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FOREWORD

Man and his environment must be protected from the adverse effects
of pesticides, radiation, noise and other forms of pollution, and the
unwise management of solid waste. Efforts to protect the environment
require a focus that recdgnizes the interplay betweeri the components of
our physicai environment--air, wate} and land. The National'ﬁnvironi
mental Research Centers provide this multidisciplinary focus through

programs engaged in

o studies on the effect of environmental contaminants on man and

the biosphere, and

o a search for ways to prevent contamination and to recycle

valuable resources.

As part of these activities, the study described herein presents
an investigation to determine the feasibility of using a high-rate.
biological system for treating municipal wastewater at lower costs
while still maintaining effluent quality staqdards, with possible reuse

of the treated wastewater for recreational purposes.

A. W, Breidenbach? Ph.D.

Director
National Environmental
Research Center, Cincinmati
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ABSTRACT

An optimum performance activated sludge system, comprised of an
accelerated high-frate activated sludge process and associated solids
separation processes, was designed, constructed énd,operated at the City
of Chino as a biological treatment system utilizing the meximum grdwthw
Arate4potent1al of activated sludge as a means of te‘moving‘otganic9 and

possibly inorganic nutrient, materigls'from domestic vastewater.

Operating results from this investigation indi@ate'that full-gcale
systems can be operated at high gTOWth rates and high substrate loading
rates with concomi;anﬁbhigh substrate removal velocities and high quality
-effluent. Substrate loading rates as high as 3.6 (mg BOD) / (mg MLVSS)
(day) and effluent BOD of as low aa-S mg/l were achieved.

A kinetic descriﬁtion of this activated sludge system indicated a
yleld coefficient of 0.92 (mg HLVSS produced) /(mg BOD remoﬁ@d)g‘a dacay
constant of 0.027 day=1 based on BOD, a maximum substrate removal veloc=
ity of 4.1 (mg BOD removed)/(mg MLYSS) (day), a maximum speéifib growth
rate of 3.8 dey=1, and a half-saturation congtent of Zﬁv(mg BOD) /L. The
significance of these kinetic chéracteris&ics'iﬁ process doolgn &ﬁd,opexa

ational control is presented,

Four solids separation systems, viz,, vibratory screenz, enhanced
gravity separation; dissolved aixr flotation and hydro-centrifugasl cleaned
screens, were testéd for activated sludge'solida separation, Vibratory
screens were not effective for the separation of high-rate activated
sludge solids undez the opefating conditions employed during this study.
Enhanced gravity separators were effective for the separation o6f high-
rate activated slu§g¢ sdlidsp_but oniy at very loy operating overfloy rates.

b



If advantage is to be taken of the substrate removal capabilities of
high-rate activated sludge systems, a-greater effort in the developmentA

of improved mechanical solids separators is indicated.

This report was submitted in fulfillment of Project Number 17050 DZE
" Grant No. WPRD-16-01-67, by the City of Chino, California, under the par-
tial sponsorship of the U.S. Environmental Protection Agency. work-wau
completed as of August 1974.
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SECTION I

CONCLUSIONS

This investigation has yielded quantitative kinetic descriptions of a
full-scale activated sludge plant, which include growth rates, decay rate
constants, yleld coefficients and other kinetic coefficients and constants.
Results from this investigation indicate that plant-scale systems can be
operated at high growth rates and high substrate loading rates with concom-
itant high substrate removal velocities and high quality effluent. Sub-
strate loading rates as great as 3.6 (mg BOD)/(mg MLVSS)(day), substrate re-
moval velocities as large as 3.2 (mg soluble BOD removed) / (mg MLVSS) (day)
and effluent soluble BOD concentrations as low as 5 mg/l were observed dur-

ing this study. Based on this investigation, a number of specific findings
and conclusions are presented.

KINETIC CHARACTERLIZATION OF ACCELERATED HIGH-RATE ACTIVATED SLUDGE SYSTEMS

The activated sludge process was operated as a very low-rate system,
viz,, average growth rate of 0.035 day-l, or as a very high~rate system,
viz, average growth rate of 2.16 day-l° Optimum BOD loadings on an
activated sludge system with gravity cell separation appear to be in the

range of 2.0 to 3.6 (mg BOD)/(mg MLVSS) (day).

The cell continuity equation, 1/6c = Yq ~ ky, and the Michaelis~
Menten (Monod) equation, y = uSL/(KS + Sl)” vere used to describe kinetic
characteristics of the accelerated high-rate activated sludge system, and

system kinetic coefficients and constants were developed.

Kinetic analysis of data from the full range of substrate loading
rates employed in this study, viz, 0.137 to 3.64 (mg BOD)/ (mg MLVSS)(day),
suggests the following kinetic coefficients and constants for the acceler-

ated high-rate activated sludge system:
1



Substrate Parsmetex

Kinetic Constants BOD COD
mg MLVSS mg MLYSS
Yield coefficient, ¥ 0.92 S-(%B—m)-sl 0.33 =25
. . =1 =1
Decay constant, ky . 0,027 day =0,023 day

. Maximum substrate

a , (mg_BOD) T‘&E&’@%ﬁ
removal velocity, q 4,1 (mg MLVSS) (day) 8.4 mg MLVSS) (day

HMaximum specific

growth rate, u 3.8 day=1 ' 2,7 dayal
Half-gaturation

constant, K/ 26 mg/1 o 95 mg/l
Nonbiodegradable

substrate concen-

tration, KCOD . - © 20 mg/1

The usefulness of kinetically describing accelerated high-rate
activated sludge systems using ATP and dehydrogenase activity as active
biomass parameters was not documented dué to the high.variance of the
limited data obtained. '

The relatively low values of the half-saturation constants, KBBOD
= 26 mg/l and Kocop = 97 mg/1l, indicate that both BOD and COD are adequate
substrate parameters; and the organic substrate concentration expressed
as either BOD or COD was the rate-limiting factor in the accelerated

high-rate activated sludge system.

Least-square analysis suggests the following values of constants in
the oxygen requirements equation, U = aqXj + bkyX;, assuming that the
oxygen transfer capacity for the EIMCO-SIMCAR aerator was 1,22 (kg 02
transferred) /(kw-hr consumed) [2.0 1b/(hp-hr)]:



Substrate Parameter

Aeration Constants’ - BOD CcOD
_ (mg 02) ’ (ng 02)
438 el
a 0.438 (mg BOD) 0.174 =g COD)
(ng 0,) (ng 0,)
bky 0.432 T MIVSS) (day) 0%} (mg #LVSS) (day)

NUTRIENT REQUIREMENTS AND REMOVAL

A minor degree of nitrification took place in the accelerated high-
rate activated sludge system as the nitrité,plus nitrate increased on the
average from 0.08 mg/l as N in the influent to 0.90 mg/l as N in the
effluent. '

The net yield coefficieﬁts, Yn’ with respect to specific nuﬁrients,
obtained from data representing a wide range of substrate loading rates,
viz, 0.137 to 3.64 (mg BOD)/(mg MLVSS)(day), were found to be 11.3 (mg
MLVSS produced)/(mg Kjeldahl nitrogéﬁ rehoved), 20.1 (mg MLVSS produced)/
(mg ammonia removed), 14.4 (mg MLVSS pru'iced)/(mg total dissolved phos-
phate as P removed) and 28.5 (mg MLVSS produced)/(mg dissolved orthophos-

phate as P removed).

Based on cell yield coefficient and the quantities of nitrogen and
phosphorus requirements of the activated sludge determined in this study,
the nﬁtrient requirements were estimated to be 112 (ng N) /(g BOD removed)
and 33 (mg P)/(g BOD removed) as compared to the most commonly reported

values of 40 (mg N)/(g BOD removed) andeéjmg P)/(g BOD removed).
e

The Michaelis-Menten (Monod) model for nitrogen and phosphorus
removals could not be used because of. the high concentrations of these

constituents in the primary effluent and the very small removals that

were effected in the activated sludge process.



SOLIDS SEPARATION SYSTEHMS

Only about 10 percent of the applied hydraulic loading, which ranged
between 8.4 and 24.4 m /(m ) (day) [200 and 600 gal/ (fc? ) (day) ), passed
through the vibratory screen with a 0.014- by 0.105-mm opening (720-by
140-mesh) at solids loading rates of less than 97 ) kg/(m ) (day) (20 lb/(ft )

iday)). These filtration rates are - -too low in comparison to gravity settlers.

The three vibréting screens with 0,044-mm opening (325-mesh), 0.037-mm
opening (400-mesh) and 0,014~ by 0.105-mm openimg (720- by 140-mesh) re-
moved 38, 49 and 91 percent of mixed liquor suspended golids, on the aver-
age, respectively, Solids removal was low in all but the smallest'siie
screen, but even the highest solids removal does not compare with the 95
to 99 percent solids removal achieved with a gravity settler operating at
an overflow rate of about 12,2 m3/(m ) (day) (300 gal/(ft ) (day) 1.

No solids separation data were obtained on the gravity settlers at
conventional secondary clarifier overflow rates, i.@., about 32,6 m /(m )
(day) (800 gal/(ft ) (day) ), but gravity settlers were effective in separating
high-rate activated sludge mixed liquor suspended solids at overflow rates
of about 12.2 m /(m ) (day) {300 gal/(ft ) (day)].



SECTION II

RECOMMENDATIONS

Based on the results and conclusions reported herein, the following

recomnendations are offered:

Kinetic descriptions of the biological process should be developed
for all activated sludge plants to provide a rational and accurate basié
for process design and operational control to achieve a specified efflu-
ent quality. To permit development of kinetic data, all activated sludge -
plants should have flow meters located on the aerator influent, return
sludge and waste sludge lines and continuous proportional samplers located
on the raw sewage, primary effluent (aerator influent), aerator effluent

and return sludge and final plant effluent lines.

A better measure of the active solids content of the activated sludge
for description of activated sludge growth kinetics than the mixed liquor
‘volatile. suspended solids (MLVSS), adenosine triphosphate (ATP) or dehy-

drogenase activity needs to be developed.

If advantage is to be taken of the substrate (pollutant) removal
éapabilities of high-rate activated sludge systems, increased effort
should be devoted to the development of more efficient secondary cell

separators,

Because only about one year was funded under this demonstration grant
for operation of the demonstration process, more time and effort is needed
to investigéte process kinetics and, particularly, potentially better
solids separation systems. Time and fﬁnds permitted only a small part

of the scope of work plan to be completed.



SECTION IIX

INTRODUCTION

Biologicel waste treatment systems are currently the most widely used
method of removing organic materials from municipal and industrisl waste-
waters., The most versatile and efficient of'ﬁhe available biological
processes 18 the activated sludge system in which f£flocculated biological
growths are continuoualy circulated and contacted with primary effluent

in an aerated environment and then separated from the treated waptewater
by sedimentation, |

Utilization of the maximum growth-rate potential of the activated
sludge process is proposed for removing organic materials from wastewater,
at potentially lower costs if the active biological cells, or sdlidsD can
be separated effectively from the effluent liquid. A maximum growth-rate
system could result in relatively small treatment plants which cam be

consgtructed at significantly lower costs.

Based on this approach, the City of Chino was provided & gramt by
the U.S. Environmental Protection Agency to demonstrate the feasibility
of en optimum performance activated sludge system, comprised of am accel-
erated high-rate activated sludge process and &ésociated solid separation
processes as a wastéwater treatment éystem for the removal of organic and
nutrient materials, This project served two needs: it provided.the Ciey
of Chino with a badly needed waste treatment facility and it provided

technical information to the U.S. Environmental Protection Agency.



OBJECTIVES

The general objective of the study was the development of an optimum
performance high-rate activated sludge system and the kinetic characteris-

tics of the proposed process. Specific objectives were:

(1) To describe the process by kinetic analysis which would provide
a more rational basis for design and operation of the activated sludge

process;

(2) To deﬁérmine the process kinetic characteristics, e.g., maximum
growth rate, decay rate constant, yield coefficient and half-gaturation

constant, with respect to system performance parameters;

(3) To delineate the nutrient, i.e., nitrogen and phosphorus, removal

as a function of the process operating parameters:

(4) To evaluate the performance of alternative mixed liquor solids
separation systems, such as enhanced gravity sedimentation, vibratory
screens, dissolved air;flotatidn and pressurized hydro~éentt1fugal

screening; and

(5) To determine the suitability of using the'plant effluent from a

high-rate activated sludge piocess for recreational purposes.,
CONDUCT

This project was conducted in compliance with the requirements of the
agreement between the City of Chino and the U.S. Environmental Protection
Agency under the Grant No. WPRD 16-01-67.

The design and construction of the demonstration activated sludge
plant was completed in 1970, The demonstration plant was operated for

15 months, extending from October 1979 to January 19.2,

Throughout the grant period, Engineering-Science, Inc. served in the
role of design engineers and provided tne project engineers for plant

operation and documentation.



' SECTION 1V

ACTIVATED SLUDGE PROCESS DESCRIPTION

- The activated sludge process can be defined as a system in which the .
flocculated biological growths are continuously circulated and contacted
with organic wastewater in the presence of oxygen. The system involves'_
an aefation step féllowed by'a solid-liquid separation step, from which
most of the separated sludge is recycléd back for mixture with the waste-
water and'the remainder is wasted (waste activated sludge). Biological
synthesis, respiration, oxidation, flocculation and solids se?at#&ion
are the five subprocesses which constitute theAactivated sludge process,
The activated sludge.process is very flexible and can be adapted to
almost any type of biological waste treatment prob/lem° Many modifications
of activated sludge process have been developed. The various modifica-
tions in ugse today are conventional, complete-mixed, step-aerxation, modi-
fied aeration, contact-stabilization, extended aeration, Kraus process,

high-rate aeration and puré-oxygen systems.

OPTIMUM PERFORMANCE ACTIVATED SLUDGE PROCESS

The optimum performance activated sludge process consists of an ac—
celerated high-rate activated sludge unit and associated solids separation
units. The conceptrof this proposed process recognizes that there are two
forms of substrate in wastewater--soluble substances and colloidal—suspeuded
' material. Colloidal-suspended material can be removed effectively by solids
separation systems which utilize flocculation as a precursor to separat.on,

The soluble fractiom can be removed by biosorption, biosynthesis and bio-

logical oxidation in aeration tanks.



’ Recognizing that uptake of soluble substrate by bacterial cultures
can be very rapid, it is realized that extremely high-rate activated
sludge processes could be constructed if a solids separation system cap-

able of removing the bacteria and colloidal-suspended matter could be

developed. \

Current activated sludge systems rely on flocculent bacterial cul-
tures for removal of both soluble and insoluble forms of substrate. The
optimum performance activated sludge process relies on the active bac-
terial culture for rapid uptake of soluble substrate and the adsorption
of colloidal matter on the active biological mass with an improved solids
separation system. The potential advantage of this system includes the
application of higher organic loadings, which results in plant size re-

ductions and concomitant reductions in construction costs,

SOLIDS SEPARATION PROCESSES

Separation of the biological ceils (solids) from the treated waste-
water is the objective of the second phase of the activated sludge pro-
cess, In traditional forms of the activated sludge process, the biologi-
cal reactor is operated in a manner which produces a sludge which is
readily settleable in a separator. The close coupling of the biological
reactor and ihe separétor makes the performance of these units inter-

dependent.

All solids separation devices can be classified into two distinct
types, gravimetric separators and solids restraining devices. The
gravimetric separation devices include the separators in which solids
are transported through the liquid either by gravity; centrifugal force
or static electrical force. The solids restraining separators include
all devices in which solids are retained on media upon passage of the
liquid. The media can be of ‘a fixed nature such as screens, fabr;i.csD

papers and membranes or of a nonfixed configuration like granular media.

Gravity sedimentation is the principle method of solids separation
used In the activated sludge process because to date it has'the best

cost/effectiveness ratio. Therefore, the production of settleable sludge



is one of the primary zequirements for the activated sludge process.
Hovever, gravity sedimentation for the fimal step in the activated sludge

process has peveral fundamental disadvantages which are:

(1) The imability to separate sludges effectively hmvimg specific
gravities near that of the lﬂquid°

(2) The imebility to concentrate filamentous sludgeso which have

poor settling chaxac&eristicao

(3) The practical inability to remove by gravity sedimentation
particles as small as the size of cellular pérticles that ome

would 1like to remove; and

(4) The instebility of the activated sludge process caused by
uncontrollable variations in particulate solids (cellg plus detxitus)
characteristics and the inherent variations in the hydraulic charac-

teristics of sedimentation basins. -

All of these process limitations can be tolerated if it is not'nec=
essary to produce alconsistently high quality effluent. HowevérD in-
creasing performance standards are forcing designers to re-examine the
process as a whole and to .focus on the process:ratenlimiting*sgép'of

final solid-liquid separation (sedimentation).

Much work has been done to improve operation of biological reactors
to minimize solids separation problems assoclated with variable sludge
characteristics, Organic and inorganic sludge conditioners have beem
used to increase the size of particles thus impfoving solids flocculation
and to 1ncreasevfioc strength, and thereby making them less susceptible
to disaggregation due to hydraullic transient shear. Some workers have
focused attention on the problem of hydrauiic short circuiting and its
effect on solid—fiquid separation. This work has led to the development
of a number of stilling devices which include tube settlers, lamella
settlers and tray. settlers. Moreover, some designers have added a filtra-
tion proceés downstream of the biological process to meet more stringest

water quality requirements.
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Development of improved solid separation systems which are better
suited to the variable characteristics requirements of biological pro-
cesses is needed if maximum use is to be made of biological removal

mechanisms.



SECTION V

THEORY AND RATIONALE

Significént pfogress has been made in the practical application of
biological systems to municipal and industrial wastewater treatment,
However, most of the progress in waste treatment technology has been the
result of field experimentation, largely on a trial and error bas;ls°
Much of the research in vaste treatment has been devoted to the develo§=

ment of rational or semi-rational explanations of the phenomena observed

in practice, !

"The objective of biological'waste treatment, hamely the removal of
organic materials from the wastewater, usually expressed in terms of
biochemical oxygen demand (BOD) or chemical 6xygen demand-(COD), is the
major consideration of kinetic analysis. Moreover, the dctivated sludge
process can be used to remove from the wastewater atream-some of the
essentlal nutrients, such as nitrogen and phosphorus, by incorporation in
cell tissue. The proper kinetic descriptions of substrate and nutrient
removals should provide a rational basis for the analysis gnd design of

activated sludge systems.
PRINCIPAL REACTOR TYPES AND FLOW CHARACTERISTICS

Most bioiogﬂcal treatment processes utilized in wastewater treat-
ment are designed to take place in comtinuous-flow systems., Since such
processes are time dependen, the hydraulic residence time &nd the
mixing characteristics of the systems are of vital importance. The
actual mixing characteristics vary with the design of the system and
are too complex to be described precisely. For this reasom, use is made

of simple flow models in estimating these characteristics.

-.
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There are three major types of biological system models, classi-
fied in terms of flow condition and mixing characteristics, which are

commonly used in the activated sludge process,

Plug-Flow Reactor

In a plug-flow reactor, each element of the flowing mass follows
another in sequence as though separated from it. Consequently, there
is no longitudinal mixing between the elements although there may be
lateral or radial mixing within each element. Each element is in the
system for a time equal to the theoretical retention time. This type
of flow would be approximated in a long pipe having a relatively small

cross section,

Continuous-Flow, Stirred-Tank Reactor

A continuous-flow, stirred-tank reactor is a simple homogeneous
system consisting of a stirred tank into which influent wastewater is fed
and intermixed immediately with contents of. the reactor, The liquid in
the reactor is completely mixed so that its properties are uniform and
identical with those of the effluent. Thus, at a steady-state condition,
the substrate level and physiological conditions of the celle in the

reactor are maintained throughout the reactor at a comstant level,

Arbitrary-Flow Reactor

Arbitrary-flow represents any degree of pértial mixing beﬁween plug
and completely-mixed flow. This type of flow is encountevred frequently
in actual aeration tanks and is diffi;ult to describe mathematically.
Therefore, in the kinetic analysis of atbitréry-flow reactors, plug-flow

or completely-mixed flow models are usually assumed.

KINETICS OF COMPLETELY-MIXED ACTIVATED SLUDGE PROCESS

. The completely-mixed process, schematiéally depicted in Figure 1, is
characterized by a series of systems of constant volume, being as a whole
in a dynamic steady-state condition with essentially constant concentra-

tions of organic substrates and of activated sludge in the system.

13

-

T P

T e



in REACTOR 21
0 ) i CELL
- 1 : J .
F x > é' F+f, - F, SEPARATOR
(ﬁr - Fw)
SLUDGE g e Fy. $;
WASTE K = K, B X,

F = Influent fipw rate. -

Fe= Return activated sludge flow rate

Fo™ Waste acti'vated_ssudga flow rate

%o = Inﬂlhent cell concentration

X, = Wixzed liquor cell concentration

X, = Effluent cell concentration 4
K, = Return activated sludge cell concentration
So = Influent subsirate concentration

8 = Effluent substrate concentration

¥V = Volume of aeration tamk

Ry = Paste activated siuvdge cell concentration

Figure 1 Completely mixed activated sludge pv@c@ss
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Continuous-flow, completely-mixed system cultivation permits determina-
tion of process kinetics and parameters which can be used both in theo-

retical analysis and in practical system design,

Basic Assumptions

To develop rationally a mathematical model for a continuous-flow,

completely-mixed system, two basic assumptions are made:

(1) The specific growth rate of organisms in the reactor is some

function of the rate-limiting substrate conéentration,‘thus

1 dX ,
ey g = £ (1
where X = concentration of activated sludge

U specific growth rate
S = concentration of organic substrate,

(2) The specific growth rate of the organisms varies with the rate

of consumption of the limiting organic substrate, namely

dX ds - :
R T . @

where Y = yleld coefficient.

It is generally assumed that the yield coefficient, Y, is a process

kinetic constant.

Monod Model (Michaelis-Menten Equation)

The most widely accepted model for expressing the relaLionship between
specific growth rate and substrate concentration is the rectangular hyper-
bola. This relationship has a theoretical basis in the Michaelis-Menten
equation which was developed to describe the rate of an enzyme reaction
as a function of substrate concentration ‘neference 1), as well as an
empirical basis as proposed by Monod {References 2 and 3) to describe the

relationship between bacterial growth rate and substrate concentration.
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It takes the form,

p o ;('ET:%%g) S (3

vhere ¥ o maximum specific growth rate

Kg = half-saturation conetmtD numerically equal to the
substrate concentration at which the specific growth

rate 1s one-half the maximum growth rate, .., 4 = ;/2°

The Michaelis-Mencen (Monod) kinetic model for describing the rela-
tionship between the growth rate and substrate concentration, shown in
Figure 2, has been widely used by microblologists and engineers working

with continuous culture systems (References 4, 5, 6, 7 and 8).

Kinetics of Activated Sludge Process

In developing the process kinetics of the activated sludge system
with cell recycleplcontinuity of biomass and substrates in steady-state

condition are maintained.,

Materials Balance for Cell Biomass—

One of the important characteristics of the activated sludge system
is cellular recycle and the controlleq'wasting rates of sludgé produced
during treatment. This permits control of the cell concentration and
effluent quality over considerable limits, For a continuous=£flow,
stirred-tank reactor with cell recycle, a materials balance for the

entire process is expressed by the following equatién:

rate of change of Vrate of rate of growth decay
cell biomass in o input of]| - Joutput of| + |rate of| = | rate of
the reactor cells cells cells cells

Ve © Py = (F - FOXy - B+ ukyV - kK V (4)
where kd = decay rate.
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Figure 2 Michaelis-Menten (Monod) kinetic model
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At steady state, Xm/dt = 0, and

ax
1
it w Qo FKO - FXZ = Fw(xr - XZ) &+ (n = kd)VX1 (5)
o 1 F(X, = X)) + F (X~ X,) - ©
Gc XLV d '
where F(xé - 0) 4 Fw(xz - Xz) = net growth of cells

le = mass of cells in activated
sludge system

)
c

mean.cell age.

In the absence of a practical method for estimating the biological
activities of incoming cells, which are relatively insignificant com-
pared to those in the reéctor9 the amount of active cells im the influent

wastewater 1s assumed in the analysis to be negligible,

Similarly, a materials balance for cells around the reactqt (see

Figure 1) can be written as follows:

rate of change of rate of rate of growth decay
cell biomass in = |input of | - |output of | + jrate of| -~ | rate of
the reactor cells cells cells | cells
X, . : _ -
or rra =»(Fx0 + Frxr - war) - (F +-Fr - Fw)x1 + uxlv - kdxlv (7)

Agssuming that the process is at steady state; i.e., dxlldt = 0, the
following expression is obtained:

18



dX]

E{.-.- =0 = F(xo - xl) + Fr(xr - xl) - Fw(xr - Xl.) <+ (u - kd)VXI
l_ _ F(Xl - XO) - Fr(xr'- Xl) + Fw(Xr - Xl) - u-k &)
or 6. VK, . d :

It cau be shown that Equations 6 and 8 are equivalent by applying a

materials balance for blomass around the cell separator, viz.

FX, - waz + FrXr = Fx + Frx1 - wal (9)

1
or FXZ - FWXZ = FXl - Frxr + Frxl - wal (10)

Materials Balance for Substrate--

The materials balance for substrate around the system, which includes

a reactor and cell separator with cell recycle, can be described as

follows:
rate of change rate of rate of rate of
of substrate = lipput of | - |output - | uptake
in reactor substrate of substrate of substrate
dS1 _
or \Y e FS0 - (F - FW)S1 - Fwsl_- uptake (11)

The term "uptake" can‘be defined in terms of a yield coefficient, Y.
Thus, ’

ds ds dX uX

uptake = = ac Ve - IX ac Y =y v (12)
ds uX,V
Therefore, ' V'EEL = F(S0 -8 - Yl (13)

At steady state, dSlldt = 0, and

quv
F(Sg - 8P =v—
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o o F(b0 - SL)Y ) (SO_= Sl)Y
1 Vi ué

(14)
where % = hydraulic residence time, V/F,

It should be moted that the specific growth rate is a function of
the substrate removal velocity, q, which is.a rational measure of the
cellular removal activity, that is, the mass of substrate (BODD COD, etc.)
removed from the waste stream per unit mass of "active drganism" per unit

of time (g substrate xemoved)/(g cells)(day). Thus,

i(sb - 5))

S T R s W

where qc=

Substitution of Equation 15 into Equations 6 and 8 results in the cell

continuity equation

F(XZ - O) + Fw(xr -‘XZ) Y(So = Sl)

1 o
N VK, TTTxe K (16)
N LR m %) - (B - B - KD ¥So -8 .
6 - X, 0 4

Solution of Equations 16 and 17 for the reactor substrate concentra-
tion, mean cell age; hydraulic residence time and cell concemtratiom pro-—
vides the following expressions: |

VXl : VXl

B = F(X, - X,) + F (X - X,) .’3 F - X)) - (F, - F;d) x_ - X)) (18)

- YSO - (llec + kd)xle

1% Y (19)
7 S, F K 20
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and - 0 - Y5, - 5)) (21)
K76, + i)

The foregoing equations are of major significance indicating the
interrelationships involved between the steady-state physical and bio-

logical parameters of the activated sludge system.

Process Efficiency

Process efficiency can be expressed as follows:
E = —e— ' (22)

Solution for (S0 - Sl) from Equations 3 and 15, and division of
(s0 - Sl) by Sos produces the following expression. for efficiency:
uexlsl

E = —r——
SoY(K_ + 5))

(23)
Thus the efficiency of an activated sludge process for a given in~
fluent substrate concentration is a function of hydraulic residence
time, ©; cell concentration, Xl; yield coefficient, Y; maximum growth
rate, ﬁ; and half-saturation constant, KS, It should be emphasized that
once a given effluent concentration is specified, E is determined by the
feed substrate Soncentration9 S09 and the hydraulic residence time, 09.
The parameters y, Ks and Y are kinetic constants and are dgtermined by
the microblological characteristics of the system. Only the cell con-
centration, X19 and the hydrau;ic residence time, 6, dre variab1§ in the
system; however, only one of the two can be independently varied with
time, Either'xl or 6 can be selected, But'once a single parameter is
fixed, the other automatically becomes fixed. From this, it can be con-
cluded that either the efficiency, E,'or the effluent concentration, S19
should be correlated with the product of the reactor cell concentration,

X and hydraulic residence time, 6, (viz,, E or X, vs. xle).
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Substrate and Nutrient Uptake and Removal

The biological specles composition of activated sludge will vary
widely and will depend on many factors, the mogt important of which are
the nature of the oxganic substrate and the growth rate of the system.
Thus it may be expected that the elemental composition of activated
sludge will also vary widely, |

Substrate and nutrient removals from wastewaters by activaéed sludge
can be considered to be initially a high removal of suspended, éolloidaL
and simple soluble substrate and nutrients followed by a slow progressive
removal of complex soluble substrate and nutrients. Initial substrate
and nutrient removal is accomplished by the following uptake mechanisms:
(1) enmeshment of suspended matter in the biological flocs, (2) physico-
chemical adsorption and absorption of colloidal matter on the biological
flocs and (3) biosorption of solublé organic matter by the organisms°
The colloidal and suspended materials must undergo breakdown tb smaller

molecules before they can become available for'cellulér éynthesiso

Several mathematical models have been suggested,to explain the
mechanism of substrate and nutrient uptake By biological o#idation pro=
cesses (References 9 and 10)., These models have shown that at high sub-
strate (or nutrient) levels the rate of substrate (or nutrient) uptake
per unit of cells will remain constant (zero-order) to a limiting sub=
strate (or nutrient) concentration below which the uptake rate will

become concentration-dependent (first-order) and decrease,

At low substrate (or nutrient) concentration, the ﬁemoval rate h&sl
a linear relatiomship with substrate (or nutrient) concentrations. The
overall relatiomship between reﬁbval rate and concentration is believed
to follow the Michaelis-Menten (Monod ﬁodel) equation (see Figure 2),

viz,,

q S,

: B
g = em—eee— o o= ‘ ) (24,)
SEET '
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where q = substrate (or nutrient) removal rate
q = maximum substrate (or nutrient) removal rate
Y = yield coefficient with respect to specific substrate (or

nutrient).

The yield coefficient with respect to specific substrate or nutrient
(nitrogen or phosphorus) generally is considered to be constant. By re-
arrangement of Equation 15, the yield coefficient can be related to sub-
strate or nutrient uptake, (S0 - Sl); specific growth rate, p; hydraulic

residence time, 0; and steady-state cell concentration, Xl“ Thus,

uxle
Y = ‘ (25)
S0 - S1

Oxygen Requirements and Oxygen Transfer

Oxygen Requirements—-—

The activated siudge process 1s an aerobic process requiring a con-
tinuous supply of oxygen for the oxidation of substrate, In biological
oxidation a portion of the energy released from substrate oxidation is
stored by tne attachment of a phosphate molecule to an adenosine diphos-
phate (ADP) molecule to form an adenosine triphosphate (ATP) molecule,
The ATP molecule is later utilized in the performance of biological
functions such as substrate transport across the celi wall and cell

membrane against a concentration gradient; and biosynthesis,

Substrate entering a biological system is only partially oxidized
as portions of the substrate are used in the synthesis of cell protoplasm,
The degree of-substrafe oxidation is dependent on the bond energies and
structure of the substrate. Although there are substantial differences
in the degree of oxidation of a given substrate, an average reiationship

for estimating the oxygen requirement per unit mass of substrate can be

developed.

Cell protoplasm and stored substruiev, in addition to the influent

substrate, are continuously being oxidized. This reduction of biomass



also requires oxygen and the total oxygen requirement for a given system
is the sum of the ogyg@n'requirement for decay or endogenous respiratiom
and the oxygen zeguirement for substrate metzbolism and @ﬁbsequent bio-

synthesis,

- Oxygen Transfer—-

To estimate the' quantity of oxygen tramsferred to the mixed liquor in
activated sludge systems, it is convenient to identify the relationship
between oxygen transfer and aerator power consumption., The consumption
of oxygen per mass -bf substrate utilized and the oxygen requirement fog
sludge oxidation are primary considerations in the selection of aeratoxs
for activated sludge facilitiés and in the estimation of the o@erating

costs of the activated sludge process.

Two principal theories~=the penetration theory and the film theory-——
have been advanced to explain the transfer of oxygen (Reference 11). The
penetration theory ,conforms to modern molecular kinetic theory which re<
lates oxygen transport across a gas-liquid interface to the kinetic energy
of the molecules and inter-molecular attractive forces. This approach
appears to offer significant insights into the mechanics of oxygen tiané~
fer but has not been mathematically developed to the point vhere oxygen

transfer in aeration basins can be modeled°

The film theory is based on a physical model in which two_fictitious
films--one liquid and one gas--exist at the gas-liquid interface. The
gas molecules are transported to the outer face of the gas film by mixiﬁg
and diffusion mechanisms° The gas molecules then diffuse across the stag-
nant gas film to the gas-1iquid interface where they dissolve in the liquid
film. The dissolved gas then diffuses through this stagnant £ilm to the
boundary between the film and the bulk liquid phase, from where it is
transported throughout the bulk liquid phase by mixing. At the present
time, the film theory 1s of greater practical value than the penetration

theory, regardless of its questionable theoretical basis.
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Process Kinetics with Oxygen Transfer-—-

Oxygen requirements can be expressed (Reference 12) as a linear
function of the substrate removal velocity, q, and the endogenous res-

-piration rate, kd’ as follows:

UV = a(substrate removed) + b(cells oxidized) = (02 used) /day

or uv = aF(S0 - Sl)4+ bkdxlv

a(S0 - Sl) bkd(S0 - Sl)

or U = 5 + 30 ' (26)
where U = rate of oxygen used
a = oxygen requirement per unit substrate removed
b = oxygen requirement per unit cell oxidized.
S =51, .
Thus, U = ““7;f—'(a + bkd/q) (27)

The required oxygen transfer rate can be written as a function of
hydraulic residence time, 6; effluent substrate concentration, Slg_and

kinetic constants for the system, u, Y, Ks’ kd” a and b. Thus,

"= Y(So - Sl)(S1 + Ks) auS1

= + bk (28)
Bus , d

1 Y(Ks + Sl)

With reasonable estimates of kinetic constants for a given waste
treatment proceés, it is possible to ‘estimate the oxygen transfer rate
requirements for a wide range of influent, effluent and loading charac-

teristics,

Active Organism Concentration

The most important single parameter in the activated sludge growth
kinetic analysis 1is an accurate deferndnation of active cell biomaéso
Various methods and parameters have been uséd to evaluate the active
organism conceﬁtrations, Most microbiologists have used dry.weight of

suspended matter, volatile suspended solids; optical density, direct
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cell count or viable cell count to evaluate cell concentration. Lawrence
and McCarty (Reference 13) have used elementary cellular comstituents,

such as carbom, nitrogen and phosphorus, a&s active organism concentratiocn
parameters in anaerobic kinetic amalysis. Agardy (Reference 14) used
deoxyribonucleic acid (DNA) as an activity parameter in anaerobic digesters.
Many workers have employed concentration of adenosine triphosphate (ATP) oz

dehydrogenase activity to express living cell concentration,

In the absence of a single accurate active organism concentration
parameter to describe the activity of biological syétamsD several ﬁarmmP
eters were used in this demonstration study in addition to ﬁhe traditional
mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended
solids (MLVSS). The additional parameter of dehydrogenase activity and
adenosine triphosphate (ATP) were used to express biomass concentration

for comparative purposes.

PROCESS PERFORMANCE PARAMETERS

The activated sludge process incorﬁofateS'physical ahd blological
processes which, for proper design and operatioh9 requires a knowledge
of several proéess variables and their interrelationships with process
performance parameters. These independent performance parameters are

organic loading velocity, LV’ and mean cell age, Oc.

Organic Loading Velocity

One of the most important parameters of the activated sludge process
is the organic loading velocity, of the food to organism ratio. The load-
ing velocity, L,, is equal to'the mass of BOD applied per day per mass of
VSS contained in the aeration tank, (mg BOD)/(mg VSS)(déy)° The values
of loading velocities vary from a minimum of 0.05 (mg BOD)((mg VSS) (day)
for the extended aeration process to about 5 (mg BOD)/(hg VSS)(d&y) for

the high-rate, supra-activation process (Reference 15).

H
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Organic loading velocities have also been expfessed in terms of mass
of BOD applied per day per unit volumc of aeration tank. Typical values
range from 320 to 6,400 (kg BOD)/(1,000 m3)(day) [20 to 400 (1b BOD)/
(1,000 ft3)(daY)l for extended aeration and supra-activation processes,
respectively. These volumetric loading velocity parameters neglect the
cell concentration of mixed liquor and the food to organism ratio;
however, they describe the minimum aeracion tank volume that should be

adequate for satisfactory treatment,

One of the principle objectives of this study was to define the ef-
fects of various loading velocities on the dependent variables. These
dependent variables are effluent substrate concentration, sludge charac-

teristics and nutrient removal efficiencies.

Mean Cell Age

Mean cell age, also termed mean cell or biological solids retention
time, ec, is one of the operational parameters which have been proposed
for the design and operational control of the activated sludge process.
Mean cell age is a measure of the average residence time of the organisms

in the system and can be expressed as follows:-

VXl

VX, | |
° Y~ F(X, - Xp) - (F, - F)(&_= &)

e T F(X, - X)) + F (X - X

(18)
2

where F(X2 - Xo) +F (X - X)) = loss of cells per day

2)

VX; = cells in the system.

Values for mean cell ages range from three to four days for high-
rate, 5 to 15 days for conventional and 20 to 30 days for extended

aeration activated sludge processeé°

1t should be noted that the reciprocal of Gé is the net growth rate,
which is an important parameter for control of effluent quality as well

as the entire activated sludge process.
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Sludge Volume Index

Sludge settling and compaction characteristics are a primary requi-
site to successful operation of the activated sludge process. With a
poor settling or bulking sludge, solids carry-over will comtribute to the
‘effluent BOD and suspended solids. Poor sludge compaction will xesult in
a low concentzatisn of return sludge solids, which in turn will limit the

concentration of mixed liquor suspended solids in the aeration basin.

Sludge volume-vin_dexD SVI, 1s defined as the volume in milliiitcers
occupied per gram of activated sludge solids after a 1,000-ml mixed liquor
sample has been gllowed’to settle in a graduated cylinder for 30 minutes.
The return sludgé concentration, xr, can be egpressed in terms of sludge

volume index, SVI, as:

6 .
.. 10 Y
%R wT (29

vwhere k = constant,

Similarly, the cell concentration in the mixed liquor, Xlg can be related
to the settleability of sludge as follows:

oo 108
1 (F + Fr) SvIi

X (30)
It should be noted that when the sludge volume index is relatively
high, i.e., greater than 100, it is difficult to maintain a high cell

concentration in the mixed liquor even with a high return sludge ratio,

Rf = Fr/Fo

Organic loading velocity, LVD appears to affect the sludge settle-
ability and sludge volume index. At low loadimg velocities of less tham
0.5 (mg BOD) /(mg VSS)(day), the sludge volume index has low values and
sludge bulking i@*?arely encountered., As the loading velocity imcreases
to about 0.5 (mg BQD)/(mg VSS) (day), the sludge volume index increases
and an unstable seétling condition 1s approached. -Activated sludge sys-
tems loading velocities in the range of 0.5 to 2.0 (mg BOD)/(mg VSS)(day)
could have sludge bulking problems.
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SECTION VI

EXPERIMENTAL PROCEDURE AND ANALYTICAL METHOD

FACILITIES

Construction of the treatment facility for the City of Chino started
in 1960, The initial facility consisted of one primary sedimentation .
tank, two oxidation ponds, one chlorination tank, one anaerobic digester,
three sludge beds and a control building. The design capacity of the
treatment facility was 0.044 m3/sec (1 mgd).

To evaluate the potential of the optimum performance activated sludge

system, construction of an activated sludge facility was completed in

1969 with the assistance of an EPA demonstration grant, The new facility
.includes two additional primary sedimentation tanks, three aeration basins,
vibratory separation screens, two secondary clarifiers, chemical feeding
equipment, a small-scale rapid sand filter bed, three small simulated
recreational test ponds and a laboratory. The additional facilities con-
structed under this grant increased the design capacity of the plant to
0.13 m>/sec (3 mgc).

The existing treatment facility and demonstraﬁion activated sludge

facility are shown by a block-line diagram in Figure 3.

Barminution

Barminution is a unit operation for screening and reduéing the size
of larger particles to a predetermined size. The process consists of
trapping oversize particles on a bar screen and passing a rotating cutter
periodically over the screen to reduce the size of the particles so that

they will pass through the screen. The unit is a Chicago Pump Model ''C"
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Barminutor for a 0.610-m (24-in.) channel and has a maximum continuous
flow capacity of 0,285 m3/sec (6.5 mgd). The unit is activated auto-
matically when a predetermined headloss occurs across the screen. The
bar screen opening in the barminutor is approximately 0.95 cm (0,375 in.).
Provisions have been made in the barminution structure for influent by-

passing through a coarse bar rack of the barminutor during maintenance
periods.

Primary Clarifiers

Primary clarifiers have been installed to remove settleable solids
for subsequent treatment by anaerobic digestion. The existing primary
sedimentation tank and the two new clarifiers are 25.9 m (85 ft) long
and 4.88 m (16 ft) wide with an average depth of 2.59 m (8.5 ft). The
effluent welr system was designed for an overflow rate of 124 m3/(day)(m)
(10,000 gal/(day)(ft)].

The clarifiers are equipped with a flight system which draws settled
sludge to the inlet end of the tank and which also skims the surface of
the tank on their return. Sludge accumulates in a single'hopper at the
head-end of the tank where it is withdrawn periodically by means of a
pumping system using two 1,090—m3/day (200-gpm) WEMCO sludge pumps con-
trolled by a sludge density meter. The skimmings are removed by hand-
operatéd dipping skimmers to a sludge hopper equipped with a 1,090-m3/day
(200-gpm) WEMCO sludge pump. -

Aeration Tanks

Three aeration tanks of varying size provided flexibility in operationmn,
Aeration tank volumes are 240, 708 and 477 m3 (63,300, 187,000 and 126,000
gal), which in various combinations at a flow of 0.13 mj/sec (3 mgd) pro-
vided hydraulic retention times ranging from 0.5 to 3.0 hr. The primary
effluent can be fed to any or all tanks through meter gates. Return
activated sludge can be introduced directlyv (v the first tank or can be

added to the effluent from the primary clarifiers,
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Aeration Equipment

Careful consideration was given to the selection of zeration .cquip-~
ment for the proposed accelerated high-rate activated sludge system.
The new deep-cone RIMCO-SIMCAR mechanical aerators with diseolved oxygen
concentration contxol were employed. The dissolved oxygen concentration
was sensed with a Honeywell dissolved oxygen probe and was controlledv
through an automated weixr that varies the submergence of.the aerators in

order to maintain a preset dissolved oxygen concentration,

Three mechanical aerators were used, having maximum electrical energy
requirements of 11, 19 and 56 kw (15, 25 and 75 hp), respectively; and
in addition, an extra impeller designed for a 45—kw:(60-hp) driver was
purchased. Each aerator is designed so it provides épbroximately ten

inches of impeller submergence.

Anti-vortex baffles were installed in each aeration tank. The
baffles consist of two large crossed plates mounted on the bottom of the

basin beneath the aerator.

Solids Separation Facilities

Four solids separation devices--plain sedimentation secondary clari-
flers, vibratory screens, pressure filters and dissolved alir flotators--

vere employed for the separation of activated sludge during the study
period.

Secondary Clarifiers--

Two circular clarifiers are provided with sludge drawoff by suction
from three zones on each arm of the clarifier. These units are equipbed
with provisilons fo% adjusting the flow of each pickup zone. Each of the
tﬁo clarifiers 418 16.8 m (55 ft) in diaméter and has an averagé wvater
depth of 2.7 m (9 Et)- At an influent flow rate of 0.13 m3/sec (3 mgd),
the overflow rate is 25.6 m3/(m2)(day) (630 gal/(ftz)(day)] with a weir
rate of 110 m3/(day)(m) (8,900 gal/(day) (ft)). .These units are equipped
with a central feed well approximately 2.90 m (9.5 ft) in diameter.
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Vibratory Screen Facility--

The SWECO vibratory screen separator was tested as a method for

rapidly separating and concentrating a substantial portion of the acti-

vated sludge and was followed by secondary clarifiers to capture the
 fines ‘passing through the screens. The purposes for the vibratory screens
were (1) to reduce the detention time for separating the mixed liquor,
thus reducing the potential for anaerobic conditions and thereby reducing
the possible release of sorbed or incorporated nutrients from the acti-
vated sludge cells to the effluent: (2) té prbvide a means for separat-
ing filamentous sludges should they develop under the high loading rate
conditions; and (3) to provide a mixed liquor separating system that would
be compatible with the goal of reducing the plant size. A two-week irial
run on separating mixed liquor in a nearby conventional activated.sludge
treatment facllity suggested that overflow rates with vibratory screens
could be two to three times the level of conventional gravity secondary
settling, Each screen unit was equipped with a spray system consisting

of nozzles mounted in a piping configuration similar to the spokes of a
wheel, The system was automated so that the sprayers would activate for

a short iqterval at an adjustable frequency. Each screen was fed from a

common trough. The flowrate of the feed was controlled by an adjustable

V-notch weir.

Eight SWECO vibratory screens were installed. Six of the units were
mounted on two supporting beams and two units were mounted over hoppers
leading to two sludge pumps. One pump was set up to pump the sludge to

the digester and the other to return the sludge to the aeration tanks.

Two of the eight screens were stacked in series configuration so that
the screening could be done in stages. These two units were equipped
with 0.044-mm opening (325-mesh) screens, followed in one case by a
0.029-mm opening (500-mesh) nylon screen and in the other case by a
0.014- by 0.105-mm opening (720- by 140-mesh) dutch twill stainless steel
screen, The remaining six screen units were equipped as follows: two
with a 0.044-mm opening (325-mesh) stainless steel screens, two with

0.037-mm opening (400-mesh) stainless steel screens, one with 0.029-mm
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opening (500-mesh) nylon screens and one with 0.014- by 0.105-mm opening
(700- by 140-mesh) dutch twill stainless steel screems.

Pressure Fllerxation Unit—-

A small repid sand filtration facility was conmstructed to polish
secondary effluent before dischafging into three small ponds. The unit
consisted of a 0,914-m (36-in.) diameter INFILCO standard rapid sand
filter., The faéility is equipped with a feed pump, a baékw&sh,étorag@
tank and pump, a chemical feed pump and a batch tank,

Dissolved Air Flotation Unit--

An EIMCO pilot dissolved air flotation plant was leased in am effort
to thoroughly investigate alternative solids separation systems., The
pilot unit was approximately 1.52 m (5 ft) in diameter and was equipped
with a complete float ékimming<systém, bottoms rakes and a drawoff for
settled solids. The unit was also equipped with EIMCO's two-étage pres-
surization system for dissolving air in a recycle stream drawn from the
effluent of the unit.

Chlorination Facilities

Existing chlorination facilities were enlarged by the additiom of
another W & T A=731 V-notch 400-16 Chlorinatox. The existing 108~m3
(28,600-gal) chlorine contact tank was retained which providea retention
time of 13.8 minutes at a flow rate of 0.13 m /sec (3 mgd)

Chemical Feed Facilities

A chemical feed system was installed as a backdp to aid in the overall
wastewater treatment, particularly 1if polymer afds were needed for mixed
liquor separation or chemical treatment was needed for phosphate removal.
The overall Prado Dam (Chino area) plans called for using the plant efflu-
ent for recreational purposes. The chemical feed facilities were designed
so that polymer, alds and/or chemicals could be added at any point in the
treatment facility (from raw wastewater to secondary effluent)., Due to

time constraints, the chemical feed system was not used extensively during
the 15-month study.

34



The chemical feed facilities included a 1.08—m3 (285-gal) storage
tank, a 0.12--m3 (33-gal) reserve tank and a variable-speed.positive-
displacement pump which could bé paced to the plant influent flowrate.
The chemical feed facilities also included a variable-speed pumping unit
and a lined 15.1-m3 (4,000~gal) liquid chemical storage tank.

Recreational Eutrophication Ponds

Three existing oxidation ponds of 3,750-, 3,750- and 23,400-m3
(3.04~, 3.04- and 19.0-(acre)(ft)] capacity, respectively, and 1l.1-m
(3.5-ft) deep were augmented with three simulated recreational ponds.
The simulated recreational ponds are 1l.l-m (3.5-ft) deep and possess a

3 (0.6(acre) (£t)] each. The purpose for

capacity of approximately 740 m
the recreational ponds was to study the suitability of using the plant

effluent for recreational purposes.

OPERATION PROCEDURE

The operation procedure for the-optimum activated sludge system con-
sisted of two phases—accelerated activated sludge operation and testing

of alternative solids separation systems during the 1l5-month study.

The raw sewage from the City of Chino entered thé rectangular pri-
mary clarifiers through a barminutor. Settleable solids, removed in the
primary clarifiers, were pumped to an anaerobic digester, while clarified
wastewater was pumped coutinuously to the aeration tanks. Constant hy-
draunlic flowrate was achieved by utilizing one aeration tank as a pri-
mary effluent equalizing basin from which the primary effluent could be
pumped at a constant flowrate to the aeration system, Mixed liquox
from the aeration tanks was introduced to alternative solids separation
systems, from where return activated sludge was pumped continuously to
the aeration tanks. Sludge wasting was accomplished by pumping directly
ffom the return activated sludge lines. Digester supernatant was not re-

cycled to the plant but was discharged directly to the oxidation ponds.

Steady~-State Operation

Steady-state activated sludge operation is desirable for characteri-
zing biological oxidation kinetics. Theoretically, the substrate and
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nutrient input concentrations, the active biomass concentration, the
hydraulic residence time, the veturn activated sludge flowrate, the dis-
solved oxygen concentration and temperature should be controlled at con-

stant levels for complete bilological kinetic analysis.

By directly controlling the hydraulic residence time, the activdted
sludge concentration and the dissolved oxygen concentration in the mixed
liquor, a series of presumed steady-state operations were completed during
the study peridé, Steady-state for the purposes of this study was defined
as a period vherein the hydraulic residence time, the substrate concentra-
tion in the primary effluent and the biomass concentration in the mixed
liquor, determined at daily intervals, did not vary more than *20 percént
from a mean value, The variation of each parameter was required to be
random, i.e., each parameter could not exhibit a cqnsistent upward ox

downward trend. .

Sampling and Metering

The sampling syétem designed for Chino contains five basic eleheq;s:
a controller, a.positiye-displacemenf pump,.a,thxeeeway solenoid valve,
a triggering cisck and a refrigerator. When in operation the controllex
receives a signal from a selected flowmeter and paces the withdrawal
rate of the sampling pump to the flowrate. The pump delivers a contin-
uous stream to g three-way solenoid valve which is open to waste. The
triggering cloqk diverts the streaﬁ to the refrigerated sample bottle for
a short fixed interval at an adjustable frequency. This automatic sam—
pling system was installed to sample the piim&ry efflvent, mixed liquox,

secondary effluent and the return activated sludge from the secondary

clarifiers.

All metering 15 the facilicy was pefformed by Venturl metering sys-
tems with a continuous backflow of wash water through the meter. Raw
sewage Iinput ﬁﬁdwrateso flowrates of primary effluemnt to thg'aeration
tanks, return activated sludge flowrates; waste sludge flowrates and pri-
mary sludge puﬁping flowrates were metered and recorded. Table 1 presents

the location of sawpling and metering stations at the plant,
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Table 1.

PROCESS MONITORING CHARACTERISTICS AND DAILY ROUTINE LABORATORY ANALYSES

Procegss Location

Flowmeter

Sampling

Analyses

Primary effluent

Mixed 1iquor

Secondary effluent

Return activated
sludge

Haste activated
sludge

Venturi flowmeter
Automatic recording

Venturi flowmeter
Automatic recording

Venturi flowvmeter
Automatic recording

Automatic sampling
and refrigeration

Grab sampling

Automatic sampling
and refrigeration

Grab sampling

Automatic sampling
and refrigeration

Grab sampling

Automatic sampling

and refrigeration

Automatic sampling
and refrigeration

Suspended solids (SS)

Volatile suspended solids (VSS)
Biochemical oxygen demand (BOD
Chemical oxygen demand (COD)

Total and dissolved Kjeldahl nitrogen
Total and dissolved total phosphate

Dissolved NOZ' NO; and Poas

Mixed liquor volatile suspended
solids (MLVSS)

Mixed liquor suspended solids (MLSS)

Temperature

Sludge volume index (SVI)

Total and dissolved Kjeldahl nitrogen

Total and dissolved total phosphate

Biochemical oxygen demand (BOD)

Chemical oxygen demand (COD)

Dissolved NOE, NO;, and Poaz

Suspended solids (SS)

Volatile suspended solids (VSS)
Turbidity

Blochemical oxygen demand (BUD)
Chemical oxygen demand (COD)’

Total and dissolved Kjeldahl nitrogen
Total and dissolved total phosphate
Dissolved NO;, NO; and P045

Suspended solids (SS)

Suspended solids (SS)




ANALYTICAL METHODS

A summary tabulation of the daily, routine laboratory tests performed

on the various process stream samples is presented in Table 1.

Wherever possible, Standard Methods for the Examination'of Water and
Wastewater, 13th edition (Reference 16) was followed for substrate,
nutrient and biomass measurements., Details of nonstandard aﬁalytical

methods are presented in Appendix A.

Substrate Analyses

Chemical Oxygen Demand (COD)--

Chemical oxygen demand was determined by dichromdte reflux method
according to Standard Methods for the Examination of Water and Wastewater
(Reference 16), '

Biochemical Oxygen Demand (BOD)--

The five-day biochemical oxygen demand determination was mede accoxd=
ing to the procedure outlined in Standard Methods for the Examination of
Water and Wastewater (Reference 16). Dissolved oxygen measurements were

made using a polarographic dissolved oxygen probe.

Nutrient Analyses

Total Kjeldahl Nitrogen--

Total Kjeldahl nitrogeﬁ was determined using the procedure outlined
in FWPCA Methods for Chemical Analysis of Water and Wastes (Reference 17).
Distillation was carried out at a pH of 9.5 and the ammonia content of

the distillate was measured titrimetrically.

Nitrate Nitrogehée

Nitrate nitrogén vas determined using the procedure outlined in
Standard Methods for the Examination of Water and Wastewater (Reference
16) . Color produced by the reaction between nitrate and phenoldisulfonic

acid was measured with a Bausch and Lomb Spectronic 20 at a wavelemgth of
410 myu.,
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Nitrite Nitrqggg--

Nitrite nitrogen was determined according to analytical methods out-
lined in FWPCA Methods for Chemical Analysis of Water and Hasteé (Refer-
ence 17). The color developed by diazotization of the water with sul-
phanilamide and then coupling with N-(l-naphthyl)ethylenediamine was

measured using a Bausch and Lomb Spectronic 20 at a wavelength of 540 my.

Orthophosphate--

Orthophosphate was cetermined using the stannous chloride method
listed in Standard Methods for the Exandnétion of Water and Wastewater
(Reference 16). Molybdophosphoric acid is reduced to the intensely
colored complex, molybdenum blue, by stannous chloride. The color was

measured photometrically at a wavelength of 690 my.

Total Phosphate--

Total phosphate was determined using the persulfate digestion method
followed by stannous chloride orthophosphate determination as outlined in

Standard Methods for the Examination of Water and Wastewater (Reference 16).

Biomass Analyses

Volatile Suspended Solids--

Volatile suspended solids concentration was detefmined according to
the filtration procedure outlined in Standard Methods for the Examination

of Water and Wastewater (Reference 16).

Adenosine Triphosphate (ATP)--

The adenosine triphosphate (ATP) measurement procedure was developed
from the work of Patterson, Brezonik and Putnam (Reference 18) and Beutler
and Baluda (Reference 19). The amount of light produced by firefly
extract is directly proportional to the amount of ATP added., Detailed

procedures of the analytical method used are presented in Appendix A,
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Dehydrogenase Activity--

Triphenyl tetrasoliwa chloride (TTC) is reduced by dehydxog@mé@e to
triphenyl formezen (TIF). Dezhydrogenase activity can be mecsured spectro-
photometrically because the color produced by triphenyl formazem is pro-
portional to the déhydxogenase activity, The details of the &n@lytical
pgocedure used are imcluded in Appendix A,

Sludge Volume Index

Sludge settling tests were conducted in & 1,000-ml cylindex, The
sludge volume index, SVI, was computed by dividimg the 30-minute sludge
volume (ml) by the initial cmspended solids concentration (g/l).

DATA PROCESSING AND COMPUTAIIONAL METHODS

Data Processig&

Two of the key parameters in the Kinetic description of the acti-

vated eludge process are the substrate removal Velocity, q, and the net

system growth t 1/9_, or mean cell age, 6_. Net system growth rate
and substrate removal velocity were calculated using the following equata-
tlons: » A '
0”5 |
e T X,8 (15)
F(X, = X,) + F (X ) .
) - 2 0 w'r 2 _ ;
and /8, ‘ WX, (18)

The active bioiogicél solids measure, xl” was expressed s the vola-
tile suspended solids in the mixed liquor (MLVSS), the ATP content of the
mixed liquer or the dehydrogenase activity of activated sludge. It should
be noted that the substrate removal relationship can also be used to des-
cribe nutrient (Nfand P) removal velocities, The influent substrate (or
nutrient) concentration, SO’ vas determined by total BOD or COD (or various
N and P species) in primary effluent; and effluent substrate (or nutrient)
concentration, Snp was determined as soluble effluent BOD or COD (or

various N and P species) in final effluent.

-
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Daily calculations of net growth rates and hydraulic residence times
and daily determination of mixed liquor volatile suspended solids concen-

trations were used to establish periods of steady-state operation.

Steady-state conditions were defined as periods in which_the net _growth
rate, hydraulic residence time or MLVSS. did not vary more. than..+20. per-
W

cent, Data obtained during these _steady-state periods were .used_ in sub-
T——— .

sequent calculations and kinetic evaluationms.

P e S . e - RPN

S —

Computational Methods

A computer linear least-square regression analysis was used to esti-
mate the kinetic constants from the linear cell continuity equation,

1/ec = Yq ~ kd, and all linear transformations from the Michaelis-Menten

. as
(Monod) equation, q = Rf—:lg-. The linear transformations are:
1
K

o 2By +x (31)

4 q 1 q
L ; (32)
= —— - 3

(2) §1= G a- K

(3 =§-x.E) (33)
q q s Sl

A nonlinear computer program (Reference 20) was also used to estimate’

the kinetic constants directly from nonlinear regression analyses,
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SECTION VII

RESULTS AND DISCUSSION

WASTE CHARACTERIZATION

The City of Chino is a community with a sewered population of approxi-
mately 16,000 residents plus an additional 2,000 prisoners of the State of
California, and is served by the Chino Water Reclamation Facilities. The
only industrial operation served by the sewer system is a small meat pack-
ing plant, which has a pretreatment system consisting of a small sedimeﬁ=
tation tank, a storage tank for impounding blood prior to removal via
trucks and a separate manure handling facility. In general, the waste-
water at Chino is eimilar to typicél domestic waste as the industrial
contribution 1s small and partially pretreated.

No attempt was made to characterize the organic pollutant concentra-
tion in the raw waste reaching the treatment plant; all characterizations
presented herein, except raw waste flow, were made on primary effluent.
Table 2 presents dally waste characterizations measured dUEing the
steady-state periods, -Wasté characéeristics monitored include ray waste
flow, total BOD and COD, soluble BOD, total and volatile suspended solids,
and various nitrogen and phosphorus species in the primary effluent,

Average values are summarized in Table 3.

The raw waste flow at Chino ranged'from 0.0890 to 0.122 m3/sec
(1.85 to 2.79 mgd), with an average flow of 0.0972 m3/sec (2,22 mgd) .
Approximately one-tenth of this flow was contributed by the prison com-
plex. The contribution from the meat packing plant was estimated to be

also one-tenth of the total flow.
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- Table 2. PRIMARY EFFLUENT WASTEWATER CHARACTERIZATION
Primary effluent .
" Date Raw sew- Total BOD, Soluble BOD, Total COD, Total suspended Volatile suspended
age flow, mg/l mg/1 mg/1 solids, solids,
m3/SEC mg/]_ mg/l

16 Dec 70 - 126 - 202 130 130
17 - 162 - 260 78 55
18 == 210 - 238 68 63
19 - 84 - 252 135 90
20 - 132 - 245 110 104
21 -- 168 - 264 125 115
31 -- 150 - 319 . 105 100
2 Jan 71 - 108 - 379 105 98
3 - 102 -— 313 143 133
5 - 132 - 432 123 95
15 Jan 71 - 168 - 500 210 167
16 - 162 -- 396 140 120
17 - 156 - 239 223 130
18 - 198 - 245 220 220
15 Apr 71  0.102 126 - 375 117 113
16 0.119 114 -- 365 83 72
18 0.0924 84 - 296 78 55
19 0.0964 72 - 349 107 80
09 May 71 - 108 - 262 73 64
11 0.0977 108 o= 323 131 131
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Table 2 (continued).

PRIMARY EFFLUENT WASTEWATER CHARACTERIZATION

Primary effluent

Date Rew sew=  Total BOD, Soluble BOD, Total COD, Total suspended Volatile suspended
age flow, mg/1 mg/1 mg/1 solids, solids,
m3/sec , mg/1. mg/1
12 May 71  0.0920 168 - 402 160 160
13 0.0929 144 - 510 215 215
14 0.0920 108 - 415 160 . 160
16 0.0920 84 - 308 95 95
17 0.0872 26 - 318 97 97
18 0.0964 26 - 364 110 110
© 19 May 71 0.0933 90 - 357 128 98
20 0.0955 108 -- 320 130 65
21 0.0937 138 - 584 223 195
23 0.0924 162 - 460 233 185
24 0.0889 160 - 4623 173 158
25 0.0981 156 - 389 155 113
28 0.0933 28 - 560 131 110
29 0.0211 108 - 364 120 105
16 Aug 71 0.0823 120 60 362 122 20
17 0.0924 . 9% - 290 148 127
20 0.0867 108 59 . 279 120 - 80
23 0.0810 150 57 341 125 93
24 0.0929 126 45 265 107 70
25 0.0907 138 57 301 130 88
26 0.0%907 153 63 . 292 110 75
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Table 2 (continued). PRIMARY EFFLUENT WASTEWATER CHARACTERIZATION

Primary effluent

Date " Raw sew- Total BOD, Soluble BOD, Total COD, Total suspended Volatile suspended
age flow, mg/1 mg/1 mg/1l solids, solids,
m3/sec : mg/1 mg/1
28 Aug 71  0.0915 132 48 322 122 75
29 0.0915 102 60 258 73 63
30 . 0.0851 108 36 277 108 82
31 0.0968 120 66 454 212 155
5 Sep 71  0.03i5 150 60 306 - 110 87
"6 0.0823 132 66 293 97 79
9 0.0972 108 54 281 80 67
1l . 0.0964 72 36 279 .69 59
12 0.0937 120 60 . 328 88 - 69
13 0.0933 90 48 308 70 57
14 0.0102 135 57 313 107 : 48
16 0.1090 132 71 314 112 84
17 0.100 138 48 267 95 80
19 0.0990 - 102 31 278 116 88
20 0.0955 108 54 - 313 116 88
28 Sep 71 0.100 153 78 337 ' 108 79
29 0.0959 120 56 358 108 84
10 Oct 71 0,113 156 23 582 290 240
3 0.110 120 57 307 76 49
4 0.105 78 42 319 75 63
5 0.115 114 59 304 109 A 71
6

0.0972 105 36 339 117 81
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Table 2 (continued).

PRIMARY EFFLUENT WASTEWATER CHARACTERIZATION

Primary effluent

--Date Raw ‘sew=- -~ Total BOD, Soluble BOD, Total COD, Total suspended Volatile suspended
age flow, mg/l mg/1 mg/1 solids, solids,
m3/sec mg/1 mg/1
7 Oct 7 0.104 26 53 380 78 65
° - 0.0986 87 59 333 72 72
10 0.0977 108 63 347 109 109
11 0.0942 144 81 395 137 137
9 Nov 71 0.0999 113 66 408 - 112 88
10 0.100 116 72 382 120 - 106
14 ' 0.0950 88 62 - 317 74 59
23 0.0994% 26 64 321 103 61
24 0.0981 79 &4 303 108 60
25 0.0972 111 72 332 147 26
26 0.0920 114 50 328 "~ 115 81
29 79 47 276 "~ 57 29
1 Jan 72 0.111 160 71 491 238 205
2 0.122 152 68 365 113 104
5 0.116 105 70 353 159 99
6 0.104 156 80 393 162 104
8 0.101 84 43 363 185 76
10 0.100 128 65 363 110 9
12 0.102 113 68 404 112 92




LY

Table 3. SUMMARY OF PRIMARY EFFLUENT WASTEWATER CHARACTERIZATION

Characteristic Unit Range Average
Raw Waste Flow m3/sec 0.0890 - 0.122 0.0972

Primary effluents

.Substrate )
Total BOD? a mg/1 72 - 210 122
Soluble BOD _ mg/1 23 - 80 56.9
Total COD? mg/1 202 - 584 345
Suspended solids
Tss? mg/1 57 - 290 125
vssd mg/1 29 - 240 100
Niirogen A
Total Kjeldahl nitrogen? mg/1l as N 24.8 - 61.1 38.8
~1¢solved Kjeldahl nitrogen? mg/l as N 24.1 - 47.8 33.5
"otz ammonia nitrogenb mg/l as N 18.1 - 32.2 23.0
Dissolved nitrite and nitrate nitrogenb mg/l as N 0.00 -~ 0.64 0.08
Total dissolved nitrogen€® mg/l as N 24,1 - 47.8 33.6
Total nitrogend mg/l as N 24.8 - 61.1 38.9
Phosphorus
Dissolved orth‘pbosphateb mg/l as P 7.4 - 17.0 11.3
Total dissolved phosphate? 4 mg/1 as P 6.6 - 25.2 14.8
Total phosphate® - mg/l as P 7.1 - 27.5 17.8
2Daily grab sample, CSum of dissolved Kjeldahl nitrogen and dissolved nitrite and nitrate

* nitrogen,
AbIhree-day‘composite sample,dSum of total Kjeldahl nitrogen and dissolved nitrite and nitrate nitregen,



Total BOD in the primary effluent varied from 72 to 210 mg/l with an
average of 122 mg/l, of which 56.9 mg/l or 46.7 percent was soluble,

Total COD ramged from 202 to 584 mg/l, with an average of 345 mg/l.
Assuming that 30 percent of the total BOD and COD is removed by primary
sedimentation, this corresponds to a ray wastewater strength of 174 mg/l
of BOD and 494 mg/l of COD. Total suspended solids in the primary efflu-
ent varied from 57 to 290 mg/l, with an average of 125 mg/l, of which
100 mg/1 or 80 percent was volatile,

Average values of various riltrogen and phosphorus species concentra-

tions are presented in Table 3.
KINETIC CHARACTERIZATION OF ACCELERATED HIGH-RATE ACTIVATED SLUDGE SYSTEM

By direct control of the hydraulic residence time and the return
sludge rate and, thereby, the mixed liquor volatile suspended solids, a
series of nine periods of steady-state operation were conducted during
the study. Table &4 summarizes the mean values of steady-state perform
ance parameters of hydraulic residence time, mean cell age, mixed liquor
sludge concentration (MLVSS)D'substrate loading velocities, temperature

and the number of steady-state measurements for each period.

The activated sludge system was operated at hydraulic residence times
of from 0.97 to 5.16 hours. The mean cell age of activated sludge in the
system was varied from 0.446 to 32.4 days. This wide rahge of mean cell
ages 1indicates that the system was operated from a very low-rate system
(net growth rate = 0.,0363 dayal) to a high-rate system (net growth rate =
2,16 day—l)° Substrate loading velocities ranged from 0,245 to 2,61
(mg BOD)/(mg MLVSS) (day) and 0.542 to 8.53 (mg COD)/(mg MLVSS)(day) .

The corresponding substrate removal velocities ranged from 0.229 to 2.33
(mg BOD removed)/(mg MLVSS)(day) and 0.365 to 6.57 (mg COD removed)/

(mg MLVSS) (day) . fhese substrate 1oa§ing.and removal velocities corres-
pond to process suﬁstrate removal efficiencies of 88 percent BOD removal
and 75 percent COD x;emovalD vhich exceeded the goal of 80 percent BOD

removal for the demonstration.
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Table 4. MEAN VALUES OF STEADY-STATE PERFORMANCE PARAMETERS

,4[: N

Steady- Number of Temper- peration Hydraulic Mean Net growth BOD loading COD loading
state steady-state ature, volumes residence cell age, rateI 'MLYSS, velocity, velocity,
run measurements- °C o3 time, day day ~day™ mg/1 (mgBOD) / (mgVSS) (day) (mgCOD Y mgVSS) (day)
12 ' 10 18 939 0.215 32.4 0.0363 2520 0.261 0.542
2° 4 18 939  0.173 16.6 0.0709 . 3220 0.307 ~ 0.622
3 4 19 240 0.108 3.17 0.317 3690 0.245 . 0.872
i; 4 20 240 0.0754 1.58 0.650 2300 0.659 2.09
) 5 20 240 0.0725 1.39 0.726 2550 0.683 2.39
C .
&ﬁﬁ?ﬂé 6 22 25 240 0.0403 0.737 1.34 1760 1.70 : 4.33
7 11 . 2? 240 0.0412 0.525 1.94 1050 2.61 8.53
8 8 20 240 0.0410 1.57 0.643 2410 1.03 3.45
9 18 240 0.0442 0.0442 2.16 1120 2.61 8.05

aSystem operated at lowv rate.



As discussed previously, conventional activated sludge systems operate
at organic loading velocities ranging from 0.2 to 0.5 (mg BOD)/(mg MLVSS)
(day), with mean cell ages varying from five to 15 days and MLVSS's. rang-
ing from 1,500 to 3,000 mg/l. On the other ham&9 high-rate systems
operate at substrate 16ading rates of 0.4 to 2,0 (mg BOD)/(mg MLVSS)(day)D
with mean cell ages of three to four days and MLVSS's of from 500 to '
1,500 mg/1. Comﬁaring these operational parameters with the performance
parameters reported in Table 4, it is apparent that the system in this
study was operated from a very low-rate system (Steady-State Pexiod 1),
through a conveiitional activated sludge system (Steady-State Period 2);
to a high-rate system (stggdy=8téte Periods 3 through 9).,

Temperature of the mixed liduor varied on the average from 17 to 26°C
during the steady-state runs., Although biological, hence activated sludgé,
growth rate 18 a function of temperature, the effect of temperature on
system kinetic characteristics could not be evaluated in this study due
to limited and inéomplete information on activated sludge system perfdrm«

ance under various temperatures and system growth rates.

The daily measurements conducted during the presumed steady-state
periods are presented in Table 5, which includes the steady-state MLVSS
concentration, primary effluent substrate concentration (total BOD and ’
COD), primary effluent total and volatlle suspended solids céncentration,
secondary effluent substrate concentration (total and soluble BOD and
COD), cell concentration (VSS), aeration tank volume, input rate of pri-
mary effluent, return activated sludge flowrate and waété activated

sludge flowrate,

. Pertinent process characteristics and performance parameters are sum—
marized in Table 6. These daily performance characteristics are hydraulic
residence time, mean cell age, substrate (BOD and COD) removal and load-
ing velocities and process efficiency (BOD and COD removals). In calcu-
lating the process characteristics and performance parameters, it was
assumed that both soluble and particulate BOD or COD in the primary
effluent are available substrate for cellular growth, Because most par-

ticulates in secondary effluent are biological cells and effluent solids
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Table 5. SUMMARY OF STEADY~STATE MEASUREMENTS

Primary Secondary Primary Primary
Steady- aff 1u,n;/_< efflucnt  Return efflvent-.  effluent
state vss /[ -ML\SS, vss, sludge total COD )\ total BOD,
Date period ngll\ m:7) ‘wg/l vsS, wg/l mg/l mg/}
Y {1 . X'L.é
16Dec70 1 130 1900 24 11 4090 202 126
17bec?0’ t S5 2210 18 15 2270 260 162
180¢c70 1 63 2360 13 8 5110 218 210
19Dec /0 1 90 2850 I 15 2960 252 84
20Dcc 70 1 104 2980 25 28 1050 245 132
21Dec?0 1 115 2860 15 15 4210 264 168
31bec?0 1 100 2010 3 30 4260 319 T 150
2Jan?l 1 98 2530 24 22 6300 379 108
santl 1 133 2370 ) 24 4070 313 102
SJan7l 1 95 3060 32 29 6300 uz/ 132
519 240
15Jan71 § }% 342 70 32 810 500 168
16Jan7l 296 42 170 396 162
172Jan?l 2 130 3070 18 18 9090 239 156
18Jan71 2 220 341%2/5 58 58 8680 245 198
—15Apr7L 3 113 4290 35 s 7370 375 126
loapr7l 3 72 3480 33 31 7000 365 116
18Ape7l 3 55 3610 23 22 7150 296 84
aprill 80 3 7 18 4 72
19Ap 3 Jeo/z(’qg 32 2 6380 3 ?/g%
9May71 4 64 2270 16 14 6080 262 108
11May71 4 131 2160 55 12 5750 323 108
LaMay 7L 4 160 2180 . 38 27 5880 402 168
134av 71 4 215 2540 2 2 5530 510 164
1aMay?l 4 160 2220 32 26 5530 415 . 108
loMay 71 4 9% 2410 22 16 6760 8 84
17May 7} A 97 2420 21 21 6890 318 96
184ay71 4 110 2230 28 18 4300 364 96
Secondary Secondary Secondary Secondary Prizary Return Yaste Aeration
effluent egf)lu nt effluent effluent etfluent oludge oludga tank
o co:a;lcon. g;_;\uble/l tota}lwb. g:;uble“ ugv;-rate, flowyrate, Hm;mce, Vo:lium.,
2e8 ag ' €oD, ng/. mg . og ’ T o
: Wﬂ..; 0 W T
_% 7 ; 7 N 4
16Dec?9 100 A 10 11 ol82 ° 129 0.00" 0939 g
17Dec?0 99 99 41 26 182 135 0.00 939
18Dec¥0 92 119 61 24 182 145 0.00 939
19Dec?0 81 99 14 20 182 144 0.00 939 ]
200ec?0 75 80 18 19 182 | 140 0.00 939
21Dec70 7% 83 21 19 182 146 0.00 939 240@
3lbec?0 106 160 14 15 182 134 0.02 939
2Janl) 84 13 7 14 182 129 0.00 939
3Joal} 94 83. 13 14 182 134 0.00 939
Slen?l B84 63%?2’ 17 1 182 124 0.00 939
15Jan7} 298 181 19 19 227 119 0.00 939 y
163an71 156 115 23 11 227 149 0.00 939 ’Lb\OD
17Jeal} 130 76 26 13 225 141 0.00 939 .
18Jan73 128 8 pu 1 12 225 13 0.00 219
~15ape7t 113 83 18 8 91 2 1.5 g0 20 =2
16ApE7} 113 89 19 8 85 ”?t 66 1.0 76 240 =
18Ape7l 101 s T 14 ? 96 69 1.6 7% 240
194pe 7 103 7 14 10 96 62- 1.6 17 240
" 9MoyTL 67 62 12 6 136 79 2.3 240
1oy 3] 7 20 10 131 76 2.2 240 £
13May 7L 88 62 23 11 131 76 2.2 260 “1g
13May7) 88 82 10 7 134 76 2.1 240 .
1iMay7) 106 93 17 11 131 72 2.1 240
loMay 7L n 72 8 6 131 71 2.2 ° 240
17iay T 77 67 . 12 10 136 72 2.2 240
18¥ay72 12 72 0 10 10 &) 62 2.2 240

51



Table 5 (continued).. SUMMARY OF STEADY-STATE MEASURERENTS

Primoey Bceondary  Secondarpy Pricory Pel=sey
8toody = ©ffluvcat affivoeg offlusag Qotuga offlvom Q2¢luent
oRagae V88, RAvss, %88, vss, oludgd  coraol GOD, terel BEI,
-Boto porfed a3/} ex/l o3/} eg/} V838, =g/} cg/i caf 8
1May?y 3§ 938 2330 26 23 7270 337 © %9
20May7L - S 63 2439 43 32 6270 300 108
21MayTL S 195 2360 23 24 6300 384 128
2)May7d § 185 2750 20 19 . 6970 460 163
2May”l 3 150 2910 a3 23 6950 623 - 160
By 3 113 2450 22 A7 6610 389 136
28May71 3 110 2520 44 " 38 3990 360 9
29May?7)” § -~ 103 2320 36 3% 9830 366 108
16Aug7l 6 0 1920 43 46 - 3760 362 120
aug?ll 6 327 2190 36 49 4320 290 96
20aug?’l 6 80 1800 43 <40 4590 279 108
23Aug?7t 6 23 1810 28 ) O 3690 383 130
2eAugll 6 70 1540 32 23 4160 265 126
© 25aug?l 6 - 88 1780 83 70 - 4170 301 138
26Aug7l 6 73 1730 43 30 4160 292 T 183
28Ac27)l 6 11} 1930 32 29 4310 322 332
29aug?l & 63 1750 17 1% 6410 258 162
30Aug?Y 6 82 1930 26 23 4960 an 108
a6 138 1840 26 23 4650 454 120
SSep?d & 87 2030 20 20 6170 206 130
6Sep?) 6 79 1800 30 29 3870 293 132
9sep?l 6 67 1660 12 12 3830 281 168
11Sep7d 6 39 1470 10 7 3650 279 73
128ep?l 6 69 1530 34 13 3550 328 139
13sep7) 6 $7 - 1350 19 ) 17 3410 308 )
168¢p?d 6 40 1610 22 19 3180 13 ﬁg
16Sep7) 6 84 1700 40 » 3470 14
Misep?l 6 80 1690 a 27 3660 267 139
19Sep?) 6 88 1820 1 19 4270 278 102
20Sep?t 6 88 1810 27 22 6120 313 168
Sccondary Secondsgy Secordary Seccondsry Prieary Potura foota \ Aovation
offlvome  oEfluvoat offlvont fe]:4:4.01% .13 of fAvaae . odwdgo ({oawso .8aoh
gotal €0D, coludle goeol BEGD, Ooluble Bleyeare, 8leyraes, (83??5@00 V%m"
Bago s/t 62D, ag/2 ag/a 809, ag/i  Odfwe Me” Naifve /o
1910y T2 02 70 ] 6 136 67 2.2 240
208ey71 73 68 6 7 136 01 2.2 340
21eyIL 22 103 8 ] 136 78 2.2 248
2 May TR 80 .68 B 10 136 82 2.3 269
26Msy72 201 79 Y 13 136 7 2.8 260
33x%wy?y 126 70 % 16 135 7% 3.9 340
2akay?l 131 n 16 & 142 3 2.3 2%
29May?3 109 1 16 6 . 162 .
16Aug7d 118 o] a8 123 230 s 7.4 340
AMaeg?d 313 0 : 16 $ - 208 215 9.3 240
20Aug73 32 70 39 13 337 196 L) 20
23AugTd 97 70 7] 17 262 270 3.7 260
23Aeg?l 200 39 33 0 23% 170 3.9 200
2%aug?h 330 . ¢ 75 36 135 aso - ﬂ% 8.2 340
26Auvg7l 103 70 3% A7 269 3.7 340
28Aug7h 93 66 23 13 266 170 5.0 Lo
29Aug?l 2% . - 70 10 35 2%0 170 4.0 2460
30Aug?1 g7 7 a1 27 263 . 170.. §.4 240
Jaug?t ) S 70 33 7 2314 370 8.3 246
336p71 66 . 60 30 ig ggg 189 8.6 22@
6SepTi 76 ‘i 60 37 °
9sagn o 94 33 13 286 . §}§B 23 36
318ep7 09 79 1 13 233 193 8.9 240
123ap7t 98 7 a 1 LY 293 8.8 260
13sepN 90 "7 19 10 265 240 6.3 360
168ap73 7 g R 33 280 139 8.6 260
168ap73 LI 11 369 340 0.8 268
seplt 96 $9 31 10 249 160 %9 360
1080pTL 67 39 q 10 3 gzg 158 3.9 340
209sp73 02 6 b 16 9 140 3.0 260
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Table 5 (continued). SUMMARY: OF STEADY-STATE MEASUREMENTS

Primary Secondary S dary Prinary Pridary
Steady~ affluent effluant af{lueat Return ef[luent effluant
state v§S, = MLVSS, 1SS, VsS, 9ludgo total COD, gotal BOD,
Date period ag/l og/l g/l ag/l vss, agl/i ag/l wg/l
28Sep?l 7 19 1060 26 18 3030 N 153
29Sep7) ? - 84 1190 19 16 3120 - 358 120
10ce?1 7 240 1260 19 12 2950 582 156
Jvee 7l 7 49 1010 46 36 . 2690 307 120
«0ct71 b 63 1020 34 T 2690 319 78
Socel 7 n 830 35 21 2610 364 114
60ce?1 7 81 1080 17 13 2710 3319 103
70ct 71 7 65 1140 19 18 2850 380 96
90ce 71 7 12 -840 &1 20 2800 313 87
100ct 71 7 109 1050 12 11 2730 1Y) 108
110ce?1 7 137 950 13 ] 10 2350 395 144
INov?l 8 88 3280 28 23 ' 8620 408 113
10%ov?]l [:] 106 3280 23 . 22 8870 382 © 116
1eNov?) 8 $9 2530 40 36 6840 17 88
23%ov71 8 61 2080 - 39 27 4830 J21 96
24Nov?} 8 60 1890 36 26 5330 303 79
2%Nov?l 8 96 2370 7 44 5740 332 111
26N0v?l 8 83 2050 30 23 - 5780 328 . § Ut
29Nov7l 8 29 1770 3 22 4450 276 79
1Jan72 9 205 1190 62 1] 3060 491 150
lanl2 ] 104 1040 66 6% 2570 363 152
$Jan?2 9 99 960 114 97 1770 333 105
6Jan’2 9 104 1280 65 37 3630 393 156
8Jani2 9 76 1050 14 67 3210 363 84
10Jan72 9 96 960 64 59 2380 363 128
12Jan72 9 92 1380 33 32 3150 404 13
Bacondary Secondary Sacondary Secondary Primsry Return Hasee Aggaiion
efflucat ollluent  eflluent  offluent  offluent oludge 0ludga tank
total COD, ooluble total BOD, oolublo zlguratap flovreto ; flowrakc 5 volumo
pate =g/} oD, =g/l ®g/1 BOD, og/l Ihg 83 /nr ®° /he
28Sep?l 112 86 34 18 as0 138 3.6 240
29Sep7) 107 80 2) 14 230 136 3.6 240
10ce?) 109 7 23 11 232 136 3.6 240
WeeT) 120 78 19 14 239 123 3.9 250
40ct?l 120 84 23 12 248 123 3.7 240
0ce7)l 127 85 26 20 234 . 123 3.4 260
é0ce71l 102 77 23 12 240 129 5.6 240
70ce7)l 114 .. o4 19 13 238 ) 127 3.9 240
90¢ck 71 69 71 23 14 261 127 3.7 260
100ce?} 114 102 33 1?7 237 127 3.6 240
110ce’d = 108 §Y - 27 234 127 5.7 2¢0
INov?l 152 . 113 36 24 233 136 1.6 260
10%0u?l 14} 110 32 20 260 13% 1.% 260
14Nov7l 136 102 29 18 as1 131 1.4 2460
2380v?l 126 09 31 13 233 134 1.3 260
26Nov7l 120 8% 37 16 237 136 1.3 260
23%ov7l 137 23 32 20 234 138 1.3 240
2680v7l 149 106 2 41 23 235 136 1.3 260
29%v71 . 166 ue 162 a9 a1 23 13 1.3 260
an?2 A7 09 I3} 17 133 5} 6.9 260
2Jon72 132 79 360 19 249 1 %) 48,3 240
33an¥72 168 82 -1 2 200 136 4.0 260
6Jan?2 374 107 48 ag 234 148 4.1 240
8Jan?2 316 109 26 b33 230 108 4.1 250
10Jan?2 196 108 The, 30 24 173 108 4,1 250
12J2072 152 117 18 15 230 114 6.1, 350
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Table 6. SUMMARY OF STEADY-STATE PERFORMANCE PARAMETERS
‘/‘w:{z[m\ 79 @V\/@}

Bydravlie Hean v
residenca ecell Removal velocity, Loading velocity, COD removal BOD removal Steady-
gdme, @, age, 9%op® 9pop® Locon® Lypopd efficlency, eofficiemey, state
Date dey @g» day b4 ) 2 period
16Dec70  0.215 37.2 0.347 0.281 0.494 0.308 73 01 1
17Dec70  0.215 32.6 0.329 0.278 0.532 0.332 62 86 1
18Dec70  0.215 63.5 0.236 0.366 0.468 0.413 50 89 1
19Dec70  0.215 40.9 0.249 0.104 0.411 0.137 61 76 1
20Dec70  0.215 25.7 0.257 0.176 0.382 0.206 67 86 1
_ 21Dec70 0,215 61,1 0.290 0.242.  0.429  0.273 68 89 1
31Dec70  0.215 16.2 0.367 0.312 0.737  0.347 50 .90 1
} b,« 2Jan71  0.215 26,8 0.560 0.173 0.696 0.198 80 87 3
Ly 3Jan71  0.215 21,3  0.450 0.172 0.613  0.200 73 8 1
5Jan71  0.215 22.7 _0.56% 4,0"18" 0.656 0.200 85 92 1
i
15Jan71  0.172 12.3 0.542 0.253 0.849  0.285 66 89 2
16Jan7l  0.172 © 16,2 0.551  0.296 0.777  0.318 7 : 93 2
17Jan71 0,174 29.7 0.305 -0.268  0.448 0.292 68 ‘ 92 2
18Jan71  0.176 10.2 0.279,%0.311» 0.413 0.334 65 94 2
g )

—+=15Apr71  0.110 3.06 0.619 0.250 - 0.795  0.267 78 L9 3
16Apr71  0.117 3.62 0.676 0.260 0.895  0.279 76 ‘ 93 3
18Apr71  0.103 3.05 0.592 0.206 0.793 0.225 75 92 3

( . 19Apr71  0.103 2.98 0.78y 0.178 1.00 0.207 78 86 3
9May71  0.071 1.44 1.20 1 0.613 1.58 0.649 76 . 9% 4
11May7l  0.067 - 1.55 1.49 - 0.593 1.96 0.654 76 o1 4
12May71  0.076 1.32 . 2.06 0,962 2,61 1.01 84 : 93 b
13May71  0.075 2.10 2,26 0.725 2.70 0.762 8 . 9S 4
14May7l  0.076 . 1.46 - 1.90  0.572 2.64 0.636 - 78 20 4
16May?l - 0.076 - 1.42 1,28 0.463 1.67 . 0.6455 77 93 4
17May7l 0,073 1,40 1.42  0.483 1.79 0.561 79 90 6
18May7l  0.076 - - 1.92 1.7, 0.506 214 0.563 80 90 5
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Table 6 (continued). SUMMARY OF STEADY-STATE PERFORMANCE PARAMETERS

Hydraulde Hsan

residence cell - Removal veloc‘j’.tyD Loading veloc;ty, ngiremoval Bg?it:moval Steady-
gime, O, age, a q L c L efficiency, efficlency, state
Paca do o doy %op 80D vCoD® “vBOD 2 2 riod
19May71 0.073 1.36 1.53  0.499 1.91 0.481 80 93 5
20May71 0.073 1.35 1.83.  0.567 2,19 0.606 84 94 5
21May71 0.073 1.51 2.56° 0.693 .1 0.736 82 94 .5
23May71 0.073 1.57 1.96. 0.754 2.28 0.803 86 © 94 5
26May71 0.073 1.57 1.66° 0.718 2.04 0.771 81 - 93 5.
25May71 0.073 1.29 1.78- 0.812 2.16 0.868 82 94 S
28May71 0.070 1.27 2.76° 0.519 3.16 0.542 87 96 5
29May71 0.070 1.20 1.76 5 0.625 2.23 0.661 79 94 5
16Aug7l  0.040 0.545 3.42 1.41 4.46 1.57 76 90 6
17Aug71 0.040 0.625 2.37 1.01 3.29 1.07 72 95 6
20Aug7l 0.042 0.700 2.70 1.25 3.68 1.42 73 . 88 6
23Aug7l . 0.041 ©0.788 3.63 1.78 4.57 2.01 79 . 89 6
26Aug7l 0.043 0.692 - 3.15 1.62 4.06 1.92 78 84 "6
25Aug?l  0.040 0.508 3.18 1.73 4,24 1.94 7S 89 6
26Aug7l  0.040 0.754 3.20 1.96 46,20 2.20 76 89 6
28Aug?l 0,038 0.776 3.53  1.64 6,64 1.82 80 90 6
29Aug7l  0.030 0.817 2.75 1.29 .77 1.49 73 86 6
30Aug7l . 0.041 0.753 2.60  1.45 3.49 1.36 74 84 6
31Aug71 0.040 0.715 5.23  1.54 6.19 1.64 84 94 6
5Sep7l 0.039 0.874 3.07 1.71 3.82 1.87 81 91 6
vSep7l  0.042 0.775 3.07.  1.50 3.86 1.74 80 86 6
9Sep?l 0.041 0.848 3.37 1.43 6.17 1.60 81 89 6
11Sep?1  €.039 0.812 3.44  1.05 4.80 1.24 72 88 6 .
12Sep71 u.041 0.411 4.08 1.73 5.20 1.90 78 91 6
13Sep71 0.041 0.719 6.20  1.46 5.60 1.64 75 89 6
14Sep?l 0,041 0.871 3.96  1.86 4,78 2.06 82 90 6
16Sep?l L.040 0.740 . 3.82 1.78 . 4.61 1.94 83 92 6
17Sep7l  0.040 - 0.806  3.07 5, 1.77 3.95 2.04 78 87 6
19Sep?l  0.040 0.860 3.12, 1.22 3.80 1.39 82 87 6

o\
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Table 6 (continued). SUMMARY OF STEADY-STATE PERFORMANCE PARAMETERS

Hydraulic Mean

residence cell Removal velocity, Loading velocity, COD removal BOD removal Steady-
time, 6, age, Q. b L c L efficiency, efficlency, atate
Pate day 6, day coo®  %Bop ~ weop™ “vBOD 2 2 eeiod
20Sep71 0.041 0.881 3.26 1.31 6,13 1.42 79 92 ]
28Sep7l  0.040 0.493  5.96  3.21 8.01 3.64 74 88 M
29Sep71 0.040 0.556 5.88 2.24 7.57 2.53 78 . 88 7
10ce7} 0.040 0.649 10,2 2.90 11.7 3.13 -1 93 7
30ce71 0.042 0.436 5.40 2.50 7.24 2.83 75 88 7
40ce71 0.040 0.337 5.73 1,61 7.78 1.90 74 85 7
30ct71 0.043 0.482 6.65 2.24 8.67 2,71 77 82 7
60ce?l  0.042 0.590 5.86 2.08 7.58 2.35 77 88 7
70ce71 0.0462 0.569 6.19 1.74 7.95 2.01 78 86 7
90ce71 0.041 0.407 7.52 2.10 9.56 2.50 79 84 7
100ce7l  0.042 0.589 5,55 2.06 7.86 2.44 71 84 7
110ce71  0.042 0.562 7,26 2,95 9.96 3.63 73 81 7
9Nov7l  0.039 1,81 2,29  0.697 3.19 0.885 72 79 8
10Nov71 0.038 1.74 2.16 0.762 3.03 9.921 71 83 8
14Nov71 0.040 _ 1.38 2.1% 0.696 3.15 0.874 68 80 )
23Nov71 0.042 1.63 2.63 0.940 3.63 1.09 72 86 8
24Nov?l 0.042 1.44 2.74 0.815 - 3.80 0.991 72 82 8
25Nov7l  0.043 1.35 2.3  0.900 3.28 1.11 71 82 8
26Nov71 0.042 " 1.60 2.56 1.03 - 3.78 1.32 68 78 )
29Nov71 0.0462 1.60 2.11 0.778 3.70 1.06 © 57 73 8
1Jan72 0.039 0.538 g.57 2.83 10.4 3.19 82 8¢9 0
2Jan72 0.040 0.388 .86 3.19 8.7¢6 3.65 78 88 )
5Jan72 0.050 0.3646 5.569 1.76 - 7.42 2.21 77 - 80 9
6Jan72 0.043 0.456 5.24 2.36 7.20 2.86 73 B2 .9
§Jan72 0.040 0.353 .06 1.50 8.66 2.00 70 73 .9
10Jan72 0.058 0.686 4.64 1.88 6.55 2.31 71 81
12Jan72 0.940 0.535 s5.21 1.78 7.3 - 2.05 71 87 9
b

2 (ag COD rewoved)/(ng HLVSS)(day). 4 (=g BOD removed)/(mg MLYSS) (day) ..
€ (ag COD opplied)/(ng MLYSS) (day). © (mg BOD spplicd)/(ag MLVSS)(day).



concentration depends solely on the performance of the solids separation
system, effluent soluble substrate concentration was assumed to be the

limiting substrate concentration for the kinetic analysis,

Secondary Effluent Quality

As mentioned previously, the secondary effluent substrate and solids
‘concentrations depend on the growth characteristics of.thelactivated
sludge and the solids separation system performance, respectively. In’
this study, because the system was deliberately operated from a very
low-rate system to a high-rate system; the secondary effluent substrate
concentration varied with the system growth rate. Secondary effluent
total BOD concentrations (Table 5) varied widely from 7 to 61 mg/l and
no consistent trend could be delineated. However, secondary effluent
" soluble BOD (Table 5) varied from 4 to 28 mg/l and appeared to be a
function of system growth rate. This relationship will be discussed sub-

sequently in the kinetic analysis section.

Secondary effluent total suspended solids in this study ranged from 2
to 114 mg/l and volatile suspended solids varied from 2 to 97 mg/l (Table
5), despite the use of low--13 m3/(m2)(day)f315 gal/(ftz)(day)]——overflow
rates in the secondary clarifier. No correlation could be drawn between
secondary effluent total or volatile suspended solids and system growth
characteristics. The relationship between secondary effluent solids con-
centration and solids separation system performance will be discussed sub-

sequently under the evaluation of solids separation systems.

Active Biomass Parameters—-ATP and Dehydrogenase Activity

In addition to the mi#ed liquor volatile suspended solids (MLVSS),
adenosine triphosphate (ATP) and dehydrogenase activity (measured as
triphenyl formazan, TF, formed per hour) were used to estimate the active
biomass concentration. Although complete daily ATP and dehydrogenase
activity measurements were not conducted throughout the study period,

11 steady-state ATP and dehydrogenase activity measurements were performed, -
and are reported in Table 7,
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Table 7. STEADY-STATE ACTIVE ORGANISM CONCENTRATION MEASUREMENTS

. ATP/MLVSS, . Effluent soluble Effluent soluble

Steady-state (ug ATP)/ Dehydrogenase/MLVSS , coD , BOD ,

Date period (mg MLVSS) (vg TF)/ (mg MLVSS) (hr) mg/1 A mg/1
18 May 71 4 0.47 52.6 o | 10
19May 71 5 0.58 27,7 | 70 s
26 May 71 5 0.49 37.4 | 719 . on
25 May 71 5 B '_ 1 0.51 o 43.? : 70 | 10
17 Aug 71 6 0.78 sk 81 5
26 Aug 71 6 0.72 2.6 59 = 20
28 Aug 71 6 4 0.80 k2.1 66 . 13
& Oct 71 7 ’_2‘.»2 1.02 | 73.7 S 12
5Japn 72 . 9 . ';_i.éz S 68.0- '. 82 : 21
6 Jan 72 9 - ‘ié';i ?Ji:26f«;f‘* : 50.4 107 ' 28

10 Jan 72 9 1.01 . 72.6 106 o 24




Previous research studies (References 21 and 22) have reported ATP
content and dehydrogenase activicty of activated sludge as viability
measurements. These studies found that the ATP content ranged from 0,2
to 0.3 (ug ATP)/(mg MLVSS) (Reference 21) and dehydrogenase activity
ranged from 31 to 83 (mg TF)/(g MLVSS) (hr) (Reference 22). The ATP
content of the MLVSS in this study 10.47 to 1.24 (ug ATP)/(mg MLVSS))
was higher than previously reported values, while the dehydrogenase ac-
tivities [27.7 to 73,7 (ug TF)/(mg MLVSS) (hr)] were about the same as

the values reported by Ford, et al. (Reference 22).

ATP and dehydrogenase activity measurements were used in the kinetic
analyses and the performance characteristics based on ATP and dehydro-
genase activity are listed in Table 8., These characteristics included
substrate (BOD and COD) removal velocity based on ATP and dehydrogenase
activity, net growth rate and effluent soluble substrate (BOD and COD)

concentrations.
KINETIC ANALYSIS AND KINETIC CONSTANTS

The kinetic characteristics of th- accelerated high-rate activated
sludge system were evaluated with respect to the following equations and

kinetic cocefficients and constants:

(1) The cell continuity equation,

1/9c = Yq - kd
where Y = yield coefficient
kd = decay constant.

(2) Michaelis-Menten (Monod) equation,

ghere aBOD = maximum BOD removal velocity

io= Ya = maximum specific growth rate

Ks =2 half-saturation constant.
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Table 8.

STEADY-STATE PERFORMANCE CHARACTERISTICS BASED ON ATP AND DEHYDROGENASE ACTIVITY

Jan

9cop (ATP) , 980D (ATP) , 4COD{TF) s 980D (TF) so1/e
Steady-state (mg COD removed) (mg BOD removed) (mg COD removed) (ng_BOD xemoved). Sl
Date period (ug ATP) (day) (ug ATP) (day) (ug TF/hr) (day) (ug TF/hr) (day) day
is May 71 3.64 1.07 0.0326 0.00958 0.521
19 May 71 .66 0.7746 0.0554 0.0162 0.738
24 May 71 3.38 1.47 0.0443 0.0192 0.638
25 May 71 3.48 1.59 0.0406 0.0186 0.774
17 Aug 71 3.04 ._ 1.29 0.0434 0.0185 1.60
24 Aug 71 4.38 2.25 0.0967 0.0498 1.45
28 Aug 71 4.42 2.05 0.0839 0.0390 1.29
4 Oct 71 5.62 1.58 0.0777 0.0218 2.24
5 Jan 72 4.67 1.45 0.0837 - 0.0260 2.75
6 Jan 72 4.23 1.89 0.104 0.0465 2.19
10 72 4.59 1.86 0.0639 0.0259 2.06




(3) Modified Michaelis-Menten (Monod) equation,

q - a(5; - Kgop) ‘
(K= Koop) + (5 = Keop)
where - 90D = maximum COD removal‘veiocity

ﬁ = Ya = maximum specific growth rate
K, = half-saturation constant ‘ '

KCOD = nonbiodegradable COD concentration.

Evaiuation of Cell Continuity Equation

The cell continuity equation, 1/6C = Yq - kd’ was used to estimate
the yield coefficient and decay constant. Two substrate measures, BOD
and COD, were used as substrate parameters, and the active biomass con- _
centration parameters were expressed as mixed liquor volatile suspended !

solids, ATP content and dehydrogenase activity.

MLVSS as Activé Biomass Parameter--

Least-square regression analyses of all steady-state measuremenis re-
sulted in a yield coefficient of 0.793 (mg MLVSS produced)/(mg BOD removed),
as shown in Figure 4, and 0.293 (mg MLVSS produced)/(mg COD removed), as
shown in Figure 5. Although reasonable estimates of yield coefficients
were obtained with highly significant correlation coefficients
(R = 0.865 for BOD basis and 0.871 for COD baéis), relatively high nega-
tive decay constants were 6btained (kd = -0.119 and -0.164 day-1 based
on BOD and COD, respectively). From a statistical regression stand-
point, one of the primary causes for the negative kd appears to be theia-l
widely scattered data points for net growth rates greater than 1.6 day
(cf. Figures 4 and 5). Consequently, the total variation, i.e., the sum
of the squares of the deviation of the values of net growth rate from the
mean net growth rate value, of these data points could markedly affect
both the slope (yield coefficient) and the intercept (decay constant) of
the cell continuity equation (Eguation 16).
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To check this possibility, regrecesion analyses were made on mean
values of nine steady-state periods. Yield coefficients of 0,922
(mg MLVSS producad)/(mg BOD removed), as shown in Figure 6, and 0,328
(mg MLVSS produced)/(ég COD removed), as shown in Figure 7, were obtained
with identical, highly significant correlations (R = 0.981, p > 0.99) .
These values of yield coefficients are within the range reported by meny
workers (References 23, 24 and 25). From the reported dats, it appears
that the yield coefficients of 0,50 to 0.97 (mg MLVSS)/(mg BOD zemoved)
and 0,32 to 0.46 (mg MLVSS)/(mg COD removed) are applicable to the acti-

vated sludge treatment system of domestic wastewater.

Corresponding values of decay constants in the cell continu;ty equa=
tion (Figures 6 and 7) were found to be 0.027 and -0,023 clay'ml based on
BOD and COD, respectively. The decay constant of 0,027 day°1 based on _
BOD is of the same magnitude as reported decay tatésn Heukelekian ét al.
(Reference 26) reported a decay rate for activated sludge of 0,055 dayﬁl
and Jenkins and Menar (Reference 25) reported a decay rate of 0,015 dayal

The negative decay value, -0.023 day'ﬂ1

based on COD, appears to be.
questionable, although negative values for decay rates have been reported
for bacterial systems (References 23 and 27). Theoretically, according

to the cell continu;ty equation, the value of_kd Shduld be pdsitive rather
than negative. The possibilities of varying decay rates and varying yield
coefficients caused by the temperature variation in mixed liquor (17 to
26°C) through the 15-month study period may have caused a negative kd to
result upon linear regression amalysis., No attempt was made to evaluate

the effect of temperature on these kinetic chaiacteristics duve to limited
and incomplete data.

ATP and Dehydrogenase as Active Biomass Parameters

The yield coefficients and decay rates based on 11 ATP and dehydro-
genase activity measurements were obtained from regression analysis of

the cell continuity equation, which are presented in Figures 8, 9, 10
and 11,
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Based on ATP measurements, as shown in Figure 8, a yield coefficient
of 0.661 (ug TF produced)/(mg BOD remerd) and a decay rate of -0,439
day-'1 were observed with a poor correlation coefficient (R = 0.377).
Using COD as the substrate measure, as shown in Figure 9, a yield coeff-
icient of 0.629 (ug ATP produced)/(mg COD removed) and a 1Arge positive
decay of 1.045 day-1 vere obtained, with good correlation (R = 0,709).

Poor correlation was observed using deh&drogenase activity as an ac-
tive biomass measure, as shown in Figure 10, A yield coefficient of 24.3
(ug TF produced)/(mg BOD removed) (hr) and a decay rate of -0.834 day-l
were obtained (R = 0.417). A good correlation (R = 0.678), however,
existed for the cell continuity equation based on dehydrogenase activity
and COD removal velocity, as shown in Figure 1ll. The yield coefficient

and decay rate were 21.0 (ug TF produced)/(mg COD removed) (hr) and -0.092
day-l, respectively.,

Evaluation of Substrate Removal Velocity and Substrate Concentration
Relationships

Two different approaches were used to evaluate the substrate removal
velocity and substrate concentration relationships. These approaches

veres

(1) By direct nonlinear regression analysis of the Michaelis~Menten
(Monod) relationship, q = aSI/(Ks + Si)° to determine the maxi-
mum BOD removal velocity, a, and half-saturation constant

constant, Ks” and

(2) ‘ By direct nonlinear regression analysis of a modified Michaelis-
Menten (Monod) equation, assuming a certain fraction of the COD

is nonbiodegradable, namely,

. - () = Keop) (36)
(Kg = Kogp) + () = Kegp )
where K = nonbiodegradable (D) ~onceniration.

CcoD
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To evaluate the Michaelis=Menten (Monod) kinetic model and its modi-
fied equation (Bquation 34), all steady-state messurcments were used in
the regreseion analyses. A poor correlation and unreasonsble estimate of
kinetic constants reeulted, however, primarily due to wide scatter in the
data points, especially for measurcments at low removal rates. It appeacrs
that different activated sludge cultures (groups of microorgamismé) vere -
predominant at the different growth/removal rates. This eppeared to be
significant in this study because of the wide ramge of removal rzates
studied. One would expect to observe different kinetic chafactezistics
for cultures grown at widely different rates. Because one of the specific
objectives of this study was to evaluate the kinetic characterlstice of
the accelerated high-rate activated sludge system, measurements obtained
at low growth rates (Steady-State Periods 1 and 2) were excluded from the
£ollowing kinetic' evaluation., - -

Michagelis-Menten (Monod) Equation--

By direct nonlinear regression analysis of steady-state measurements,
a maximum BOD removal rate of 4.13 (mg BOD removed)/(mg MLVSS)(day), and
a half-gsaturation constant of 26.4 (mg BOD)/l were obtained, as shown in
Figure 12, Multiplication of this maximum BOD removal velocity by the
yield coefficient [0.922(mg MLVSS)/(mg BOD removed)] produces & maximum
specific growth rate of 3.81 day=1 on a BOD basis. These estimates of
a, Bé and W appear to be both rxealistic and representative of the accel-
erated high-rate activated sludge system, where a high BOD removal rate
and high maximum specific growth rate would be expected. The low value
of the half-saturation constant, K, of 26.4 (mg BOD)/1 indicates that
organic matter was the limiting factor in the system and BOD appears to

be an excellent parameter of the biodegradable substrate.

Based on ATP as the active biomass parameter, direct nonlinear re-
gression analysis of 11 steady-state measurements, presented in Figure
13, yielded a mami@um BOD removal velocity of 2.30 (mg BOD removed)/
(ug ATP) (day), and a half-saturation constant of 5.1 (mg BOD)/l. The
corresponding maximum specific growth rate, GATPD was found to be 1.52

day 19 which 18 a low value. Similarly, kinetic constants q, KS, y and
kg, determined on an ATP basis, appear to be on the low side of expected

values, 77
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Using dehydrogenase activity as an active biomasé measure, a maximum
BOD- removal rate of 0,101 (mg BOD removal)/(ug TF/hr)(day) and a half-
saturation constant of 39.9 (mg BOD)/l were obtained, as shown in Figure
14, The maximum specific growth rate based on dehydrogenase activity
was estimated to be 2.45 day-l. Because of scattered data and a limited
numbei of data points, kinetic characteristics based on dehydrogenase

activity were inconclusive,

Modified Michaelis-Menten (Monod) Equation

When COD was used as the substrate concentration parameter, a certain

amount of COD, KCOD’ was assumed to be nonbiodegradable to activated sludge.

Direct nonlinear regression analysis of the modified Michaelis-Menten
(Monod) equation (Equation 34) gave a maximum removal rate, q, of 8.35
(mg COD removed)/(mg MLVSS)(day), a half-saturation, Ky, of 94.9 (mg COD)/l
and a nonbiodegradable COD of 19.9 mg/l, as shown in Figure 15. The best-~ :
fit equation that results is ‘ ' ]

19.9)

8.35 (S 0p - (35)
hand lgngy

1° 7570 + Gl cop

Multiplication of the maximum COD removal rate, ao by the yield co-~
' -1
efficient, Y, produces a maximum specific growth rate of 2.74 day = based
on COD, Although the kinetic constants a and 1 appear to be slightly on

the low side, the values are realistic.

Steady-state measurements and performance parameters based on ATP and
_ dehydrogenase activity also were evaluated with the modified Michaelis-
Menten (Monod) equation. The best-fit equations obtained are shown in

Figures 16 and 17 and are as follows:

_63:5 (S150p + 6:5) (36)
TP 7 949+ (S g * 645 X
) | 0.584 (8 5p + 8:9) a7
an F T 92 ¥ (S op * 8-9)

75
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Because of scattered data pqints (see Figures 16 and 17), both Kg
and KCOD values, calculated on the basis of ATP and dehydrogenase activity,
appear to be unrealistic. Using previously determined ATP and dehydro-
genase activity yleld coeffieients, i.e., YATP = 0,629 (ug ATP préduced)/
(mg COD removed) and YTF = 21,0 (ug TF produced/hr)/(mg COD removed), the
maximum specific growth rate values were estimated to be unrealistic

(27.4 and 12.3 day=1 based on ATP and dehydrogenase activity, resPéctively).

Summary of Accelerated High-Rate Activated Sludge System Kimetic
Characteristics

Based upon both theoretical analyses and practical considerations,
these studies confirm that one of the most important characteristics of
the activated sludge process affecting both performance and operating
characteristics is the active biological biomass in the system. Thus,
if i8 imperative that accurate estimaies of the total active biological
biomass in the system be obtained. Three active biomass parameters-—-
MLVSS, ATP and dehydrogenase activity--were considered in the kinetic
evaluation of the accelerated high-rate activated sludge system for com-

parative purposes.

Tables 9 and 10 summarize the kinetic characteristics of the accel-
erated high~rate.activated sludge system based on ATP and dehydfogehgse
activity as the active biomass measures. Because only 11 steady-state
ATP and dehydrogenase activity measurements were obtained during the
study period, the kinetic characteristics, obtained from regression anal-

ysis, appear to be questionable on a statistical basis.

MLVSS as Active Biomass Parameter—-

Reasonable estimates of kinetic constants and kinetic relationships
were obtained using MLVYSS as the active biomass measure. A summary of
the most probable: values for the kinetic constants and coefficients Y,
kd’ qs ﬁ, Ks and ﬁCOD are presented in Table 11, For the purpose of
comparison, the reported values of activated sludge process kimetlc cci-

stants are summarized in Table 12.

3
Y
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Table 9. EVALUATION OF CELL CONTINUITY EQUATION USING ATP AND DEHYDROGENASE
ACTIVITY AS ACTIVE BIOMASS PARAMETERS

BOD as substrate parameter

Yield ' Decay Correlation
Active biomass coefficient, constant, coefficient,
parameters Y kd’ day R
ATP 0.661 C-0.439 . 0.377

(vg ATP produced)
(mg BOD removed)

Dehydrogenase 24.3 -0.834 0.417
activity (ug TF produced)
(mg BOD removed) (hr)

COD as substrate parameter

Yield Decay “Correlation
coefficient, constant, coefficient,
Y kg day~1 R
0.629 1.045 0.709

(ug ATP produced)
(mg COD removed)

21.0 -0.092 0.678
(ug TF produced)
(mg COD removed) (hr)
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Table 10. EVALUATION OF MICHAELIS-MENTEN (MONOD) EQUATION USING ATP
AND DEHYDROGENASE ACTIVITY AS ACTIVE BIOMASS PARAMETERS

BOD as substrate parameter
Active biomass Maximum BOD N Half -saturation
parameter. removal veloclty, q ) consEant, Kg

BOD removed)

ATP 2930 ’ (ug ATP) (day) So l mg/l
Dehvdrogenase (mt
o4 (mg BOD removed) :
activity 0.101 (ug TF/hr) (day) 29.9 mg/l
COD as substrate parameter
Maximum COD R Half-saturation Nonbiodegradable
1 velocity, nt,
removal velocity, q 'constant Ks Cop, KCOD
(mg_COD_removed) : '

43.5 (ug ATP) (day) 942 mg/1 -6.5 mg/;
0.584 @8 _COD_removed) 933 mg/1 -8.9 ma/1

(ug TF/hr) (day)

b

IR
R
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Table 11. SUMMARY OF MOST PROBABLE KINETIC GROWTH CONSTANTS OF ACCELERATED HIGH -

RATE. ACTIVATED SLUDGE SYSTEM

Kinetic constants

Substrate parameter

BOD

CoD

Yield coefficient, Y

Decay comnstant, kd

Maximum substrate .
removal velocity, g

Maximum specific
growth rate, y

Half-saturation
constant, K.S

Nonbiodegradable substrate
concentration, KCOD

fmg MLVSS produced)
(mg BOD removed)

0.922

0.027 day

(mg BOD removed)
(mg LVSS) (day)

4.13

3.81 d'ay'1

26.4 mg/l

(mg MLVSS produced)
(mg COD removed)

0.328

-0.023 day-l

(mg COD removed)
(mg MLVSS) (day)

8.35

2.74 day !

94.9 mg/l

19.9 mg/l
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Table 12.

ACTIVATED SLUDGE PROCESS KINETIC CONSTANTS

" -1 K

Soday = s, mg/l S S kd s

Source Reference Substrate BOD BOD BOD  COD day™
Heukelekian 26 Domestic sewage ‘ 0.50 0.055
Gram 30 Skim milk 5.1 100 0.48 0.045
Stack 33 Glucose 3.0 355 0.42 0.087
Servici-Bogan 34 Carbohydrates ' 0.34
McWhorter~ - 35 Domestic sewage 0.33
Heukelekian
Eckhoff-Jenkins 23 Synthetic sewage . 0.46 0.08
Eckenfelder 12 Pharmaceutical 0.645 0.37
Dryden 36 Chemical 0.77: 0.2
Haas-Pearson 32 Domestic sewage 0.45. 0.05
Jenkins-Menaxr 25 - Domestic sewage 0.53 0.33 0.001 - 0.015
Hopwood-Dovning 24 Domestic sewage 0.97
Gram 30 Domestic sewage .0.53
Jenkins-Garrison 38 Domestic sewage 0.32 0.04
Eckhoff-Jenkins 23 ‘Domestic sewage 0.33 - 0.05
Middlebrook et al. 28 Domestic sewage 0.34 0.016




Yield Coefficient~--The yield coefficient, Y, defined as activated sludge
produced per unit of sﬁbstrate removed, was fouﬁd in this studyvto be

0.922 (mg MLVSS produced)/(mg BOD removed) and 0.328 (mg MLVSS produced)/
(mg COD removed). These yield values are in excellent agreement with yield
coefficients reported by many workers (References 22, 23 and 24), viz.,
0.50 to 0.97 (mg MLVSS produced)/(mg BOD removed) and 0.32 to 0.46

(mg MLVSS produced)/(mg COD removed). Middlebreooks ot al., (Reference 28)
has found a yield of 0.34 (mg VSS)/(mg COD) by data analysis of several -

wastewater treatment installationse.

Theoretically, the yield coefficient varies from one organism to
another and for the same organism grown on different substrates. The
yield values for an activated sludge system represent the overall average
yield coefficient of all organisms witﬁ respect to the overall substrate
and are determined experimentally as a growth constant. However, a varying
yield coefficient with specific growth rate has been observed by sévéral

workers (References 23 and 29).

Decay Constant--The decay constant,’kd, is a materials balance correction
to the specific growth rate, u, necessitated by endogenous metabolism of
cell material, cell death and cell lysis. Many workers have reported the
decay rates for activated sludge systems. Heukelekian et al. (Reference
26) reported a decay rate of 0,055 day_1 on a BOD basis for activated
sludge systems based purely on empirical analysis of operating data.
Jenkins and Menar (Reference 25) reported kd values of only 0.001 d:a;y'=l
on a COD basis and 0.015 da\y“1 on a BOD basis. Middlebrooks et al.
(Reference 28) reported an average decay rate of 0.016 dayal on a BOD

basis for several activated sludge installations.

Based on BOD as a substrate measure, a decay of 0.027 dayul was
obtained in this study. On the other hand, a negative value of -0.023
day-l was obtained using COD as the substrate measure. There are five
possible explanations for ‘a negative decay term: (1) changes in viable
fraction of organisms due to changing growth rate, (2) lack of reliable

active biomass parameters, (3) error introduced from regression analysis
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due to small magnitude of the decay term, (4) varying decay rate as a
function of specific growth rate and temperature and (5) analytical

@rror,

Maximum Substrate Removal Velocity and Maximum Specific Growth Rate-=-The

maximum substrate removal velocity, a, is a growth constant calculated
from the Michaelis-Menten (Monod) kinetic model and relates to maximum
specific growth rate, no= Yo. Very few workers have employed the
Michaelis-Menten (Monod) equation in activated Sludge kinetic analysis

and therefore there are few x:ported q and a vdlues., Gram's data .
(Reference 30) permit estimation of a'a of 3.0 (mg BOD removed) / (mg solids)
(day) and Benedek and Horvath (Reference 31) reported a a of 5.6 (mg CoDp
removed) / (mg solids) (day). A ' ‘

In this study, the Michaelis-Menten (Monod) equation regression anal-
ysis yielded estimates of q, viz., 4.13 (mg BOD removed)/(mg MLVSS)(day)
and €.35 (mg COD removed)/(mg MLVSS)(day). The corresponding values of
maximum specific growth rates were 3,81 and 2.74 &ayalv respectively.
Theoretically, values of i calculated on a BOD‘or COD basis should be
identical. The values of aCOD and GCOD based on COD appear to be slight-
ly below expected values., Comparing the daily steady-state substrate
removal velocities (see Table 6) with the corresponding values of g, it
appears that it was possible to operate this activated sludge system at
a very high growth rate (note especially Steady-State Periods 7 and 9,
Table 6).

" Half-Saturation Constant and Nonbibdeg;adable Substrate Concentration--

The half-saturation constant, Ks” is the limiting substrate concentra-
tion which can support activated sludge growth at half the maximum growth
rate. Again, very limited information is available im the literature om
KS values for activated sludge systems. Pearson and Haas (Reference 32)
reported their best estimates of Ks values of 80 (mg BOD)/1 and 225 (mg
COD)/1 for the Whittier Narrows conventional activated sludge plant.

From regression analysis of the Michaelis-Menten (Monod) equation,
the K_ in this study were found to be 26.4 (mg BOD)/1 and 94.9 (mg COD)/1.
Comparison with KB vélues reported by Pearson and Haas indicates that the
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ratios of Ks values from the two studies baaed on BOD (0.33) and COD
(0.92) are very close, It should be noted that the K_ value is specific
for different waste characteristics, different environmental factors and
different activated sludge systems. The relatively low values of KsBOD‘
and KsCOD indicate that borh BOD and COD are'adequate substrate parameters,
although BOD appears to be a better parameter than COD., It also appears
that the organie substrate concentration expressea as BOD or COD was the

rate-limiting factor in the accelerated high-rate activated sludge system.

In the modified Michaelis-Menten (Monod) equation (Equation 34), a
certain amount of COD is assumed to be nonbiodegradable in the system.
The nonbiodegradable COD concentration is specific for each organism
(activated sludge) and wastewater. For the accelerated high-rate system
treating the wastewater from the City of Chino, the nonbiodegradable COD

concentration is estimated to be about 20 mg/l.
SYSTEM KINETICS WITH OXYGEN TRANSFER

The oxygen transfer requirements of an activated sludge system can
be expressed as the sum of oxygen consumption for substrate utilization

and the oxygen requirements for sludge oxidation as follows:

U = aqX; + bk X, (38)

where = rate of oxygen consumption

= oxygen requirements per unit substrate removed

u
a
b = oxygen requirements per unit cell oxidized
q = substrate removal velocity 4

k

4= endogenous respiration rate

Xl = mixed liquor volatile suspended solids concentration.

To estimate the quantity of oxygen transferred to the mixed liquor
by the mechanical aerator, the relationship between oxygen transfer rate

and aerator pover consumption should be identified. The oxvgen transfer
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rate 1s a function of the oxygen tramsfer coefficient, the power consump-
.tion, tempersture and the dissolved oxygem concentration gradienmt at the
interface and im the bulk mixed ligquor. '

During the study period, thé dissolved oxygen sensor gystem was gub-
ject to considerable periods of inoperation becsuse of the un&@@il&bility
of replacement parts; amd hemce dissolved oxygen conceatrations were mot
measured routimely. The importance of oxygen tremsfer kimetics im the
estimation of 6xygen requirements of a balanced deeign aystémb,as well
as in aerator evaluation and selection, hcwevérD axe xecognized, There-
fore, to evaluate the oxygen transfer kinetics, the'quantity of oxygen
transferred to the mixed liquor by the EIMCO=SIMCAR,aer&tbr‘W@S'es&imated'
utilizing the fo}ldwing expression? B |

U =k PC,C, _ (39)

where

8

02 tranéferred/day
total kilowatt=hours consumed

1”2 gear reduction efficlency

0 QO v
]

o '= motor efficiency

kt = oxygen transfer rate, mass_oz transferred/powver input. .

For the EIMCO-SI@CAR aerators, the gear reduction efficiency, C19 is
approximately 0.94; the motor efficiency 1s dpproximately 0.92; and the
oxygen transfer rate was estimated to be in the range from 0,610 to
2.13 (kg 0,)/(ks-hr consumed) [1.5 to 3.5 (b 0,)/(hp-hr consumed) )
(Reference 39).

Based on several assumed values for the oxygen transfer cép&cimies
of the EIMCO-SINCAR aérators such as 0.92, 1.22, 1.52, 1.83 and 2,13
(kg 02)/(kw-hr conswmed) {1.5, 2.0, 2.5, 3.0 and 3.5 (1b 02 transferred)/
(hp~hr consumed)}, the estimested values of the aeration coefticients “a"
and "bkd" are sumdarized im Table 13. The "a" values ranged from 0,13
to 00304 (mg 02)/(mg COD removed) or 0,328 to 0,766 (mg 02)/(@g BOD re-

moved) and the ”bﬁd" values ranged from 0.311 to 0,755 (mg Oz)l(mg MLVSS)
(d&y) o K} )
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0.92 (kg 02)/(kw-hr)

Table 13. OXYGEN TRANSFER KINETIC CONSTANTS IN AEROBIC BIOLOGICAL PROCESSES

"hi M day-l

Substrate Source BOD COD BOD CoD
Skim milk ‘Gram (Reference 30) 0.40 - 0.065 -
Domestic sewage Downing (Reference 40) 0.50 - 0.100 -
Puilp and paper Eckenfelder (Reference 12) 0.52 - 0.089 -
Chemical Dryden (Reference 36) 0.35 - 0.20 -
Kraft pulp Hazeltine (Reference 37) 0.50 - 0.10 -

Assumed oxygen transfer rate
Domestic sewage 2.13 (kg 02)/(kw-hr) 0.766 0.304 0.755 0.725
(this study) ' '

" 1.83 (kg 0,)/ (kw-hr) 0.657 0.250 0.647 0.62

" 1.52 (kg 0,)/ (ew-hr) 0.548 ~  0.217 0.540 - 0.518

" 1.22 (kg-Oz)/(kw-hr) 0.438 0.174 " 0.432 0.414

" 0.328 0.130 0.324 0.311




Many vorkera (Referemces 12, 30 and 40) have reported *2" and “bkd”
values on & BCD basis. The typical values ocbtained for the coefficilent
"a" range £rxom 0.33 to 0.80 (ag 2)/(mg BOD) for different symthetic
substrates and 0.5 (mg 2)/(mg BOD) for domestic sevage (Reference 41).
Unfortunately, ué published information is aveilable for coefficiecnt "a"
values based on COD as substrate parameterol MeanwhiieD the r@pozté& '
"bkd" values r&mg@ from 0,065 to 0.2 (mg 0,)1(ng MLVSS)(day)D c@rz@@p@né=
ing to "b" value@ of 1,0 to 1.44 (mg 2)/(mg MLVSS) .

Comparing the calculated "a" and "bk," values with the reported values
in Table 13, it:appears that "a" and "bkd"~va1ues of 0.438}(mg 02)/0@3 BOD
removed) and O, &32 (ng 02)/(mg MLVSS) (day) , respectively, based on an
oxygen transferhrate of 1,22 (kg 02)/(kw=hr consumed) [2.0 (lb Oz)l(hp—hr)]
are close to reported values, Teble 14 presents the eetimated oxygen trans-
fer rates based upon 1.22 (kg 2)/(kw-=hr consumed) [2,0 (b Oz)l(hpahr)j
trangfer rate amd substrate (BOD and COD) removal velocitiemo The amount
of oxygen transferred ranged from 0,210 to 1.96 (mg Oz)l(mg MLVSS)(&&y)
and is a linear function of substrate removal velocities, 9gop ‘and 4o
as shown in Figures 18 and 19, respectivelyo

The "bkd” vmlues estimated from this gtmdy are high compared with
values reported»in the literature. There are several explanations for
the high "bkd" values: (1) the assumed oxygen transfer coefficient of
0.92 to 2,13 (kg Oz)l(kw—hr) (1,5 to 3.5 (1b @2)/(hp=hr)] is an over-
simplified assumption because the oxygen transfer coefficient is not com=
stant éand is a function of aerator type, temperazure and oxygen comcen- ‘
tration gradiemt between the interface and in the mixed liquors (2) the
negative value gf decay rate, kd” may influence the ordinate intercept
(bkd) of the oxygen requirements equation (Equation 38); and (3) the
decay rate may vary with substrate removal rate or with specific growth
rate such that ?he assumption of a linear relationship between oxygen
requirements znd substrate removal rate is questionable, cspecially at

low rates. :
J
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Table 14. OXYGEN TRANSFER KINETIC DATA AND SLUDGE VOLUME INDEX

BOD removal

COD removal

Oxygen transfer

Power velocity, q, velocity, q, - rate, U, Sludge
congumption, Temperature, (mg BOD removed) (mg COD removed (mg 07 volume
Date kw<hr °C (mg MLVSS) (day) (mg MLVSS) (day) TmTHLVS'ST)(Ha_iT index
16Dec?0 - - 0.281 0.347 - -
17Dec70 - - 0.278 0.329 - -
18Dec70 = - 0.366 0.234 - -
19Dec70 - - 0.104 0.249 - -
20Dec70 - - 0.176 0.257 - -
21Dec70 - - " 0.2642 0.291 - -
31Dec70 - - 0.312 0.367 - -
2Jan71 678 - 0.173 0.560 0.294 293
Jan7l 654 - 0.172 0.451 0.303 252
5Jan71 677 - 0.184 0.560 0.243 251
15Jan71 794 - 0.252 0.542 0.255 234
16Jan71 567 - 0.296 0.551 0.210 238
17Jan71 670 - 0.268 0.305 0.239 257
18Jan71 719 - 0.3i4 0.270 0.231 1252
15Apr71 489 19.5 0.250 0.619 0.490 87
16Apr71 478 20.0 0.260 0.676 0.590 90
18Apr71 562 18.0 0.206 0.592 0.669 93
19Apr71 384 18.5 0.178 0.783 0.491 169
9May71 432 20.0 0.613 1.20 0.818 189
11May71 460 20.5 0.593 1.49 0.915 226
12May71 477 20.5 0.942 2.04 0.940 227
13May71 459 20.0 - 0.725 2.26 0.777 229
14May71 475 20.0 0.572 1.90 0.919 176
16May71 441 0.423 1.28 0.785 207
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Table 14 (co_ntinued)° OXYGEN TRANSFER KINETIC DATA AND SLUDGE VOLUME INDEX

BOD removal

. COD removal

Oxygen transfer

. 24‘0 0

@@Q@E : veleocity, q, velocity, 4, zrate, U, Siudge

e = s conpumptiony - Temperature,. (mg BOD. zemsved) COD removed) ' (g 023I ~ yolume

Bake _ lr=hr °C (mg MLVSS) (day) (mg MLVSS)(day) <@g BLVSS) (day) index
16May71 441 20.0 - 0,423 1.28 0.785 207
17May71 470 20,0 0.485 1.42 0.835 218
18May71 471 20.0 0.504 1.71 0.908 204
19May71 457 20.0 0,449 - 1.53 0.769 C 217
20May71 488 - 20.0 0.567 1.83 0.862 200
21Hay71 674 20.5 0.693 2,56 0.796 213
23May71 4646 20.0 0.754 0.96 0.696 206
246May71 646 21.0. 0.718 1.66 0.676 - 1846
25May71 464 21.0 - 0,812 1.78 0.813 193
28May71 673 20.0 0,519 2,76 0.807 - 206
29May71 - 464 20.0 ‘0.625 1.76 0.859 196
16Aug71 372 26.0 1.41 3.42 9.834 72
17Aug71 382 26.0 1.01 2,37 0,748 87
20Aug71 377 . 25.0 1.25 2.70 0.900 113
23Aug71 380 24.0 1.78 3.63 0.902 126
24A0g71 435 25.0 1.62 3.15 1.22 88
25Aug71 425 24,5 1.73 3.18 1.03 100
26Aug71 433 24,5 1.96 3.20° 1.07 121
28Aug?1 543 23.0 1.64 ~3.53 1.21 168
2%9Aug71 363 - 24,0 1.29 2.74 0.89 “175
30Aug71 - 448 24.0 1.15 2,60 1.00 138
31lAug7l . 478 1.54 5.23 1.11 365
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Table 14 (continued). OXYGEN TRANSFER KINETIC DATA AND SLUDGE VOLUME INDEX

BOD removal

COD removal

Oxygen transfer

Sludge

Power velocity, q, velocity, q, rate, U,
consumption, Temperature, (mg BOD removed) (mg COD removed) (mg 07) volume
Date kw=-hr °C (mg MLVSS) (day) (mg MLVSS)(day) Tmg MLVSS) (day) index
5Sep71 484 23.0 1.71 3.07 1.03 412
6Sep71 281 23.5 1.50 3.07 0.671 323
9Sep71 374 25.5 1.43 . 3.37 0.970 171
11Sep71 372 24.0 1.05 3.44 1.09 168
12Sep71 389 25.5 1.73 4.08 1.09 184
13Sep71 398 26.0 1.46 4,20 1.27 199
14Sep71 382 26.0 1.86 3.94 1.02 272
16Sep71 387 25.5 1.78 3.87 9.978 935
17Sep71 375 25.5 1.78 3.08 0.699 549
19Sep71 392 23.5 1.22 3.12 0.928 577
20Sep71 374 24,0 1.30 3.26 0.862 463
28Sep71 365 23.5 3.21 5.96 '1.49 581
29Sep71 371 23.0 2.24 5.88 1.35 483
10ct71 400 23.0 2.90 10.2 1.36 434
30ct71 390 22.0 2.50: .5.40 1.65 - 756
40ct71 440 23.0 1.61 5.73 1.85 724
50ct71 395 23.0 2.24 6.64 1.73 826
60ct71 426 23.0 2.08 5.86 1.70 708
70ct71 414 23.5 1.74 6.19 1.57 696
90ct71 383 23.0 2.10 7.52 1.96 283
100ct71 395 23.4 2.06 5.55 1.62 707
110ct71 388 23.5 2.95 7.24 1.76 808
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Table 14 (continued). OXYGEN TRANSFER KINETIC DATA AND SLUDGE VOLUME INDEX

BOD removal

COD removal

Oxygen transfer

Pover velocity, q, velocity, q, rate, U, Sludge

) consumption, Temperature, (mg BOD removed) (mg COD removed) . (mg 07) volurne

Date kw=hx °C (mg MLVSS)(day) - (mg MLVSS)(day) mg ay index
9Nov71 390 21.0 0.697 2,29 0.511 104
10Nov71 4613 21,0 0.762 2.16 0.551 86
14Nov71 388 21.0 0.696 2,14 - 0.659 422
23Nov71 408 20.0 0.990 12,63 0.843 71
24Nov71 408 20.0 0.815 2.74 0.926 93
25Nov71 408 20.5 0.900 2.34 0.740 110
26Nov71 391 20.0 1.03 2,56 0.821 146
29%Nov71 378 21.0 0.778 2,10 0.916 276
2Jan72 381 18.0 2.83 8.57 1.37 -
5Jan72 393 17.0 1.76 5.69 1.77 3%
6Jan72 394 17.0 2.34 5.24 1.32 39
8Jan72 379 18.5 1.50 . 6.06 -1.55 25
10Jan72 378 18.0 1.88 4,64 1.69 35
12Jan72 377 7 5.21 1.17 33
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Figure 18 Relationship between oxygen transfer rate

and BOD removal velocity
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NUTRIENT REQUIREMENTS AND REMOVAL

In addition to organic substrate (carbon source), organisms require
a complex sgﬁ of nutrients and micronutrients for cellular growth. The
principal nutrients reduired fqr activatedAsludge are nitrogen and |
phosphorus. Therefore, nitrogen and phosphorus requirements, removal
efficlencies and removal velocities are of primary concern in acfivated
' sludge'process analysis.

Table 15 presents data on the total and dissolved nitrogen specieé
(Kjeldahl, ammonia, and nitrite and nitrate) and phosphorus species

(total phosphate and o;thophosphate) in the primary and secondary effluents.

Nitrogen

The concentrations of varilous total and dissolved nitrogen species
(Kjeldahl, ammonia, and nitrite and nitrate) in the primary and secondary
effluents were relatively constant during the 15-month study period, as
shown in Table 15, Average total and dissolved nitrogen concentrations
in the primary and secondary effluents are summarized in Table 16,
Kjeldahl nitrogen represented 99.8 percent or 38.8 mg/l as N of the
average total nitrogen content (38.9 mg/l as N) in the primary effluent,
and consisted of 59.2 percent ammonia (23.0 mg/l as N) and 40.6 percent
organic nitrogen (15.9 mg/l as N). The average dissolved nitrogen frac—
tion in the primary effluent (33.6 mg/l as N) was approximately 86.4
percent of the total in which 86.2 was dissolved Kjeldahl nitrogen, which
consisted of 59.2 percent ammonia (23.0 mg/l as N) and 27 percent organic
nitrogen (10.6 mg/l as N). Only minor amounts of combined dissolved ni-
trite and nitrate (0.08 mg/l as N) were present in the primary effluent,
In the secondary effluent, average total kjeldahl nitrogen (29.9 mg/l as N)
comprised 97.1 percent of the total nitrogen (30.8 mg/l as N), and average
dissolved Kjeldahl nitrogen (27.9 mg/l as N) comprised 90.6 percent of the
total nitrogen, Ammonia in the secondary effluent was present totally as
dissolved ammonia (20.9 mg/l as N). The average dissolved nitrate and
nitrite increased from 0.08 to G.90 mg/l as N. This indicates that a minor
degree of nitrification took place even at the high organic loading veloc-

ities and growth rates experienced by the system.
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Table 15,

STEADY-STATE NITRCGEN AND PHOSPHORUS CONCENTRATIONS

Dierore &
Kjoldahl Aeoato, nierita, Toto} Buoophotao
afrrogeng g 'l og N ar/l ag N og/l as N /L as P

Date A B C D A [ D B D A Y C 1]
16Dec70 27.1 - 31.0 -36.2 23,3 28,2 25,7 0.0% - 11.0 17.8 -
17Dcc70 38.1 - 36.2 38.1 21.5 128.1 28.4 0.0 - 10.3 = 20.5 L
18Dec?70 44.0 - 38.9 467.3 23.6 29.6 29.4 0.00 - 18.0 - 18,0 13.8
19Dec70 35.3 - 31.8 33.8 21.0 25.0 23.0 0.02 - 15.8 = 14,8 12.8
20Dec70 38.9 -~ 31.1 31.8 23,3 23.0 23.3 0.25 - 20.0 = 17.8 17.0
21Dcece70 37.6 - 30.5 32.4 18.8 - 21.7 0.00 - 21.5 = 13.8 13.3%-
31Dec70 39.9 - 31.4 30.7 32,2 20.7 22.1 0.00 0.00 20,0 - 16,8 16.0

2Jan7} 30.3 - 33.2 30.7 25.7 25.0 24.3 0.00 0.50 23.3 = 17.3 13.3

3Jan7d 34,7 - 32.% 31.46 23.7 23.7 24,1 0.00 0.00 16.0 = 16.8 14.8

53an71 38.0 - 25.3 28.0 27.6 22.7  23.6 0.00 0.66 5.4 = 18.7 18.2
15Jan71 47.1 - 42.4 33.8 '28.6 20.9 22.6 0.00 1.23 18.3 - 2.3 22.5
16Jan71 30.4 =~ 33.2 31.8 20.9 22,9 23.6 0.00 2.11 12.0 - 19.0 16.3
17Jan7l 63,8 - 30.5 28.5 25.6 16.° 17.3 0.00 1.6} 27.5 - 28,0 17.0
18Jan71 31.8 - 3.5 31.8 21.6 18.6 17.¢ 0.30 1.16° 26.0 = 22,0 1%9.0
154pr71  40.3 - - 31,5 23.9 23.0 23.3 0.11 0.11 18.8 - 18.8 17.5
16Apr71  41.8 - -  32.0 - - S e - - 23.0 = 15,3 13.%
18apx71  37.5 - - 28,9 25,9 23.1 23.1 0.090. 0.00 20.8 - 16,5 12.9
19apr7l  40.0 - - 28,3 - - - - - 17.3 - 13.9 13.0

9May71 35.1 - 27.1 23.8 22.2 20.3 20.0 0.00 0.03 10.3 L = 9,3
11May7l 37.5 - 27.7 27.1 - - - - - 18.8 = 13.8 13.8
12May?l 44,3 - 26.6 23.% - - - == - 17.8  '= 12.3 8.5
13May71 51.7 - 28.9 28.3 23.1 1%.1 16.6 0.01 0.04 256.0 - 9.% 7.3
14May71 43.8 - 3.1 31.7 - - - - - 23.0 = 15.8 14.8
16May7l 37.5 = 28.8 27.7 26.0 22.8 22.5 0.01 0.49 18.8 - 15.3 146.3
17Ma2y71 38.2 - 29.8 29.6 - - - - - 21.0 = 2.0 18.8
18May7l 40.2 - 28.0 28.0 - - - - - 21.5 - 1%.3 13.8
19May71 40.8 - 30.&4 28.%6 - - - - - 22.0 = 6.6 13.8
20May71 0.8 - 29.8 29.9 23.6 2.6 21.%6 0.00 0.002 20.0 = 14,3 11.5
21May?71  46.3 - °31.7 29.2 - - - - - 20.0 - 14,5 13.8
23May71 42.0 - 26.86 26.8 23.5 21.3 20.4 - - -21.0 = 1.5 8.4
26May71 40,2 -~ 29.8 30.% - - - - - 20.0 = 15.8 14.8
25May?71  39.6 - 29.8 28.% - - - - - 13.3 - 12.0 8.8
28May?7l  45.7 - 31.7 28.0 = - - - - 18.8 - 12.8 9.5
29May?1l 37.7 - 28.6 25.6 - - - - - 23.0 - 14.8 12.8
16Aug71l  38.4 32.8 30.3 22.9 - - - - - 26,3 22.0 18.8 16.9
17aug?l 35.3 31.6 27.8 23.% - - - - - 20.0 20,0 15.3 13.3
20Aug7l 37.1 30.9 27.8 24.8 - - - - - 13.8 31.8 12,3 13.0
23aug7l  36.5 35.3 30.3 2¢4.8 - - - - - 15.8 15.% 13,0 12.7
24Aug?l 35.3 31.5 27.8 23.5 - - - - - 16.5 1%.8 13.1 12.8 .
25Aug71 38.4 346.7 30.3 22.9 - - - - - 23.8 23.0 17.3 11.3
26Aug71 37.1 32.2 25.6 21.7 22.8 17.0 17.9 0.04 0.67 19.0 19.0 19.5 14.4
28aug?l 38.9 - :271.2 24.8 - - - - - 19.3 17.@ 1:.0 10.9
29Aug?l 26.8 26,3 30.3 25.46 23.7 17.0 16.4 0.00 0.8¢6 17.5 16.9 6.8 11.3
30Aug7} 36.0 29.1 30.3 26.6 - - - - - 20.0 20.0 19.2 11.8
31Aug?l  45.2 34.0 27.2 26.6 - - - - 20.0  20.0 13.3 12.4

ATota; in primary effluent .

B
Dissolved in primary cffluent,

c?otal in secondary effluent.

D
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Table 15 (continued), STEADY-STATE NITROGEN AND
PHOSPHORUS CONCENTWATIONS

Mixed 1icuor ) Mixed liquor
Orthophosphate, tocal - : total
og/l as P ‘ nitrogea phosphorus,
B D wg/1 as N % g/l as P %
- - - -4 - -
9.0 15.5 364 10.6 54.5 1.¢
10.0 12.0 309 10.4 18.0 0.€1
17.0 11.0 276 9.0 67.5 2.2
16.0 12.5 248 7.3 8L.0 2.¢
12.0 11.5 430 10.0 120 2.8
- - 372 10.7 102 2.9
11.8 9.4 374 10.4 161 b6
- - 362 10.8 144 4,3
- - 2713 12.0 165 7.3
- - 247 11.5 80.2 k3]
- - 271 12.4 186 8.5
- - K} 88 12.3 107 4,2
- - 267 12.0 70.9 3.2
- - 276 11.4 101 6.2
- - 280 11.6 88.7 3.7
- - 255 11.6 95.5 6.3
- - 284 11.1 105 4.1
12.1 7.6 237 9.7 99.2 6.1
- - 276 10.8 128 5.0
9.4 6.9 258 2.4 90.2 3.3
- - 264 9.3 56.2 2.0
- - 248 10.1 61.0 2.5
- - 283 11.2 101 6.0
- - 249 10.7 101 6.3
- - 251 12.6 $3.2 2.8
- - 277 12.6 122 5.6
- - 220 i2.2 69.7 3.9
- - 241 3.3 3.1 1.0
- - 266 16.0 40.5 2.6
- : - 263 13.0 6.5 b.2
10,1 8.6 266 16,2 51.0 2.9
- .- - 278 16.2 7i. 3.7
9.1 9.1 213 12.3 130 7.4
- - 246 12.7 101 5.2
- - 233 12.7 71.2 3.6
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Table 15 (continued). STERADY-STATE NITROGEN AND
PHOSPHORUS CONCENTRATIONS

WWOIrVDHCOWNIDED

Edereate & .
Rjeldahl Azeada, alderice, Togal phocphate,
aicropen, as/l as B og/l co § eg/3 as ® e/l 08 P
Dato A B < D PN C D B ) A B [+ D
3Se2p71 33.1 25.% 23.5 21.6 20.3 16.5 15.9 0.03 0.79 9.3 - 146.3 8.6 6.
6Sep7l 31.8 -30.5 27.3 26.8° - - = = '~ . 21,0 18.3 17.8 16.
98ep71 33.7 30.5 22,2 21.0 - - = 0,02 1.41 25.2 21.0 25.2 13.
118sp71 33.1 29.2 25.4 22.2 - - = = - 7.8 17.3 17.8 14,
128:p71 36.2 -29.2 24.8 20.3 19.4 16.8. 17.2 0.3%5 .60 15.8 13.8 13.8 1ii.
1382p71 32.6 28.6 27.2 25.2 - - - - - 19.3  13.8 16.3 16.
148ep71 31.1 28.6 22.9 21.6 - - - - - 13.8 14.8 13.3 13.
168ep71 32.4 28.6 25.4 23.5 19.4 16.3 18.4 0.3F1 0.27 12.0. 9.0 1il.5 10.
17%p71 42.6 38.8 26.7 23.4 - - - = = 6.8 13.3 12.0 9.
198ep71 -29.2 26.7 21.6 21.6 18.% 15.9 16.5 O0.21 1.22 18.3 18.3 14.3 9.
2032p7% 30.3 29.9 27.3 26.2 = - - - - 16.8 16.8 - 11.3 11.
28%ap71 5.9 33.1 29.2 24.8 24.8 21.0 21.0 0.C0 -~ 11.3 16.5 13.5 1il.
298ep71 36.3 24.6 31.2 28.0 - - = - - 26.5 18.3 23.5 16.
10ee71: 61.1 41.1 31.8 30.5 - - - = = 23.0 13.8 11.3 11.3
30ce71 36.3 33.7 26.2 24,2 22.6 19.7 19.7 0.22 1.44 15.3 12,3 1i.3 10.8
40ce?X 35.6 32,5 26.7 21.6 - - - - - 18,3 16.3 14.3 12.3
3Cec?7l 35.6 32.5 26.1 25.5 - - - = = 18.3 15,0 1.0 11.0
60ce7) 36.3 33.7 27.4 27.% - - - - . = . 15.0 15.6 9.0 9.5
70ce71 39.5 3446 26.7 20.7 23.9 19.4 192.1 0.32 2.76 14.0 1%.0 9.0 8.5
S0ce?X 36.3 3.2 31.8 26.7 - . - - - . 18.3 . 4.0 13.5 1.0
1¢0ce71 33.7 30.5 24.8 22.9 22.3 17.5 16.2 0.65 @ 4.25 6.3 12.8 12.3 13.8
130ce7X 36.3 31.8 23.5 24.8 - - - = - 7.3  13.3 12.3 12.8
9Rov7l 44.1 39.2 35.9 33.1 - - - - | - 17.3 14.3 12.8 1.5
10Nov71 41.4 38.1 31.4 28.1 - - = - - 17.3  14.3 13.0 13.0
148ow7) 43.0 35.3 331.6 28.1 24,8 21.0 21.0 0.00 0.63 22.6 20,4 11.3 11.3
23¥ov71 39.7 35.9 30.9 28.1 - - - - = 13.3 12.2 13.5 13.3
26Nov71l 38.1 33.6 31.4 27.0 - - - - - 1.2 11.2 13.3 12.3
23%ov7l 43.0 39.2 32.5 28.% 235.1 20.4 20.4 0.00 3.32 16.3 16,3 14.8 11.8
26RovT1l 44.46 37.7 35.9 33.3 - - - - - 13.3  12.2 12.8 13.3
29%ov71 37.7 346.1 31.7 29.8 - - = < - 33.3 14.3 15.8 13.8
Yiom?2 42.3 35.1 31.4 26.0 . -~ - C e - - 4.3 11.2 9.7 - 9,2
2Jon72 63.3 36.3 33.3 29.0 23.0 19.1 1%.3 0.89 0.03 13.3 9.2 13.2 1il.§
$Jam72 39.9 3%.7 36.3 29.6 - - - - - 7.1 7.4 8.3 9.2
6Jon72 46.6 40.5 36.9 31.4 25.1 20.6 20.3 0.00 0.48 9.7 6.6 8.2 7.4
8Jan72 41.1 33.3 32.7 29.6 - - = = = 19.4 15.3 12.2 11.7
10Jan72 431.7 43.7 38.1 32.1 . - - - = ) 17.3  10.2 12.2 1311.8
12300872 59.0 47.8 38.7 36.9 - - < = = 1.2 1%.2 23.8 7.6

Averoge 38.8 33.9 29.9 27.9 23.0 20.% 20.9 Q.08 @0.90  17.8 14.8 14,7 12.9

Agorol fn primary Gfflucae- ci’oz_al in ceccadory cfflucmt.

B@ﬂooolvoﬂ in px‘ﬂ&ﬁry efflvent. BDILaoqlved in gocendary offlvant.
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Table 15 (continued). STEADY-STATE NITROGEN AND
PHOSPHORUS CONCENTRATIONS

Mixed liquor Mixed liquor
Orchophosphate, total ] total

mg/l as P nitrozen, S phosphorus,

B D ‘mg/l as N 2 mg/l as P B
12.5 9.1 " 2318 :1.8 45.7 2.3
- - 228 . 2.7 70.2 3.9
11.8 9.1 C296 7 1.7 89.5 5.4
- - 232 5.8 81.5 5.5
12.5 1.6 184 :2.0 108 7.0
- - 139 6.0 43.0 3.2
- - 211 3.1 45.5 2.8
9.4 9.1 216 12,7 53.5 3.2°
- - 283 6.7 49.6 2.9
10.8 9.6 217 1.9 62.3 L4
- - 245 13.2 61.8 3.3
- - 1%6 1s.8 30.0 2.8
- - 145 12.3 32.6 2.7
- - 190 5.3 9.5 6.3
13.0 9.1 134 13.3 47.0 4.6
- - 128 12,2 50.2 4.9
- - 131 13.3 31.3 3.2
- - 146 13.6 37.0 3.4
10.8 8.& 154 13.8 62.2 3.7
- - 149 17.7 28.0 3.3
13.8 11.0 132 12.% §3.7 4.0
- - 216 12,3 28.7 3.0
- 333 10.2 66.0 2.0
- - 334 10.2 39.2 ‘1.8
8.9 9.2 271 19.7 $7.2 2.3
- - 260 - 11.6 58.9 2.8
- - 260 . 12.6 63.4 3.3
7.6 8.9 27% 11.6 34,1 2.8
- - 239 11.3 51.0 2.3
- - 208 1.7 462.8 2.¢
- - 130 10.9 35.8 3.0
13.3 10.7 119 11.5 ‘33.6 3.1
- - 123 12.9 22.0 2.3
7.9 5.9 151 11.8 36.8 2.9
- - 123 11.7 37.7 3.5
- - 122 12.7 35.2 3.7
- - 149 10.8 36.8 2.5
11.3 9.62 12.2 3.6
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Table 16. AVERAGE NITROGEN AND PHOSPHORUS CONCENTRATIONS IN PRIMARY AND SECONDARY EFFLUENTS

Primary effluent

Seconda:y,effldent

Total phosphate

Nutrient :
N Concentration, Percent, Concentration, Percent,
mg/l as N z. ‘mg/1 as P 4
Nitrogen
Total Kjeldahl nitrogen 38.8 99.8 29;9 97.1
Dissolved Kjeldahl nitrogen 33.5 86.2 27.9 90.6
 Total ammonia nitrogen 23.0 59.2 20.9 - 67.9
Dissolved ammonia nitrogen - - 20.9 67.9
Dissolved nitraﬁe.and nitrite nitrogen 0.08 0.2 0.90 2.9
Total dissolved nitrogen 33.58 86.4 28.80 93.5
Total nitrogen 38.88 100. 30.8 100
Phosphorus
Dissolved -orthophosphate 11.3 63.5 9.62 65.4
Total dissolved phosphate 14.8 83.2 12.9 87.7
- 17.8 100 14.7 100




Nitrogen removal by the activated sludge process is accomplished by
the synthesis of nitrogen in the activated sludge and possibly by deni-
trification. It is assumed that both the dissolved and particulate nitro-
genous forms in the primary effluent are available for biosynthesis.
Because most solids in the secondary efflueﬁt are biological cells, excess

nutrients are assumed to be present only in soluble forms;‘

Table 17 presents the nitrogen removal efficiencles and removal vel-
ocities of various nitrogen species. Removal efficiencies for the various
nitrogen species were relatively constant when the system was operated
at high rates., However, the removal efficiencies varied widely when the
system was operated at low rates, i.e., 1/6, = 0,036 to 0.071 day°1°
Approximately 27 percent of the total Kjeldahl nitrogen and 22 percent
of the dissolved Kjeidahl nitrogen'was removed by activated sludge. |
Based on grab sample measurements during a three-day period, only 8.2
percent of the ammonia present was incorporated into cell material. It
appears that the nitrogen supply in the primary effluent was in gross '
excess of that required for activated sludge growth; hence, nitrogen was

not the limiting nutrient in this study.

The net yleld coefficient with respect to specific nutrient can be
. defined as the net amount of cells produced per unit amount of nutrient

removed, or

_ _cells produced _ FX, + F (X - X)) (40)
n  nutrient removed F(S0 - Sl)
1
or Y = —
n ecq
VX1
here 8 = (18)
c FX2 + Fw(xr -AR;)
F(S S,)
- 0 17
q = VX (15)



Table 17,

NUTRIENT REBIOVAL VELOCITIBS AND REMOVAL EFFICIMHCIES

Huegdent gomovol mlecﬁty.%%%ﬁr—-) 5037 EJL 2

Toeal Pissolved

104

0. 106

Total Dlocolwad
Rjeldchl Rjeldahi fsvaiao Totaol diasolved ortho=
Dace nicgfogen  Bitrogon aigrogen  pheophate phosphate phesghaoge
16pee70 =0.0173 - =9.6034 = - =
17B2c70 0. - =0.0151 - - e
18D2c70 =0.,0386% - =0.011% 0.0043 - -
19D2¢70 0.0024 - =0.0032 0.0048 - -
20Dce70 0.01310 0. 0.0046 - -
21B=¢c70 0.0084% - -0.0047 0.0295% - -
31Dec70 0.01%99 = 0.0023 0.009%2 - =
2Jon71 =0.0807 - 0.0023 0.0183 - -
an7d 0.0064 - =0.0007 0.0023 - -
5Jan7} 0.0150 - 0.0060 =0.0042 - -
153an71 0.0223 - 0.010% =0.0067 - =0.0110
16Jan71 0.0364 - =0.0070 0.0049 - =0.6039
17Jan?1 0.0286 - 0.0155 0.01%6 - ®.0012 -
18Jan71 0. - - 0,0062 0.0084 - ‘©.0059
154px71 0.0.8% - 0.0012 0.0027 - 0.0031
16Apr71 0.0240 - - 0.0183 - -
184Apx71 =5.0230 - 0.0048 0.0222 - 0.08%4
194pr73 0.0335 - - 0.0123 - =
9Hay71 0.0559 - 0.0132 0.0080 - -
11May71 0.0629 - - . 0.0302 - -
12May71 -0.125 - - 0.0058 - .=
1May 71 0.126 - 0.0343 0.0803 - ="
18May71 0.0712 - - 0.0483 - =
16HMay 71 0.0531 - 0.0081 0.0243 - =
174ay71 0.0490 - - 0.0124 - -
18May71 0.0715 - - 0.06351 - -
19May 71 0.0652 - - 0.0538 - -
20May71 0.0617 - 0.0100 0.0676 - 0.0232
21May?1 0.0911 - - 0.0330 - =
23May71 0.0753 - 0.0148 0.0624 - 0.0126
24May?} 0.0472 - - 0.0250 - -
25Hay 73 0.0612 - - 0.0250 - -
28May71 0.0998 - - 0.0524 - -
29May71 0.0741 = - 0.0562% - -
164aug71 0.202 0.129 - 0.0963 0.0560 -
174Aug7l 0.13% 0.0921 - 0.0760 0.0761 -
20Aug71 0.162 0.0505 - 0.0359 0.0105 -

" 23Aug’l 0.157 0.1461 - 0.04315 0.0352 -
26Aug?l 0.180 0.124 - 0.0566 0.0439 -
25Aug?l 0.218 0.166 - 0.173 0.162 -
26Aug7l 0.222 0.251 0.070 0.0662 0.0663 0.0216
28Aug71 0.195 . - - 0.116 0.0952 -
2%9Aug71 ~0.6087 =0.0247 0.077% 0.0906 0,106 0.
30Aug?l 0.0933 0.0315 - 0.103 0.303% -
31Aug71 0.253 ©. 303 - 0.103% -



Table 17 (continued)., NUTRIENT REMOVAL VELOCITIES
AND REMOVAL EFFICIENCIES '

Nutrient removal efficiency, %

Total Dissolved Total Dissolved
Kjeldahl Kjeldahl Ammoni a . Total dissolved ortho-
nitrogen - nitrogen nitrogen phosphate phosphate phosphate

=26 . - -6.0 - - -

] - =32 - - -
=7.5 - =25 12 - -
4,2 - -9.5 19 - -
.2 - 0 15 - -
14 - 15 58 - -
22 - 6,7 20 - -
-1.3 - 5.4 43 - -
9.5 - =1.7 7.5 - -
26 - 14 .~18 - -
28 - 21 -22 - -72
37 - -18 13 - =20
35 - 32 38 - 35
n - 17 21 - 22
22 - 2.5 - 6.9 - 4,2
23 - - 33 - -
23 - 7.2 40 - 20
29 - - 25 - -
26 -~ 9.9 9.7 - -
28 - - 26 - -
47 - - 52 - -
45 - 28 70 - -
28 - - 35 - -
26 - 6.2 24 - -
23 - - 10 - -
30 - - 36 - -
29 - = 37 - -
27 = 7.7 42 - 37
kY - - 31 - -
3 - 13 60 - 27
24 - - 26 - -
28 had L= 34 - -
19 - - 49 - -
32 - - b4 - -
40 30 - 30 23 -
33 26 = 34 3% -
33 20 e 20 6.8 -
32 30 - 20 18 -
33 26 = 22 19 -
&0 3% - 52 50 -
52 32 21 24 24 15
3% - - 1Y) 39 -
2.4 6.6 246 35 33 0.
22 8.6 - 61 41 -
31 22 = 38 Kl -
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Table 17 (continued). NUTRIENT REMOVAL VELCCITIES
AND RIBMOVAL EFFICIENCIES

Hutrdent zemovol veloeity, (S0L P _£orovad)

(e MLYSS) (&
Totol Dicoolvad ) ] Totaol biocslved
Kjeldehl Rjeldahi Aczoado Toeal dicsolvad orgho= -
Doce . mpitro goo  @itrogen  mitvoge phosphate phosphata  phosphoto
5Sep71 0,184 00475 0.0549 0.106 0.0939 0.0425
6Sep7l 0.092% 0.0732 - 0.0869 - 0.0514 -
9%ep71 0.18% 0, 141 - 0.175 0.1129 0.0401
11Sep71 0.188 0. 124 - 0.0533 0.0648 = _
12Sep71 0.252 0.142 0.0349 0.0713 0.0397 0.0770
13Sep71 0.149 0.0860 - =0.0127 =0.04C0 =
14Sep7l 0. 1483 0.307 - 0.0512 0.0260 -
16Sep?1 0.131 . 0.0750 0.0146 0.0176 =0,0264 0.0544
17Sep71 0.256 0.199 - 0.108 0.0563 = .
19Sep71 0.104 0.0599 0.0281 - 0.122 0.122 0.0168
20Sep7l 0.0831 0.0752 - 0.0763 0.0766 o
28Sep71 0.288 0. 198 - 0. =0.0190 =
29Sep7l1 0.163 0.323 - 0.205 © 0.0317 =
10ce71 0.623 0.218 - . 0.220 0.05661 -
30ct71 0.286 0.225 0.0684 0.106 0.0354 0.0921
40ct71 0. 341 0.266 - 0.146 0.0487 - .
50ct71 0.240 0.167 - 0.17% 0.0945 -
60ct71 0.199 0,151 - 0.123 0.123 -
70ce71 0.268 0.26% = ©.100 0.115 0.11% - 0.0503
90ct71 0.276 0.129 - 0.152 0.0852 -
100ct71 0.244 0.172 0.138 0.0566 =0.0226 0.853%
110ct 71 0.290 0.177 - 0.11% 0.0126 -
9Nov71 0.0861 0.05678 T e X 0.0454 0.0219 s
10Mov71 0.105 0.0796 - 0.0351 0.0103 -
14Nov71 0.148 0.0716 0.0377 0.110 0.0906 =0.0030
23Nov71 0.131 0.0895% - 0. =0.0124 -
24Nov71 0.13% 0.0328 - =0.0138. =0.0130 -
25Nov71 0. 147 0.21210 - 0.0%44 0.0247 ~0.01469
26Nov7l 0.126 0.0485 - 0. =0.0127 =
2%Nov71 0.106 0.0577 - 0.0201 0.0057 =
1ian72° 0. 346 0.19% _— : 0.108 - 0.0425 s
2Jeon72 0.348- C.132 0.0933% 0.0839% <0.0325 0.0623
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Table L? (cont

inued) .

NUTRIENT REMOVAL VELOCITIES
AND REMOVAL EFFICIENCIES.

Nutrient removal efficiency, %

Total Dissolved Total Dissolved
Kfeldahl Kjeldahl Aomronia Total dissolved ortho~
nitrogen nitrogen nitrogen -phosphate phosphate Pphosphate

35 15 22 56 52 27
22 19 - 31 21 ‘ -
38 31 = 67 36 23
kx) 24 - 17 15 S
44 .30 11 28 18 39
25 15 - ~4.6 -16 -
30 24 - 17 11 -
27 18 5.1 10 ~-20 3.2
40 W - &3 48 -
26 19 8.8 49 469 11
21 19 - 35 34 -
3 25 - 0 -7.6 -
21 17 < 37 8.2 -
50 26 - 50 17 -
33 28 13 39 12 30
39 3 - 33 14 -
28 22 - 40 27 ‘-
24 19 - 37 37 -
R 22 20 3® 39 22
26 14 - 32 21 -
32 25 27 15 -7.8 20
32 22 - 26 3.8 -
25 16 - 34 20 -
32 26 = 25 9.1 -
35 20 15 50 65 3.4
29 22 - [} -92.0 -
29 20 - -9.8 -9.8 -
35 28 19 28 17 -20
25 11 - 0 9.0 -
21 13 - 8.8 3.5 -
38 26 - 36 i -
33 16 17 23 =28 20
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Based on these net grovuth expressions, the net yleld coefficlents of

various nitrogen species were computed to be as follows:

(mg MLVSS produced)

= 11.3 (g Kjeldehl nitrogen removed)
Y o 20.1 (mg MLVSS produced)
n (mg total ammonie nitrogen removed)

Because no nitrogen smalyses were made directly on the cells, the nitrogen
content in the activated sludge was estimated from the difference between .
total particulate amd dissolved nitrogen concentrations determined om the
mixed liquor., The calculated total nitrogen concéntratidns in the &céiva?
ted sludge are listed in Table 15. The concentrations varied between 7.3
and 1608'§ercent, with an average of 12.2 percent. This average nitrogen
content of activated sludge corresponds to a nitrogen y1e1d<coefﬁicient of
8.21 (mg MLVSS produced)/(mg total nitrogen‘removed)o These yiéld v@luea
and nitrogen content‘appear to be realistic estimates of the nitrogen con-
version and are within the range of repoﬁted values which vary from 5.6

to 12.4 percent (References 28, 42, 43 and 44). '

Phosphoxus

Daily steady-state total phosphate and total dissolved phosphate
measurements vere made on the primary. and secondary efflﬁents° Dissolved
orthophosphate was determimed on three-day grab samples of the primary
- and secondary effluents., These resulés are presented in Table 15, Total
phosphate expressed as P in the primary efflu@ht varied from 7.1 to 26;5
with an average of 17.8 mg/l as P and the total dissolved phosphate
ranged from 7.1 to 23, with an average of 14.8 mg/l. On the other hand,
the total dissolved phosphate in the secondary effluent varied from 6.8
to 22,5, with an average of 12.%9 mg/l, and the total phosphate varied
from 8.2 to 36.5, with an average of 14.7 mg/l as P. From three-day grab
sample analyses, dissolved orthophosphate expressed as P varied from 7.4
to 17.0, with an average of 11.3 mg/l, in the primary effluent; and 5.9
to 15.5, with an average of 9,62 mg/l, in the secondary effluent.
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Table 17 also presents the phosphaﬁe removal efficienéies and remov-
al velocities which were calculated based on the assumptions that both
‘the particulate and dissolved phosphate in the primary effluent are
available for biosynthesis and excess phosphates are present in the
soluble forms in the secondary effluent. Approximately 27.8 percent of
total phosphate or 16.1 percent of total dissolved phosphate was removed
by activated sludge. Based on three-day grab sample analyses, 12 percent
‘of dissolved orthophosphate was incorporated into cell material. It
appears that phosphorus supply in the primary effluent was in gross
excess of the phosphorus required for cellular growth; hence phosphorus

was not the limiting nutrient in this study.

The net yield coefficients (Equation 40) based on phosphorus were

found to be as follows:

Y = 14.4 (mg MLVSS produced)
(mg total dissolved phosphate as P removed)

(mg MLVSS produced)
(mg dissolved orthophosphate as P removed)

Y = 28,1
n

Since no phosphorus analyses were made on activated sludge, the phosphorus
content in the activated sludge was estimated from the difference between

total particulate and dissolved phosphorus concentration made on the mixed
liquor. The estimated phosphorus contents in the activated sludge varied

from 0,61 to 7.39 percent with an average of 3.60 percent (Table 15).

This average phosphorus content of activated sludge corresponds to a.phos—

phorus yield coefficient of 27.8 (mg MLVSS produced)/(mg phosphorus removed),

Reported values of phosphorus content in activated sludge range from
2 to 3 percent (Reférence 25). The slightly high phosphorus content of
cells noted in this study may have been caused by greater phosphate up-
take fate and greater phosphorus storage. Excess phosphate uptake was
observed by Toerien et al, (Reference 7) in an algal growth kinetic study
under phosphorus limitation using Selepastrum capricorndtum as a tes¢

organism.
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In the treatment of several nutriengédeficiemt industrial vestes,
Helmers et al. (Referemce 45) determined minimal quantities oﬁ nitrogen
and phosphorus of 40 (mg ¥)/(g BOD removed) and 6 (mg P)/(g BED removed) .
This is approximately eguivelent to a BOD:NsP ratio of 150:5:l. Because -
the BOD:N:P ratio was 150348:22 in the primary effluent, it io obvious
that neither nitrogem mor phosphorus was a limiting nutrient in this '
process. Although in the sbsence of typical values of half-gaturation
constants of nitrogen and phosphorus (KBN and KsP)9 it 18 concelveble
that the nitrogen and phosphorus concentrations in the agration tank and

effluent (SlN or S values; that

is, S

lP) were much greater than the KsN or KsP

> L and slP >> Rpo Thus, the nitrogen and phosphorus removal

velocities (qN or qP) were zero-order with respect to SIN ot Slpa Conse-
quently, the Michaelis-Menten (Monod) model (Equation 3) for mitrogen ot

phosphorus as a limiting nutrient is not applicable. Furthermore, since
other macronutrients and micronutrients are usually present in sufficlent
quantify in domestic sewage, the organic substrate measured as BOD ox coD
appeared to be the sole growth limiting factor in this study.

SOLIDS SEPARATION

The activated sludge process incorpgorates soluble and patticul&ta
materials into a mass of biological solids which must be separated from
the process effluent. Sludge settling and compacting charact@ristice are
a primary requisite to successful operatiom of the,activated sludge pro-
cess, One of the objectives of this study was the evaluation of selected
alternative solids separation systems., The selected systems included
vibratory screening, enhanced gravity sedimentation, dissolved alr flota-
tion and pressurized hydro-centrifugal screeaning. J '

Sludge Settling Chezacterigtics

Several sludge characteristics are of importance in determiming sludge
settleability., These sludge characteristics are particle eize distribution,
particle shape, particle demsity, particle surface charxge end sludge volume

index. The project was too limited o continuously monitor all of thesae

T
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sludge characteristics and correlate them with sludge settleability and
activated sludge operating parameters. However, some qualitative analy- '

ses can be summarized.

Sludge volume index measurements were made on mixed liquor under

presumed steady-state conditions and are presented in Table 14, Sludge

volume index varied from 25 at an’s;ganic loading rate of 2.00 (mg BOD) /
(mg MLVSS) (day) to 935 at an organic loading rate of 1.94 (mg BOD)/

(mg MLVSS) (day). Figure 20 shows the variations of sludge volume index.
with BOD loading and COD loading rates. No apparent relationships can

be developed from these widely scattered data.

It was observed that at low organic loading rate, e.g., less than
1.0 (mg BOD)/(mg MLVSS) (day) or 3.0 (mg COD)/(mg MLVSS)(day), the col-
loidal materials in the primary effluent were effectively flocculated
by activated sludge. At higher organic loadings, the flocculating capac-
ity of the activated sludge apparently was insufficlent to flocculate all 5
‘colloidal particles causing a very turbid secondarf effluerit. :

Qualitative morphological microscopic examinations revealed that the
percentage of filamentous organisms present inm activated sludge increased
with increased sludge volume index; also increases in orgapnic loading E

tended to stimulate the growth of filamentous organisms.

Vibratory Screening

A set of SWECO vibrating screens, equipped with three 1nterchangeab1e
screen materlals, was incorporated into the facility. The thrée screens
supplied with the units included 0.044- and 0.,037-mm opening (325- and
400-mesh) stainless steel plain weave screens, and a 0.0l4- by 0.105-mn
openingb(720= by 140-mesh) dutch twilled stainless stec] screen, Each

screen was equipped with a fine spray washing system for removal of

trapped materials,

The screens vere tested under varying operating conditions which
included screen size opening, speed of vibratory motor, soliids and hy-

draulic loading rates and the angle between top and bottom vibratory
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welghts. Table 18 presents the screen performance characteristics and

operating conditions. Average values of solids removal efficiencies and
filtration rates are summarized in Table 19. The speed of the vibratory
motor, in the narrow range of 1,100 to 1,500 rpm, and the angle between
vibratory weights were not found to have a significant effect on per-

formance and were discounted from further considerationm.

Average solids removal efficiencies from the effluent stream with the
0.044~ and 0,037-mm opening (325~ and 400-mesh) screens were 38 and 49
percent, at average filtration rates of 16.6 and 16.0 m3/(m2)(day)

[408 and 393 gal/(fcz)(day)], respectively, which are considered to be un-
acceptable performance. Suspended solids recovery with these screens was
too low to return sufficient solidé to the aeration tank, Average solids
removal efficiencies with the 0.014- by 0.105-mm opening (720- by 140-mesh)
screen averaged 91 percent (a value approaching the performance of gravity
settlers) at an average filtration rate of 2.98 m /(m ) (day) [73.2 gal/
(£t )(day)].

Hydraulic capacities of the vibratory screens are presented in Figures'
21, 22 and 23. Normalized filtration rates, which are the ratio of £il-
tration rate to hydraulic loading rates were plotted against the corres-
ponding'solids loading rates for each screen size, The hydraulic capac-~
ity of the 0.044-mm opening (325-mesh) screen depicted in Figurxe 21 ap-

pears to be nearly independent of solids loading rate.

Normalized filtration rates of the 0.037-mm opening (400-mesh) screen
generally decreases as solids loading rates increased, as shown in Figure
22. Results were erratic, but this smaller mesh size was apparently more
susceptible to hydraulic head losses caused by suspended solids and hy-
draulic loading than the 0.044-mm opening (}25-mesh) screen,

Whereas the solids removal efficiency of the 0.014- by 0.105-mm open-
ing (720- by 140-mesh) screen was acceptable, the filtration rate was
far from acceptable at the suspended solids concentrations applied. At
solids loading rates on the order of 97.9 kg/(mz)(day) (20.0 lb/(ftz)(day)]n

generally less than 10 percent of the applied hydraulic flow passed through
the filters, as shown in Figure 23.
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Table 18. VIBRATORY SCREEN PERFORMANCE DATA

Filtragion : Bolids
Solids Filexotion goeal/ Influent E£fluent romowal Scrcon
T8¢ loading tace, R, hydraulic  guspended ouopended afficfency, epomiag,
Bumsber kg/(mz)(day) n’i/(mf) (day) loading wotio colido, mg/l scolido, mg/d b4 "
1 34.2 12.9 0.86 2230 1310 61.3 46
2 26,7 10.0 0.91 2230 . 1200 46.2 44
3 33.0 6.88 0.62 3000 1160 61.3 84
4 20.5 8.75 0.89 2100 1410 32.8 a5
5 28.4 12.0 0.88 2100 1400 33.3 Y
6 16.8 6.63 0.94 2100 " 1310 37.6 &6
? 17.5 7.68 0.92 . 2100 1180 45,0 44
8 117 29.3 0.72 2880 1610 . 46,1 44
9 132 %0.7 0.89 2880 1670 . 42,0 &6
10 89.7 27.6 0.88 2880 1390 $3.7 LYS
11 108 33.9 0.90 2880 1680 48.8 44
12 79.8 18.6 0.77 3340 1880 43.6 48
13 30.2 - 8.02 0.89 3340 1860 44.5 44
14 59.7 12.5 0.69 3340 - 1720 48.5 . b4
15 30.2 8.14 0.90 3340 : 1620 1.6 b4
16 71.3 15.9 0.77 3640 1850 46,2 b4
17 50.2 12.1 0.83 3440 1780 48.2 LY
18 11 . 22,2 0.69 3440 1680 31.0 &%
19 93, 26,1 0.89 34640 . 1690 50.9 -7
20 76. 17.1 0.78 3460 1620 53.0 &b
21 50.% 10.7 0.73 3460 1900 45.0 44
22 109 22.1 0.70 3460 1940 43.8 &4
23 3 B 14.8 0.82 3450 1800 47.7 44
24 8.0 8.18 0.74 3450 . 2510 . 27.3 - 44
25 46.6 12.0 0.88 3450 - 1890 £5.2 Y
26 41.1 9.32 0.79 3500 1860 . 49.8 b4
27 67.3 11.3 0.83 3500 2160 ‘38.3 . 44
28 68.4 16.6 0.85 3500 1980 43,6 86
29 83.6 20.7 0.86 3500 1870 46,5 Y
30 54,1 12.3 0.86 3720 ‘ 2100 63.7 46
3l 43.7 : 9.69 0.82 3720 "~ 2160 . 82,0 b4
32 56.8 12.0 0.79 3720 2160 ‘42,0 86
33 _28.% 7.00 0.91 3710 2790 25,7 X
3 33.5 7.00 0.77 3710 2760 25.5 b4
35 54,0 13.5 0.92 3710 3240 12.5 b6
16 26.2 6.1% 0.80 3500 1700 5.6 - &4
37 3.7 8.38 0.93 3500 2290 3.6 b4
38 41.1 10.6 0.90 3500 2080 40.6 86
.39 66.2 12.9 0.66 3290 1740 57.3 b4
40 29.7 8.22 0.91 3290 . 1840 46,0 &4
61 18.1 4.60 0.80 3290 1430 56.5 b4
62 1468 25.1 0.51 3010 1990 33.9 64
63 35.3 11.0 0.94 3010 1910 36.5 Y
64 155 38.9 0.7¢4 2960 . 1920 35.0 66
45 36.9 11.7 0.9¢% 2960 1980 33.0 s
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Table 18.(‘continued). VIBRATORY SCREEN PERFORMANCE DATA

Fi’tration : Solids
S:1ids Filtration rate/ Influent Effluent removal  Screen
Test loading rate, 3 rage, hydraulic suspended suspended efficiency, vpening,
Number kg/(m?)(day) m”/(m") (day) loading ratio solids, mg/l solids, mg/l 4 y
46 193 39.9 0.73 . 3540 2420 31.6 44
47 206 55.4 0.95 3540 2920 17.5 44
48 52.6 13.0 0.85. 3440 2480 27.9 YA
49 55.0 13.7 0.85. 3440 1680 51.2 44
50 105 23.6 0.91 4050 3500 13.6 44
51 109 23.9 0.88 4050 2770 31.6 44
$2 114 25.8 0.92 4050 3110 23.2 44
53 106 26,2 0.93 4070 3200 21.2 b4
54 76.2 18.1 0.97 4070 3170 22.1 44
55 88.8 19.7 0.90 4070 2830 30.5 44
56 76.8 17.6 0.90 3930 2550 35.1 44
57 81.4 21.0 0.96 3730 3100 17.0 44
58 53.9 14.4 0.94 3530 2990 15.3 44
59 53.5 14.0 0.96 3680 1790 51.4 44
60 88.0 20.5 0.86 .
61 51. 12.3 0.91 _ g'?gg %228 %?? 22
62 98.2 24.4 0.94 . 3780 2550 32.5 44
63 70.4 16.4 0.91 3720 2350 36.9 44
64 104 25.8 0.93 3720 2140 32.7 44
65 58.6 16.0 0.90 3320 2160 *38.1 44
66 92.4 26.2 0.94 3520 - 2100 40.5 44
67 61.7 13.4 0.65 3490 2150 38.4 46
68 97.2 26.3 0.94 3490 2660 23.7 Y
69 76.1 15.8 0.84 4070 2760 32.1 44
70 121 27.9 0.94 &070 3100 23.8 44
n 30.2 8.06 0.59 2230 860 61.4 37
72 25.0 5.70 0.68 3000 830 72.3 37
73 19.0 1.77 0.86 2100 1040 50.2 37
74 106 27.0 0.75 2880 1180 59.0 37
75 120 10.6 0.29 3340 1640 50.7 37
76 131 17.1 0.45 3460 1840 . 46.6 37
77 115 28.7 0.86 3450 1950 63,5 37
78 98.2 10.6 0.37 3500 2030 42,0 37
79 118 28.4 0.72 3010 2320 22.8 37
80 ©62.8 7.98 0.36 2880 14600 51.6 14 x 105
81 37.9 9.73 0.88 2640 330 90,6 14 x 105
82 36.6 2.08 0.2 ' 4050 3a0 92.6 14 x 105
83 93.0 1.62 0.06 4070 180 95.6 14 x 105
84 81.3 . 0.26 0.01 3930 130 96.7 - 14 xn 105
85 105 3.72 0.13 3730 160 95.7 14 x 103
86 67.5 0.61 0.02 L3780 90 97.6 14 x 105
87 86.% 2.24 0.09 3780 100 97.4 15 x 105
88 $3.0 0.98 0.04 4070 168 95.9 14 n 105
89 101 0.81 0.03 4070 130 96.8 16 2 105
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Table 19. SUMMARY OF

VIBRAIORY SCREEN PERFORMANCE

Average
influent Average Average
Screen solids solids removal filtration
Mesh Opening, concentration, efficiency, rate,
Number M mg/1 4 w3/ (n?) (day)
325 44 3,395 38.0 17.3
400 37 2,997 49.0 '16.0
14 x 105 3,780 91.0 2.97

720 x 140
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Because the attainment of relatively high f£iltration rates could not
be achieved with the type of vibratory screening provided for‘this‘studyo
the testing of the vibratory screems was discontinued in favor of em= }

hanced gravity sedimentation.

Enhanced Gravity Separation
kY

" During the studies of the accelerated high-rate activated sludge
systemD suspended solids removal from the mixed liquor was accomplinh@d
by two circular, 16.8-m (55-ft) dlameter gravity settlers. Both settler@
vere operated im parallel during each steady-state period and ‘their per-
formance was determined from analyses drawn from a common efflueht'smmp
and a common return solids gsump., Table 20 summarizes average'op@rating
parameters and performance characteristics of .the gravity settlers dur-

ing the steady-state activated sludge process operations.

The effect of hydraulic suzface loading rate on grav;&y settler per-
formance is shown in Figure 24, The hydraulic surface loading rate var-
ied between 5.0 and 13.3 m3/(m2)(day) (123 and 327 gal/(ftz)(d&y)] in
the tests at Chino. These surface 1oéding rates are much lower than
those usually used, i.e,, about 32.6 m3/(m2)(day) (800 gal/(ftz)(day)]
for conventional activated sludge processes. With the exceptioh of the-
single high value point, effluent suspen&ed solids appeared to be licttle
affected by hydraulic surface loading rates im the range studied. Al-
though return sludge solids concentrations generally decreased with in-
creasing hydraulic surface loading rates, the large variations of con-
centrations encountered in the extreﬁely narrow range of surface loading
rates between 12,2 and 13.4% m3/(m2)(day)'[300 and 330 gal/(ftz)(¢ay)]

indicate the influence of a factor other than surface loading rate.

The effect of mman cell age on gravity settler performance ie shown
in Figure 25, Return solids concentration from the gravity settlers
indicated a marked increase with increasing mean cell age. The five
widely spread return solids concentrations, indicated in Figut@ °a in
the narrow ramge of hydraulic loading rates, 12.3 and 13 dm /(m ) (day)
{300 and 330 gal/(f& )(day)), achieve greater significance in their

_apparently closer relationship to mean cell age. Effluent suspended

120



1T

Table 20. GRAVITY SETTLER PERFORMANCE

: Return
Steady- _irface Solids Mean Suspended Solids sludge
state ’lcacding rave, loading rate, cell age, mg/1 _solids,

rn w3/ (md) (day) ke/(n?)(day) day Tnfluent Effluent mg/1
1 . 9.89 33.2 32.4 3,370 38 6,270
v 12.3 47.4 16.6 3,860 47 “9,600
3 5.01 23.0 3.17 4,610 29 8,770
4 '7.20 20.5 1.58 2,850 26 7,250
5 7.45 24.0 1.39 3.180 40 8,100
6 13.1 28.4 0.737 2,180 31 5,070
7 13.0 18.1 0.525 1,380 25 3,560
8 13.3 37.7 1.57 2,810 38 7,060
9 12.6 17.6 0.446 1,390 71 3,590
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solids concentrations, on the other hand, indicated only a very slight

increase from 30 to 40 mg/l with increasing sludge age. It would appear,
therefore, that it is possible to achleve acceptable effluent solids con-
centrations with a gravity settler over a very wide, i.e,, two ozﬁeré of

magnitude, range of inean cell ages.,

To get an indication of the potential advantage of slowly stirring
the settling sludge to effect a greater sludge compaction, one gravity
settler was equipped with 6.35-cm (2.5-1in.) vertical angle pickets spaced .
38.1 cm (15 in.) aspart on the traveling suction am and extended to within
61 cm (24 in.) of the water surface, Both settlers were then operated with
identical feeds aﬁé feed rates during Steady-State Runs 3 through 9; The
sludge blanket in the picket-equipped gravity settler was observed ‘to be
30 to 61 cm (12 to 24 in,) lower thaﬁ in the other settler., A common
sludge sump for the two settlers prevented ready analytical verification

of the improved compaction,

Pressurized Hydro=Centrifugal Screens

It is believed that vibratory screening could be succeséfully used as
an activated sludge separation system 1f a continuous cleaning 0f:screen'
surface and a pressure mechanism wexe provided. Consequéntlyb a greatet-
practical filtration rate and higher solids removal rate could be’
achieved. A device ‘consisting of a screen mounted on discs which can be
spun in a pressure vessel appears to have potential as a mechanicml golids

separation system for the high-rate activated sludge process.

A small wastewater concentrator was loaned‘fgom SWECO for evgluatﬂqnoﬂ,
The screening surface is mounted on a vertical spimnimg circular cage
with the feed distributed from the imngide toward the screem. As the
liquid pesses through the screen from the centrifugal force, the solids
are trangported down the screem by gravity and collected separately., A

cleaning cycle is also built into the unit to eliminate grease binding.

Unfortunately, within the scope of this project, this concept and
unit could not be tested or evaluated; however, the need for reseaich 1s
indicated. ‘ . '
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Dissolved Air Flotation

Dissolved air flotation was selected as an alternative separation
system because it provides larger compaétive forces for concentrating

separated materials as compared to conventional gravity clarifiéation.

The pilot flotator leased from EIMCO was 1.53 m (5 ft) in diameter
and was equipped with a float skimﬁing system, bottom rakes and a draw-
off for settled solids. The unit was also equipped with EIMCO's stand-
ard two-stage pressurizafion system for dissolving air in a recycle
stream drawn from the effluent of the unit. The hydraulic loading of
this flotator was between 20.3 and 122 m3/(m2)(day) [500 and 3,000 gal/
(ftz)(day)] with relatively good suspended solids capture. If a coagu-
lant aid and polymer were added properly, the solids in the effluent

were well flocculated and could be easily removed by granular media fil-

tration.

One test run was made on the pilot flotator which was operated at
approximately 81.4 m3/(m2)(day) {2,000 gal/(ftz)(day)] with 20 percent
effluent récycle° The ferric chloride dose used was approximately 150
mg/l, the polymer was 1.0 mg/l of Calgon Catfloc and the pH of the re~-

cycle stream was 8.3.

The effluent suspended solids concentration was 22 mg/l with a vola-
tile portion of 5 mg/l. The low magnitude of volatile suspended solids
would indicate that the solids were ferric chloride flocs rather than
activated sludgé solids. It appears that the flotétion systeﬁ could be
effective in separating activated sludge. Moreover, it is expected that

a considerable amount of phosphate compounds could be removed.

This air flotation solid separation program was only designed to
indicate its general feasibility and potential in activated sludge sepa-
ration application. Complete system evaluation of dissolved air flotation
is indicated.
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SECTION VIIL

DESIGN AND OPERATIONAL IMPLICATIONS

The design and operation of domestic waste treatment plants have
evolved largely from practical experience with full-scale systems.
Theoretical analysis has been directed lérgely to explaining the phenom=
ena observed in practice. To date such analysis has not been.fully
applied to either design or operation of real systems. Such a dilemma
results from the interaction of several pertinent considerations. One
of the major factors has been the lack of adequate theoreticalbbaSes.for
analysis of the process. A second, and possibly moie important, factor
has been the poor communication between the theoretician concerned pri-
marily with.the theory and performance criteria of the process énd the
practitioner who 1s concerned largely witl compliance with tradiﬁional
treatment concepts and effluent quality or performance.criteria estab-

lished by regulatory agenciles.

Complete kinetic description of the activated sludge process that has
been derived from actual plant data would permic evaluation of the theo-
retical model and would make possible more .accurate predictions of process
performance as well as indicate opportunities for improved process design
and operation., One of the great advantéges of>using a rational kinetic
model to describe the activated sludge process is that it considers both
the microbial kimetic characteristics, which are a function of the com~
plex bilological system operative, as well as the effect of physical fac=
tors such as the hydraulic residence time, cellular recycle, oxygen tr&ﬁéo
fer rates and the cellular reslidence time. These latter factors are af-
fected by the intentional sludge wasting rate, the settleability of the

mixed liquor and the effectiveness of the solids separation system.
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KINETIC DESCRIPTION OF ACCELERATED HIGH-RATE ACTIVATED SLUDGE SYSTEM

The results from this study have yielded a kinetic description of the
accelerated high-rate activated sludge system and what appear to be reas~
onable values for the kinetic constants and coefficients which can be
~utilized in the analysis and'design,of waste treatment systems, especialiy

for high-rate activated sludge systems.

The kinetic analyses suggest that the net growth rate of activated
~ sludge, 1/ec, in.a high-rate process is a linear function of the sub-
strate removal velocity, q, and a constant endogenous respiration rate,

kys or

1/9c =_Yq - kd

In terms of BOD as thp rate-limiting substance,

1/9c = 0,922 9gop ~ 0.027
and in terms of COD

the rate~limiting substance,

- 1/8_ = 0.328 qpq, + 0,023

The kinetic analyﬁis also suggests that the organic substrate concen-
tration, expressed as§BOD or biodegradable COD, was the growth limiting
factor in the system dnd the Micahaelis-Menten (Monod) model can be suc-

cessfully empIOyed to describe the substrate removal velocit& and sub-

‘strate concentration relationship, viz.,

or _ 1BOD
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DESIGN CONSIDERATICNS

It is beiieved that much valuable information was developed during
the inﬁeatﬁgationp not only regarding theoretical concepte and their. '
application to the actual ﬁarocess9 but also with respect to performance
parameters &nd op@r@&i@mai control of the process. Table 21 compares
values of the design end performance parameters fot the accelerated
high-rate sygtem studied at Chino with oéher'activaced glﬁdge'pxoce@s@so

The accelerated high-rate activated sludge process was characterized
by extremely high loading velocities, varying from 0.2 €0 3.6 (mg BOD)/
(mg MLYSS)(day) . The system was operated and produced high quality
effluents (effluent soluble BOD ranged from 5 to 28 mg/l) and high pro=
cess efficiencies (75 to 95 percent BOD removal) .

The most significant finding of this investigation is that ac&ivaced
sludge systems can be designed to handle high organic loadings ﬁ@-@o 3.6
(mg BOD) /(mg MLVSS)(day) with conventional gravity sepaxa&ors operating
at an overflow rate of 13.4 m /(m Y(day) (330 gal/(ft )(day)}. The capa-
bilicy of operating the system at the unusually lowy mean cell age of 0,34
day demonstrates the feasibllity of utilizihg the high gr@wthorat@ p@t@m%
tial of activated sludge as a means of removing orgamic materials from
wvastewater. However, the only practical solids éep@ratioﬁ system avail-
able at present is a gravity settlimg umnic, 'Rgseatch and developzent of
improved gravity and mechanical céll separators remainz an importent

practical need for improved biological treatment systems.
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Table 21.. DESIGN AND OPEFATIONAL PARAMETERS FOR
ACTIVATED SLUDGE PROCESSES

. High-rate Chino
Conventional Contact aerationd demonstration
Parameter activated sludge stabilization . (optimum) (optimum)
Mean cell age, ' 5 to 15 5 to 10 - 0.4 to 1.0

6., day

" BOD loading, L,

(mg BOD) 0.2 to 0.5 0.2 to 0.6 1.9 2.0 to 3.5
(mg MLVSS) (day)

MLVSS, mg/1 1,500 to 3,000 1,000 to 3,000 2,500 600 ¢o 1,000
(4,000 to 10,000

Hydraulic resi-

dence time, 6, 4 to 8 0.3 to 0.7 0.7 : 0.9
hr | (1.5 to 5)®

Recycle ratio 0.1 to 0.3 0.25 to 1,25 0.56 0.3 to 0.5

BOD removal . :
efficiency, % 85 to 95 80.to 90 89 . 85 to 95€

Secondary clari-
fier overflow

rate, 32.6 32.6 . 32.6 13.44
wl/ (=?) (day)

®pirst stage performance of two-stage activated sludge plant (Reference 48).

bSouds stabilization unitg,

€Soluble BOD removal efficiency,

dActual operating overflow rate, no optimum rate obtaimed.
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APPLICATION OF SYSTEM KINEYICS

Ilnspection of the cell continuity equation (Equation 16) and
Michaclie-MNonten (Momod) model indicates that there is a direct relatfion-
ship betveen substrate removal velocity, q, and mean cell age, eco and
between specific growth rate, or substrate (soluble BOD) removal velocity,
end effluent substrate (soluble BOD) comcentration, Slo Thuso control
of either q or ec will directly comtrol effluent quality emd process
efficiency (Equation 23)., Using system kinetic information and waste
characteristics, an activated siudge system can be desigﬂéd to produce

a specified effluent quali&y and process. efficiencyo

An example of the procedure for the design of the recommended high=<
rate activated sludge system follows. A parallel designD using criteria
for a conventianal activated sludge process; is provided for comparison,
Table 22 presents the design comparison between a comventﬂonal activated
sludge process and highazat@ activated sludge procese demonstr&ted at
Chino to txeat 0.04638 m /eec (1 mgd) of primary settled sewage having a
BOD of 200 mg/l and producing a secondary effluent BOD of 20 mg/1 or less.
Using the kimetic characteristics of each process and reasonzble design
criteria, a 382-m> (13,500-fc7) aeracion tenk is required for the high-
rate activated sludge compared to 682=m3 (245&00—@&3) tank for the com-

ventional procees,

Because of the present dependence'upom gtavity'cell gepar&tian the
high-rate process requir@@ 8 685=m (26 200-£¢ ) secomdary settling unit
compared to & 283=@ (10, 000-f£¢ ) unit for the comventiomal process.
With the development of compact, high-rate mechenical cell separators -
and the repl@c@mgmt of the larger gravity s@@@ling uwpilts, & compact
high-rate actﬂv&&@d @ludg@ plant with the potential f@z aubstan@ially
lower overall costs could be realized.
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Table 22. DESIGN COMPARISON BETWEEN CONVFNTIONAL AND HIGH-RATE
CHINO ACTIVATED SLUDGE PROCESSES

: Conventional Demonstration
Design data activated activated sludge
and criteria N sludge plant : plant, Chino
F, m/sec | 0.0438 0.0438
So? (mg BOD)/1 200 : 200
Y, (mg MLVSS produced) . ‘

(mg BOD removed) _ 0.5 : 0.92
Kyo day~! . 0.05. ©0.027
K s (mg BOD)/1 100 26
&, (mg BOD removed) .

(mg MLVSS) (day) 3.0 A 4.1
X) (g MLVSS) /1 2,000 - . 1,000
X), (mg VSS)/1 0 30
F, mw/sec | 0.0110 | 0.0219
er (mg VSS)/1 7,000 4,000
a, (mg 02)/(mg BOD removed) 0.5 0.44
bkgs (mg 0,)/(mg MLVSS)(day) . 0.1 , 0.43
Secondary overflow rate,

m3/ (n2) (day) 32.6 13.4
Effluent BOD, Sy, (mg BOD)/1 20 | - 20
BOD removal velocity, q, 0.5 ' 1.78

(mg BOD removed)
(mg MLVSS) (day)
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Table 22 (comtinued). DESIGN COMPARISON BETWEEN CONVENTIONAL AND
HICH-RATE CREINO ACTIVATED SLUDGE PRCCESSES

. Conventional | Demonstration .

Design data ‘ activated activated 6ludge
and criteria sludge plant -plagt, Chino
Process effiyiency, Ey 2 | %90 , | 20
Ly, (mg BOD applied) ' 0.56 ' 1.98

(mg MLVYSS) (day) : - :
Mean cell age, 8., day ' ' 5.0 _ ' 0062 '
Aeration tank volume, . ' ' .
v, m3 o ' 682 ' 382
Hydraulic residence time, 6.3 : S 2.6
9, hr L o B
Siudge wasting rate, = - 22.8 o 127
Fw, m3/$lay | o .
Sludge production rate, 272 ' ., - 617

(kg VSS)/day
Oxygen requirements, , ' »

(kg Oz)lday 317 o , 549
Secondarg clarifier gurface, =~ S ’
area, m 116 ‘ 28
Secondagy clarifier volwme,. . 283 1685

m

[SURUNIGUNEDE PR P T A
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SECTION IX

GLOSSARY

Oxygen requirement per wmit substrate removed
Oxygen requirement per unit cell oxidized.
Gear reduction efficiuvncy

Aerator motor efficiency

Substrate or nutrient removal efficiency
Influent flow rate

Return activated sludge flowrate

Waste activated sludge flowrate

Decay rate

Oxygen transfer rate

Nonbhiodegradable COD concentration

Half-saturation constant

Substrate loading velocity

Substrate or nutrient removal velocity
Maximum substrate or nutrient removal veiocity
Return sludge ratio ‘
Influent substrate or nutrient coricentration
Effluent substrate or nutrient concentration
Sludge volume index

Rate of oxypgen consumption

Volume of aeration tank

Influent cell concentration

Mixed liquor cell concenfration

Effluent cell concentration

Return activated sludge cell concentration
Waste activated sludge cell concentration
Yield coefficient

Net yield coefficient

Specific prowth rate

Mazximum specific growth rafe

Hydraulic residence time

Mean cell ape
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~ SECTION XI
APPENDIX

' NONSTANDARD ANALYTICAL METHODS

ADENOSINE TRIPHOSPHATE

The emission of light by fireflies is known as bioluminescence‘ang
is an energetic reaction deriving energy from the hydrolysis of AIP to
ADP andAinorganic phosphate. The amount of light produced by.firefly
extract is directly proportional to the amount of ATP added. The reac-
tion involves the enzyme luciferese, the bioluminescent compound luci-
ferin, and ATP. Luciferin and ATP react in the presence of luciferase
and magnesium ions to form an enzyme luciferine'edehoeine monophoéphate
complex and inorganic phosphate. The complex is oxidized to oxyluciferyl-
adenylate, followed by the release of a quantum of light. In the presence
of an arsenate buffer, there is an initial burst of.luminesceﬁce.followed

by an 1ntermediate level of light emission that decays steadily with time,

Procedure

t

(1) A 10-ml sample is added to 40 ml of ‘Tris buffer in a 50-ml volumet- .
ric flask. -

(2) The ATP is extracted by immediately placing the solution in a boil=

ing water bath for 15 minutes and themn transferring it to an ice
bath for cooling.

(3) The volume of the sample is restored to 50 ml and the particulate

matter 18 removed by centrifugatiom oxr filtratiomn.

(4) 2 ml of ATP extract is added to 2 ml of firefly extract, The mix-
ture is mixed by shaking it for 15 seconds and at exectly two

minutes the light emieaion is measured ueing a Turner Fluorometer,
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DFHYDROCENASLE ACT1VLTY

Triphenyl tetrazoliuﬁ chloride (TTC) is reduced to Triphenyl forma-
zan 'TK) in the presence of dehydrogenase. The TCC is colorless while
the TF has a red color. Thé intensity of the red color produced is pro-
portional to the dehydrogenase activity. | h

Procedure

(1) Measure off the homogenized sample aliquot 8 ml and place it in a
test tube together with 1 ml of_0;05 M Tris-HCl buffer.

(2) Bubble nitrogen gas through the sample to remove any oxygen,

(3) Place sample in a preheated 37°C waterbath and add 1 ml of the

TTC-glucose reagent. Let the reaction occur for 60 minutes.

(4) At the end of 60 minutes, stop the color'development by adding 1 ml
of formaldehyde, '

(5) Dilute sample with 95 percent ethanol to 50 ml, mix well, and :

centrifuge the sample,

(6) Measure the percent transmission of the TF extract. in a spectro-

photdmeter at a wavelength of 483 mu.
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