the first aeration tank. The hourly 
grab samples of the effluent were stored in a 4°C refrigera
tor in the laboratory. The DO was measured using the copper 
sulfate-sulfamic acid flocculation modification (13).

The above sampling was done from 8:30 AM to 4:30 PM 
on September 9; from 6:30 AM to 5:30 PM on September 17? 
from 5:00 AM to 8:00 AM on September 22; and from 6:30 in the 
morning to 9:30 in the morning on September 25.

Laboratory Analyses
The BOD was determined for the untreated influent 

grab samples to obtain a measure of the amount of biologi
cally oxidizable organic matter begin introduced to the sys
tem so that the hourly variations in influent organic loading
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could be related to DO variations in the system. The BOD 
determinations were performed according to the techniques 
and methods as specified in "Standard Methods for the Exam
ination of Water and Wastewater" (13).

The COD was determined for the hourly grab samples 
which had been preserved with 10 ml of 2N mercuric chloride. 
The COD was determined to obtain a measure of that portion 
of the organic matter in the samples which is susceptible to 
oxidation by a strong oxidant and thus another means in which 
the variations in influent organic loading could be related 
to DO variations. The COD determinations were performed ac
cording to the techniques and methods as specified in 
"Standard Methods for the Examination of Water and Waste
water" (13) .

Finally, the total suspended matter and volatile and 
fixed suspended matter determinations were performed on the 
preserved influent grab samples to obtain another measure of 
the organic matter in the influent which will provide a third 
means of relating the variations in influent organic loading 
to BOD variations. The total suspended matter determinations 
and the volatile and fixed suspended matter determinations 
were performed according to the techniques and methods as 
specified in "Standard Methods for the Examination of Water 
and Wastewater" (13).



Analytical Results 
The results of the analyses to determine the effects 

of the variations in influent loads on the settleability are 
shown on Table VII. This table lists the hourly variations 
in flow and the hourly variations in influent organic load 
as measured by the BOD, COD, and suspended solids. Also 
listed on the table are the hourly dissolved oxygen concen
trations in the first aerator and the trash and grit chamber 
to show the effects of the changing loads on this parameter. 
The settleability, as measured by the volume occupied by the 
sludge after settling for 30 minutes in a 1,000-ml graduated 
cylinder, was measured hourly in the first aeration tank and 
is also listed on Table VII. The flow values for September 
17 are not complete because of operational problems encoun
tered with the flow measuring device. Also, the values for 
the DO content in the trash and grit chamber are missing for 
September 9 because they were not measured for that day.

Discussion of Results 
Table VII clearly shows that there is a dramatic in

crease in the hydraulic and organic loading in the morning, 
when the juveniles awake, at noon, when the juveniles are 
released from their classes and take an hour break for lunch, 
and around 5:30 PM, when the juveniles shower and eat. Fig
ure 2, which is a composite of all daily flows taken at the . 
plant, also shows these distinct variations— thus a normal



Table VII. Hourly Variations in Influent Loads and 
Effect on DO and Settleability

Date Time
Flow,
gpm

Inf.
BOD,
mg/1

Inf.
COD,
mg/1

Inf.
SS,
mg/1

Suspended
vss, :
mg/1

Solids
Percent
VSS

DO Content, mg/1
Trash
and
Grit First 
Chamber Aerator

Settle
ability 
(30 min) 
ml/1

9/9 8:30 AM 29.5 19800 5958 1525 1488 98 0.2 990
9:30 AM 8.0 81 373 411 368 90 0.1 990

10:30 AM 4.0 217 592 840 818 97 — 0.0 990
11:30 AM 8.0 181 369 430 423 98 —  — — 0.3 990
12:30 PM 10.3 3060 4421 1146 1129 98 —  — — 0.5 995
1:30 PM 17.6 136 212 235 234 99 —  — — 0.4 1000
2:30 PM 6.0 127 172 316 312 99 —  — — 0.2 1000
3:30 PM 9.5 103 165 443 439 99 —  — 0.5 1000
4:30 PM 7.4 241 384 399 398 100 —  — 0.4 1000

9/17 6:30 AM 16.0 109 148 334 317 95 0.3 6.7 990
7:30 AM 21.0 157 208 289 266 92 0.0 0.5 990
8:30 AM 12.5 181 302 353 326 90 0.0 0.6 1000
9:30 AM 13.5 782 2636 1350 1306 97 0.0 0.1 1000

10:30 AM T  — — 133 256 385 360 94 0,0 0.3 i o oO
11:30 AM —  — — 572 719 215 160 74 0.0 0.4 995
12:30 PM —  — — 2520 3167 240 219 91 0.0 0.2 1000
1:30 PM —  —  —  - 367 716 360 359 100 0.0 0.3 1000
2:30 PM —  — — 182 276 500 488 98 0.0 0.4 1000
3:30 PM —  — — 85 184 280 240 86 0.0 1.5 1000
4:30 PM —  — — 85 143 140 139 100 0 . 0 1-1 1000
5:30 PM 213 331 226 211 93 0.3 1.3 1000

oin



Table VII, Continued

Date Time
Flow,
gpm

Inf.
BOD,
mg/1

Inf.
COD,
mg/1

Inf.
SS,
mg/1

Suspended Solids 
VSS, Percent 
mg/1 VSS

DO Content, mq/1
Trash
and
Grit First 
Chamber Aerator

Settle- 
ability 
(30 min) 
ml/1

9/22 5:00 AM 11.0 19 12 45 31 70 3.0 1.4 780
6:00 AM 12.5 31 63 237 225 95 . 3.1 0.7 980
7:00 AM 41.5 241 342 648 628 97 2.5 0.7 900
8:30 AM 24.0 308 563 548 541 99 1.1 0.6 700

9/25 6:30 AM 13.5 139 299 • 419 417 100 0.0 3.2 980
7:30 AM 32.5 193 461 497 481 97 0.0 0.3 900
8:30 AM 13.0 203 377 109 104 96 0.0 0.3 840
9:30 AM 9.5 199 424 195 191 98 . 0.0 0.4 960

<1
CPt
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occurranee at the institution. Table VII also shows that 
the DO in the trash and grit chamber and the first aeration
tank is high before the juveniles awake at 6:30 AM and then
immediately, drops to very low values where it remains for the 
rest of the day.

Thus, as Figure.2 shows, the nighttime, after approx
imately 10:30 PM and before 6:30 AM, is the only time at
which the system is operating under what closely approximates 
steady state conditions. As the data on Table VII show, the 
oxygen content in the first aerator is very high before the 
large increase in substrate reaches the first aerator at ap- . 
proximately 6:30 AM (it was 6.7 mg/1.at 6:30 AM on September
17, 1.4 mg/1 at 5:00 AM on September 22, and 3.2 mg/1 on
September 25). That the influent organic loadings during the 
night are very low is shown for the data on August 22 on 
Table VII where at 5:00 AM the BOD, COD, and suspended sol
ids are only 19, 12, and 45 mg/1, respectively.

As Table VII also shows, at 7:00 AM the influent BOD, 
COD, and suspended solids on September 22 had jumped to 241, 
342, and 648 mg/1, respectively, on September 22 in a volume 
of fluid that was almost four times that which was occurring 
at 5:00 AM. The response of the system to this change in
load was a drastic reduction in DO in the first aerator. Al
though September 22 is the only day for which data are avail
able that show the influent loading before 6:30 AM, the fact 
that it must always be low is shown by the DO in the first
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aerator and the trash and grit chamber which is always at a 
high value at 6:30 AM.

The data after 6:30 AM are available for all sample 
days and show that the organic and hydraulic loadings are ex
tremely high and that the DO drops to extremely low values 
because of this* Thus, the extreme loading at 6:30 AM is 
sufficient to completely upset the steady state conditions 
that had been established during the night. As the magni
tude of the loading subsides and the system begins to stabi
lize the DO begins to rise again. As is shown on Table VII, 
the DO was at a low of 0.0 mg/1 at 10:30 AM on September 9 
and had risen to a high of 0.5 mg/1 by 12:30 PM and on 
September 17 it Was at a low of 0.1 mg/1 at 9:30 AM and had 
climbed to a high of 0.4 mg/1 by 11:30 AM. However, another 
shock load at noon again depleted the DO and it dropped to a 
low of 0.2 mg/1 at 2:30 PM on September 9 and 12:30 PM on 
September 17. During the afternoon the DO began rising again 
as Table VII shows. However, throughout the afternoon it re
mained relatively low. Although no data are available after 
5:30 PM except for the hydraulic loading, the DO should again 
be drastically depleted by the heavy organic loadings in the 
evening.

Thus, the aeration tanks normally have very low DO 
contents throughout long periods in the day. This explains 
why large amounts of denitrification occur (one of the fac
tors contributing to poor settleability), why DO measurements
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taken during evaluation of plant performance were always low, 
although the aeration provided should have been adequate ac
cording to the daily influent loading and design criteria, 
and why— as will be discussed later in this section— there 
were enough filamentous organisms present in the system to 
cause the poor settleability»

From the study by Einstein and Heukelekian (20), it 
is apparent that poor settleability can occur when only a 
fraction of the organisms are filamentous. Therefore, poor 
settleability may be the result of conditions in the aera
tion tank which will produce the growth of some filamentous 
forms along with the normal sludge organisms.

Although normal sludge organisms flourish in a prop
erly designed and operated extended aeration treatment plant 
and should competitively exclude the filamentous Sphaeroti- 
lus organisms, Sphaerotilus could survive in a plant if, be
cause of a deficiency of oxygen in the plant due to a 
periodic shock loading, these organisms could thrive for 
long periods of the aeration time. Thus, in this plant, the 
growth of the normal sludge organisms would be inhibited, 
the food supply would fall to the Sphaerotilus organisms and 
the Sphaerotilus would be in a log-growth phase. When the 
DO returns to a higher concentration the normal sludge orga
nisms can successfully compete to the exclusion of the 
Sphaerotilus organisms. However, enough Sphaerotilus could
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survive so that at the next period of low DO concentration 
they could again replenish their numbers.

Therefore, the cause of the poor settleability in 
this plant is anaerobiosis and the presence of filamentous 
organisms which occur because the DO is very low in the sys
tem for long periods in the day. This periodic DO deficiency 
is in turn caused by the extreme variations in the influent 
hydraulic and organic loadings which are characteristic of 
this institution.

Finally, the evaluation of the performance of the 
plant in Chapter IV showed that the air supply as recommended 
by the design criteria was too low. This was also found to 
be the case at the plants studied by Pfeffer (8) and 
Westrick ejt _al. (10) „ The evaluation of the effect of the 
variations in loading reported in this chapter showed that 
at times of large loadings there is a significant increase 
in oxygen uptake rate which can completely deplete the DO in 
the system and cause serious operational problems. There
fore, the aeration equipment should no longer be designed to 
satisfy the oxygen demand of the average daily loadings on 
the system, as it is under the present design criteria, but 
should be designed to satisfy the oxygen demand which occurs 
under peak loading conditions.



CHAPTER VI

, CONCLUSIONS .

The purpose of this report .was to evaluate the ex
tended aeration sewage treatment plant at the Arizona Youth 
Center, near Tucson, Arizona, in order to determine the cause 
of poor sludge settling at the plant. This study was begun 
with an evaluation of the performance characteristics of the 
plant and was concluded with an evaluation of the effects of 
extreme variations in sewage loads on the settleability.

The results of the evaluation of performance charac
teristics showed that:

1) The influent hydraulic loadings on this plant 
varied considerably throughout the day, according to a rigid 
schedule of activities at the institution which it served, 
and also from day to day.

2) Despite the fact that the plant was often over
loaded, the overall treatment provided at the plant was nor- . 
mally very good as measured by effluent BOD, COD, and suspended 
solids.

3) There was a high, degree of oxidation in the 
plant, as shown by the fact that nitrate nitrogen was the 
predominant form of soluble nitrogen in the aeration tanks 
and effluent, despite the fact that the concentration of

81
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dissolved oxygen in the aeration tanks was always low during 
the day.

4) The sludge was going through long periods of an- 
aerobiosis throughout the day as indicated by the loss of 
large amounts of nitrogen from the system.

5) The major problem in the treatment efficiency 
encountered was the occasional loss of large amounts of sus
pended solids in the effluent. This was principally caused 
by fluctuations in raw waste flow and was contributed to by 
floating solids losses due to denitrification and by lack of 
routine solids wasting.

6) Because of the problem of solids losses, the 
overall performance of this extended aeration plant could be 
increased by including sludge wasting in the operating pro
cedure, enlarging the final settling tank, or constructing 
the sides of the final settling tank with two slopes, the 
steeper slope at the bottom, so that a larger cross-sectional 
area is encountered with height toward the top of the unit.

7) The extreme sensitivity of the solids retention 
capability of the final settling tank to variations in hy
draulic loading was caused by the poor settleability of the 
sludge. The latter, in turn, was caused by anaerobiosis and 
the filamentous nature of the sludge.

8) The conditions which resulted in the poor settle
ability were evidently caused by the low dissolved oxygen
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concentrations in the aeration tanks, although the aeration 
provided was far more than that required by the design cri
teria.

The results of the evaluation of the effects of the 
extreme variations in sewage loads showed that:

1) An extreme organic and hydraulic loading at 6:30 
AM completely upsets a steady state condition established 
during the night and causes a rapid increase in the oxygen 
uptake rate which drastically depletes the dissolved oxygen 
in the system.

2) Throughout the day until approximately 10:30 PM, 
there were extreme variations in loading which resulted in a 
series of shock loadings on the system and a steady state 
condition could not be established during this time. Thus, 
because of the continual rapid change in food/microorganism 
ratio resulting in periods of rapid oxygen uptake rate which 
continually depleted the dissolved oxygen in the system, the 
dissolved oxygen remained at very low concentrations through
out the day.

3) ■ The long periods of low dissolved oxygen content 
in the aeration tanks which occurred daily were responsible 
for the anaerobiosis and the filamentous nature of the 
sludge, resulting in settleability problems.

4) The aeration equipment should no longer be de
signed to satisfy the oxygen demand of the average daily
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loadings on the system, as currently practiced, but should 
be.designed to satisfy the.oxygen demand which occurs under 
peak loading conditions.
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