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DYNAMICS AND CONTROL OF SOLIDS-LIQUID SEPARATICN
IN THE ACTIVATED SLUDGE PROCESS
by

Robert David Hill

ABSTRACT

The purpose of this investigation was to cevelop and validate at fuyll-
scale dynamic models and control strategies for the activated s ludge
prccess capable of predicting both the clarification and thickening
functions of the solids-liquid separator. This also finciuded the
development of a hydraulic mode! capabie of predicting flow transients
through the treatment plant and a ‘solids model to predict MLSS
concentrations in the reactors for arbitrary hydraulic forcings. These
models were then utilized to cderive control strategies to minimize the

discharge of effluent suspended solids.

A mixing model was identified using tracer tests. Anzalysis of the date
demonstrates that a tanks-in-series model describes the reactor system

oetter than 2 dispersicn model.

A nydraulic model! was developed from mass balsnces and well known Flow

equations. The mode! demonstrates the limited dampening capacity of

traoztmaon
reanen

t plants for hydrauiic disturbances.

Full scale experiments to identify models and estimate parameters were
performed at a 5 MGD wasteowster +restmont fzoility in Houston, Texas. A

distributed computer monitoring and contrel sysiem consisting of on-iine



iig
instruments, programmable controllers, and a minicomputer were i stalled
at the plant. A tabie-driven data acquisition and control software

package was implemented.

Numerous experiments demonstrated that influent flow rate and pattern
were the most important factors affecting the effluent suspended soiids
concentration at the plant studied. Hydraulic transients had an
immediate effect which persisted longer then the actual disturbance.
The recycle flow rate had relatively smali effects. The sludge blanket
level also had littie effect until it was very near the water surface.

A model was proposed which incorporates these features.

A sludge thickening model developed by Stenstrom was modified to account
for the conical bottom of the settler. The model is capable of
predicting the return sludge concentration and the accumulation of
solids in the settler. Settling perameters were estimated from batch

settling tests in a stirred vessel.

These models were utilized to derive an influent pumping strategy to
minimize the discharge of effiuent suspended solids. The strategy
empioys fliow forecasting and a Simpiex optimization routine to utilize

the campening capacity of the wet weil in an optima! menner.

A recursive state/parameter estimation technique was adspted for use
with the clarification and thickening mecdels. This technique can be

used to give better estimates of the model states and updzte the model

parameters from on-iine measurements.
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I. INTRODUCTION

The activated sludge process was initially described in a 1914 paper by
Arden and Lockett (S), and the First municipal treatment facility in
North America was built in 1916 at Houston, Texas. During the 1930‘s
and 1940’s, the process became firmly established and was used on a
widespread basis. Today, the activated sludge process is the workhorse
of modern wastewater treatment. This process is largely responsible for
the recent Improvements and continual maintenance of our natior’s

waterways.

Process Description

In the activated sludge process (Figure 1.1), a mixed culture of
microorganisms is brought intoc contact with the wastewatei- under aercbic
conditions. Through various sorption processes, soluble and particulate
organic material are removed from the wastewater. The nutrients and
organic materials are assimilated by the microorganisms, producing
biodegradation products and additional cell mass. After an appropriate
contact period, the biomass is separeted from the treated liquor by
gravity sedimentation. The ciear overflow streem !s the process
effiuent which may receive further trestment (such as disinfection)
before discharge. The concentrated bicmsss underflow is returned to the
geration basins to maintain an appropriste microbial concentration.
Since the oprocess fs a net producer of Sicmsss, some of the
mICTCoTEanIswmS  wust  De wasted from the system on at least a periodic

Sasis Lo maintain a “heaithy®™ process with good removal efficiency.
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The  sedimentation basin (or settier) serves several interrelated
functions fncluding clarification, thickening, and solids storage. The
clarification function is obviously very important since the effiuent
quality 1is directly related to the separation of the biological solids
from the effluent stream. The thickening capacity of the settler must
be sufficient to concentrate the incoming biomass and maintain an
appropriate solids concentration in the aeration basins. The volume of
the settler must also be sufficient to store solids and prevent them

from spiiling over the effluent weirs during times of high loading.

Limitations of the Activated Sludge Process

A weil designed and operated activated sludge plant is capzsble of
producing a hign quality effluent with very low concentrations of
dissolved organics. A large portion of the effluent BOD (Biochemical

5
Oxygen Demand) 1is the result of bioclogical solids not remocved durinz

sedimentation rather than unmetabolized influent organics. Every
milligram of suspended solids (SS) not removed contributes 0.2-0.7 (43)
miiiigrams of BODS' depending on influent composition and operating

conditions. A range of 0.5-0.6 mg EODS/mg SS (36} is common for
domestic <cewsge and normal operating conditions. This fact suggests
that overall improvements in the process will probably take place in the
solid-liquid separation phase rather than in improved removat kinetics
in the vioicgical reactor. This idea has been noted in a 1979 report of
the ASCE Committee on Msjor Alternatives for Secondary Treatment (27)

which states that:



"In properly designed and operated activated sludge systems,
influent organics are aimost compietely degraded with only
extremely low residuals appearing in the process effiuent.
Discharged BGG5 and SS are virtually completely the result of
biological solids in the sedimentation tank effluent.
Considering this, attention must be given to operating the
oxidation tank and sedimentation tank in ways oriented toward

reducing the emission of biological solids in the secondary

effluant. ™

The Activated Sludge Process in Piactice

In practice, the performance of the activated sludge process may fall
far short c¢f its theoreticai capability. In a series of reports to the
Congress from 1970 to 1980 (28, 29, 30), the Comptroiler General of the

United States has documented the poor performance of publicly owned

wastewater treatment fecilities. The GAQ found +hat a2+ any cnée

o
= s RS2 R~

(44

ime, 50
to 75 percent of the plants were not in compliance with their NPDZS
(Nationa! Pollutant Nischarge Elimination System) permits. in a rancom
samnling of 242 plents, the GAS found that'87 percent ot the piants had
violated their permits for one or more months and that 56 percent had
violated their permits for six or more months during the one year study
period (1978-79). The GAO repo;t (30) elso noted that over twenty-five
biilion dollers of federz! mcney and several billion dollars of state’
and local monies had been spent on improvements of wastewater systems

through 1980.
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Many of the causes of this poor performance record are related to the
ocpzration of the plants. In a8 1979 survey supported by the U. S.
Environmental Protection Agency, Hegg, et al. (63) cited sixty factors
limiting treatment plant performance. The highest ranked factors were

related to operation and included:

1) a lack of opsrstor application of concepts and testing to

process control,
2) 8 lack of understanding of the wastewater treatment processes,
3) a lack of technical guidance, and

4) a lack of process control testing.

The next six factors were design oriented with the remainder being

management policies, financial corsiderations, equipment malfunctions,

and other considerations.

Process Control!

Tocess controi is one method of improving the performance of wastewater

v &> £ 3
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Industries, process contro! has not Seen widely appiied to biciogicai
treaetment orocesezs for 2 nunber of resscns. The activated siudge

process also presents severai difficuit control problems including:

1) highly time variant and iargely uncontroilabie inputs,
2) few manipuletable veriables,
3) non!inear behavior,

4) 2 wide range of time constante {n the fmtoroctlins =
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5) @ lack of suyitable f{astruments for measuring variables of

interest.

A prerequisite for many forms of advanced process control is an adequate
dynamic model of the process. This model should adequately fdentify the
response of the process to arbitrary inputs and predict outputs and
internal variables of interest. Dynamic models of biological
degradation (16. 23, 42, 110) have recently received a great deal of
attention. Dynamic models for the sedimentation prccess, however, have
not recefved as much attention and have not been as fully developed.

Alsc, there is a deficiency of model validation at full scagie.

Research Objectives

It is the purpose of this investigation to develop and identify solids
transport models for the activated siudoe aeration basins and settler.

o=

The models will also be used to develop control strategies to minimize

the discharge of effiuent suspended solids. Dynamic experiments st &
full-scaie activated siudge facility will be wused for parameter
estimation and mode!l discrimination. It is the intent of this

investigation to provide models which can be used +o orovide a batter

understanding of the interactions of the various wastewater treatment

processes and still be simple enough to implement on 2 small process
contro! computer., The specific objectives of this study are to:

1) develop =2 reactor mixing mode! capable of gredictineg the

$ P 3 T ] &= 3 1 e b~ Py U S G o mn ® m A -
distribution of solide concentratisns o thz EETaTIion 5&sins ana

R Y



2)

3)

4)

3)

6)

7
develop a hydraulic model of the wastewater plant capable of
predicting the propagation of hydraulic disturbances through the
plant.
experimentally verify a clarification mode! for activated siudge
settling and identify the parameters of most Importance.
experimentally verify the applicability of a sludge thickening
model for predicting underflow solids concentrations and the
accumulation of solids in the settler.
use the models to develop control strategies to minimize the
discharge of effluent suspended solids.
develop an on-line siate/parameter estimstion technigue to
estimate mode! parameters and states which cannot be easily

measured on-lfne.



I1. THEORY AND LITERATURE REVIEW

Process Models

Process models are used widely in all forms of design and automatic
process control. Process models may be classified in a great number of
ways. One classificetion of models is dynamic versus steady state.
Dynamic models show variations with time while steady state models are
time invariant. Since process control deals with time varying
functions, dynamic models are used almost exclusfvely. Steady state

models are used primarily in design applications.

Mathemstical models may be classified as mechanistic or enpirical.
Mechanistic models are based upon scientific knowledge about the
fundamental bilological, chemical, and physical phenomena which govern
the process. Models based upon fundamentai principles give more Iinsight
into process behavior and may be more relfably extrapoiated to different
conditions. tmpirical mocdeis, on the cther hand, rely upon
experimental data or msthematical conveniences and cannot alweys be

extrapolated beyond the experimertal conditions.

ication of modeis is as deterministic or

-

Stitl ancther  classi
stochastic. Deterministic models are those !n which +he inputs,
outputs; and system parameters can be assigned a definite fixed number
for a given set of conditions. Stochastic models, however, use

statistica! techniques to express the mode! In a mathematicai form.



S
Other common classifications for models include distinctions between
linear and nonlinear models, tne order of the kinetics, and the number

of parameters necessary to describe the model.

The dynamic models to be developed in this research will, whenever
possible, be based upon fundamental principles. However, thore are a
number of areas where theoretical knowledge is lacking, anc empirical
relationships and expressions nave been jncorporated. When empirical
models are used, the range over which they were derived wili be
discussed. Therefore, the models developed in this investigation have
both mechanistic and empirical components. Investigation of the

stochastic components was beyond the scope of this study.

Mixing Models

The mixing characteristics of activated siudge zeration basins very from
cicse to plug flow to complete mixing. These characteristics are often
determined Ly measuring the output resuiting from a puise input of
tracer into the rescter. When plotted as normalized concentration and
time, these data are knewn 22 £ curves, Figure 2.1 shows typical C
curves for a plug flow reactor, a completeiy mixed reactor, and a

reactor with arbitrary flow (or mixing characteristics).

In a plug fiow reactor, influent streams are instantiy mixed together
but then move through the reactor with no longitudinai mixing. All
fluid elements stay in the reactor for a ilength of time equal to the
theoretical detention time. This type of flow is aporoximated in tanks

with & iarge iengtn-to--widtn ratio.
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In a complete mixing reactor, the influent streams are instantly
dispersed throughout the entire reactor volume. Fluid elements leave
the reactor f{n proportion to their statistical population. Complete
mixing is approximated in round or square tanks with intense mixing. In
practice complete mixing is not difficult to attain and is a
satisfactory szssumption for many activated sludge plants. Plug fiow,
however, 1{is more difficult to attain since there is almost always some
longitudinal mixing induced by aeration. Many activated sludge plants,
therefore, have a mixing condition intermediate between plug flow and
complete mixing. Several models are available for this type of
arbitrary mixing including the dispersion model, the tanks-in-series

model, and various multiparameter mcdels such as the back mix model.

Dispersion Model

The dispersion model is a one parametcer mode! and is based upon a plug
flow reactor with longitudinal dispersion. Levenspiel (74) developed
the basic differential equation representing this model in dimensionless
form as tquation {2.1]. Equation [2.1] must be solved with appropriate

Douncary conditions for the vessel under stucdy.

2

3C D 3 C aC
= - Ty - = [2.1]
ae ueL 3Z oz -
where:
C = normaiized concentration: Ce/CO,

o©
"

normalized time: tu/L,

~N
fl

(tu+X) /L,
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D = axial dispersion coefficient (LZ/T),
L = length of vessel (L),

u = velocity of flow (L/T),

X = axfal distance (L),

t = time (T),

(D/ul) = vessel dispersion number.

The dimensionless group (D/ul) is called the vessel dispersion number
and ranges from zero for a plug flow reactor to infinity for a
complietely mixed reactor. The dispersion model is most appronrigte for
reactors which vary onrly a smell amount from plug flow (i.e., have

small dispersion numbers).

The dispersion number can be determined experimentally from tracer tests
by calculating the mean anc variance of a pulse {nput. Relationships
between the dispersion number and the mean and variznce of the C curve
for many boundary conditions are reported by van der Laan (127).
Expressions for open and ciosed vesseis are shown as Equations [2.2] end

[2.3] respectively.

2 N 5 2
:E = 2+ ) 4+ 8e(—) [2.2]
T Yoo uel
o° D p 2
:E = 2¢(—) =~ 2e( ) e(l-exp(~ulL/D)) [2.3]
T uei uelL
where:
cZ = variance,
t = centroic of distribution, mean.
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For large extents of dispersion (>0.01) and open vessels, Equation [2.1]
can be solved analytically (74) as shown in Equation [2.4]. NS

analytical expressions are available for other boundary conditions.

1 (1-6)2
C(e) = exp [- ] [2.4]
2+4/38(0/ul) 46(D/uL)

Tanks-in-Series Model

Another one parameter model widely used in the wastewster field +to
represent ron-ideal flow s the tanks-in-series model. It is
particularly approprfate for many activated sludge plants where the
aeration basins are physically a series of fnterconnected basins. In
this model, the fluid flows through a series of equally sized ideal
stirred tanks. The number of tanks is the one parameter of the model.
Again, this parameter may be estimated experimentally from tracer tests.
Levenspiel (74) has shown that this parameter is a function of the mean

and variance of the C curve as cefinec n Zquation {2.33.
1N = o282 [2.5]

where:

P4
[

= number of tanks in series.

Multiparameter Modeis

If single parameter models do not adecuately account for the mixing

patterns observed experimentally. ft may be necassary *a vez 2
multiperameter wodel. fAany muitiparameter modeie consisting of piug
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flow, completely mixed, and stagnant regions interconnected in series
and/or parallel with various flow patterns have been proposed. However,
a model consisting of completely mixed tanks in series with back mixing
between adjacent reactors seems particularly applicable to activated
sludge faciifties. Tuan, et al. (122) have presented response curves
for different combinations of Farameters to quickly determine the

appliicability of this model.

The back mix model also has the aesthetically pleasing quality of always

resulting in an integer number of reactors.

The calculation of hydraullc profiles through water and wastewater
treatment plants is a fami!iar procedure for meny consulting engineers.
The concepts for this procedure are taught in undergraduate texts on
hydraulics (113) and wastewater treatment (22, 79) as well as several
weli known reference menuels (25, £7, ! 4. The purpose of these
profiles is to aid in the design of the hasins end cutfleow stiructures of
the facility to maintain an adecuate freeboard under gl! ficw

conditions. Flow peasking factors for this procadure ¢, 5SS, 8¢, 1223

have been in use at least since 19!8.

The same basic {deas used in calculating hycdraulic profiles can be
extended (with the use of a mess balance) to develop cdvnamic models

capable of predicting hydraulic transients through a treatment plant.

Bryant (14) was one of the first to do this, He daveloped £is..
equaticns for & constant voiume equaiization basin, gprimary settier,
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aeration basin, final settler, and chlorination contact tank. Each
equation assumed 2 rectangular weir outlet with free faii conditions as

in Equation [2.6].

Q = 3.33 L K32 [2.6]
where:
Q = outflow (L3/T).
L = length of weir (L),
h = depth of 1igquig over weir (L).

Bryant used a Taylor series expansion to linearize Equation [2.6] and
developed a linear differential equstion to describe the flow out of

each basin. Equation [2.7] is a typical exampie.

W, 3.3 L2/3 . ql/3
= - . (Qn—Ql) [2°7]
dt A e
wnere:

K = unit conversion factor,

a = oberating point (LJ/T),

Qg = known inflow (L3/T),

Q, = outflow from basin i (L3/T).

—

Equation [2.7] can be compactly written as:

o
Fe
—
~
~N)
.
[0 ¢]
—
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where:

R = hydraulic resistance (L/L3/T).

In enother report Bryant (15) noted that the linearized equations
Introduced errors of less than 10 percent for flows that were within 50
percent of the operating point. Although it fs not necessary to
linearize Equation [2.6] for simulation purposes, Bryant appears to have
done this to derive the frequency response of the plant. He concluded
that there was no appreciable hydraulic dampening at frequencies of less
then 10 cycles per day. Bryant’s work is discussed further and compared

with the hydraulic model developed in this investigation in a later

section.

Measures cf Sludge Settling Characteristics

Common measures of activated sludge settling characteristics include the
settied volume, the siudge volume index (SVij, the initial settling

velecity [1SV), and the effjuent suspended gcoiids concentration (Xe).

e lume, expressed in percent. s determined by i ng &
sample of the activated sludge settle in a one liter greduated cylinder
for thirty minutes and reading the interface volume. This same reading
is &lso taken when determining the siudge volume fndex (Svi). The two
tests are related since +the settled volume fs a measure of the

volumetric concentration while the SVI Is & specific (per gram)
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volumetric concentration. Bernard (9), among others, has demonstrated

the use of an on-line analyzer for determining the settied volume.

The settled volume is routinely used by many wastewater treatment plant
operators to set an appropriate recycle flow rate to obtain a thick
return sludge. More recently (1979), Garrett (S51) correlated settled
volume with initial settling velocity (ISV) or zone settling velocity.
He found that the ISV correlated better with settled volume than dry
suspended solids concentration. The settling velocity is usually
considered a function of dry suspended solids concentration in sclids

flux theory (39).

Sludge Volume Index

Today the most extensively used SVI i{s that proposed by Mohimen (81) in
1554. By cefinition, the SVI is the volume (ml) occupied by one gram of
sludge after settiing for thirty minutes in a one liter graduated

T3 ol e [
C)‘. igtetcinis SOT e

recently, white {i37, 1i38) has proposed & new set: ing
parameter known as the stirred specific volume (SSY) or standard sludge
voiume index (SSV1). The SSVI s actually the SVI measured in a
standard, séirred cylinder. Kalbskopf (68) also reported the German
practice of diluting semples such that the settied volume s

approximately 200 ml.

The SVI has typicaiiy been used as an indicator of thickening
characteristics. Slurries with an SY! of iess then (50 mi/g tend to

settie rapidly and produce thick sludges. Slurries with an SVI greater
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than 150-200 ml/g tend to 2ettle more slowly and produce light, fluffy

sltudges.

The SVI has also been related to the clarification characteristics of
activated sludge. Summarizing twenty years of operating data,
Keefer (69) demonstrated that a higher SVI results in a iower Xa.
Figure 2.2 shows some of the results of his stugy. Fisherstrom,
et al. (44) studied twenty Swedish trestment and concluded that the
effluert turbidity decreased with higher volumetric sludge volumes. It
has been hypothesized that the lower Xe concentrations are a result of
improved adsorption of small particulates due to increased sur:ace area

of the sludge and fncreased contact time (slower settling) in the

settler.

The SVI has been criticized because it defines only a single point on
the settling curve. Hvoothet'colly at leest, two sludges with extremely
different settling properties could have the same SVI. Dick end
vesiiind (38) ciaim that the SVI does nct measure any basic physical
property of the sludge. They have criticized the use of the SVI as a
research parameter and stated that its only valid application is to
monitor changes in sludge characteristics at a single plent. However,
there are over fifty years of experience available in interpreting the
meaning of the SVI. The test is simple and Inexpensive and continues to
be routinely used with success es an operstiore! tool in many treatment

plants.
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Initial Settling Velocity

The ISV s a measure of the zone settling velocity of the suspension.
It {s determined by piotting the solid-liquid interface hefight versus
time for a slurry settling in a colum. The ISV is the velocity
represented by the first linear portion of this curve. The ISV and the
SVl are affected by mixing'(37). the column diameter (128) the sludge
depth (37) and suspended solids concentration, among other factors.
Several instruments (77, !16) for measuring ISV have beer; avafiable for

a8 number of years.

The 1SV is uysed indirectly as a design parameter in the solids flux
methods. The ISV can also be used to directly size the settler. In
this technique, the settier is sized such thst the overfiow rate is
slways be less than the settling velocity of the influent MLSS.
Dick (38) has suggested that this direct use of the ISV is theoreticelly

fncorrect and can lead to seriously fnaccurate settler design. Wilson

and Lesz i» hOwever, have shown that the surfece erea predicted with
the ISY technique is fdentical to the miniimum area predicted by solids

fiux theory.

Effluent Suspended Solids

A gcod measure of the settler efficiency and an oversll measure of the
activated siudge process performance is the effluent suspended solids
concentration.  Unfortunately, this vaiue {s a function both of the
settiing characteristics of the sludge and the operation of the settier

itself. Andother indicator of the gettiing characteristics alone might
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be the suspended solids concentration in the supernagtant after an SvI
test. Even this, however, 1is influenced by the conditions in the
settling tube (height, diameter, mixing, etc.) and cannot be considered

indicative of the settling characteristics alone (123).

Factors Influencing Settling

A great many factors sre krown to influence the settling characteristics
of activated sludge and the suspended solids concentration (Xe) in the

effluent of a secondary settler. These include:

1} physical factors such as reactor and settler dimensions, the
inlet well structure, the outlet weir piacement, ihe sludge
col'ection and skimmer mechanisme, mixing intensity, water
temperature, and the evolution of ass.

2) hydraulic factors such as the influent and recycle fiow rates
and hydraulic turbulence caused by flow variszions, density
currents, ¢h ents, and wind.

3) blological factors such as the influent characteristics
inciuding organic content and the absence or presence of
nucrients, inhibitors, and toxics.

4) process variasbles such as the age of the siudge, the MLSS
concentration, the dissclved oxygen concentration, the

contacting mode, and the sludge blanket height.

The above 1ist is necessarily incomolete and attempts to include only
those factors found to be of importance in previous research. An

important observation from this previous research is that +there is
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littlie agreement on how these factors affect the performance of the
settler. Conflicting obtservations have been reported by many

researchers.

Reactor Dimensions

The dimensions of the reactors affect the activated sludge settling
characteristics by several different mechanisms, usually in conjunction
with one or more other variables. These effects are discussed largely
under the other variebles. It is useful to note, however, that large,
well-mixed reactors are less susceptible to shock lcads than small ones
due to their greater attenuation of concentration disturbances. This
property is particulariy important when considering shock loads of toxic

or inhibitory material.

Settier Dimensions
Camp (17) defined an "ideal settiing basin® as e hyeoctneticai settiing
tank in which settling takes place in exactly the same manner a5 in e
quiescent container of the same depth. Particles are assumed to settle
as discrete particies with a constant velocity and are removed from the
suspension when they reach the bottom. in this "ideal settling basin,”
the removal of solids 1s sciely a function of the overfiow rate,
{ndependent of depth and detention time. Though publicized by Camp,

the concept of clarification being a function of overflow rate alone was
originated earlier (1904) by Hazen (62). tthough the "ideal settiing

basin®™  w2s haged
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the overflow rate (hence surface areaj as 2 significant variablz in

clarification.

Depth and detention time are also significant 1n clarifier removal
effictency. Fitch (45) conducted tests showing that solids removal is a
strong function both of overfiow rate and detention time. Chapman (20)
demonstrated that side water depth was an important design variable in

solids removal. Parker (92) aiso commented on the importance of deep

settlers.

Inlet Well Structure and Baffles

The purpose of the inlet well structure and influent baffles are to
reduce the inflﬁent flow velocity and to distribute the flow equally
across the inlet zone. The extent to which these goale are accomplished
is a matter of debste. F.tch (46) designed an fnlet well structure
which split the influent flow into two oppositeiy rotating streams. He
founa that this dissipated the fFlow energy very effectively and gave
gooc settling. Crosby and Bender (31) experimented with a large number
of Inlet baffles at full-scale piants and conciuded that they hagd very
Yittle effect on performance. They observed that the finfluent Flow
settled into a layer that traveled horizontelly ecross the botiom of the

settler regardless of the type oF.baFfling.

Sludge Collection and Skimmer Mechanisms

Crosby and Render 121) ihe siudge scrapper

mechanism.  They found that the siudge coiiectors stirred up 2 "solids
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wave”™ which produced increased effluent solids. At one plant, they
found that slowing the sludge scrapper reduced the effluent solids. On
the other hand, Chapman (20) in pilot studies found no significant

effects of rake speed over a range of 2 to 8 revolutions per hour.

Mixing Intensity

In a study of 24 activated sludge plants in England. Tomlinson and
Chambers (119) found that the stirred specific volume (SSV) findex could
be correlated to the measured dispersion coefficient in the aeration
ba:zin. They found that reactors with low dispersion numbers (near plug
flow} produced siudges that could be settled more readily (lower SSv).
Basins with higher dispersion numbers (near complete mix) produced
sludges with poorer settling properties (highei 33V}, Heide and
Pasveer (64) reported that oxidation ditches operated in the fill-and-
draw mode (approximating ideal! plug flow), procduced siudges with better

settiing characteristics than those operated continuously.

It is a well established fact that flocculation is a funetion of mixing
intensity (usualiy expressed as mean velocity gradient). Tuntooiavest,
et &i. ({123} correiated effiuent solids with air flow (hence mixing
intensity). They found that the effluent solids concentration increased
with increesing air flow rates. Parker, et al. {92, 93, %4) have shown
that the shear levels in most aeratibn hasins are usually much higher
than vaiues found to be cptimz! Sor flocculation of activated siudge.

€y  suggested the use or a fioccuiation chamber between the aeration

basins ang settier to improve sedimentation. It has been hypothesized
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that one reason for the {mproved settling characteristics (lower SVI) of
sludges from the UNOX process is the use of tapered mixing. This
tapering provides for better flocculation of the sludge before {t enters

the settier.

Temperature

Temperature affects bfolcgical rate constants, oxygen transfer, and the
fluid’s properties; all of which can affect sludge settling
characteristics. As & rule-of-thumb, a 1C degree C rise fn temperature
will double reaction rates. An increase in temperature will decrease
the oxygen ssturation concentration and reduce the driving force for
oxygenation. Rudolfs and Lacy (101) and Ridenour (100) have shown that
settling rate§ increase with higher temperatures. This is consistent
with Stoke’s Law (112) of discrete settling in which the settling rate

is inversely proportional to the viscosity.

PFlanz (S5) presented data from a numoer of fuii-scaie trestment: piants
fndicating that effluent suspended solfids concentration is a strong
function of temperature. With similar surface loading rates, effluent
soiide at 2-3 degrees C wes 1.5-2.0 times greater than that et 13-15
degrees C. A plot derived from this data is presented in a following

section.

It has been & conmmon observation that differences in temperature between
the infiuent MLSS and the contents of the settler can cause therma)
densfty currents and result in substantial short-circuiting. This

short-circuiting can cause a serious deterioretion of effiuent qQuatity.
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In apparent dispute to this common belfef, Crosby and Bender (31)
measured the {ﬁiet and overflow temperatures at eight plants and never
found a temperature difference greater than 0.06 degrees C. This does

not eppesr to be sufficient to cause major probiems.

Influent and Recycle Flow Rates

General observations Indicate that effluent solids fncrease with the
influent flow rate. Virtually alil previous research has shown this fact
although different resesrchers have disagreed on the manner (linear or
nonlinear). There is still much debate, however, on the influence of
recycle flow rate. Pflanz (95) and Sorensen (106) concluded that
effluent solids concentration (Xe) was independent of recycie flow rate.
Ghobrial (54) and Chapman (20), however, found recycle flow to be as
fmportant as influent flow rate. Cne of the major objectives of this

investigation was to clarify these contradictory observations.

Hydraulic Disturbances

Hycraulic disturbances have been shown to have detrimental effects on
the removel efficliency of settilers. These disturbences can result from
variaticns of the influent flow, the on/off operation of {nfluent and

recycle pumps, and wind.

While working et the Keppals plant !n Stockholim, OClsson (87) observed
the detrimental effects on a primary settler caused by *the on/off
operation of influent pumps. In the incident reported, a sudden

increase in influent flow rate of approximately 25 percent for 1/2 hour
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almost doubled the effluent solids. He concluded that there was no

effective control action possible to minimize this type of disturbance.

Collins and Crosby (26) proposed the use of a turbulent diffusion model
to evaluate the relative amount of mass transport of solids to be
expected In the presence of flow variability as compared to that for
steady flow. They concluded that flow disturbsnces have large effects

which persist longer than the actual disturbance.

Wind affects the settler by creating an unever water surface and
disrupting the distribution of flow along the effluent weirs. This can
result in areas with high local velocities and solids carry-over.

Unlevel weir plates can resclit in a similar situation.

In a theoretical study of population dynamics, Curds (32) studfed
oscillations of various classes of bacteria and protazoa in the
activated sludge process due to diurnal variations in influent flow and
concentration. One type of bacteria studied was classified as
"Cispersed,™ meaning that they were not removed effectively by the
settier. For these bacteria, the hydraulic detention time, rather than
solids retenticn time, determined their reiative abundance. This study
supports  the findings of Cashion, et ai. (18} who found that sheort
hydraulic detention +times and long sludge eges resulted in +he best

effiuent quality.

Influent Composition
Whiie {t 1is well agtahiieh CGwCsition afrects the

settiing characteristice of zatiyztes siudge, quantitative correiations
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between the two have not been well documented. Qualitatively, however,
it has been observed that wastes deficient in nutrients {e.g., nitreogen,
phosphorus, 1{iron, etc.) can result in a bulking or poorly settling

sludge. Shock loads of toxic materials can give similar results.

Sludge Age
Sludge age (or SRT) has a strong effect on the settling characteristics

of activated sludge. Ford and Eckenfelder (49) observed the settling
characteristics of activated sludge units treating a domestic and <¢wo
different industrial wastewaters at various organic loadings over a
range of 0.05 to 1.5 1b BODs/lb MLSS/day. In each case they observed
that the SVI reached a minimum at F/M ratios of 0.15-0.30 (1/SRT = YeF/M
- Kd). Hicher SVI values were reccrded at higher and lower loadings.
Bisogni and Lawrence (10) 2lso studied the effects of process loading.
They found that the SVI value reached a maximum at sludge ages of 2-3

days, I+ decreased

b e
. - ~ -

0 Nigher and iower vaiues over <the rance

3 \Se

studied (1/2-12 days).

LSS Concentration

The MLSS concentration entering the settier affects the effluent solids.
Different investigators, however, have shown conflicting effects.
Pflenz (95), Ghobrial (54), and Chapman (20) conciuded that effiuent
suspended sollids concentration (Xe) increased linearly with increasing
MLSS. Tuntoolavest, et al. (i23) found thet Xe was s function of both

MiLSS and the product of M

-

—_ N - A . —_ A -
WEw (1) CORCiuded that

i H 2 - = At
Xe decreased ncnlingarly with incressing HLSS.



Dissolved Oxygen Concentraticn

The settling characteristics of activated sludge are affected by the
dissolved oxygen (DO) concentration in the aeration basins as well as
transients in the DO level. Low DO (<0.5 mg/1) is often associated with
excess filamentous organisms and bulking sludge. Starkey (108) studied
the effects of low DO concentrations and demonstrated that they
fncreased effiuent solids. In paraliel pilot plants, Wells (135, i26)
demonstrated that sludges from the plant with g controlied DO had much
better settling characteristics than those from the plant without DO
control. It is also a common observation that plants employing anoxic

zones (e.g., for denftrification) seldom exhibit bulking.

Sludge Blanket Height

It is suspected that the siudge blanket height can have an effect on the
effluent suspended solids concentration (Xe). One hypothesis maintzing
that operating with a high sludge blanket can decrease Xe by improving
the removal of small particulates through adsorption onto other fioc
particles. [f the sludge blanket beceomes toc high, however, the high

velocity zone near the effluent wiii carry the solids over the weire.

Littie work has been published on the influence of sludge bianket
height. Ghobriai (54) found that low bianket heights hzd lit+le effect
while higher blankets increased effluent solids. Crosby and Bender
{31}, however, noted an opposite effect in which the settlers with nigh

blanket l!evels produced the clearest effluents.
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Models fer Clarification

Several of the more important modeis from the literature are discussed

below.

Pflanz’s Model

Pflanz {95) observed a number of full-scale treatment plants in Germany
to determine what factors affected effiuent suspended solids. He
proposed that effluent solids concentration was proportional to the
product of the overflow rate and the MLSS as in Equstion [2.9]. Pflanz

called this product the solids surface feed.

Xe = K o (Fo/A) * MLSS [2.9]

where:

X
1]

model parameter,

influent flow (L3/T),

i

. _ 2
= setiier surfece arez (L%},

3.
t

A graph derived from data presented in Pflanz’s paper is reproduced as
Figure 2.3. This figure aiso shows the pronounced influence of
temperature on effiuent soiids. Pfianz did not attempt to establish a

model for temoerature effecte.

A feature of Pflanz’s mode! s that recycle flcw rate does not affect
effluent soiids since the overflow rate is dependent only on {infiuent

flow anc settler surface area. Other investigaters (!5, S54) have not

3 -~ ooy
accented +hig S hev

used SOt the infiuent and recycie flows in

[0]
[

‘NS the solids surface fteed.
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Pflanz alsc observed the effects of SVI variations on Xe. He found that
the higher SVI values resulted in higher effluent solids concentrations.
This s fn conflict with the work of others (31, 69). Parker (92)
hypothesized that in the shallow (1.2 to 2.27 m) settling tanks studied
by Pflanz, the highar sludge blanket associated with high SVl wvalues

interfered with the clarification efficiency.

EPA Model

Working under an Environmental Protection Agency (EPA) grant, Agnew (1)
studied three wastewater treatment piants in southern Wisconsin to
provide a set of data for formulation of a méthematical model of the
Finai settler. Two models describing effluent solids were proposed.
For short periods of time (i.e., 1 month), simple correlations gave very
reasonable results. For example, over a 40 day pericd, Equation [2.10]

had a multiple correlation of 0.91.

Xe = 18.2 + 0.0136(F0/A) - 0.0033MLSS [2.10]

\’

various attempts were aiso made to incorporate aeration basin parameters
such as food to microorganism ratio (r/d) and Getention time (DT) but
were less successful. Equation [2.11] hed & multiple ccrrelation of
only 0.63. Predicted ond observed effiuent solids are shown as

Figure 2.4. Wcte that the original plotting scales have been maintained

cn this figure.

0.1z 0.27
282 - (F i) - (F/m
- r 3
Xe = el.25  _.1.03 t2.11]
{MLSS) ° (U1
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Equations [2.10] and [2.11] predict a decrease in effluent solids with

increasing MLSS. This is exactly the opposite of the behavior predicted
by Pflanz’s model.

Ghobrial‘s Model

Ghobrial (54) studied the settiing of activated siudge using sludge from
a8 treatment plant in laboratory scale equipment. Ghobrial’s
experimental design and equipment s discussed further in a later
section. He found that the sludge blanket level nad a pronounced effect
on effluent solids when it exceeded a critical level. In terms of the

settled sludge volume and the settler volume, this can be expressed as

Equation [2.12].

FO+Fr {(Vs/V)
Xe = KN o { ) * MLSS ¢+ ——m — [2.12]
A (Vs/V)cr
where:
KN = model parameter,
rr = recycie flow rate (L3/T).
Vs = voiume of siudge (L3),
v = volume of settler (LB),
( )op = critica! value of parameter.

Equation [2.12] precdicts a deterioration of the settier efficiency as
the siudge blanket rises above a critica! level. This is in agreement
with the observation that solids are scoured from the blanket as it

approaches the level of the effluent weirs. rdowever, Ghobrisi used 2
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value of 0.12 for (Vs/V)ecr which indicates that the lowest effluent

solids concentration is cbtained by carrying low sludge blanket levels.

When the sludge bianket level was below the critical level, Ghobrial
used a Pflanz-iike relationship including both influent and recycle
flows as in Equaticn {2.13].

Fatfr

Xe = KN ¢ (—==) e« HLSS [2.13]
A

Tuntoolavest’s Model

Tuntoolavest, Miller, and Grady (123) performed a series of steady state
tests at pilot scale employing a fractional factorial experimental
design. They studied the effects of MLSS concentration, sludge recycle
ratio, and air flow rate on effluent solids and sludge thickening
characteristics. It should be noted that influent Fflow rate was
. maintained constant during each of the tests. Over the range studied,
they found these variables had no significant influence on thickening.
Their equation for predicting effiuent solids, Equation [2.147, had e

wsitipie correiation coefficient of 0.966 for the 14 experiments

erformed.

Xe = 24.21 - 0'168(Fair) = 1.06(R) + 15,19(MLSS)

= 0.023(F_, )(MLSS) + C.005(F_

}(R) [2.143

2 - -
4

where:

F_._ = air flow rate (cu ft/hr),
ar



R = sludge recycle ratio (%),

MLSS = MLSS concentration (g/1).

They concludecd that MLSS concentraticn had the strongest effect, with
effluent solids increasing with fncreasing MLSS. It was also shown that
Xe increased with greater air flow rates for recycle ratios of 55 and 80

rercent (but not for 30 percent). They concluded that this was evidence

of floc breakup.

Chapman‘s Mocdel

Chapman (20) studied the influence of both process and design variables
on effluent solids. He considered seven variables and performed
seventeen tests in a factorial desisn. These experiments were conducted
in a medified package plant. He concliuded that feed rate (influent and
recycie flow), MLSS concentration, and side wall depth all had very
significant effects and that the effects of rake speed, feedwell depth,
air flow rate, and underfiow rate were Insignificant. in comparing his
work o that of Tuntooiavest, et ai. (123), Chapman noted the
discrepancy in the effect of air flow rate cn effluent solids. He
nypothesized that this discrepancy could be attributed to the
differences in the size of the test facilities, the aeration equipment,
and the influent composition. Equation [2.i5] explained 78 percent of

the variability of the effiuent soiids under steady state conditions.

Xe = -180.6 + 4.03 (MLSS) + 133.24 ((F0+Fr)/A)

+ SWD (S0.16 - 62.54 ((F,+Fr)/A)) f2.151
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where:

SWD = side water depth (L).

It should be noted that Chapman’s work supports the notion that both

detention time and surface area of the settler are of importance.

Coltins and Crosby’s Model

Collins and Crosby (26) perfoimed extensive tracer tests on eight full-
scale operating clerifiers and developed a clarification model! based
upon these observations and a number of empirical approximations. They
used a turbulent diffusion model to evaluate the relative amount of mass
transport of solids to be expected in the presence of flow variabflity

as compared to that of steady flow. This is expressed as

Equation [2.16].
z

i 1 rP Vv 5 VT
- = -f =) ) et [2.16]
M P, 0 Vv v

M = solids transported through settier (),

4]
)

= solids <%ransported through settier at a
constant velocity v (M),

V = instantaneous velocity (L/T),

v = time averaged veiocity (L/T),

VT = velocity characteristic of turbuience levei (L/T).

OW variations act in a noniinear fashion and

Tesuit  n grester amounts of suspended soiids being resuspended and
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maintained in suspension than would be anticipated for the same steady
flow. In general, they concluded that fiow disturbinces have large
effects on effluent solids which tend to persist 'onger than the flow
disturbance. Collins and Crosby, however, give no data to support their
model.

Summary of Clari{fication Models

As discussed in the preceding section, a number of clarification models
have been proposed {n the literature. Each is based upon a number of
assumptions and accounis for various inputs and parameters. Each mode |
has been verified under different conditions. Table 2.1 presents a

summary of the models of the preceding sections.

Soiids Fiux Theorv

Due to the economic importance of thickening in many {ndustrial
appiications, {t has been stuzied Sor & great nuwoer of years starting
with the pioneering work of Coe and Clevenger (24) in 1916, Cver *the
years, many refinements to the basic solids flux theory have centributed

to f{ts widespread use in desian aovolicat!ions. Several! ¢f +these zre

mentioned briefly for background material.

Coe and Clevenger realized that settlers could be !limited by thickening
capecity. They proposed that each concentration in a suepension had s

certain capacity (flux) tc discharge solids. If a concentration layer

in the suspension had a lower solids handl ing capacitv than zn overlving

{4 o~ oV d P S W
leyar, i+ would not

€ To discharge 801 ids as fast se they were
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.
Clerifier 8id

Flow Rate Variations

)
t
: Mode
Parameter i
Vo2 G 3 4 : H
1 ] 1 [] ] ] )
1 ] 1 H ] ] 1]
Influent Flow Rate VX o X ox o H H i
t 1 1 1 ] ] ]
] [ ] 1 [} 1 ]
Recycle Flow Rate L D S : H
) 1 t ] 1 ) )
1 1 ] ] [} ) )
MLSS Concentration D S O D S Gl H H
I} [ ] [} ) [] ) )
] ] ] ] ] [} )
Activated Sludge Organic Loading ! D S ! : H :
1 [} ] [ ] ] [ t
1] [) 1 ] 1 ) ]
Activated Sludge Detenticn Time ! X ! H : !
’ 1 1 i ] ] 1 ]
] 1 ] [} }H ] H
Sludge Bilanket Level ! | P X : ' :
1 1 1] 1 1 ] i
1 1 ] i ] ] ]
Activated Sludge Air Flow Rate ! ! ! PoX H H
i ] 4 ) [ ] ] ]
1 1 ] ) ¢ 1 i
Clarifier Surface Ares D S S : : H
] ] 1 1 ] ] ]
: : : : : : i
: : : : ; H '
i i | ] i H i

- CGhobrial’s Modz! 154), Samch

‘)F— ’ ~d 1 es 1 Y -
- BFlanz’s Xodal {94), el scale oI

~ £PA fodei (1), fuii scaie data

=
-

scaie data

- Tuntoolavest’s Model (123), bench scale data
Chapman’s Model (20), pilot scale data
- Collins and Crosby’s Model (26), no experimental data

a X O U AW -
)

- Found to be insignificant

- Paremeter incorporated fnto modei.
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being received, and the concentration layer would Incresse in thickness.
Similarly, if a layer was able to transmit solids at a faster rate than
they were received from the overlying layer, {ts thickness would remain
infinitesimal. For sludges from the activated sludge process, the
concentration with the lowest soiids capacity (1imiting concentration)

is usually between the MLSS concentration and the underfiow

concentration.

Several similar design procedures (37, 61, 129, 141) have evolved from
the original flux theory of Coe and Clavenger. These procedures are
based upon providing surface area in the settler such that the applied
flux is always less than the limiting flux. The limiting flux is usually
determined from a series of batch settling tests at various initial
coencentrations as discussed in a later section. Detailed design
procedures are given in severai sources (129, 130). The graphical
solution proposed by Yoshioks, et al. (141) is particularily useful
sfnce different desian conditions can he explered meraly by striking

lines tangent to the settling flux curve.

Kynch (72) proposed that the settling velocity of particles gt eny point
With this assumption, Kynch devised a theory of the propagation of
concentration discontinuities by which the entire settliing flux curve
couic be derived from a single hatch settling test. Shortiy thereafter,
Talmage end Fitch {115) used Kynch’s theory to devise g simple cdesign
Procedure which is stiil presented in many texts (22, 79). However,

after many years of use, this procedure has been found to be
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inapplicable to flocculant materials such as activated sludge (39, 47)

since Kynch’s main assumption is not strictly true. Recently, Owens
(91) bhas modiffed the Kynch equation to account for the rising sediment
at the bottom of the batch sett!ing column. Unfortunately, these

equations are not easily simplified for design purposes.

There 1is still considerable controversy In determining the “correct"
relationshino between settiing velocity and solids concentration.
Vesilind (130) has presented a table (reproduced as Table 2.2) with a

partial listing of the various proposed relationships. All are in part

empirical.

The equations most commonly used in wastewater applications are the
power function curve (25) and the exponential function (128). The
exponential reiationship was chosen for use in this investigation for
two reasons; 1) the equation fit the experimente! data well, and 2) et
low solids concentrations, the settling velocity approaches a finite
ather than infinity. Tnis seconc property is especially

important for numerical stability during computer simulations.

. ) 2
Models €or Sludee Thicken’n

——

Several of the more {mportant sludge thickening modele from +he

Bryant’s Model
Bryant (15) developed the firet dumamis madal fo- aa- tin

~ R

nis mode! was part of 2 comorzhensive mode! cavelcped to simuiate the



RELATIONSHIPS BETWEEN SOLIDS CONCENTRATION AND SETTLING VELOCITY

TABLE 2.2
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Equation Source
Vo= Vg (1kc)?4-83 (99)
v o= vy {1k e 1071-82KC (109)
v o= v 1070 (118)
v = &P (25)
v o= vy It - 2.78 (k0)2/?) (n
v Vgexp(-aC) (128)
3 8
v Vg {1 +=KC (1 ~—)] (12)
4 KC-3
Vo= v (1-K0)° (78)
V.= Vg (I-aKC) {1 - bke) /3] (85)
9 9 -
vo 13 - = & H3 4 _xey53 13 key?;
Y2 2
) 3+ 2 (x0)3/3 t
v interface velocity of sclids concentrat!
Yo Stokes settling velocity for a single, discrete particle
K conversion variable so that KC = volume fraction of solids
e, censtants {(Unique to each eguation)

After Ves{lind (130)
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entire activated siudge treatment piant and can be der!ved oy writing a
mass balance equation around a differential element in the settlier.
This mass balance takes the form of a partial differential equation as

shown in Equation [2.17].

X 3G ax
at ax aZz
where:
X = suspended solids concentration (H/La),

U = underflow velocity {L/T),
G_. = settling flux (H/LZ/T),

Z = vertical distance (L). -

Stenstrom (110) noted that a problem with Bryant’s formulation was that
there was only one equation and two unknowns (Vs and X). Bryant assumed
settling velocity tc be an algebraic function of solids concentration.
An empiricz) mechanicn was amployed in the n

WS emc & numerical soiution technigue

such that the limiting flux predicted by flux theory was never exceeded.

Stenstrom’s Mode!

Stenstrom (110) further developed Bryant’s work and presented a2 mode!
tased upon a one-dimensional continuity equation and solid flux
technigues. His modei consists of one partiail differential equation
with boundary conditions impesed at the top and bottom of *he settier.

This equation is:
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axX aX S(VSX)

— = = {Je— -

3t aZ 3z

[2.18]

A number of simplifying assumotions were made in the development of

Equation [2.18]. These include:

1) The solids concentration in any horizontal plane is uniform.

2) Mass is conserved over the settler.

3) The settier may be modeled as a plug flow reactor (dispersicn
is zero).

4) The bottom of the settler represents a physical boundary to
sedimentation. Therefore, the settling flux at the bottom of the
settler is zero.

5) The settling velocity fs a function only of solids
concentration except when assumption number six is
vioiated.

6) The settling flux into & differential volume can never exceed
the Flux which the voiume is capable of passing nor can it
exceed the flux which the next higher differentiai volume is

capable of transmitting.

A Justification for assumption six may be obtained from an examination
of the settling phenomencn between eiements. The solids associated with
the flux into the ith element must pass through every concentration
between X;_; @d X..  Any settling flux over this concentration range
could limit the settiing flux between these two elements. However, an
examination of the settling flux curve shows that there are no local

minima over the range of interect, Thus, cnly +5 settiing fiuxes

=Sy Y
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associated with the two concentrations need be checked. A similar

argument may be used for the settling flux out of the {th element,

While never experimentally verified, Stenstrom’s model gives results
which qualitatively agree with observed settler behavior. An important
property of the model (induced by assumption six) is the ability to
predict "non-ideal"” concentration profiles in the settler. Few other

modeis have this ability.

Tracy’s Model

Tracy (121) formulated another thickening model based upen Bryant’s work
and Equation [2.17]. Unlike Bryant, however, he included an upper
dilute concentration zone and a completely stirrea compression zone.
Provisions were made in the computer solution to 1imit the maximum flux

transmitted throughout the thickener to the limiting flux predicted by

flux theory.

Tracy’s work also represents one of the first attemnts to experimentally
verify a dynamic mode! of continuous thickening. Tracy used a
taboragtery scale thickener and a ferric hydroxide precipitate for floc.
His model adequately predicted underficow solids concentration and siudge
blanket heights for influent forcings but was less descriotive for
uncerflew forcings. This diséreoency was thougnt to be more of an
experimental problem due to the small thickener than zan inaccuracy of

the model.
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Kos’ Model
A different approach to modeling the continuous thickening process was
developed by Kos and Adrian (71). They proposed that consolidation of
saiids in g thickener is analogous to transport of mass and momentum in
a8 non-rigid saturated porous media. The general differential‘equations
describing both mass and momentum transport in a porous medium were
developed by Raats ($8). Kos and Adrian assumed inertia forces were

negligible and derived the foiiowing differential equation:

d, 3 9 p !l Ip
i
4= - ——- g [2.19]
p_ at X F d, aX
s 1
where:
~ oo $das e s VP .2 P 3\
| = QTNStYY OF 1 1GQuig /e 7
p, = bulk density of solids (M/L%),
Py = bulk density of liguig {%;L3).
g = gravitational constant (L/Tz),
X = spatig! distance (L),
F = resistivity (M/L3/T),
P = liquid phase pressure (H/L/TZ)'
“he  iiquid and solid momentyum balances were summed to derive an

expression which defines the iiquid phase pressure. They discoversd
that finterparticle pressure was a function of the local solids

concentration.

IP/aX + 3dsfAaX = g (pi + ps) f2.20]
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where:

o = effective (interparticle) pressure (H/L/TZ).

Kos and Adrian ccmpared computer simulations of the mode! with
laboratory steady state continuous thickening experiments. The model
adequately predicted the data within the zZone settling portion of the

thickener. They presented no simylations or experimental data, however,

for dynamic forcings.

George’s Model

George (53) developed a thickening model based upon a mass balance on
solids, a mass balance on the liquid, and a force balance to accommodate
effects of compressive stress. He used both batch and continuous
settling tests with a calcium carbonate suspension. The continuity
equation for the solids is presented ir Equation {2.21]. Both settiing

velocity (Vs) and depth (Z) are considered positive in the downward

Airar+ianm
arecticen.

<

X oxX ov g
- = - (Vs + vw + Y)y— - X
3t ez VA

[2.21]

Q)
~N

where:

VH =" velocity of cispiaced fluid (L/T).

A m=2ss balance cn the iiquid over a incrementai volume results in
Equation [2.227 which defines the change in the upward veiocity of

displaced liquid with respect to depth.
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av,, u ax 1 ax |
— = --—= - -— [2.22]
at X3z  xaz

Using equations developed by Kes and Adrian (71), George simplified the
force balance to account for reductions in settling velocity due to

compressive forces and mechanical support. His final equation is:
Vs = v0 - f(X)e(aX/32) [2.23]

The function f(X) was empiricaily approximated with Equation [2.24].
The coefficients of this equation were estimated by a least squares

regression of data acquired from batch settling tests.

2 X
f(xX) = KlOX + Kz'e + K3 [2.24)

where:

K], KZ’ K3 = experimental ccefficients.

Gecrge’s model! presents a fundamental apprcach to describing the
movement of soiids within tne settler and the infiuence of displaced
fluid and compressive forces on solids transport. However, the basic
model still failed to predict a rising sludge bianket during times of
overioading. George remarked that this inadequacy was induced by the
force balance assumed in the moczl. He compensated for this by
specifyiqg that a thick blanket be formed whenever the limiting fiux was

reached.
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Process Control

Many of the elements of a typical process are shown in rigure 2.5. The
process may have many inputs which can be classified either as
disturbances or manfpulated variabies. Manipulated varisbles are fnputs
which can be changed by the plant operator or an automatic controiler.
Disturbances are inputs which cannot be controlled. The system state
consists of all variables (e.g., flows and concentrations) of the
process. It is usually the intent to control one or more of the process
outputs which are therefore called controllied variables. The observed
state of the process is usually different than the resl system state due

tc measuremant noise.

Process control can be defined as the manipulation of varisbles to
change the state 6F a process to accomplish some desirable objective.
Typicel objectives include maintaining a constant output (regulator
probiem), having an output follow a predctermined or changing path

(servo problem), and @inimizing or maximizing some quantity

e 2 T 4 A
{cztimization).

Process contrsi systems can be divided into a number of categories with
the two most common being feedback and feedforward. Figure 2.6 shows
the characteristics of a typical feedback control system. Controlied
outputs ere sensed, and the measured output is compared to the set
point. Any devigticn between the set point and the measured quantity is
used to menipulate the inputs to decrease the error. Since It s

necessary to disturb the controlled variehle before any control action

Is initiated. feedhack controllers cen never zchlay

€
«
[0)]
1
W
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Feedback controllers, however, have been widely used due to their

simplicity and low cost.

Figure 2.7 is a diagram of a typical feedforward controlier. In this
case, the disturbances are measured (or predicted) and a mode! of the
process (or process history) is used to provide the appropriate control
actiocns. Feedforward controllers can theoretically provide perfect
control if tne disturbances are sensed perfectly and the process model
is perfect. In practice this perfection is never achieved and

feedforward controllers are often augmented with feedback as shown in

Figure 2.8.

Control of the Activated Sludge Process

The aeratfon basin and the settler are two tightly coupled units.
Therefore it i{s impossible to discuss the control of one unit without

discussing its effect on the other. Also, it is necessary to delineate

The possible conmtroi veriabies (manipuiated variabieg); <their contrs!
autherity, and the time frame in which each works.

Influent Fiow Rate Control

The infiuent fliow rate affects the operation of the activated sludge
process in many ways. Detention time in the zeration bSasins and the
overflow rate of the settlers are direct functions of the infiuent flow
rate. Additionaiiy, the corganic concantration of the intluent generaily

varies aimost in phase with the flow (79). This leads to an organic

ioading variation even greater than that of Ficw.
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Previous investigations have shown that wastewater treatment plants have
iittle dampening capacity for hydraulic transients (14) and that these
disturbances have Immediate effects which are slow to die out (31).
Oisson (87) conciuded that there is no effective control acticn to
minimize the effects of hydraulic shocks other than elimination of the
shocks.

The influent fiow rate Is often not considered a control variable but a
disturbance. This s because in most wastewater treatment plants all
the flow that arrives must be treated. However, by using different
control strategies for the influent pumeing. It is possible to modify

the shape of the flow curve and the rate of change.

‘Most control work concerning the influent flow rate has centered around
flow and concentration equalization. Several papers (40, 84, 133) and
an EPA design manual (125) have been published on design techniques for
sizing these basins. Dold (41) developed an operationel strategy for

Ao 12
L T =

zation wnich minimized both fiow and loed variations. Andrews,
et al. (2) simulated the tenefits of both constent voiume end variavie
voiume equalization on an autocatalytic reaction in a CSTR reactor and
compared the results with those from various control strategies.
Several papers (73, 104) have documented the benefits of equalization on
primary and secondary settiing. However, there is little evidence to

support the hypothesis that flow equalization Improves the biclogical

aspects of wastewater treatment.

A variation of the Influent flow equalization scheme has been *he use of

variable volume reactors with pumping to the settiers at a constart
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rate. Speece and LaGrega (104) developed this idea in comparison to

other equalization alternatives. Poduska (96) stated that this feature

was a key control tool in meeting effluent standards at the Tennessee

Eastman plants.

Waste Sludge Fiow Control

The waste sludge flow largely controls the total amount of solids in the
activated sludge system. Olsson (86) has shown that the time constant
for sludge wastage I{s approximately the siudge age. Thus, sludge

wastage is a slow control variabie with s time constant on the order of

several days.

The waste siudge flow rate is usually controlled to meintain a constant
F/M (food to microorganism) ratio or @ constant sludge age. Both .
methods have been demonstrated to produce sludges with good remova!
efficiencies and settling characteristics. In steady state it can be

Shown that the siudoe age and F/H ratio are eprroximetely related (111).

1/SRT = Y (F/H) - K4 [2.25]
where:
SRT = sludge age (T),
Y = mass of solids produced per unit mass substrate
removed,
Kd = specific organism decay rate (1/T).

Although F/M control is usually thought of as a steady state conceot, an

extension of this to the time domain is known as {nstantaneous F/K
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control. With this method, it is attempted to keep the ratio of solids
under aeration proportional to the instantaneous organic loading.
Flanagan (48) demonstrated that this objective was impossible without
off-line storage of sludge. Using an off-line basin for storage of
concentrated sludge, he derived econtrol laws for recycle and waste fiow
rates to maintain a constant instantasneous F/M ratio. Cahion,
et al. (19) derived similar controi laws and demonstrated the technique
at pilot-scale. They found that instantaneous F/M control did decrease
the soluble organic material in the effluent but increased the suspendec

solids. The result was no net Lenefit.

By definition the sludge age is defined as the total mass of solids in
the system divided by the mass of solids wasted in a given time period
and usually has the units of days.

XM

SRT = ~ [2.26]
FeeXe + FweXw

X, = mass of solids in system (M},

3m

Fe = effluent flow rate (L s
Xe = effluent SS concentration (H/LB),
Fw = waste siudge fiow rate (L3/T),

Xw = waste sludge SS concentration (H/LB).

Aithough Equation [2.26] can be easily solved for the waste flow rate,

the suspended solids concentrations are usually not immediately
available unless ocn-line instrumentation is used, Dennicten,
et 2l. (24) ancd Lukasik, et ai. {75) used iaboratory fo*taz with 2 threoe
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day time lag and develcped a forecasting system utilizing exponential
filtering which gave good results for predicting siudge wastage flows.
In earlier work, Garrett (50) avoided the necessity of solids

measurements by wasting a constant fraction of the aeration basin volune

directly from the reactors.

Other siudge wasting controtl strategies have been developed. Cne
demonstrated by Sorensen (105) is particulerly simple and deserves
further comment. In his pilot plant, the sludge blanket leve! {n the
clarifier was measured automaticatiy. When the sludge blanket exceeded
a certain level, the excess sludge pums would run for a fixed length of
time. his strategy allowed Scrensen to operate his plant with a high

solids concentration without the riesk of losing the blanket over the

weirs,

Return Sludge Fiow Rate Control

The rzturn siudge or recycle flow rete contributes to the soiids
loecing to the clarifier ang partiaily determines the underflow solics
concentration from the settler. 70 a iesser extent tne recycle flow
rate also effects the distriSution of 501ids petween the settier and
aeration basins. For underloaded clarifiers, increszses in recycle Fiow
rate result In decreases in underflow concentration and fewer solids
stered In the settler. becreasing the recycle flow has the opposite
effect. Return siudge flow rate control is generailly considered tc have

limited control authority with e time constant of hours.
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There have been several theorles on how to manipulate the recycle flow
rate in the activated sludge orocess. For fnstance, Keinath, et al,
(70) presented a scheme based upon a solids flux technique and a state
point concept to minimize recycle pumping and maintain the settler at a
critically loaded level. Flanagan (48) ana Cashion, et al. (19) derived
control laws for recycle flow to maintain the instantaneous F/M ratfo as
a constant. Wells, et al. (136) derived control laws suitable for
manual implementation on a hand calculator which adjusted recycle flow
to maintain a constant specific oxygen utilization rate (SCOUR).
Stenstrom (110) also derived a control law for recycle flow in a multi-

reactor configuration for minimizing the variability of SCOUR.

Despite the apparent advantages of the cqntrol strategies mentioned
sbove, two control strategies are used almost universaily. These
strategies are the constant recycle flow rate and the flow proportioned
recycle fiow rate. This fact probably resuits from the lack of
demonstrated, practical Improvements due to other algorithms. With a
constant recycie fiow, both MLSS and RAS concentrations vary with
influent Flow. With flow proportioned recycie fiow, both the MLSS and

RAS concentreticns remsin relat!

ely constant (70).

<

Feed Forward Flow Rate Control

Feed forward Flow capabiliity fs used to change the contacting pettern in
the ectivated sludge process by introducing raw (or settled) sewage at
two or more points. this capablility is often called step feed. This
Sy GSUil and Tirst appiied in  nNew

J« The use of step feed resuits in distributing
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the oxygen demand more uniformly throughout the aeration basins and also

affects the distribution of solids in the different aeration basins.

Andrews and Lee (3) have shown by simulation that by intreducing all the
influent flow Intc the last aeration basin, the solids concentration
going to the settler can be rapidly changed. Thus step feed has
considerable control authority in affecting the solids distribution both
between settier and reactors and between the different reactors. Step

feed has a time constant of minutes to hours.

Although the step feed modification of the activated sludge process has
been is use since 1939, much less has been written about fts use in
process control. One of the first documented uses of step feed (or step
aeration as 1t was called at the time) was that of Torpey (120).
Torpey’s plant had a capacity of 40 MGD (iS1 M 1/day) with the
capebility to feed settled sewage into any of four passes. When the
settling characteristics of the sludge deteriorated, Torpey moved the
feed point(s) toward the end of the process. This action increased the
sclids concentration in the first reactors, decreased it in the last
reectors, end prevented solids from bDeing jost over the weirs due to a
anket. As the settiing characteristics improved, he moved
the feed point(s) back toward the front of the plent. Terpey’s method
proved to be very effective in controiiing siudge settiing
characteristics and preventing gross process failure. Andrews and

Lee (3) predicted Torpey’s findings by simulation and expiored other

contacting patterns.
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Stenstrom (110) and Busby (16) have shown that SCOUR is directly related
to growth rate (and therefore aiso to effluent quality;. Stenstrom
derived control laws for recycle Ficw and the step feed flow split in a
myiti-reactor system to minimize variations of SCOUR. Andrews,
€t al. (2) demonstrated this use of SCOUR as a contro!led variable.
Yust and Murphey (143) utilized Stenstrom’s mode! and used an
optimization technique to control the flow split in a three reactor
pilot plant to minimize variations of SCOUR in the third reactor. They
observed reduced effluent varisti!ity for soluble organic carbon but an
increase in effiuent suspended solids concentration. They contributed
this solids increase to possible over aeration in the pilot plant due to
low oxygen transfer efficiencies. This phencmencn will be dlscussed in

a later section.

Andrews, et al. (4), 1in pliot plant work with the City of Houston,
demonstrated the use of step feed for effiuent ammonia control. By
reguleting the effiuent ommonia concentratinsn, it was possible to avo!d
breakpoint chlorination. The resulting chiorine savings anticipated at
the fuii-scaie piant was estimated to be $250,000 cnnuaily.
Scrensen {105) reported on the use of step feed to control effluent 80D
el piliot piants. e was abie to decrease the effiuent
variability, save oxvgen, and decrezse sludge production with the use of

step feed.

Afr Flow Rste

. b
The zir figy rzt

2 CCNTTois Lhe Gi5SOived oxygen in the aeration basins.

nere s UsUGiiy & iower 1imit on the air flow to maintain adequate



62

i P

mixing &nd prevent Settiing of soiids in the basins. The upper limit
may be determined by mechanical constraints or floc breakup (52, 93).
Since the activated sludge process depends on asrobic biological
reactions, the dissolved oxygen concentration affects the whole process.
High DO concentrations promote fast reaction rates (89) but result in
higher operational costs since the mass transfer of oxygen is a function
of the oxygen deficit. Low DO concentrations have been deﬁonstrated to
have deleterious effects on the effluent suspended solids (108) and
nitrification (82). There is still much controversy in the field over
the DO level necessary for proper operation. Several texts (79, 90)
list 1.0-2.0 mg/! as a reasonable level, but other researchers (67)
have suggested lower concentrations. The aeraticn system has a time

constant of 15 to 30 minutes in most treatment plants.

Aeraticn control s presently practiced in many wastewater treatment

facitities. Since aeration costs often amount to 50 to 80 percent of

the entire power

gciivated siudge piants, considerabie

effort has been exerted tc establish air flow rate control strategies

H 3 s s - e o b > e XY D
for minimizing oower consumotion. Mcst se sctrategies utiiize

feadhack controllers with DO

¥y

3
(92
(D)
'J

NG the messured variadie. ELFA pubiished
a8 design manual (i128) on DO control in 1977. Aeration control is not
the subject of this investigation and will not be discussed Ffurther

except as it may infiuence the concentration of effluent suspendea

solids.
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I11. EXPERIMENTAL PROCEDURES AND EQUIPMENT

Description of the Sagemont Wastewater Treatment Facility

The research reported in this dissertation was performed at the City of
Houston’s Sagemont wastewater treatment facility. The plant treats a
waste almost entirely of domestic origin with only a small commercial
and no industrial centribution. It is designed for a dry weather flow
of 5 MGD (18.9 M i/day) and has a maximum hydrau!ic capacity of 25 MGD

(S4.6 M 1/day). The current effluent permit requirements are shown in

Table 3.1.

In 1981 the plant had an average flow of 2.3 MGD (8.7 M 1l/day) and
discharged an effluent with yearly average suspended solids, BODS' and
ammenia nitrogen concentrations of 6, 3, and 0.2 mg/l, respectively.
Peak flows were in excess of 20 MGD (75.7 M l/day) and occurred during

severe rain storms.

A plan view of the Sagemont plant is shown as Figure 3.1. The majority
of the influent fiow enters through the pumping station located on-site.
After screening, the raw wastewater is introduced at the head of the
aeration basins where it is mixed with return activated sludge. The
MLSS flicws through the of aeration basins and is settied in
sedimentation tanks. The thickened underflow is returned to the head of
the plant whiie the overfiow is chlorinated before discharge. Waste

activated siudge is pumped to a thickener and aerobic digesters for

further treatment.



TABLE 3.1

PERMIT REQUIREMENTS FOR THE SAGEMONT WWTF

imum
30-day Average

Max { mum
7-day Average

64

Suspended Solids (ma/1)
BOD5 (mg/1)

Ammonia Nitrogen (mg/1 as N)

20 12
10 5
10 2
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Two major plant modifications were necessary to conduct thfs resesrch.
The first was to take two aeration basins, one clarifier, and one
chlorine contact basin out of service. This was necessary to Increase
the plant loadings to near design capacity. Electric actuators were
installed on the sluice gates to the clarifier and chlerine contact

basins so that they could be brought back on-strzem during times of high

flow.

The second modification was the repiping of an old influent pump station
so thet a portion of the influent wastewater could be diverted to the

third aeration besin. This {s described in more detail later.

Pump Station

The pump station has three pumps, each cGuipped with a different type of
contrci system. These control systems, all of which are based on 1iquid
level, are: 1) variable speed pumping via a variable frequency drive,
2) automatic throttling of the pums oischarge, and 3) on-orr, fixed
speed pumping. An interface to the pump controller zllcws the process
control computer tc override the built-in control eglgorithms and  +ake

direct control of the pumps for experimentai purnoses, This cepetility

was used to generate specific flow forcings.

The purp station fs a two-level, wet-well/dry-well design. The motors
and motor control center are located on the upper level, and the

centrifugal pumps are located on the lower level. The volume of the wet

weil between high and low levels is approximately 2R 000 calloas
(144,330 1), giving a detention time of i1 minutes a+ cdesign Floew. Pump
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capacities are 4000 gpm (21.8 M 1/day) for the variable flow pumps and

7000 gpm (38.2 M 1/cay) for the on-off pump.

Feed Forward Pumps

The piping of en old pump station, located at the plant, was modified to
give partial feed forward capability. The purpose of the feed forward
pumps is to introduce the raw “sstewater at a point other than the first
pass of the aeration basins. This capabiiity can be used to modify the

DO and suspended solids concentration profile through the aeration

basins.

As shown in Figure 3.1, the feed forward pumps draw raw wastewater from
the bar screen area and pump it to aeration basin 3. Each pump is an 8-
inch self-priming desfgn with a capacity of 1200 GPM (6.5 M 1/day). A

motor operated pinch valve waé installed on one pump tc modulate the

flow.

Aeration Basins
Pricr to the commencement of this study, the Sagemont activated sliudge

woCe with both voiumes

L I P o ! -
TVUHITS COTE QgL 10Ul

being epproximstely equal. For the purposes of this study, the plant
was reconficured by taking two basins out of service and routing the
flows as shown in Figure 3.2. This is the conventional activated sludge

process. This modification was made to incresse the volumetric lcading

of the aeration basins to near desion loading, The grooroxima+

e - N il

[0

Simensions and voiumes of the aeration nasing ara given in Teb!

3.2

w
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TABLE 3.2
DIMENSIONS AND VOLUMES OF AERATION BASINS

Dimensions Volume
Basin Ft MG (Cu M)
Aeration Sasin | 30 x 122.5 x 14.5 0.41 (1570)
Header Channel 20 x 123.5 x 14.5 0.27 (1014)
Aeration Basin 2 30 x 110 x 14.5 0.36 (1375)
Aeration Basin 3 20 x 95 x 14.5 0.21 (780)
Aeration Basin 4 20 x 223 x 8 C.13 (505)°
RAS Channel ! 10 x 213 x 8 0.13 (480)
RAS Channei 2 10 x 95 x 14.5 Q.10 (390}

* Based upon 1/2 true volume due to grit deposits.
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Four centrifugal blowers provide compressed alr for the aeration basins,
the airiift pumps used for sludge recycle, and mixing in the chiorine
contact basins. Each blower is rated for 3900 SCFM at 7.0 pst discherge
pressure. Two of the blowers are equipped with moter operated valve
actuators on the suction valve to modulate air flow rate. The process

control computer also has on-off control of ail four blowers.

Waste sludge can be withdrawn from efther aeration basin 1| or 2 as shown
in Figure 3.2. Manual valves are provided to select the basin from
which sludge !s to be withdrawn. Withdrawal s on an fntermittent basis
(approximately four hours per day at a sludge age of ten days) using two
centrifugal pumps to feed the excess sludge to a thickener or directly

to the aeroblc digesters.

Clarifiers

The two ciarifiers at Sagemant sre ezch 100 feet {30 m) in diameter with
18 foot (5.5 m) diameter inlet wells which extend 6 feet (2.6 m) below
the water surface. The nominai side water depth is 12 feet (3.7 m) at a
C MGD (38 # i/day). The effiuent is removed by 570 linear
feet {175 m) of double-sided V-notch weir. A pian view of one of the
clarifier showing interconnections to the aeration basins {s shown in
Figure 3.3. Croses sections giving the detalls of the inlet and outiet

structures are shown in Figures 3.4 and 3.5.

One of the two clarifiers was been taken out of service for the duration

of this study. This doubles the loeding on the on-stream clarifier.
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The meximum design flow for each clarifier is 12.5 MGD (47 M 1 /day)
giving an overflow rate of 1,600 gpd/sq ft (2.7 m/hr). Since the flow
at Segemont is frequently greater than this, provision has been made to
automatically bring the other clarifier back on-stream whenever the

plant flow exceeds 12.5 HGD.

The MLSS enters the settler through a sluice gate leading to a 42-inch
(1.07 m) corregated ripe as shown in Figure 3.4. The siudge strikes a
deflector plate in the center well which diverts it around the well.
The clarifier has a sloped bottom (1-3/4 to 12) and rake to move the
thickened sludge to an off-center sludos hopper. Sludge is removed from
the hopper by two 16~inch (0.41 m) airlift pumps. Each airiift has 5 &-
fnch (10 cm) afr line controlled by a butterfiy valve. Electric
actuators have been installed on the air valves for the I{nstrumented
clarifier to permit computer control of the return sludge flow rate over
a@ range of 0 to 6 MGD (0 to 22.7 M 1/day). The airlifts discharge into
a 30 foot (9.1 m) long, 24" x 30" channel. A 9-inch (22.S cm) Parshali
flume with free discharge t2 *he return siudge channei is instaiied for

fiow measurement.

The scum removel system {s shown in Figure 3.3. it consists of a
reciprocating surface skimmer, two adjustable 12-inch (29.5 cm) slctted
pipes, and two 6-inch (i5.2 cm) airlift pumps. The surface skimmer
sweeps the surface of the settler and pushes the fleating material to
the slotted pipes. The airlifts pumps the scum from the slotted pipes
to a scum box. From there, flow is by gravity to a menhole and

eventuaily back tc the {nfluent oumo station.



75

Computer Monitoring and Control System

During the course of this research, a complete computer monitoring and
control system was designed, installed, and tested at the Sagemont WWTF.
The system consists of a process control computer and its peripherals,
three programmable controllers, and a table-driven data acquisition and
control package. Since the system includes both a central computer and

fntelligent fieid controliers, it can be classified as a distributed

control system.

Process Control Computer

The process control computer selected for the project was a Digital
Equipment Corporation (DEC) PDP-11/23. A schematic of the computer
hardware and its peripheral equipment {s shown in Figure 3.6. A list of

computer hardware and peripherals is presented in Table 3.3.

System Software
The opereting system selected for the project was RSX-iiM. It is &

multi-user, multi-tasking, rezi-time operating system which 1is  weli

0]

adapted for process monitoring and control. Two computer tanguages were
provided on the Sagemont computer, MACRO-11 sind FORTRAN-77. The FORTRAN
compiler produced direct PDP-11 mechine cocde optimized for executi~n-

time efficiency on 2 PDP-11 with a floating point processor.
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TABLE 3.3

SAGEMONT COMPUTER HARDWARE AND PERIPHERALS

LSI-11/23 CPU wit% Memory Management Unit

and Floating Point Option

- Four MSV11-DD 64 Kb RAM cards

Dual RLOZ 10.4 Mb cartridge disks with RLVI! controlier
Dual RX02 512 K& “loppy disks with RXV21 controller
TSVOS tape transport and controller

Three DLV1l-J four serial line interfaces

DZV11-B four serfal line asynchronous multiplexer
BRV1I-J high density parallel 1line interface
KWVl1-A programmable crystal clock

IBVI1-A [EEE-488 instrument bus {nterface

BDV11-A Boot/Diagnost!ic/PROM.ROM/Terminz*or card
DEC VTi25 CRT Graphics Terminal

Two Micro-Term MIME-2A CRT Terminzls

DEC LA120 Printing Termina!l

Epson MX-80 Printer

Racal-Vadic VA255 Auto-Answer Modem

Two 1SC 895! Color Grephics Computers
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Programmable Controliers
Since the PDP-11/23 process control computer Itself was not well adapted
for interfacing with process signals, three Texas Instruments
PMS50 (117) programmable controllers (PC) were purchesed for this
Purpose.  The PMS550 is an industrial grade PC based on the use of dual

microprocessors.

Programmable Controller Interface

A proprietary software interface package was purchased from Texas
Instruments to provide networking capability between the POP-11/23 and
the PM550°s. The software driver is written In MACRO-11 assembly
lenguage while most other subroutines are written in FORTRAN 1V,
Communications between the PDP-11/23 and each PMS50 was on & point-to-

point basis over a dedicated four-wire cable.

Data Acauisiticn ang Control Software

An overview of the data acquisition and control system developed for the
Sagemont plant {s shown in Figure 3.7. This figure shows the overall
structure of the packege, meny of the dste structures, end reistionships
Detween the verious programs. As a whole, the on-line data bases and
pPrograms  that act upon them formed a complete table-driven date

acquisition end control system.
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On-Line Data Bases

Data which was accessed frequently was retained {n computer memory for
rapfd access by all the programs that read or modify the data. Thesa
data were organized into three dsta bases, 2 raw data area, and = header

area. The raw data area was updated every six seconds.

The measurement data base can be thought of as 100 entries in a table,
one for each measurement. Each entry in the table includes several
flags, equation types and coefficients for filtering and conversion to

engineering units, anc 1imits for alarms. Most measurements were one

minute averages.

The controller data base can be thought of as 20 entries in a table, one
for each controller. Each entry includes several control flags, 5 task
name, data and time entries, pointers to other data bases, and eleven
controller specific variables. Controliers could be scheduled to run as

frequently as once every 15 seconds ard as little as once per 120 days.

The output cata base includes the output velue in engineering units, the
type and address of the output, upper and lower Timits of the cutput,
and variables for conwverting the engineering units to field signels.
These conversions can be used to imolement pumo  and/or  valve

chareacteristics. Outputs can be a singie bit (turn pump on or off), an

fnteger, or a floating point number (setpoint to a PID control loop).

The data acquisition system logged one minute averages of continuous
signals and one minute snap shots of discrete data onto a disk file for

rermanent off-line data storage.
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On-Line Instrumentation

Like any computer monitoring and control project, <the Sagemont project
required extensive instrumentation. The system had 75 snalog inputs, 8
analog outputs, 48 digftal inputs, and 24 digital outputs. Only those
fnstruments listed in Table 3.4, however, were directly utilized {n this
research and are described below. Figure 2.8 shows the location of many

of these fnstruments.

Effiuent Flow Meter

Effluent flow rate was measured with 5 V-rotch weir locateg at the end
of the chiorination basin. The water height is measured with 3 Walliace
& Tiernan series 83-030 ball flocat. This Instrument outputs a 4-20 mA

signal proportional to the flow rate (0 to 16 MGD).

Return Sludge Flow Meter

The return sludge flow rate was measured through a 9-fnch (22.@ om
Parshall flume. The liquid depth in the flume is proportional to the
back-pressure on a submerged tube through which air is Subbled. A purge
regulator meintains a constant air flow. The flow rete, of course, is a
well known function of liquid height. The instrument was fabricated
Using & copper bubbie tube, a Fischer & Porter model 53RB2!10 purge
reguigtor with rotometer, and a Rosemount model 115! DP trensmitter.

The DP transmitter outputs a 4-20 mA signal linear witn level. The flow

rate is calculated in the PDP-11/23 and has a range of G to 6 MGD (0 +*o

22.7 # 1/cay).
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TABLE 3.4

ON-LINE INSTRUMENTATION

Measurement Stream or Location
Flow Effluent

Flow Return Sludge

Flow Feed Forwerd

Flow ~ Waste Sludge
Suspended Solids (2} MLSS and RAS
Turbidity Clarifier Effluent
Sludge Blanket Level Settier
Temperature (2) MLSS, RAS, £ffiuent

D. 0. (4 Aeration Basins i, 2, 3, & 4
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Feed Forward Flow Meter

The feed forward flow rate was measured in a lz;inch (30.5 cm) cast iron
pipe with a Poiysonics model DHT-HYDRA uitrasonic flow meter. This
meter works on the Doppler principle and has a range of 0 to S MGD (0 to

19 M 1/day). The meter output is a 4-20 mA signal proportional to flow.

Waste Sludge Flow Meter
The waste sludge flow rate was measured in 3 [2-inch (30.5 cm) PVC pipe
with a Mapco model 1181 doppler flow meter. The output is a 4-20 mA

signal corresponding to 0 to 600 gpm ( 0 to 2270 1/min).

Suspended Solids Concentration
Suspended solids were measured in aeration basin 2, aeration basin 4
leading to the clarifier, and the return activated sludge (RAS) channel.

EUR-Control model MEX-2 meters with TAG 30/15 probes for MLSS and a TAG
10/5 probe for RAS were vced, Tha meters work wi
4-beam, alternating lamp principle which compensates for uneven costings
sn  the optical surfaces. The range is § to 10,000 mg/! for the MLSS
probes and ¢ tc 20,000 mg/) for the RAS probe. The output is 4-20 mA

proporticnal to suspended solids concentration. Figure 3.9 shows

typical results of the meter compared to laboratory analysis.

Effluent Turbigity

The clarifier effiuent turbidity was measured with a Sigrist Photometer

mode!l KTJ-25 coupled with a Great Lakes !nstruments mode! 48 display
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unit. Turbidity can be correlated with effluent suspended solids as
shown {n Figure 3.10. Inside this complicated instrument, a lamp
transmits a 1ight beam to an oscillating (600 Hz) mirror which produces
alternately a measuring beam and a reference beam. The reference beam
passes through an internal turbidity standard (20 FTU), the sample
stream, and reaches the photocell. The measuring beam passes through
the sample, and light scattered at 2§ degrees reaches the photocell.
Thus, the photocell aiternately receives two beams of different
intensities. This difference in intensities drives a variable shutter
which varies the intensity of the reference beam. At equilibrium, the
shutter positfon is a measure of turbidity. The instrument transmits a

4-20 mA signal proportional to turbidity.

Sludge Blanket Level
The sludge blarket level and solids concentration profiles 1in the
settier were measured with a EUR-Controi model MEL-1 instrument with a

s o

A~ -
(2%t} LUy

-4

probe. The MEL-1 works on the same principle as the MEX-2
sclics meter except that a reei is used for automatically lowering and
refsing the prebe.  This instrument was modifieg for computer control tc
eilew measuremant ¢f the soiids profiie wniie avoiding entanglement of
the probe in the sludge rake. The instrument was mounted on the
clarifier bridge approximately 25 feet (7.6 m) from the center. The
instrument outputs two 4-20 ma signals proportional to »robe depth {0 to

25 feet) end solids concentration {6 tc 20,000 mg/i).
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Temperature

Temperature was measured !n aeration bas;i. 4, the return sludge channel,
and the clarifier effluent with Rosemount mode! 444 Alphaline RTD
temperature transmitters with a 100 ohm RTD probe. The transmitters
were all calibrated for a range of 0 to 40 degrees Ceicfus and have an

4-20 mA output proportional to temperature.

Dissolved Oxygen

Dissolved oxygen was measured in aeration basins 1, 2, 3, and 4 with
four Leeds and Nerthruz model 7931 DO transmitters. The meters and
probes were mounted on handralls approximately midway in the basins.

The meters have & 4-20 mA output proportional to dissolved oxygen

concentration.

Analvtical Techniques

All anelytical determinatiscns were serformed in compiiance with +he

foellowing procedures.

Tracer Tests
Rhodemine WT dye was used for the tracer tests reported in this

research. This dye is reported (124) to degrade siowly and not readiliy

edsorb onto activated siudae soiids. Several tests confirmed +his

[RI20=1®Y -

However standards prepared with €iltered wastewater and defonfzed water
hed e slightly gifferent siope. Tnis couid be caused by color in the

wastewater (124). Therefore, all standards used during the tracer tesis
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were prepared with fiitered wastewater. Since temperature greatly
affected the results, all sameles and standards were allowed to stand

overnight for the temperatures to equilibrate.

Using a Perkin Elmer model 204 fluorescence spectrophotometer, it was
possible to analyze for concentrations as low es | ppb. The maximum dye
concentrations encountered in the tests were 50 to 70 ppb. Table 3.5

lists the instrument settings used in the analysis.

Suspended Solids

Suspended solids were analyzed in accordance with Standard Methods (107)
with the exception that a microwave oven was used to dry the sample.
Drying time wes ten minutes. A rotating platform Inside the oven was
used to insure uniform heating of all the samples. Up to eight samoles
were dried st the same time. Each sample was dried and stored i{n an
Individual desiccator. All samples were run in dupiicate. Due to tha
low suspended solids concentrations in +he clerifier effluent, up to 2

liters per sample were used.

Settling Tests

All settling tests were performed in a three liter, stirred settling
epparatus as described by White (137). This device is a 10 em diameter
piexiglas tube with a 50 cm esettling height end & | RPE stirrer.
Results from this test are claimed to be more indicative of true

cettling characteristics than the commonly used SVI test (138).
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TABLE 3.5

f luorescence Spectrophotometer Settings

== =====z==c=

Exciter Wavelength
Analyzer Havelength
Sensitivity Controtl
Selector

Light Source

550 nm
- 575 nm

10

X10

Xenon Lame
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For the purposes of this research, the settling tests were used to
determine the thickening characteristics of the activated sludge. A
series of settling tests with sludges of different concentrations were
performed. In each test the siudge height and time were recorded and
plctted as in Figure 3.1i. The slope of the linear portion of this piot
Is known egs the inftial settling veiocity (iSV) and is assumed to be a
function only of the soiids concentration. The results of several

series of these tests are reported in a later section.

The data from these tests can be fitted to an exponential equation with

two unknown coefficients, V0 and b.

Vs = V0 * exp(beX) ' [3.1]

where:

VO. b = settling parameters.

Equation {[3.1] can be used directly in a mathematical model or used to

derfve a settling flux curve (Figure 3.12) for design purposes.

Parameter Estimation

A direct ieast squares technique and a Simplex optimization technique

were used to estimate model perameters in this investigation.

Birect Least Squares
Whenever it was opossible to express the equations in the form of

Equation [3.2], a direct least squares solution (Equation [3.31) was

used.
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Y=XeP [3.2]
P=[xT x3~! o xT oy (3.3]
where:

Y = n x | observations,
X = n x p known measurements, observations, etc.,

P = p x 1 model parameters.

transpose of matrix X,

[ 17! = inverse function.

Simplex Optimization

When it was not easy to express the parameter estimatfon problem in a
linear manner, a 'SImplex optimization technique (103) was used to
estimate the model parameters. The error function evalusted by the

routine was the square of the difference between observed and simulated

data.

The Simplex technique used in this fnvestigation was an unconstrained,
sequential search technigue using a variable size simpiex as deveioped

by Nelder and Mead (83). Fer en cetimization

1

th k fectors, k + |
responses are required to start the procedure. Only one new response is
required for each Iiteration thereafter. The Simpiex technique fis
conceptually simple yet compares fevorebly (83) with other optimization

techniques such as that cf Powell {(97).
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The Simplex optimization technique has been epplied in a diversity of

scientific and engineering fields. Nelder and Mead (83) used the
technique for function minimization. Deming and Morgan (33) surveyed
fts wuse In enalytical chemistry. Hanashima, at al. (58) used it to

estimate flow parameters fn their model of a semiaerobic landfill.

It should be noted that this Simplex method s considerably different

than the linear programming technique of the same name.
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IV.  wopEL DEVELOPMENT AND IDENTIFICATION

Several different models were develcped during the course of this
research. The hydraulic model was developed from wel! known physical
phenomena. Although not formally validated, it did qualitatively
describe the fiows observed at the Plant. Its purpose is to predict the

results of hydrauiic forcings with time constants on the order of

minutes.

Tire reactor mixing mode! was selected by comparing the results of tracer
tests with several different theoretical modeis from the 1iterature.
its purpose is to predict suspended solids concentrations in the

reactors for use.with the settler model and for control purposes.

The settler model is composed of two submodels, these being
clarification and thickening models. The clarification mode! was
selected from several models in the literature by comparing experimental
resuits with the results pregicted by the different modeis. A
thickening modei was seiected from the several available on the basis of
its ability to describe the ohenomena observed in practice. The
adequacy of the thickening model was evajuated by comparing grecictions

of the model with experimental resuits. Its purpose is to predict the

return cludge concentration and the amount of solids stored in the

settler.
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Reactor Mixing Model

A series of tracer tests were run to delineate a reactor mixing model
appropriate for the Sagemont plant. Since the aeration basins are
physically segmented into several basins, individual tracer tests were
run on each. An impulse of Rhodamine WT dye was injected at the head of
each basin, and the concentration at the exit was sampled with an
automatic sampler at fixed time intervals. After lettirg the sample
temperature stabilize as described in section I, the dye concentration

was determined using with a fluorescence spectrophotometer.

Table 4.1 and Figures 4.1 through 4.4 show the results of these tests
(see Figure 3.1 for basin numbering). The figures are presented in
terms of normalized concentration and time and show the experimental
data as small boxes. Since fnfluent flow rate could not be heid
constant during the tests, the time variable i{s spproximsted by the
amount of flow from the time of the injection divided by the reactor

volume.

As shown in Table 4.1, the dispersion numbers for the aeration besins
are aii greater than 0.08 when analyzed as open vésseis. Since the
cispersion modei is best suited to dispersion numbers less than this
(74), the dispersion model was not chosen. Plots of the open vessel
dispersion curves are shown in Figures 4.1(a) through 4.4(a). While it
might be argued that aeration basins are better approximated by ciosed
reactors, the dispersion numbers based upon this assumption are even
greater than those for the open vessel. Again, the mixing intensity

measured in these basine appear

(1]

¥ b= do b A - -
to pe grezster than the range of

&Ppiicabitlity of the dispersicn moda!l.

0]



TABLE 4.1

TRACER TEST RESULTS

PARAMETER BASIN 1| BASIN 2 BASIN 3  BASIN 4
Area, C Curve 67.13 56.02 35.37 46.45
Mean Time 0.741 0.9556 1.1155 1.0092
Var iance 0.1977 0.6461 0.9938 0.2226
Variance/Hean2 0.3600 0.6929 0.7444 0.2186

Dispersion Number
{Closed Vessel) 0.2340 0.8219
(Open Vessel) 0.1212 0.1947

.0428 0.1249
.2047 0.08225

Q) re

Number of CSTR’s 2.78 1.44 1.34 4,57




T RATION

E N

D CONZCT

B

[y
f

I

RMAIL

N O

8s

oa® %a Dispersion Model
2.6+ 4, " D/uL = 0.1212
a
+ .
fag © Experimental Data
0.4 + aa
o
0.2 +
o
a
t + ) —— —— t 1 T -
1.0 2.0 3.0 4.0

One CSTR Model

© Experimental Data

[
.
o

[}
[e o}

Two CSTR Model

© Experimental Data

o
1=

(a)
a
A A=

[ ¢]

P
.

NORMALIZ

D TIME

t

—— e

TiGURE 4.1 TRACER TEST - AERATION EASIN 1



I ON

NTRAT

I

C ONC

E D

[y
f

RMALTI

0

N

100

8 g Dispersion Mcdel
D/uLl = 0.1947

© Experimental Data

i
:ul'
r_
-
a
o
-0
n
in
[}
- ]

N.8 + By One CSTR Mcdel

0.6 o ©0 Experimental Data

Xperimental Data

15 (- It o .0 8
t 13 4 RE 1 | T 1
1.0 2.0 3.0 4.0
NORMALIZED TIME
FIGURE 4.2 TRACIR TEST - ATRATION BASIN 2



CONCENTRATTION

Z ED

I

NORMATIL

Dispersion Model
e D/uL = 0.2047

101

One CSTR Model

© Experimental Data




I ON

fI‘

CONCENTRA

2 LD

I

NORMAIL

t—

1.0+

wn

102

Dispersion Model
D/uL = 0.0823

© EXperimental Data

o Four CSTR Model

© Experimental Data

3
=

}_J
.
o
N
.
(@)
w
(@]
Wb
1
o

Five CSTR Model

o ExXperimental Data
T/
- J | SR . B | J
1 ] T LN 1 1 1 L
1.0 2.0 3.0 4.0
NCRMALIZED TIME
IGURC 4.4 TRACER TEST - AERATION BASIN 4



102
The dispersion analysis, however, does give a good estimate of the
number of completely mixed reactors in series that it takes to
approximate the basins (see Table 4.1). Figures 4.1(b) through 4.4(b)
and 4.1(c) through 4.4(c) show the tanks-in-series approximations for
the tracer tests. For basin one, twc CSTRs s a very good
approximation. For basins two and three, the data 1fes between one and
two CSTRs in series. Two CSTRs were chosen so that the model has the
same form as the experimental data. Fer besin four, five CSTRs again

provide a reasonable fit.

Tracer tests were not performed on the return activated sludge channels.
Therefore, these channels were assumed to have the same mixing
characteristics as the paraliel aeration basins of the same iength.
Thus, return sludge channel 1, which paralieis aeration basin 4, was
assumed to be characterized by five CSTRs in series. Return sludge

channel 2, which parallels aeration basin 3, was assumed to Dbe

equivalent to two CSTRs in series. Table 4.2 gives a summary of the
reacter mixing model adapted for the Sagemont WWIF.

Multicarameter models were not evalusted since the singie parameter
tanks-in-serfies rode! adequately i+ +he dots, Altheugh 1t is reaiized
that muitiparameter models could better describe the data, the tanks-in-
series model {s adequatz for the purpose of this study. Simulation

resulte pregented Iin

g later section commare favorably with experimental
data. The tanks-in-series model also has the computaticona! edvantage of
involving only ordinary differential equations which can be easily

solved on a smal! process control computer.



TABLE 4.2

REACTOR MIXING MODEL SUMMARY

104

Number of Volume of Total Volume
Basin CSTRs Each (Cu M) (Ce M)
Basin 1 2 785 1,570
Channel 1 1,032 1,032
Basin 2 2 688 1,376
Basin 3 2 382 764
Basin 4° 5 101 505
RAS Channel | 5 101 505
RAS Channei 2 2 191 382

Volumes €or basin

&~

A

due to grit deposits.

ére based upon 50% usefui voiume
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Hydraulic Reactor Model

The hydraulic reactor model dynamically predicts al! flows between
reactors and the height of water in each reactor. This {s accomp!lished

by deriving a mass balance equation for each reactor in the form of

Equation [4.1].

d(H) F,., - F
=N OoUT [4.1]
dt AREA
where:
H = height of water in reactor (L),

FIN

3
FOUT = total flow out of reactor (L7/T),

total flow into reactor (L3/T)-

AREA surface area of reactor (Lz).

The flows petween reactors depend upon the outlet type and the relative
heights of water in the adjacent resctors. Three types of outlets end
an open end between reactors have been modeled for the Sagemont pilant.

Detzile of these are shown in Tabie 4.3 &nd Figure 4.5,

The equeticn for €low over a rectanguiar weir with end contractions is

shown as Equaticn 4,21,

F = 3.33 (L-0.20) H/2 [4.2;
where:
F = flow (cfs),
L = length of weir (f%),

height of water (ft).



HYDRAULIC REACTOR MODEL SUMMARY

TABLE 4.3

106

Basin ?g:aFt) Outlet Type Outlet Constants
Bar Screen 420 rect. Weir L=20 ft

Basin 1 3,735 slot K=0.5 A=varies
Channel 2,470 -2 sluice gates K=0.5 A=18 Sq Ft
Basin 2 3,330 2 sluice gates K=0.5 A=24.5 Sq Ft
Basin 3 1,847 open end

Basin 4 4,500 sluice gate & pipe K=1.5 A=9.62 Sqg F+
Clarifier 7,854 V-notch weirs n=665

RAS Channe! 1 2,180 Siuice gate & pipe K=1.0 A=12,57 Sq Ft
RAS Channe! 2 923 siuice aate K=0.5 A=16.0 Sg Ft
Chlorine iniet 280 2 sluice gates K=0.5 A=18.0 Sqg Ft
Chlorine Basin 3,120 V-notch weirs n=350

Chiorine Outlet 666 V-notch weir n=1
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The equation for flow over a 9G degree (V-notch) weir is shown as

Equation [4.3].
F = 2.5 B/2 [4.3]

Head 1loss through an opening or siuice gate is proportional to the

velocity squared as shown in Equation [4.4].

v2
H=zKeoe —— [(4.4]
29
where:
V = velocity of flow (L/T),
g = gravitational constant (L/Tz),
K = head loss coefficient.

Equation [4.4] can be rearranged to solve for flow (F=VeA) as showr in

Equation {4.5].

A e (2a/)12 L 4y 172

-n
il

14.5
where:
2
A = area cf opening (L7).
Flow through a pressurized pipe is often expressed with +he Hazen-
Williams equation, [4.6].
D |
F = 1.318 ¢« A » CH ¢ RS/ . 5‘/2 {4.8]
where:
CH = coefficient,

R = hydraulic redius (L),

[02)
|

o dm b - ..
cslepe of the energy iine.

[y
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Equation [4.6] can aiso be expressed in a form similar to Equation [4.5]
with an equivalent coefficient, K. In this way, head loss through an

opening and pipe combination can be calculated with one coerficient.

There {is no gate between basins 3 and 4, Just a large opening.
Therefore; there is no ecuation for flow out of basin 3. In the medel,
the level in each basin is assumed to be the same. In 2 dynamic system,
this ealso means that the derivatives of the heights in each basin
(Equations [4.7] and [4.8]) must also be equal. Equations [4.7] and
[4.8] can then be combined to solve for the Tlow out of basin 3 as shown

in Equation [4.9].

d(H.) (F, + F - F.)

3 = 2 ff 3 [4.7]
dat . A3
d(H,) (F, - F))

4 - 3 4 [4.8]
ct A4

AgeF , v A e{F., + 7 _ )
F3 - 3 4 4 2 ff [4.9]
A3 + A4 .

Oue to the iow veiocities through the aeration basins, head loss through

any aeration basin is insignificant.

full-Scale Experimentai Data Summary

Summaries of the eight full-scale experiments performed during this
investigation are presented herein. The data from these experiments

were used to identify the clarification and thickening models and
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estimate model parameters. Each plot shows efght hours of cne minute
average values for each of five on-line measurements. These
measurements included effluent flow rate (Fe), recycle flow rate (Fr),
effiuent suspended solids concentration (Xe), mixed liquor suspended
sclide concentration in the last aeration basin (X4), and return s ludge
solids concentration (Xr). Since the controlied portion of each test
typically lasted three to five hours, each plot also shows one or more
hours of data before and after the experiment. Note that the scales for

effluent flow rate, MLSS, and Xe vary hetween figures.

Experiments

Experiment 1. In experiment | (Figure 4.6) the recycle flow rate was
manipulated fn steps of up to 2.5 MGD (300 gpd/square foot) to
fnvestigate the infiuence of this parameter on effluent suspended solids

concentraticn. Influent filow rate was not manipulated.

- I o e
EX,—«:- e

Z. The purpose of experiment 2 (Figure 4.7) was +o study
possible Tovershoots™ of effluent suspended solids caused by step
increases in flow as observed by Chapman (23) in his pilot study. In
this experiment the Infiuent flow was held at *three {(near) constant
rates with step changes between each level. Additicnally, the recycle

flow rate was decreased to a low value *o overioad the settler. This

resuited in a decreasing NLSS concentration feed to the settler

Experiment 3. The purpcse of experiment 3 (Figure 4.8) was to determine
the affect of sludge bianket level on effiuent suspended solids. In

this experiment two flow puises were applied to the settier, Between

o e e
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the puises, the sludge blanket was allowed to bufld up. Thus, one pulse

was applied with a low sludge blanket and the other with a high blanket

levei.

Experiment 4. Experiment 4 (Figure 4.9) was one of two tests involving
the use of the step feed capabflity of the Sagemont nlant. Khiie the
Influent flow rate was held constant, approximately 85 percent of the
influent flow was diverted to the third aeration basin. Near zero level
dissolved oxygen levels were measured in aeration basins 3 and 4. The
original purpose of the test was to observe effiuent suspended solids at

a8 constant flow rate and changing MLSS concentration.

Experiment 5. Experiment 5 (Figure 4.10) was similar to experiment 4
with the exceptions that the dissolved oxygen concentration i{n the
aeration basins was held at a level of 2.5 mg/1 or greater and the
portion of feed forward flow was approximetely 65 percent of +he

fnfluent flow rate.

txperiment 6. The purpose of experiment 6 (Figure 4.11) was to
investigate the effect of rate of i{ncrease of influent flow rate on

effluent suspended soiids. Two fiow puises with rates of fncrease of

«

-4 MGD/minute and $.2 HGO/minute were appiied to the settler.

Experiment 7. txperiment 7 (Figure 4.12) was similar to experiment 6.
The rate of increase of flow for this test was chosen to be 0.}
MGD/minute. This long flow pulse overloaded the settier allowing the
observetion of an increasing siudge hianket during the pulse and a

Sveél arter the puise.
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Experiment 8. Experiment 8 (Figurz 4.13) was essentially repetition of

experiment 6. Data after the second pulse were not available due to

operator diversion of the effluent flow to an empty basin.

Observed Parameters

Effluent Flow Rate. In experiment | (Figure 4.6), the flow pattern was
not artificially modified. It shows the natural variations induced by
multiple 1ift staticns pumping to the plant in combination with the
hydraulic dampening capacity of the basins. It should be noted that two
off-site lift stations pump directly to the Sagemont plant while several
others gc to an on-site lift station. It was not possible to control
the off-site 1ift stations. Fortunately, the contributions from these
two sources usually amounted to less than twenty percent of the tétal
inflow. During this test, the variable frequency pump operating with a

constant level algorithm was on-line.

In the remaining experiments, +he influent flg

W waS contrcliled with sa
local PI control loop on the programmable controller (PC) in the 1ift
station. Treated effiuent was drained from the off-iine ciarifier and
chlorine contact basin back to the lift station to provide the reguired
water. Drain valves on the basins were manually adjusted to maintain an
adequate csupply, The wet well level was constantly monitored to avoid

overflowing or emstying.

For the tests from April through July (Figures 4.6 to 4.10), <the flow
sett point was adjusted manually on the PC loop access module. For the

August tests (Figures 4.!1 *to 4.13), software was developed +*o
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automatically download a series of flow set points from a table on the

main computer. The set point could be changed at a rate of once per

minute. This allowed arbitrary rates of change of the flow rate.

Returr Sludss Flow Rate. The return sludge (or recycle) flow rate was
manually set to a constant value or proportional to an exponentially
filtered value of the effluent flow. Note that many of the plots show a
change of control strategy (constant or proportional) before or after

the controlled portion of the test.

The recycle flow rate was controlied by a single PI control loop on the
PC. A simple algorithm in the PC was used to decide whether one or two
of the recycle airlifts pumps werz needed. When the controlier output
exceeded 80 percent, two airlifts were used. Both remained on-line
until thé controller output fell below 35 percent. This logic lead to
the overshoots and undershoots of recycle flow shown on severa! of +the
figures. These deviations typically lasted less than two minutes and
were not considered detrimentsl &5 +he experinents. Additionai =C iogic
aiternated the two recycle airlifts every four hours to prevent clogging

due to infrequent use.

Effluent Suspended Solfds Concentra*ton. The effluent soiids ooserved
at the Sagemont plant varied between 1.5 and 8.0 mg/l during the +tests
reported herein. In fact, the highest concentration observed under
normai operating conditicns was abous 1S mg/i. Tnese vaiues are
generally considered low for the activated sludge precess. Although

there is no single reason for these low values, severa! factors

probably contribute. These factors include a long sludge age (10-40
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days), a long hydraulic detention time (12 hours), hfgh water

temperatures (75-90 degrees F), low settler overflow rates, and deep

settlers.

In experiment 1 (Figure 4.6), several peaks due to instrument cleaning

are shown. These points were eliminated from the data before estimating

parameters.

in experiment 2 (Figure 4.7), a deficiency of the effluent solids
sampling system was observed. When the flow rate increased above 7 MGD
(26.5 M 1/day), air bubbles were entrained in the sample stream. These
bubbles resulted in high, erratic readings from the fnstrument. The
data from this portion of the plot were not used in the analysis. A
debubbler was installed in the samplie stream for the tests following

this incident.

Mixed Liquor Suspended Solids Concentration. The MLSS concentration
observed at the Sagemont plant varied from the 7,000 - 8,000 ma/l range
for the <tests from Aprii to June (Figures 4.6 to 4.9) and from the
3.000 - 4,000 mg/1 range for the July and August tests (Figures 4.10 to
4.13). This variation was zocoos!ished DY changing the siudge age from
40 days to !5 daye, Concanlraticns as iow as S50 ma/i were recorded

during one of the feed forward experiments (Figure 4.10).

The HMLSS instriment ordinariiy gave a steady reading with cnly ! to 2
percent noise. However at times. rags and other pieces of trash

obstructed the opticai surfaces of the solids oprobe resuitin

S -
xR

~
=
erronaous readinos. Mogt of thace ingidents lasted Ooniy @ rew minutes

&S shown in figures 4.7 and 2. T s Interesting to note that these

A
~a

]
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devistions can be both positive and negative. Apparently rags and other
opagque objects increase the reading while transparent objects (plastic

bags) decrease the reading.

Return Activated Sludge Concentration. The return activated sludge
concentrations varied from as high as 16,000 mg/! to as low as 4,000
mg/1. Additionally each plot shows a periodic variation with a time

period of minutes. This phenomenon will be discussed further in a later

section.

Clarification Model

A series of experiments were conducted to delineate which (if any) of
the models from the literature adequately described the clarification
function of the settler. In order to resolve some of the conflicting
observations reported by other researchers, the experiments were

designed to answer several key questions.

1) What influence does the recycle flow rate have on effluent
soiids? Is the effiuent flow rate cor tota! Flow rate of more
importance?

2) Yhat ere the effects of HLSS comcentration? Do higher MLSS
concentrations increase or decrease effluent solids?

3) What are the effects of a high sludge blanket? Does it enhanceA
or decrease solids capture or have little effect:

4) What are the effects of hydraulic transients? How long does it

take for the effects of hydraulic transients to die out?
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Effects of Recycle Flow Rate

Several experiments were conducted in which step changes in the return
sludge flow rate were introduced. Results from these three experiments
are summarized in Figures 4.6 (April 2i, 1iS83), Figure 4.7 (April 23,
1983), and Figure 4.8 (April 26, 1983). OFf these experiments, the one
from April 21 most clearly shows the effects of recycle fiow rate. It
should be noted that this experiment had the largest changes in recycle

flow rate both in absolute value and as a portion of the inflow (recycle

ratio).

Two models were evaluated to quantify the effects of recycle fiow rate

on effluent solids. Both are similar to the basic Pflanz {95) model.

They are:
Xe = K| + KyeFe [4.10]
Xe = K1 + KZ-(Fe+Fr) £4.11]
where:
Kl’ KZ = model parameters,
fe = effluent flow rate (L3/T),

- o ) .. 3.
Tr = recycie vtiow rate (L7/7).

Both of the above equations differ From the Pflanz model by including a
fiow independent parameter, Kl' This constant varied from 6.5 to 2.0
mg/1. The inclusion of this term is consistant with the observation in
this research that Xe always remain finite (0.5 to 2.8 mg/1) even when
low flows (<0.5 MGD) are encountered for several hours. Pfienz’s dsata

aiso showed this type of offset but coulds bhe ionored einmcs !

ot

wZs &

(&)

small fraction of the soiids ranoe that he ohserved (20 +¢ 82 =g/,
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Tables 4.4 and 4.5 show the least square estimates of the parameters for
Equations [4.10] and [4.11]. Tabie 4.6 summarizes these results (and
others) by comparing the sum of the squares of the residuais for these
data. Clearly the model exciuding recycle flow rate {Equstion {4.100)
gives a much better fit than the model that include it. This is shown
graphically in Figures 4.14 through 4.17 which show the data and
predictions of Equations [4.10] and [4.11] for the first two
experiments. It is especially apparent in Figures 4.14 and 4.15 (April
21, 1983) that the addition of recycle flow rate as a model input do=s

not acd any significant information to the prediction of Xe.

Examination of the parameters in Table 4.4 shows a wide variation of the
parameter K2 between the different experiments. This is especially
apparent in comparing the results of the April and August tests. These
two sets of experiments were performed at different sludge ages (40 and

15 days, respectiveiy) resulting in substantialiv different MEcS

-

ae

L35 concentration is discussed later in

concentraticns. The effect of

N
e

this secticn. The rate

P
-

which these parameters vary and technigues

0

for following these changes are discussed in section Vii.

In summary, the effiuent solids concentration appeears to be more of a
function of overfliow rate than total flow (Fe+Fr) for the clarifier

tudied. This is {n agreement with Ffianz (55). A similar conclusion
was also reached by Sorensen (!06) while working with piiot piants with
recycle ratios ranging from 50 to 200 percent. There is quelitative
evidence from other plants (52), however, whick suagest that underflow

rates greater than 1000 gpd/sq €t (1.7 m/hr) mey tead to 2 degradation



TABLE 4.4

PARAMETERS FOR EQUATION [4.10]
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Xe = K1 + K2~Fe

NUMBER SuM

DATA RESIDUAL AVG
Date K1 K2 POINTS  SQUARED ERROR
April 2i. 1983 0.78 0.7003 480 ‘ 71.4 0.39
April 23, 1983 0.16 0.9752 285 95.7 0.58
Aprit 26, 1983 1.68 0.4661 430 230.3 8.69
Aug. 2, 1983 1.74 0.1641 480 22.7 0.22
Aug. 3, 1983 1,79 2.1095 488 22.7 g.22
Aug. 7, 1983 1.81 0.1325 1€€ 12.9 G.27




TABLE 4.5
PARAMETERS FOR EQUATION [4.11]

Xe = Kl + Kzo(Fe+Fr)

127

NUMBER SUM

DATA RESIDUAL AVG
Date K1 K2 PGS SQUARED ERROR
April 21, 1983 i.10 0.2010 480 l16.9 0.49
April 23, 1983 2.13 0.2513 285 424.0 1.22
April 26, 1983 0.25 3.5072 480 269.1 0.75
Aug. 2. 1983 t.82 2.13¢2 4388 25.6 G.25
Aug. 3, 1983 1.49 0.1147 480 18.8 6.20
Aug. 7, 1983 1.47 0.1330 166 12.0 0.27
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TABLE 4.6

SUM OF RESIDUALS SQUARED FOR CLARIFICATION EQUATIONS

NUMBER MODEL NUMBER 1

DATA Decay

Date POINTS [4.10] [4.11] [4.12] [4.13] HMode!
April 21, 1983 480 71.4 116.9 59.9 102.7 6€.5
April 23, 1983 285 95.7 424.0 74.0 424.7 36.8
April 26, 1983 480 230.3 265.1 294.5 405.4 131,0
Aug. 2, 1983 480 22.7 29.6 29.1 33.9 19.0
Aug. 3, 1983 430 22.7 18.8 24.8 23.4 21.7
Aug. 7, 1983 166 12.0 12.0 I1.3 11.3 11.8

! - Decay mode! inciudes £quations [4.141. [4.15), and (4,187,
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of effluent quality due to increased turbulance in the settler. It was

not possible to conduct tests fn this range at the Sagemont facility.

Effects of MLSS Concentration

It was noted that there is controversy over the effects of MLSS
concentration on effluent solids. Pflanz (95), Ghobrial (54), and
Chapman (20) found that higher MLSS concentrations increased Xe while
Agnew (1) found that it decreased Xe. Two additional modeis were

evaluated to quantify the short term (hours to days) effects of MLSS

concentration on Xe. They are:

Xe

Kl + K2°Fe-HLSS [4.12]

K, + KZ'(Fe+Fr)‘HLSS [4.13]

Xe i

Tables 4.7 and 4.8 show the least sauares estimate of the parameters for
Equations [4.12] and [4.13] respectively. These models were compared to
Equaticns [4.10] and [4.11i] in Table 4.6. Of the experiments without
feed forward, oniy that of April 26, 1983 (Figure 4.8) showed a large
variation of MLSS (7,500 to 4,000 mg/1). For this day, however, the
inciusion of #®.SS as an input did not improve the prediction of Xe.
Based on this limited evidence, the MLSS concentration can be iumped
with the KZ parameter (as in Equation {4.10]). Again, the model

excluding recycle flow (Eq. [4.12]) provided better prediction of

effluent solids concentration.

Over the long term (many days), two phenomena were observed which

reiated to HLSS ceoncentration. First, the minimum Xe (obtained at



TABLE 4.7

PARAMETERS FOR EQUATION [4.12]

Xe = K, + K,*FeeMLSS

134

1 2

NUMBER SUM

DATA RESIDUAL AVG
Date Kl K2 POINTS  SQUARED ERROR
April 21, 1983 6.70 0.9309e-4 480 59.9 0.35
Aprii 23, 1983 -0.04 1.4820E-4 285 74.0 0.51
April 26, 1983 1.88 0.6334E-4 480 254.5 6.78
Aug. 2, 1983 1.84 0.4071E-4 480 29.1 0.25
Aug. 3, 1983 1.83 0.31582-4 480 24.8 0.23
Aug. 7, 1983 1.72 0.4618E-4 166 11.3 6.26
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TABLE 4.8

PARAMETERS FOR EQUATION [4.13)]

Xe = K1 + K2°(Fe+Fr)°HLSS
NUMBER SUH

DATA RESIDUAL AVG

Date Kl K2 POINTS  SQUARED ERROR

AApril 21, 1983 0.80 0.3401E-4 480 102.7 0.46
April 23, 1983 1.82 0.4297E-4 285 424.7 1.22

April 26, 1983 1.07 0.5815E-4 480 405.4 0.92

Aug. 2, 1983 1.75 0.2833E~4 480 39.9 0.2¢

Aug. 3, 1983 1.64 0.2960E-4 480 23.4 g.22

Aug. 7, 1983 1.29 0.4833E-4 166 11.3 3.26
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Fe=0.0) does not appear to be Greatly affected my MLSS concentration.

Observed minimum effluent solids were around 2.0 mg/l during the April
tests when MLSS was 7,000-8,000 mg/1 and about 1.5 mg/1 during the
August tests when MLSS was 3,000-4,000 mg/1. Secondiy, the highest Xe
for similar forcings was about 7 mg/1 for the April tests and 3.5 for
the August tests. Thus it appears that the flow proportional variable

(K2 in Equation [4.10]) is roughly proportional to MLSS concertration.

In summary, over 1long time spans (weeks) effluent suspended solids
concentration changes approximately proportional to MLSS. This may be
handled by inciuding a MLSS muitiplier in the equation (Eq. {4.12]) or
by dynamically adjusting the parameter K2 of the simpler model
(Eq. [4.10]). A technique for recursively estimating KZ is presented in

a later section.

Effects of Feed Forward Flow

Two experiments were conducted using the feed forward cacabilities o+
the Sagemont facility. These experiments are sumnarized in Figures 4.9
(June 25, 1983) and Figure 4.i0 (July 27, 1983), In th tests a
significant amount of the rew sewace flow was pumoed directiy +o the
third reactor. In each experiment the feed forward fiow had predictable
resuits on the KLSS concentrations. However, higher than normal values
of effluent suspended solids (increases from 3.5 to 8.0 mg/l) were

recorded during the tests. Yust and Murphy (143) noted a similar effect

but contributed it to over-zeration in their pilot plant.
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The exact reason for this increase in effiuent solids is not known.

However, Starkey (108) noted similar effects due to low B.O.
concentrations. He hypothesized that additional effluent solids were
primary particles present in the influent sewage. Uncer 1low D.O.
concentrations the sorption of these particles was inhibited. The
present research at least partially supports Starkey’s hypothesis.
During the June test, the D.0. concentrations in reactors 3 and 4
decreased to near zero while D.0. was maintained greater than 2.5 mg/1
in the July test. The June test showed a much greater increase in

effluent soiids (3.5 to 8.0 mg/1) than the July test (3.0 to 5.0).

This phenomenon of increased effluent solids due to the use of feed
forward flow was unexoected and outside the scope of this investigation.
No sttempt was macde to mode! this mechanism. This phenomenon does,
however, raise the question as to how fast and under what conditions
influent particulates are actually adsorbed. Ciifft (23) found
particulate adsorption to be very fast while working with low sludge age
solids {n & high D.0. environment (UNOX process). Perhaps under other
conditions, this adsorption rate woulc be different or desorotion would

oCccur.

Effects of Sludse Blanket Height

Ghobrial (54) is the only investigator to specifically model the effects
of sludge blanket level on effluent solids. He found that if the sludge
rose apove a criticai ievei, effiuent quality deteriorated. In order to
test this hypothesis at full scaie, two flow sulses were applied to the

settler. Between the two pulses. the sludge blanket wze a2llowad g

N (5294
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build up. Thus, one pulse was applied with a low sludge blanket and the

other with a high blanket.

Figure 4.18 shows the data taken during this test fncluding effluent
flow rate, effluent suspended solids concentration, and sludge blanket
level. According to Ghobrial’s model, the effluent solids during the
second pulse siwouid be slightly more than one and one half times that of

the first pulse. However, the response to both forcings are, in fact,
very similar, In other words, the height of the sludge bianket (over

the range studied) did not enhance or decrease solids capture.

This apparent dfscrepency between the present research and published
literature can be partially explained by examining the conditions under
which each experiment was conducted. The present research was conducted
at an operating WWTF with a 100 foot (30 m) diameter clarifier. In the
experiment reported, the sludge blanket rose to within 4.3 feet (1.3 M)
of the water surface with an overflow rate of 1100 grd/sq ft (1.9 m/hr)
and a soiigs lcagding of 70 lbs/sq ft/day (340 ka/sa m/dav). All inmut

and outputs were centinuously menitored with on~-line instrumentation
with  frequent manuai samples taken for checking the instrument

caiibration.

Ghobrial, cn +*he cther nand, did his work at bench scale using sludge
from an operating plant. This sludge, however, was aerated for 24 hours
before use. Aerating at bench scale typically resuits in very high
shear stresses and fragmented flocs. Ghobrial also fintroduced the
inflow near the bottom of his set: ing apparatus in an upward direction

within the siudge blanket, This undoubtedly caused more turbuiance in
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the sludge bianket than would be encountered in practice. Perhaps these
two factors also explain the unusually high solids levels (up to
290 mg/1) reported. Also, the settling apparatus Ghobrial used was only

14 inches high (35 cm) and 3.0 Inches (7.5 em) in diameter.

Effects of Hydraulic Transients

Several previous researchers (26, 87) have noted that hydraulic
transients have an immediate effect which tends to die ocut siowly. The
present research supports this concept. Sudden increases in flow result
fn an immediate increase in effluent solids. Sudden decreases in flow,

however, are accompanied by a slower decay of effluent solids.

An imorovements to Egustian [4.10) wss sought to give this type of

behavior. For increasing or slowly decreasing flow, it is assumed that

Equetion {4.10] holds.

(Xe) o = K| + K,eFe [4.14]

where:

]
(Xe)ss = Xe at steady state conditions (M/L7).

However, if the value predicted in Equation f4.14] is less than the
present effliuent solids concentration (as with a sudden decrease in
flow), the decay of Xe is assumed to be proportional to the difference

between the present soiids concentration and the steady state vsiue.

tf (Xe) > Xe then Xe = (Xe) [4.15]

e s ol

If (Xe)__ < Xe then = Kye[Xe=(Xe) __] f4.1€1
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where:

K3 = decay rate coefficient (1/T).

Since Equation [4.16] applies only when (Xe)ss is less than Xe, the
parameter K3 should have a negative value. Collectively, Equations

{4.14], (4.15], and [4.16] are hereafter referred to as the decay model,

Table 4.9 shows the parameters derived for this model. I+ should be
noted that the data from April 23 and August 3, 1983 show decay
constants significantly different from the other exper finents. On April
23, 1983 the flow was steadily increased for the duration of the
experiment. On August 3, 1983 the flow was varied at a slow rate. Thus
It s not surprising that the data from these days do nct yield a good
estimate for a parameter associated with sudden decreases in flow. The
positive value of K3 on April 23, 1983 is especially misleading since it
signifies that Xe increases with a decreasing fiow rate. This would

result in an unstable process and is therefore not reasonable.

It

Plots of the modei estimate based upon Equetion {4,147, 1[4.15], and

{4.16] are shown in Figures 4.19 throuch 4.22.

One feature not observed in the Segemont data is that of large
cvershoocts in Xe due te repid increases in flow as repcrted by
Chapman (2i). Chapman hypothesized that these overshoots might be
caused by the accumulation of floating solids on his pilot-scale
clarifier which were "disiodged" with large fiow increases. His
clarifier did not Include any skimmer mechanism. The present research
supports his hypothesis that the phenomenon was fnduced bhv the

— ..
expaerimental zocarstus.



TABLE 4.9

DECAY MODEL
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PARAMETERS FOR EQUATIONS [4.14], (4.15], and [4.16]

===

DATE KI K2 K3 AVG ERROR
April 21, 1983 0.65 0.7226 -0.2184 0.37
April 23, 1983 ~3.32 0.9038 0.0035 0.36
April 26, 1983 1.34 0.4753 -0.0465 0.52
Aug. 2, 1983 1.70 0.1656 ~C.1091 0.20
Aug. 3, 1983 1.80 0.1090 -5.2384 0.21!
Aug. 7, 1983 177 0.1363 ~0.2485 8.27
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Clarification Model Summary

The decay model as defined by Equations [4.14], [4.15], and [4.16] is
proposed as the clarification model for further work herein. This model
is capable of simulating many of the process features observed at the
Sagemont piant such as the rapid increase and slow decay of Xe with Flow
transients. While it is possible that additional improvements to the
model could be made, it is felt that the Proposed model is adequate for
the purposes of this study and is preferred over the other possible
models because of its simplicity. A number of other models (see Table
4.10) iIncluding time lags, combinations of parameters, and first and
second order terms were also evaluated in this investigation but were

rejected because they gave no significant improvement over the decay

model.

Thickening Moce!

Stenstrom’s (110) thickening model was chosen for implementation for
several reasons. Of the derivatives from Bryent’e work (16, 111G, i2ij,
Stenstrom’s mocdel gave a better description of the ohserved dzts.
Unlike George’s (53) mocdel, Stenstrom’s is capable of pradicting o
rising sludge bilanket without any artificial constraints. Aleg, hoth
George’s and Kos’ (7!) models were considered too complicated for
fmoiementation on 3 small process controi comouter. It is possible to
implement Stenstrom’s modei on a small comouter since cnly 18 *o 20
ordinary differential equations must be numerically solved. The
adequecy cof the mode! was evajueted Dy comparing simulated resylts with

experimentai data.



TABLE 4.10

ACDITIONAL CLARIFICATION MODELS
WHICH WERE EVALUATED IN THIS INVESTIGATION
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Xe = Kl + KZ-Fe + K3-HLSS
Xe = Kl + KZ-Fe + K3-HLSS + KA-Fe-HLSS
Xe = Kl + KZ-(Fe+Fr) + K3o(Fe+Fr)-HLSS
d(Fe)
Xe = K, + K, ¢Fe + K_eo
1 2 3 dt
d(Xe) d(Fe)
= K,eXe + K oFa + K.
dt 1 2 3 gt
d(Xe} d(fFe)
= Kl-Fe-Xe + KzeFeOHLSS + K3°
dt at
c(Xe) (Fe+fr)
= . (K] + KZOFe - Xe)
¢t K:Q
d(Xe) (Fe)
= . (K1 ¥ K2=Fe - Xe)
dt K
3
Z -
d” (Xe) S{Xe) d(re}
=K, o + K, oXe + K_oFfe + X, o
dtz i at 2 3 4 it




149
Development of Thickening Model

Stenstrom’s thickening model was reviewed in section Il along with the

six assumptions on which the model is based. dodiffcations to this

model will be presented in a following saction.

The model (Equation {2.18]) consists of a remiser of s il tansous,
ordinary differential equations with boundary conditions imposed on the

top and bottom elements. The equation for the top finite wvolune

becomes:

d(Xl) FLUXIN ~ U-Xl - HIN(GSI.GSZ)

= [4.17]
at YA
where:
Xl = solids concentration in top element (H/L3).
FLUXIN = net solids flux density into settler (H/T/LZ).
u = bulk downward velocity (L/T).
MIN = minimum function,
" dde VD m V-4 TN e ., rv:—;-2~
16359 = SEeCCHing TIiUX, VYSex LR/ /L ),
Z = finite depth of settler element (L).

The ret flux enterin ne thickening zone of the settier is descrited as

Eouation r4,

23, For mocst practical situations the FeeXe term can be

neglected with less than one percent error.
FLUXIN = [(Fe+Fr)eHdLSS - FeeXe]/AREA [4.181

For each finite volume of the settler except the top end bottom

elements, the equation is:
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dXp)  UeXp g - X))

dat Z

+

"IN(Gsi-l'Gsi) - HIN(Gsf.Gsf+l)

[4.19]
z

where:

I = subscript for any element except top or bottom.

Since the settling flux at the bottom of the settler is assumed to be
zero, Equation [4.19] simplifies to:

dX)  Ue(X ;X)) + Gs

= {4.20]
ct yA

where: -

n = subscript for bottom element.

The function relating solids concentration and settling velocity is
assumed to have an exponential form.
Vs = VO exp(—DeK) [4.211

where:

VO’ b = settling parameters.

Settling Tests

Two sets of settling tests were run; one for the April series of tests

3anC one for the August series of tests. These settling tests were

concducted in

[()

3-liter SSVI apparatus as described in section ITl. The
results are shown in Tables 4.11 and 4.12 along with the least sqguares

estimate of the settling parameters.
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TABLE 4.11

SETTLING TESTS (APRIL 27, 1983)

X = ====

MLSS CONCENTRATION INITIAL SETTLING VELOCITY

(mg/1) (m/hr)
1,902 5.33
2,754 4.01
3,663 2.71
4,840 1.95
5,750 1.41
6,730 1.04
8,150 n.cQ

V0 = 9.§1

h = 3,25-4
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TABLE 4.12

SETTLING TESTS (JULY 26, 1983)

MLSS CONCENTRATION INITIAL SETTLING VELOCITY
(mg/1) (m/hr)
3,645 2.59
5,880 1.22
8,370 0.54
V0 = 7.36

o
(1]
N
O
un

N

|

IS
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Simulation Results

Simulations were conducted using the settler model (with 19 elements),
the settling parameters from that period, the measured MLSS
concentrations, and the measured effiuent and recycle flows. The
underflow concentrations from these simulations anc the measured return
activated sludge (RAS) concentrations are shown as Figures 4.23 through
4.26. The simulations were started four hours before the start of the

plots in order to minimize the effects of initial conditions.

Figures 4.23 and 4.24 generaliy show good correlation between the
measured and predicted values. Several deficiencies, however, are
apparent. The mode! fs not capable of predicting the RAS
discontinuities associated with the large step changes in the recycle.
flow rate. Like many mﬁde!s, this one has problems with

discontinuities.

The experimental return siudge concentrations show periodic peaks on a
very regular hagis (12-5/€ minutec)
minutes) of the siudge rake. It is hypothesized that heavy soiids are
sweep intc Che sludge hopper every time an arm of the siudge rake
passes. This temporarily increases the solids concentration. For
conditions fn which a sludge blenket exfsts, this swing in Xr msy be as
lTittle as 500 to 1000 mg/!. When nc sludge blanket exists, the swing
may be as much as 5,000 to 6,000 mg/!l. A similar phenomenon was
recently observed by Chaomen (21) at pilot scale. To the author’s

knowledge, however, this {s the first documented accounting of this
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phenomenon at a full-scale wastewater treatment plant. The model
includes no mechanism to simulate these short term fluctuations. This

phenomenon and its effects on sampling and control will be discussed in

a later section.

Figures 4.25 through 4.27 also show an approximate correlation between
measured and predicted underflow concentrations. However, it is noted
that the predicted underflow concentrations are generally less than the
measured ones. This discrepency led the author to believe there could
be some error in one or more of the measurements. A Z4-hour mass
balance around the settler indeed showed this. For the August tests it
was found that the output solids (effluent and underflow) exceeded the
fnput by up to 17 percent. This error greatly exceeded the 4 percent
maximum error encountered during the April tests. [t is suspected that
the measurement error was associated with one of the flow measurements
(effluent or recycie) since the solids monitors were manually checked

= ey Py - P .
Tor accuracy befcre and during the ceSTing.

L4

-

Thickening Mode! Mcdific o

~
DS S R I R O o)

ot
O

w

Even after taxing the oS

(0]
r

k4
‘

18 measurement errors into acecount, severai

of the experiments still show discrepancies between the precdicticons anc
measurements, Figure 4.26 (August 2, 1983) especially shows the model
and process measurements diverging in different directions. This
cdiscrepency is thought to be caused, at ieast in part, by the conical
section of the settler. This section accounts for 37 percent of the
settler heiaht and 17 cercent of the volume. Ac the stug

d .. v o

the conical section. the cross-sectionel ares changzs nenlinesariy.
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Therefore the relative importance of sliudge settling and bulk transport

also change in a nonlinear manner relative to the height in the

cone.

The proposed modification is an extension of Stenstrom’s model using the

same assumptions to develop equations for the conical section

settler. Stenstrom’s equations ([4.17] and [4.19]) are used

of the

for the

model eiements in the cylindrical section of the settler. The new model

equations will be used in the conical section.

Figure 4.28 shows a differential volume of the conical section

settler. A mass balance around the "ith" element results

following:
d(x.,)}
AV o—— = AA. e(Vs. +U. )eX. . - AA.e(Vs.4U,)eX.
-1 i -1 i-1 i i i i
at
where:
AV = volume of frustrum (L3),

SXg AR YKy T AAeX,
= +
dt AV,
A VB 1o Xiap T BA s oK,
AV

By noting that Ui=Fr/ Ai and 2ppiying the €flux constraint,

{4.24] is the eaquivaient to Ecuation 4.191 for a conical section

of the

in the

14.22]

[4.23]

Equaticn
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dX;)  Fre(x;_ =X,

+
at A\/i

AAi_l-HIN(Gsi_l.Gsf) - AA‘-HIN(Gsi.Gsi+l)

[(4.24]
AV
i
Tha equation for the bottom element now takes the form of:
d(X.)  Fre(X . =X ) AA__ «Gs
n - n-1 n + n-1 n [4.25]

dt AVn AVn

Simulation Results of Modified Model

The simulation resuits for the April series of tests are similar to
those already presented as Figures 4.23 and 4.24 and are therefore not
repeated. The results for the August tests, however, show considerable
improvement and are shewn as Figures 4.29 and 4.30. Figure 4.29
(compare with Figure 4.25), in particular, shows the simulation results

more closely following the process measurement.
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V. PROCESS CONTROL STRATEGIES

One ¢f the stated objectives of this investigation was to propose
control strategies to improve the quality of wastewater treatment.
Since the effluent quality in most properiy operated municipal activated
siudge system is almost entirely a function of discharged suspended
sciids, the objective function of these control strategies is. to
minimize suspended ¢olids. It is the intent of this investigation tc
control suspended solids concentration by manipuiation of process

variables rather than by design changes or chemical addition.

There are a limited number of manipulatzble control variables which
affect the activated sludge process. For the purposes of this
fnvestigation only control of influent flow rate, recycle flow rate,
waste flow, and feed forward flow rate will be considered. Afr flow

(dissolved oxygen) control will not be considered. It {e assumed that

sufficient air is alwavs availahla, Sirce it w33z demonsirated tha

o+

influent flow rate has the most effect on the suspended solids
concentration, emphasis is placed on developing controi strategies which

affect this parameter,

Bernerd (9) alsc emphasizes hydraulic controi in the activated s ludge
process. He states that it is necessary to account for both the

hydraulic and biological perameters in a plant, H

(0]

(0]

gives exansles of
the effects of hydraulic parameters on the operation of an activated
sludge treatwment system and presents guidelines for controlling

hyaraui{c conditions.
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Waste Sludge Flcw Control

Sludge age controi is used for controlling the waste sludge flow rate at
the Sagemont WWTF. Since it has been shown that the effluent suspended
solids concentration is approximately proportionsl to the MLSS
concentration, the set point for the siudge age should be as low as
possible and still satisfy other system performance requirements (e.g.,
achieve nitrification and/or acceptable settling cheracteristics). At
the plant, siudge is wasted directly from the aeration basins. This is
the Garrett (50) method of siudge age control. For a sludge age of ten
days, the waste pumps run approximately four hours per day. Since
sludge is wasted directly from the aeration basins, the flow going to
the settlers 1{s correspondingly reduced during this time. This
reduction in overfiow rate during sludge wasting suggests that an
effective method to reduce suspended solids is %o waste during peak fiow
conditions. The timing of this can probably best be bssed ucon

historical flow data.

Feed Forward Flow Contro!l

The use of the feed forward copability 2t +he Sagemont plant nas

demonstrated fts ability <4c rzpicdly (32-82 minctes) reduce Zhe KLSS
concentration in reactor 4 and the solids loading *o the clarifier.
Unfortunately, the feed forward experiments aiso demonstrated that
effluent suspenced solids incresse to varying degrees depending on the
dissolved oxygen concentrations in the resctors. For *his resson, it Is

proposed that feed forward be used only to prevent gross prccess failure

of the activeted siudge process due tc *he sludge blanket going over the
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weirs (induced by high fiows). Since feed forward flow is effective in
reducing the solids loading to the clarifier, thickening failures of
this kind can be effectively reduced. Also, under these circumstances,
the increased effiuent suspended solids due to the use of feed forward
flow would be perferred to the large loss of solids associated with the

loss of the sludge blanket.

Return Sludge Flow Rate Control

Over the range studied, it has been demonstrated that recycle flow

rate has little effect on suspended solids concentration except for
hydraulic transfents Induced by sudden changes. Therefore, return
sludge flow rate should be controiled to satisfy other sYstem
performance requirements {e.g., thickening, minimization of solids

stored in the settler, etc.).

Ratio control of the return siudge flow rate is a reasonable control
strategy which <tends tc mzintsin comsitant HLSS and return siudge
concentrations. The minimum recycle ratio cen be approximated with

Equation [5.i] which can be derived from @ mass balence around the

settler using volumetric concentrations.

r = VBO/(I-V3O) [S.13
where:
r = recycle retic {Fr/FG),
V3G = KHLSS 30-minute settled volume (as a fraction).
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Influent Flow Rate Controt

The clarification mode! developed in the fnvestigation shows that
effluent suspended sclids concentrations increase rapidly with flow
increases. Additionally, effluent solids can decrease slower than raptd
flow changes. This fact suggests that flow equaiization could be an
effective method of reducing effluent suspended solids. .This concept is
shown in Figure 5.1 where simulation results using three different flow
patterns, all of equal volume, are compared. Using the decay model
(Equations [4.14], ([4.15], and [4.16]). the average effiuent suspended
sclids concentration is 10.05 mg/1 for the single pulse, 6.71 mg/1 for
the dual pulses, and 4.5 mg/! for steady flow. In general, variations
in influent flow rate result fin higher average suspended solids
concentrations then steady flows. The minfmum suspended solids

concentration for a given volume of wastewater is attained with a

constant flow rate.

Figure 5.2 shows typical effluent flow rates (one minute averages) over
the courcse of cne day. This jagged fiow curve resuits from the on/off
operation of the {nfliuent pumos, From the previous argument, it can be
concluded that the average suspended solids con
of flow pattern is much grester than +het which

more constant flow.

Although flow equalization has been widely used for industrial waste
treatment, very few equalization basins are in use at municipal
treatment plants. In part this {s becauee of +ha large volumes of

wastewater encountered at municinal  nlantc, ths Hs

e giurnai

e At - H H =
Yariglions. tne iack of demonetrated Lenefits, 44
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aeration, and the reluctance of state and federal agencies to fund such
processes. Many treatment plants (inciucding Sagemont), nowever, do have
some tankage voiume which can be used for flow smoothing and
equalization. This 1is the wet well and gravity coliection system
connected with the pumps station(s). What is required is a system of
pumps for the variasble flow pumping and an algorithm to control the

pumps.

The Sagemont plant has a variable frequency pump and 8 pump with a
modulating discharge valve for obtaining variabie flow pumping. From a

process pofint of view, either control method fs acceptable.

At the Sagemont plant the wet well alone has only about 38,000 gallons
(144,000 1) of useful stcrage or about 22 minﬁtes of detention time at
2.5 MGD (9.4 ¥ !/day). However, it is known from experience that it is
possible to turn the influent pumps completely off for 4 to 6 hours
before the collection system starts overflowing. This means that there
is approximacvely another 500,000 gaiions (1.5 K 1) of storage in the

gravity coilection system draining o the plant,

Many coperating engineers have been reluctant to use the storage capacity
in the collection system. The primary objection to this usage reiates
to the deterioraticn 5F the sewer pipe (tself. If sewage is held too
long under eaneerchic conditions, hydrogen sulfide {s produced. The
hydrogen suifide is utilized by sulfur bacteria which produce sulfuric
acid as a product. The sulfuric acid, f{in turn, fs very corrosive to
sewer pipe (esopecially concrete pipe) and tends to slowly destrov the

crown oOf the oipe, ANYv operating scheme which hoids the sewage in  the
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collection system ionger than necessary risks accelerating this process.
The actual risk, however, is difficult to estimate since it depends on
the retention time in the collection system, DO concentrations in the
sewsge, and temperatufe of the wastewater. Fortunately this risk can be
minimized by pumping the wet well down several times a day. Other

methods (131, 132) of controlling sewage sulfides are also availabie.

Even with only a limited wet well volume, it is possible to eliminate
much of the rapid flow fluctuations by cnanging the pump station control
strategy. One such contrcl strategy is to control the wet well level at
8 constant value by varying the flow rate. The flow pattern resuiting
from such a control scheme is shown in Figure 5.3. This control
strategy should indeed improve the discharge of effluent solids.
However: there are still a number of sharp peaks in the flow curve due
to other lift stations pumping into the on-site pump station. Some of

these variations could be eliminated by utilizing 2 more intelligent

Formulation of Slow Optimization Probiem.

The propesed contro! strategy for infiuent pumping is based upen flow
control with constraints on the wet well! ieve! enc utilizes a dynamic
optimization technique. The use of a process control computer is
required. This technique is i!lustrated in Figure 5.4, For the
arbitrary input shown i{n 5.4 (3), the optimum output is a constant flow
as shown in 5.4 (b). However, with a finite equaiization volume iess

then that needed for a constant fiow, there will exist an omtimz!
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outflow which minimizes the effluent solids discharge without

overflowing or draining the equalization basin. This optimization

problem is stated mathematically as Equation [S.2] with the constraints

of Equations [5.3] and [5.4].

minimize: Ig FeXe dt [5.2]
constraints: 0< F <Fmax [5.3]
Hmin< H <Hmax {5.4]
where:
t = planning horizon (T),

outflow (L3/T).

-n
H

Xe = suspended solids concentration (H/L3).

Fmax = Maximum outflow (L3/T).

Hmin = minimum acceptable wet well level (L),
H = wet well level (L).
Hmax = maximum acceptable wet well level (L).

The solution to this optimization problem itself is not of wuch use for
control purposes since it would he too late to exert any control after
all the flows were measurec. Thus, for use as 5 controi strategy, the
fiows into the plant must be precicted. Due to the stochastic nature of
the inflow, however, these predictions will usually have scme error.
Therefore it {s elways necessary to usdate the optimization as new
fnformation i{s received. The flow forecasting technique deveioped in

this investigation and dynamic optimization technique used ers cdiscussec

fn the foliowing sections.
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Flow Forecasting

Figure 5.5 shows five consecutive days cf flow dats {15 minute
averages). All the cays show a simflar pattern although no two davs are
identical. A number of alternatives are available for forecasting of
wastewater flow rates. Box and Jenkins (12) have deveioped a time-
series technique for such analysis. This technique was app!ied by Goel
and LaGrega (56) specifically for forecasting wastewater flows.
Beck (8) also used a stochastic model derived from time-series analysis
with adaptive prediction to forecast flows. Olsson (36), however, has
suggested a simpler method. The regularity of the fiows from day to day
suggests that the flow could be forecast based upon an historical

average and some type of correction term based upon recent flow vaiues

as in Equation [5.5].

F=F+fc [5.51]
where:

2
(1= /T
.......... - /1)

-
1}
“4
Q
£
he)

]
2
1-
p)
J

r

“hi
i

historical average flow (La/T)o

fc = correction term (L3/T).

The average cf the five days of flow from Figure 5.5 are shown in
Figure 5.6. This function cen be approximated in several manners
Including interpoiation between the deta points, Fourier transform
analysis, and time-series analysis methods. A simpler esliternative to
the time-series technique is Fourier transform analysis (140). It is

particuiarily appropriate for describing periodic functinne 2lthough i+

is generally considered to be a iess powerrul fool!  then +ime-series
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analysis (!10). Equation [5.6] shows the form of the Fourier series

approximation.

F(t) =

a{i)cos(2isPiet/T) + b(i)sin(2¢iPlet/T) [5.6]
i

]

H e~ 2D

where:
a(i),b(i) = Fourier series coefficients,

Pl = 3.14159

t time (T),

T

period (T).

The Fourier coefficients may be calculated by a number of methods. Most
of the Fast Fourier Transform (FFT) techniques require a fixed sampiing
frequency. The program used in this investigation was adapted from a
microcomputer utility manual (65) and rewritten in FORTRAN. it aliows
the use of unequally spaced data. It was found that six coefficients

resulted in a good approximaticn of the average flow data as shown in

Figure &7, Nemerical vaiues for these coefficients are |isted ‘n
Taple 5.1.
The correction tarm, €2, o2zn Se SEETOXImSCEa with a poiynomiai of the

followino form:

m
fe(t) = % c(i)e[F(t=1) -~ f(t-1)] {5.7]
i=1
where:
c{i) = polynomial coefficients,
F(t) = actual measiured fiow (L3,T).
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TABLE 5.1

FOURIER COEFFICIENTS FOR FLOW APPROXIMATION

0 2.202161 0.0

! -0.4042748 -0.7756295

2 0.5608708 ~0.3562915

3 0.03840571 0.0568838

4 -0.103i323 ~0.0809117

5 0.1246335 ~0.05210978

S ~5.G4647651 0.006037218
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It has been found that four coefficients in Equaticn [5.7] result in a
satisfactory approximation. The coefficients for a 15 minute predictor
are listed in Table 5.2. Different coefficients can be derived for 30,
45, 60, etc. minute predictors. Alternately, Equation [5.5] can be
applied consecutively with the 1[5 minute coefficients using the
predicted flows 1in piace of the missing measurements. tach method
results in equally good predictions. Obviously, predictions further in

the future show more error than the shorter term ones.

Dynamic Optimization

The control of the influent flow is determined by making an optimal
decision af each of a sequence of points in time. The interval between
successive decision points is called a period or stage (102). It fis
assumed that a decision is made at the beginning of each period. The
time interval over which the optimization is made consists of N periods
and is called the planning horizon. Both the length of the period

end the planning horizon are determined by sysiem constraints.

The length of time beitween decision point: iz hased on
To meximize the effects of control, it is desirabie to make the period
as smaii as possibie and “fine tune"™ the system. On the other hand, to
minimize calculations it is desirabie to mske the period es large as '
possible. A practical matter {s that many mctors are rated for 3 to 4
starts per hour. This 1imits the peried to 15 to 290 minutes or longer.
Additionally, the wet well has a detention time of 22 minutes at average
flow. It is desirabie tc have a period less than thiz, A neriod of 15

-t .
LR N]

iUCES was chosen as & compromise of these considerpticne.
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TABLE 5.2

CORRECTION POLYNOMIAL COEFFICIENTS

ST ===z ===

1 0.826906
2 0.194541
3 0.053819

4 ~-0.096410
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The planning horizon is also determined as a compromise of several
criteria and depands on the intended purpose of the control. For
instance, if a large equalization vclume is aveiflable and the intent is
to equalize dally flow variations, the planning horizon should be large,
perhaps 24 hours. However, 1if only a small equalization vciume is
avaiiabie and the intert is to minimize short-term fiow fiuctuations, a
shorter planning horizon 1{s appropriate. For the purpose of this

investigation, planning horizons on the order of one to two hours are

considered.

Error Function

The optimizati&n technique requires a single response for each set of
fnputs. Typically this response is some type of error function which is
evaluated from the given inputs. Since the Simplex method used in this
investigation attempts to maximize the response and the desired result

is to minimize the error, the response {s taken as the negative of the

T [5.8]

x
n

response,

m
-
{]

tctal error.

The Simpiex method fs an unconstrzined ocptimization technigue. To
satisfy the constraints (Equetions [5.3] and {5.41) of the problem, it

fs necessary to inciude 3 penalty error term which has a large value
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when these constrzints are violated. Thus the total error is composed
of a term reflecting the discharge of effluent solids and a penalty term

reflecting the state of the constraints.

E. = Ex + Ep [5.9]

m
X
L]

error term due to discharge of solids,

™
‘0
1}

nenalty error term due to constraints.

Others (41) have included further error terms to el iminate rapid changes
in outfiow. This inclusion is considered unnecessary in the present

work since rapid changes in fiow will be refiected in the so!lids

discharge term.

Ideally the solids discharge error term, Ex, would reflect the true
integral of discharged solids as in Equation [5.2]. This would require
that the full dynamic hydraulic model coupled with the decay model for
clarification (Equations [4.14], ([4.15], and [4.16]) be sclved for 1 to

2 h

e

urs of simulated time for esch response. Since many responses are
needed for the decision at each pericd, +his would lead *o excessive
computational reauirements. It s quite possible +h
control comouter would not be capehle of deing the regquired comoitations

in real~time.

An élternative to the full-bliown dynamic mode! can be derived by making
a few simplifying assumotions. Since the change in flow will be
relatively siow (compared to on/cff operation of the influent pumps) and
the plant has relativeiy little hvdraulic damoening capacitv, i+ g

TE3SThRatie O aSSume the effiuent Fiow rate is aporoximately equal! o

. L53
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the influent flow rate. This assumption eliminates the need to use the
dynamic hydraulic model for the optimization response. Additionally, if
the flow is not changing rapidly, it is reasonable to use the simplified
clarification model! (Equation [4.14] only) rather than the full decay
model. These simpiifications reduce each evaluation to solving one

differential equation (for wet well level) and a number of algebraic

equations.

Thus the error term due to the discharge of solids, Ex, has the form:

Ex = ; F(t+i) « Xe(t+i) [5.10]
1=1
where:
n = number of perfod in planning horizon,
Xe(t) =

Kl + K2°F(t),

Kl’ K2 mode| parameters from Equation [4.14].

The cenaity error term, £p, is zerc when nc constraints are violated and
takes & large value for each constraint violatien. Each constraint

(Equations [5.3] and [5.4]) is treated separately.

£ = Zplii + Zpl{2) + EP(3} [5.11]
where:

Ep(1)

I

penality error term due to flow constraint

vioiations,

Ep{2) = pena’ty error term due %o iow wet weii leveis,
Ep(3) = penaity error term due to high wet well levels.
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The error term due to flow constraint vioiations, Ep(l), is considered a
hard constraint since it 1is not physically possible to exceed the

1imitations of the pumps. It takes the form:

n
Ep{i) = ¢ 1000«[U(-F(t+i)) + U(Fmax-F (t+i)})1 [5.12]
fei

where:

U(t) = step function = 0 {f t<0 and 1 if t>0

The low wet well level limit is also considered a hard constraint since
equipment could be damaged {f the pumos were allowed to run dry,
However, this penalty term also includes a ifnearly increasing part to

differentiate between the severity of violations.

n
Ep(2) = ¢ U(Hmin-H(t+1))«[1000+100e (Hmin-H(t+i)] [5.13]
i=1
where:
H{t) = wet well level at time t (L).
Economically, it might be desired to keep the wet well level as high as

pessible to reduce energy costs for pumping. This feature could be
incorporated by including another error term for iow wet well ievel.

This feature was not fncorporated.

The high wet well 1i{mit is considered a soft limit since it is
permissible for the sewage 4o back up Into the coiiection system during
some periods of the day. Additionally, a very soft consiraint was
established to maintain a small buffer for unexpected short-term

transients of the inflow.
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n
Ep(3) = % U(H(t+i)—Hsoft)°[1.0°(H(t+l)-HsoFt)] +
i=1

U(H(t+i)-Hmax)°[100+100'(H(t+1)-HmBX)] [5.14]

where:

Hsoft = soft 1imit level for wet wel} (L).
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VI. EVALUATION OF PROCESS CONTROL STRATEGIES

Influent Flow Rate Control

In the previous chapter a dynamic optimization technique was developed
for minimizing the effluent suspended solids concentration by shaping
the influent flow utilizing the buffering capacity of the wet weil
volume. This section evaluates this controi strategy with *raditional
on/off control and constant level control strategies by compu:er
simulation. The simulation language CSMP (66) was originally used for
these simulations. The model! was rewritten into the ACSL (80) language

for the final simulations.

The sizes and capacities of the 1ift station, pumps, reactcrs, and
settier were taken from the Sagemont plant. The settler model
parameters, however. were estimated from data presented by Chapman (2!).
Chapmaii’s data were used since they were considered more typical of
most wastewater treatment piants than the paremeters associated with a
plant cpersting as well as the Sagemont WwTF. in order to test the

£
)

Q

contrel strategy cver & wids range congitions, one day of normai, dry
C¥ &hd one cay of extreme storm fiow were chosen for
evaluation. These data are shown in Figures 6.1 and £.2. One minute

~e

average flows were used for input to the simulations.

On/CfFf Controlier

»

A SimPiiTied On/off controlier was chosen for evaiuation. The on/off

controiier modei response is shown as Figure 6.3. ¥hen 2 pumo is on,
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the fiow from that pump is assumed constant. This ignores the fact that
the flow decreases as the wet well level drops. This assumption,

however, introduces less than 5 percent error over the entire range

studied.

For the dry weather flow, only one pump is ever running at any given

time. For the storm flow, all three pumps run at some times.

Level Controller

The level contro! algorithm used in the evaluation is shown as
Figure 6.4. This algorithm f{s similar to that implemented at the
Sagemont plant. This algorithm represents an improvement over the-
on/off controller by controlling the flow proportional to the wet well

ievel over a portion of its range.

Again, for the dry weather flow, only one pump is required. For the

storm flow all three pumps are recuired.

Optimization Controller

The optimization controller deveioped in the previous section was used
with a period of 15 minutes and planning horizons of one and two heurs.
Simulations with a two hour planning horizon showed no significant
improvement over those using one hour. Therefore, the resulte for the
che hour planning horfzen will be presented in the remainder of this
chapter. This 1is not a totslly unexpected result since the detenticn

time of the wet well waz caly 22 minct

ey &L wn

ss. 0SS the veiume Tor Tiow
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equalization been greater, the longer planning horizon should have shown

an improvement.

Evaluation of Simulation Results

Table 6.1 shows the simulation results for the three control strategies
for normal, dry weather flow. Table 6.2 shows the results for the storm
flow. For the dry weather flow, both the level and optimization
controilers showed significant improvements (11.7 and 12.1 percent
respectively) over the on/off controller. For the storm flow, the level
and optimization controilers showed more modest improvements of 3.6 and
3.2 percent respectively. For reference, simulations of the
optimization controller with & "perfect" flow predictor were also
conducted. These simulations show that further improvements (up to 15.9

and 5.4 percent respectively) are possible with refined flow prediction.

Although improvements of [5.9 percent might be considered small, it
shouid be noted that these are specific for the assumed parameters and
Pplant studied. Improvements larger than those nored in this stugy might

e possitle for cverlosded piants.

Two factors contribute to the differances in improvements between dry
weather and storm flow conditions. With the larger flow, the detention
time (and hence buffering capacity) of the wet well is reduced leading
To less chance for improvement by control. Alsc, for the storm flow the
average fiow was 87 percent of the capscity of one pump compared to 34

percent for the drv weathaer Flpoy, Thue, Just By the magnitude of the
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TABLE 6.1

SIMULATION RESULTS OF
iNFLUENT FLOW CONTROL STRATEGY
FOR DRY WEATHER FLOWS

CONTROL 24-HOUR AVERAGE PERCENT iMPROVEMENT
METHOD $.5. CONCENTRATION OVER ON-OFF CONTROL
ON/OFF CONTROL 19.6 -—

LEVEL CONTROL 17.3 ' 11.7
OPTIMIZATION

CONTROL 17.2 12.1
OPTIH}ZQTION

CONTROL 16.5 15.9

' - with “perfect” flow predictor
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TABLE 6.2

SIMULATION RESULTS OF
INFLUENT FLOW CONTROL STRATEGY
FOR STORM FLOWS

CONTROL 24-HOUR AVERAGE PERCENT IMPROVEMENT
ME THOD S.S. CONCENTRATION OVER ON/OFF CONTROL
ON/OFF CONTROL 49.9 —

LEVEL CONTROL 48.2 3.6
OPTIMIZATION

CONTROL 48.4 3.2
OPTIMIZATON

CONTROL ' 47.3 5.4

b2 with “perfect™ fiow predictor
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flows, the capacity of the on/off pump was closer to that for optimal

control.

In summary it can be said that the level controller gives improvement in
effluent suspended solids when compared to the on/off contro!lar. Under
most conditions, the optimization controller makes further improvements
by utilizing the wet well volume to equalize and stabilize the flow.
The amount of improvement depends both upcn the magnitude and

distribution of the inflow.

It should be noted that the optimization controller only adjusted the
outflow once per |5 minutes. The simulaticns with the on/off controller
and the level controller used a one minute period. Additional
simuiations have shown the on/off and level controllers to be unstabie

for periods in the range of 5 to 10 minutes &nd longer.

Feed Forward Flow Controi

in the previous section it was proposed that feed forward fiow could be

usec tc rapidly reduce the HLSS concentration entering the settier. As

* e \ o~ 1N [ | - « ~
shown in Figures 4.9 [June 25, 1983) and 4.!2 (July 27, 1823}, ¢twe
by » e o L r = -— -
experiments vwere conducted toc demcnstrste this shencmenon. 1 each

case, the MLSS concentrction decreased in the manner expected. This
change is shown in greater detall fn Figure 6.5. In this test, the MLSS
concentraticn cdecreased from 6,030 to 4,000 ma/! in  approximateiy 75
minutes from the start of the forcing. This represents s 33 percent

reduction in solids loading to the settler.
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Figure 6.5 also shows the simulation resuits for the last reactor using
the reactor mixing model for the <~me chznge in feed forward flow. The
mode!l shows good correlation with experimental data with a maximum error
of about 8 percent. Figure 6.6 shows the simulation results and

experimental date for the same forcing in reactor 2. Even though the

variation is less, the simulation again shows good correlation.

Return Sludge Fiow Controi

In the previous section, proportional control of the recycie flow rate
was proposed to minimize varfations of the MLSS and return sludge

concentrations. Experimental data from the Sagemont plant show these

phenomena.

Bata from April 15, 1983 are shown in Figures 6.7, 6.8, and 6.9. For
this period, the return sludge flow rate was held constant at a value of

appreximately 150 percent of the average flow. For this type of

control, +the MLSS concentraticn varied €:om 5,200 +c 5,200 G/, The

return sludge concentration varied from 7,980 to 12,000 mg/l and was

approximately in phase with the infiuent fiow. Problems associated with

thesa varj

0)

tions are discussed in a iater section.

Data from Aprii 12, 1983 are shown in Figures 6.i0, 6.1!, and 6.i2. For
this period, the return sludge fiow rate was varied proportional fo e
exponentially filtered velue of the effluent flow rate. The set point
was 100 percent. For this type of control, the #L.SS concentration
remained nearly constant. The return sludge concentration also remained

more nearly constant over a8 large portion of the cay. The excepticn to
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this occurred {n the early morning hours and was a resylt of the low

flows at that time and the wasting of excess sludge.
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VII. ON-LINE STATE/PARAMETER ESTIMATION

Biological wastewater <treatment processes are generaily not as easily
modeled as many of the processes from the chemical industries. This is
due to a large number of factors including a heterogeneous biomass,
shifting biological populations, and changing influent characteristics.
Hith these conditions, models for biclogical processes are necessarily
imperfect and variations in the parameters for these models shouid be
expected. For these models, techniques for determining the variations

of the model parameters and states is especially important.

As demonstrated in the previous sections, the parameters for the
clarification and thickening models are not true constants; they vary
with time. Therefore, in order to fully utilize the modeis for real-
time control, some method must be used to update or adjust the model
parameters so that the modél reflects the true process. Depending on

the process, severail aiternatives are avaiiabie for this estimetion. If

3
(]
ct
[
-
U]
“h
o]
)
0
2)
n
(12}
V)]
]
(1))
()
[¢
-h
~h
0O
[}
s |
ct
()]
o |
Q
ct
o g
[1})
0
®
ct
[{)]
1
()
<
1]
)
<
(1))
(o]
X
<
-

-—— ? de
saram it may

O
)
ot
[¢]
)
w
V
b ]
O
¢
W
w
(0]
:)
V)
U]
(0]
[¢
3
0]
)
ot
1)
-h
QO
3
[U]
b9}
[0]

ricd (say cne cay)
-line anglysis tc ceiculete new parameters. It
natural forcings are not sufficient for a cood estimation, it may be
necessary to purposely perturb the process and estimate parameters from
that data. For processes where the parameters change more rapidly, it

may be advantagecus to estimate them with a recursive estimation

technique.
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Recursive Fstimatin~

The recursive estimation technigue utilized in this investigation was
presented by Olsson (88). The technique is capabie of estimating both
process states and parameters and can be considerec equivalent to 2
simplified Kalman f€ilter. A brief review is included below to

demonstrate the technique.

Consicer the case of an inert dye continuously injected into two CSTRs
in series. The influent concentration is assumed to be known, the
effluent concentration is measured, and it is desired to estimate the
dye concentration in the first CSTR. The mass balances describing the

system are:

d(c)/dt = =(F/V)ec, + (F/Viec, [7.1]
= ~{F /e~ ~ (F . rm
d(cz)/dt = ~{F/Vv} <y (F/V) <, {7.23
where:
Car C,» c2 = dye concentrations (H/L3):
F = flow rate (L3/T),

V = reactor veleme (L°).

Equations [7.i] and {7.21 can be written compactly fn matrix ‘form 2s

shown in Equation [7.3].

dX/dt = A e X +B e u [7.33
where:
e —FN 0 I F/v’|
x=[“l A=l l B = | u =g
LCZ_I L F/v -F/V] to]
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Given accurate influent measurements and a perfect model, Equation [7.3]
will eventually converge to the correct concentration values. This

method, however, is slow and fgnores the process measurement, c It

2
should be possibie to use the measurements to speed up the rate of
convergence. Olsson postulated that a way to utilize process
measurements to adjust the model is to add a correction term to

Equation [7.3].

AX/Gt = AeX + Beu + Ke(y = CoX) [7.4)
where:
i = model sfates.
K = correction matrix, constant,
Y = process measurements, CeX,
C = relationship of measured value to states, (0 1).

Equation [7.4] can be generalized as:

X/t = F(X,u) + Ke(y=CoX)

=y
~4

51

-

For linear systems, it can be shown that the estimation error using
Equation [7.5] wil! converge to zere providing that the model and
measurements are perfect. For nonlinear models this convergence cannot
be guaranteed. However, when initial guesses are reasonabie, the

estimator generally behaves well.

Up to this point oniy the estimation of states has been considered. The
technigque can be expanded to estimate model parameters as well. Assume

that it is desired to estimste a mode! parameter a,. &, is introduced

@S @ new process variable using the differential equation:

..... = -y
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d(a,)/dt = 0.0 [7.6]

where:

al = process parameter,

In the estimator, the equation for a1 would be:

d(a,)/dt = 6.0 + Ke(y=CeX) [7.71
where:

al = mogel parameter.

Besides being able to estimate time-varying model parameters, this
technique can also be useful in simplifying the models used for control.
Often comclex models can be gpproximated with less complex models and

time-varying parameters with sdequate resyits.

Olsson gives only general guideiines in the selection of the estimator
adjustment matrix, K. Usuglly the sign of the matrix coefficients can
Se cetermined a priori by 8 careful analysis of +he mode!l. nowever,
their values depend on the absolute values of the states and parameters
being estimated, the confidence in the model, and the noise level of +he
measurements. If there is great confidence in the mode! and +ke
measurements are noisy, the matrix coefficients shouid have relatively
sma2il values such that the modei states and parameters are adjusted
slowly. Likewise, if the measurementz are very accurste, the

coefficients should have larger values to fully account for <+he

additicna! information the process measurements give.
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Application to the Clarification Model

As noted, one major application of recursive estimation is to reduce the
complexity of the models needed for control. In this application, the
mocdel defined by Equation {4.10] is used rather than the full decay

model (Equations [4.14], [4.15], and [4.18]). The equation is repeated

below for convenience.

Xe = Kl + KZoFe [4.10]

In the estimator, it is assumed that all variation is contained in the
parameter KZ’ This is reasonable since Tabie 4.4 showed that Kl was
relatively constant fn many of the experiments. Additionally, it was
not felt necessary to adjust the state (effiuent solids), only the

parameter. Thus the model equations becomé:

Xe = Ky + KyeFe [7.8]
d(Kz)/cﬁ‘: = 0.0 + Kesto(Xe—x) [7.9]
where:
Kegr = EStimator coefficient.

The new parameter Kes‘ can be assigned almost any (positive) value. If

A5

made large enough, the parameter K2 will vary fast, and the model
prediction will almost exactly match the measured values. A more
rationai method of determining its value is cdemonstrateg {n Figure 7.i.
In this figure, the instantaneous values of K2 are plotted as a function
of time and a trend line has been fit. The time varying values of K2

1CuUs vaiues or Kest are aisc snown. From examination

- b4 ~ R 1S .-
chtained Witk va;
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of several such plots, it was determined that a value for Kest of 0.005
to 0.010 was a good compromise using one minute flow and effluent solids
data. Vaiues greater than this allowed too much variation of K2 while
vaiues less than this did not allow KZ to vary fast enough to azcount

for the observed variations.

Results cf simulations based upon the recursive model are shown in Table
7.1 and plotted in Figures 7.2, 7.3, and 7.4. It should be noted that

the resuits of the recursive model compare well to those of the decay

model proposed in section IV.

Application to the Thickening Model

The recursive estimation technigue can also be applied to the settler
thickener modei developed in section IV to estimate both states (solid
concentretions in each element) and the parameters jin the settling
velocity function (Eq. [4.21]). To apply the state estimation, each of
the thickening model equations must be modified to include a correction

- -

term. These equations are:

- - PY - A e G v
dX /G = (FLUXIN = FreX;3/V, - A, -HIN(Gs,,Gs,) /Y,
+ Kesto(xl-xl) [7.10]
X /dt = Fre(X; ;= X)/V; + A, HIN(Gs,_ ,Gs.)/V,
= A MINGGS (LG )/V + Koo o (XX [7.11]
X /dt = Fre(X _, - X )/V_+ A, eGs_}/V

-~

4 - \
* K°3t°‘xn xn'

-
~1
2



TABLE 7.1

PARAMETERS FOR EQUATICNS [7.8] AND [7.9]
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NUMBER SUM

DATA RESIDUAL AVG
DATE Ki KEST POINTS  SQUARED ERROR
April 21, 1983 0.78 0.010 480 38.2 0.28
April 23, 1983 G.16 0.010 285 £0.3 0.42
April 26, 1983 1.68 0.0i10 480 162.3 0.58
August 2, 1983 1.74 0.010 480 43.0 0.30
August 3, 1983 i.79 8.010 480 23.! 2.22
August 7, 1983 i.8: 0.010 160 24.9 0.39
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The absolute vailue for Kes can be estimated from simulations 3s shown

t
in Figure 7.5. In this example, correct values for the settling
parameters and incorrect initial conditions are assumed. Different
values of Kest lead to varying rates of correction as the solids
concentrations come to steady state values. Even with a value of Kest
of zero (no correction term), the states will eventually converge to the

correct values. However, this convergence is very slow. Generally,

values of Kest between 1.0 and 10.0 lead to satisfactory results.

The recursive estimation of the two parameters in the settling velocity
function (Eq. [4.21]) is somewhat more difficult than that of the states
since the settiing velocity must be inferred from changes in
concentration rather than any direct measurement. This I{nference is
further compllicated by the fact that the change in concentrsticn in eny
eiement 1in the thickener modei is affected by the soiids concentration
in that element, the concentration in the element above 1it, and the
concencration in the element belew %, The two excepticns to this are
the bottom element and the top e!emené of the sludge blanket zone. The
bottom =ziement has no laver beneath it while the top element of the

sludge blanket zone hes only a2 lcw concentrstion layer ahove i+, which

......

has littic effect.

Simulations have shown that the eiement where the sludge blanket begins
{(nearest the surface) 1is the most sensitive to changes in settling

sarameters. This 1is reasongtle since al!l changes in these parameters

- d e - Ao m dmloemms - L) Aa b~ e he P om ~ -Y.. m—tymh e e S~ e . A P
muSc  PTCRaSaLE CArSuUG Cag enviire S ankece oerOre ey SnOw Up ac

the pottom eiement. Therefore, the estimation equations for the
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settling parameters are based on the top blanket element and take the

form:
d(VG)/dt = 0.0 + Kvo-(xsb-xsb) {7.13]
d(b)/dt = 0.0 + Kb'(xsb-xsb) ' [7.14]
where:
Kvo = estimator coefficient,
Kb = estimator coefficient,
Xsb = solids concentration in top element of sludge blankat

Zone, (H/L3).

Xsb = estimated solids concentration in top element of sludge

bianket zone (H/L3).

Again, acceptable values of KVO and Kb can be established through

simuiations. The simplest case involves estimating only one of “*he twe

parameters at a time. Figures 7.6 and 7.7 show the convergence of the

-~

the parameter ¥ for different values of K ang K {state estimation)
(o} Vo est

whiie Figures 7.8 end 7.9 show the cenvergence of the parameter b over a

similar range. These simulations were conducted wisn the correct

fnitial conditions and vaiues of V and b which veried aperoximste
0

percent from the "real” model. In general, the simulations with Ke«t of

10.0 (Figures 7.7 and 7.9) showed very rapid convergence of the settling

parameters while the simulations with K

et oF 1.0 (Figures 7.6 and 7.8)
-

showed more oscillation and siower convergence. Acceptakhle values of

KVO are in the range of -0.02 to -0.05, and acceptabie values of K. are

b
7 -6

in the range of 3.0 x 107/ %0 1.0 x 10 °.
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Attempts to estimate both settling parameters simultaneously were nct as
successfyl as the single parameter estimations. This is understandabie
since the actual value which can be estimated from changes in solids
concentration {is the settling velocity itself, not the equstion
parameters. For every single settling velocity, there are an infinite
number of V0 and b pairs which can describe the observed phenomenon.
Attempts to incnrporate more than one m>del element into the ectimators

(Egs. [7.137 end [7.14]) were s!so not su-cesscyl.

Summary of Recursive Estimation Results

The objectives of using the recursive estimation procecure were to
estimate the time-varying model parameters and to simplify the models
necessary to adequately describe-the activated siudge settler. This
technique would ultimately be used for process controi. It was shown
that Olsson’s (88) techinique could be used to modify the state equations
and provide s better estimator by incorporating process measurements.
Ecuations for estimating the modei parameters were also developed.
Actua! fieid data were used to develop the estimator coefficients for
the clarification model while simulations were utilized to get

coefficient values in the thickening model.
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VIII. ENGINEERING SIGNIFICANCE

General

it is often noted that the engineering siqnificance of any research
depends upén what new knowledge is gained and the applicability of that
knowledge to existing and anticipated problems. This section will
discuss some of the new knowledge gained from this investigation and
applications of the modeis developed and field verified in the course of
this study. The majority of this work is oriented to the operation of
the activated sludge process with special emphasis on the solid-liquid
separation phase. However, there are also several design implications

which will be discussed as well.

In section 1V, four different models were deveioped. It was
demonstrated that the clarification function of the settler was
primarily a hydraulic phenomenon with a response time of minutes. Quite
logically then, appiications of the clarification mode! must be counlad
with the hydraulic model which is capabie of predicting the minute-to-
minute flow changes. The settler thickening mede!, on the other hand,
has a response time of many minutes to hours. Therefore, it s
reasonable to couple it with the reactor mixing modei which does not

consider high frequency fiow transients.

Aoplications of Hydraulic Control

The rurpose of the hydrauiic modei is to predict hydraulic transients

through the treatment piant induced by the operation of the influent and
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recycle bpumos. These minute-to-minute predictions of flow can be
coupled with the clarification modeil to predict the effects of hydr%u]ic

disturbances.

Influent Flow

The hydraulic model can be used to demonstrate the |imited hydraul ic

disturbances. This buffering capacity is a noniinear function of both
magnitude and frequency of the disturbance. For the exampie shown, the
influent flow was varied sinusoidally between 2 and 6 MGD (7.6 to 22.7
M1/dey) with several different frequencies. Recycle flow was maintainad
at a constant 2 MGD (7.6 Mi/day). The magnitude and phase angle of the
plant outflow are shown in Figuée 8.1. The results of Bryant (i4) are
also shown in Figure 8.1. The piant he modeled had considerabily more

hydraulic dampening capacity than the Sagemont plant.

Examination of Figure 8.1 reveals the limited buffering capacity of the
Sagemont plant. For frequencies less than cne cycle per hour, there is
minimal attenuation. Even at four cycles/hour, the output magnitude s
stiii 44 percent of *he input value. This four cvcies/hour examnlie is
typical of fieid conditions and corresponds approximateiy to a pump
which is on fer 7-1/2 minutes and off for 7-1/2 minutes. The
consequence of this property is that disturbances in influent Flow are
propagated through the plant with little attenuation. The effects of

these hydrauiic transients have been demonstrated tc degrade the

effluent quaiity and should be avoided whenever possibie.
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There are a number of ways to dampen hydraulic transients including flow
5
eq@alization. variable volume reaztors, large head losses through the

treatment plant, and improved pumping control.

Flow equalization is a design method which usually requires a large
capital investment. Additionally, 1t usually entails additional pumps
and aerstion equipment and their associated costs. Due to the large
diurnal flow variations experienced by municipal wastewater treatment
plants, compiete flow equalization is seldom economical. One pcssible

exception to this rule-of-thumb is the small package treatment plant.

Small plants represent the majority of the number of plants and treat a
significant (though much smaller) portion of the total wastewater flow.
A survey of 1,612 plants in the state of Texas shows that 85 percent of
the plants have a rated capacity of one MGD (3.85 Ml/day) or less ard
treat 15 percent of the aggregate flow. Small plants suffer from a
number of aflments specific to their size and have gained a bad
reputation with many regulatory agencies. A mejer proolem is that of
‘hydraulic surges caused by oversized pump stations. Due to their smaii

capacity, this problem can be economicaiiy corrected with the addition

of a smell surge tank of 10-20 minutes detention time.

it is also possibie to equalize fiow by using variable volume reactors.
Speece and LaGrega (104) discuss this alternative and some of its
operaticna! problems Including the meeting of mixing and oxygenation

requirements with a varying iiquid levei.

The use of large head losses in the oiant to damoen hvdrauiic eur

s
1

orten effectiveiy oracticed in nvdraviicaiiv underiosded nlents by
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partially closing gates and valves. Few plants, however, have

sufficient freeboard for this practice.

There are several potential appiications for the proposed influent pump
control strategies. For overloaded plants not meeting their permit
limits, a large portion of the effluent load is wusually caused by
effluent solids. Implementation of the pump control strategy could
decrease the effluent solids and improve the effiuent quality. For
plants which usually require filters to consistently meet their pernmit

requirements, addition of the pumping strategy might add equivaient

consistency without the use of fiiters.

Both of thesz applications could be implemented with a relatively smail
investment of equipment (e.g., controi valve, flow meter, and
controllier) and could possibly delay costly plant expansions such as the
acdition of reactors, settlers, and/or filters. Additionally, since
there is littie hardware assccisted with the pumd strategy, it couid be

implemented much faster than a plant expansion.

For underloaded plants easily meeting their permit 1imits, the pump
control strategy minimizing effluent solids snows little benefit. In
fact, its use costs extra money since additional solids must be
arocessed. Solids processing and disposa: is very costly with costs of
up o $300 per dry ton nct being unususl. For these plants it s
possibie to restructure the minimization routine to maintain the
effluent solids just under the permit limit. While this strategy would
Increase the effiuent solids, this increase would stiil be within the

permit limits and therefore legally acceptable. For example, at a 100
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MGD (385 M 1/day) piant an increase in one mg/l1 effluent solids would
decrease the waste solids by 834 pounds (380 kg) per day. At $300 per

dry ton, this represents a savings of $46,000 annually.

Recycle Fiow

Simulations varying the recycle flow rate revealed an interesting
phenomenon. The two simulations included a step increase (2 to 6
MGD)and a step decrcase (6 to 2 MGD) in recycle flow rate while
maintaining a constant influent flow rate (4 MGD). The step decrease
in recycle flow resulted in an almost immediate increase in overflow
rate in the settler. This sudden increase died out with a time constant
of about 5-1/2 minutes. Likewise, the step increase in recycle flow
resuited in a sudden decrease in overflow rate with a similar recovery.
Simulation results are shown in Figures 5.2 and 8.3. The settler

parameters of section VI were used in the simulations.

The phenomenon in Figure 8.2 can be explained by noting that the flow
coming into the settler is (FO+Fr). The ficw coing over the weirs is
(F0+Fr—Fr) or (FO). If the recycle flow is suddenly decreased from
(Frl) to (Frz). the flow going into the clarifier is still (F0+Fr1)
whiie the overfiow is (F0+Frl-Fr2). This iast gquantity is greater than
(Fo) momentarily but decreases back to (FG) as the effects of decreasing
the recycle flow propagate through the plant. This increase in overflow
rate is also accompanied by an increase in effluent suspended solids (21
to 27 ma/l) and a ageneral deterioration of effluent quality. Similar

reasoning can bDe used To angivze the step increase in recvcie fiow.
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As a result of these simulations i~ can be conciuded that sudden
decreases fin recycle flow rate increase the overflow rate temporarily
and degrade the effluent quality. Likewise, sudden increases in recycle
flow rate decrease the overflow rate temperarily and may actually
upgrade the effiuent quality a small amount. This conclusion that
decreases 1n recycle flow are more detrimental than increases is
generally counter-intuitive and not discussed in msnuals on the

operation of the activated sludge process.

Acplications of the Solids and Thickening Models

The purpose of the reactor mixing mode! is to predict the sqspended
soiids concentrations in the various reactor under different Hhydraulic
forcings. When coupled with the sludge thickening model, it can be used
to predict the transfer of sludge between the reactors and the settler.
Additionally, it can be used to predict the distribution of solids
between the reactors when feed forward flow (step feed) is used. An
example compering exgcrimental and simuiation resuits was given in

section VI.

This real-time knowledge of the solids distribution in the reactors is
necessary information for many control strategies such as the SCOUR
strategies previously discussed. This knowledge can be obtained in
reai-time by only two methods; on-line instrumentation or computer

simuiation. Laboratory methods for suspended solids {nonfiitrable

residue) take approximately 1-1/2 hours when run in accordance with
tandard Methods (107) and are thie not acceptable for on-iinz  conitrc!
purposes. The use of the solids mode! minimizes *he use of cn-iine
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fnstruments to adjust the inputs to the reactor svstem. For multi-

reactor configurations, this minimization of instruments can represent a

significant savings.

Real-time knowledge of the settier underflow conicentration and the
amount of solids stored in the settler is also valuable {nformation.
Many of the control strategies developed elsewhere (2, 135) require a
knowledge of the recycle soiids concentration. Again, the reasonable
aiternatives for obtaining these values are onr-line fnstruments and
computer simulation. - Elimination of any instruments can be a
significant savings both in initial and maintenance costs. These two
models also allow the prediction of gross process failure by loss of the
sludge blanket over the effluent weirs. Bernard (9) emphasizes the
prevention of this as the first priority of any activated sludge control
strategy. Torpey -(120) demonstrated the use of step feed for this

purpcse.

Asplicaticns to Comouter Controi

The on-line instruments anc coaputer monitoring system utiiizeg during

this investigaticn allowe

48

the observation of the dynamic behavior of
the solids in the activated siucge proceé%. [t was observed thet scme
varfables of interest such as MLSS concentraticn (see Figures 4.7 and
4.8) and sludge bianket height (see rigure 4.18) varied relatively
siowly (many minutes to hours). [t was &also observed that other

variables such as fiow (see Figure 6.1), effluent suspended solids (see



230
Figures 4.6, 4.7, and 4.8), and return sludge concentration (see Figure

4.27) varied on a minute-to-minute basis.

The occurrance of rapid changes in solids concentr .cions in the
activated sludge process ic not well known. Most engineers still think
of the process as changing very slowly because of the long hydraulic
residence times in the basins. In fact, this belief is ofter quoted as
a major reason for manual rather than automatic operation of treatment
plants. This investigation has shown that a number of variables change
too rapidly to be adequately controlied by manual operation. These
rapid variations also have an effect on downstream units and tend to
propagate through the treatment train. This is justification for the

use of computer control in wastewater treatment plants.

Applications to Sampling

The rapid changes observed in some of the variables of interest have

t gV 4 -~ - - - ST~ ——
read significance *tc s ; o

perTormance monitoring and

1
©

control. This 1investigation has shown instances in which the return
siudge concentration can vary by up to 6,000 mg/! over a2 five minute
interval even when the flows are constant. The usefuiness of a single
grab sample from this stream is therefore questionable. However, this
type of sampling is often used to control the return sludge.F!ow rate
and thc sludge wastage rate. A more reasonable approach wouid be to
average tine sample over some time pericd approximating the frequency of

the disturbance. This could be done by physically cempositing a sample

or filtering the sional from the on-line ingtrimant
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Design of Clarifier Qutlets

Almost without exception, the outlets of clarifiers are trianguiasr
weirs. The T"correct™ iocation of these weirs, however, is still a
subject of debate. This was evidenced recently when twc article in the
same issue of the Journal of the Water Pollution Control Federation
suggested different locations for effiuent weirs. Parker (92) suggested
moving the weirs toward the center of the settler while Stukenberg,
et al. (114) suggested moving them to the periphery. Most sources say
that triangular weirs are used so that the flow distribution along the
outiet will be relatively constant even if the weirs are not level.
Other advantages of triangular weirs include the ability tc handlie a

wide range of flows, ease of cleaning, and a no-cltog configuration.

It can be easily shown, however, thet triangular weirs could be a bad
choice fecr even flow distribution when weirs are not level (7). This
results from the fact that flow {s proportional to the head to the 2.5
power for +<rianguler weirs. AN incresse in head {from weir piates at

different elevations) of 50 percen

+

will increase the €low by 176
percent. For rectangular weirs, the flow is proporticnal! +o the .5
power . in this case a 50 percent increazse in head recul+s in an 84
percent increase in flow. Carrying this idea one step further, the flow
from a submerged orifice is proportional to head to the 1/2 power. For
the orifice, a 50 percent increazse in head results in only a 22 percent
increase in fiow. Thus, to compensate for cdifferences in head, a

submerged crifice will maintain a more even flow distribution along the

entire length of the weirs then either triangular or rectangular weirs.
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The submerged orifice also has the advantage of drawing liquid from
below the water surface, avoiding floating debris. The major
disadvantages of submerged weirs are their limited flow range and the
possibility of clogging. Lutge (76) has reported the successful use of

submerged orifices on twelve large. rectangular settiers in Seattle.
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IX. CONCLUSIONS

The following conclusions were made as a result of the exper imental
investigations and computer simulations conducted during this study. It
shouid be noted that some of these conclusions are directiy applicable
only to the wastewater plant investigated which was iightly loaded and

had a sludge with good settling and clarification characteristics.

l. A reactor mixing mode! based on completely mixed reactors in series
can be used to predict MLSS concentrations in the activated sludge
aeration basins. The reactors have a considerable concentration

puffering capacity which exhibits a time constant on the order of

minutes to hours.

2. A hydraulic mode! based upon mass balances and well known flow
equations can be wused to predict the propagation of hydraul ic
disturbances through the treatment plant. These disturbances are
caused by the operation of infiuent and recycle pumps. The Sagemont

plant had little hydrauiic buffering capacity and exhibited a time

3. Sudden changes in the recycle flow rate can affect the settler by
temporarily changing the overflow rate. Increases of recycie flow
will momentarily decrease the overfiow rate while decreases
recycie flow will increase the overfiow rate. These changes are

relatively short lived due to the smal! hycraulic buffering capacity

of

3 TENYE § ¥ PO Y
the plant a2nd die cut within ten 4o «
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Underflow rates of up to 575 gpd/sq ft (1.0 m/hr) have little effect
on the effluent suspended solids%concentration except for hydraulic
transients induced by sudden changes. There is qualitative evidence
from other plants, however, that suggest underflow rates above 1000
gpd/sq ft (1.7 m/hr) may lead to a degradation of effluent quality
due to increased turbulence in the settler. It was not possible to

conduct tests in this range at the plant under study.

Qualitatively ft was observed that effluent suspended solids
increase with increasing MLSS concentrations. It was not possible
to evaluate a function for this relationship since only two solids

levels were studied.

It was found that the sludae blanket level did not greatly affect
the effluent suspended solids concentration at heights of up to 4.3
feet (1.3 m) below the water surface and overfiow rates up to 1100
gpd/sq ft (!.9 m/hr). At some levei above this, however, the
blanket solids will be carried over the weirs resylting in 2 large
discharge of solids. This gross process failure is the result of a

thickener fzilure, not a clarificaticn fzilure.

It was observed that hydraulic transients have an immediate effect
on effluent suspended solids concentration which can persist longer
than the flow disturbance. Thus, both infiuent fliow rate and
pattern have an effect on effiuent suspended solids. This fact
suggests that the on/off pumping strategy employed at most sewage

11ft staticns may be detrimental to effluent quatity.
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A dynamic sludge thickening model based on solids flux concepts can
be wused to predict underflow solids concentrations when a s ludge
blanket exists. An empirical mode! based on the same assumptions
but which accounts for the geometry of the conical section of the
settler can be used to predict underflow solids concentrations for

under-loaded, over-loaded, and transition conditions.

The recycle solids concentration exhibits periodic (13 minutes)
peaks corresponding to the passage of the sludge rake over the
sludge hopper. Concentration changes may be up to 5,000 or 6,000
mg/1 over this short time period. Because of this property, manual
or automatic control systems which use the recycle solids
concentration shouid use a time averaged value. imple grab samples

may lead to large errors.

The on/off operation of infiuent pumps results in the loss of more

effluent suspend=d solids due to flow transients than the use of a

(SO ‘e v <

variable flow controller utilizing 2 constant leve!

goritha. The
optimization routine for controlling influent flow rate developed in
this investigation has the potehtial for producing a higher gquaiity

effluent than either ¢f the other two contro} methods by utiiizing

the 1ift station wet well volume in an optimal manner.

Recursive estimation can be utilized to estimate the time varying

carameters of the modals zs well zs varizkles which camnot bSe easily

[¢]

measured.
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X. RECOMMENDATIONS FOR FUTURE WORK

Based upon the results of the experimental investigation and computer

simulations conducted during this study, the following recommencations

for further work are made:

1.

More theoretical! and experimental work is needed to establish the

mechanisms by which clarification occurs in secondary sedimentation.

A more gquantitative reiationship between settling characteristics
and conditions in the biclogica! reactors is needed. This
relationship is needed to couple control strategies based on

biological needs in the reactors and physical requirements {r the

settier.

The adsorption and desorption of primary particles present in the
influent should be investigated and modeled in order to Ffurther

refine the use of feed forwarcd flow as a control strategy.

A thorough eccncmic evalustion should be performed on the influent
flow control strategy to delineate under what conditions it would be
the best alternative to upgrade the performance of a wastewater

treatment plant.

More theoretical and experimental work is needed to refine the
state/parameter estimation technique. In particular, a reduction in
the number of required measurements is desirable. The use of s ludge
bianket levei may be heipful for estimating sludge settling

parameters and shou'd be investigated.
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There 1is a need to biend models such as ttose developed in this
research with <stochastic modeis to account for the random errors
which cannot be accounted for by deterministic models. This
blending of modeling techniques could lead to better prediction of

plant performance and better control.
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APPENDIX A
NOMENCLATURE
Symhot Description
a Settling velocity equation parameter
a(t) Fourier series coefficient
a, Model parameter
A Settier surface area (LZ)
AREA Settler surface area (LZ)
b Settling velocity equation parameter
b(i) Fourier series coefficient
8005 Five day biochemical oxygen demand (H/L3)
Car Cp0 G, Concentrations, usually (H/L3)
c(i) Polynomial coefficients
C Normal ized concentration
CH Weir coefficient
d} density of liquid (H/L3)

L9

s s . R UV S
AxXiail dispersicon coerficient (L°/T)

Do Dissolved oxygen concentration (E/La)

DT Detention time (T)

(O/ut) Vesse! dispersion number

Ep Penalty error term due to constraint violations
ET jotal error

Ex Error term due to discharge cf solids

“H»

Predicted flow (L3/T)

“hi

~- b0 3 -
nistorical average fiow (L7/T)
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NOMENCLATURE (continued)

Symbol Description
fc Flow correction term (L3/T)

Resistivity (H/LB/T)

n

£ Air flow rate (LsiT)
air
Fe Effiuent flow rate (L3/T)
3
= 3
fin Flow in (L°/T)
F Maximum desired outflow (L3/T)
max
3
Fout Flow out (L°/T)
Fr Recycle flow rate (L3/*)
FTU Formazone turbidity unit
Fo Influent flow rate (L3/T) -
Fw Waste flow rate (L°/T)
F/M Food to microorganisms ratio (H-BODS/H—HLSS)
o] Acceleration of gravity (L/T2) }
Gs Flux due to settiing velocity (H/LZ/T)
h Cegth of liguid over weir (L}
H Het well water height (L)
Maximum desired wet weli heignht {L}
max
Hmin Minimum desired wet well height (L)
Hz Hertz, cycles per second (T-l)
isv Initial settling velocity (L/T)
K Unit conversicon facter
K Headloss coefficient
K Constant correction matrix
K, Estimator coefficient
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NOMENCLATURE (continued)

Symbol Description

Kd Organism decay rate coefficient (T h
Kest Correction matrix coefficients, constant
Ky Model parameter

KV0 Estimator coefficient

Kl’ Kos Ky Model parameters

L Length of vessel, length of weir (L)

M Solids transported through settier (M)
M So]z:? transported through settler at a constant velocity
MGD Million gallons per day (L3/T)

MIN Minimum function

MLSS Mixed liquor suspended solids (M/L3)

M 1/cay Killion liters per day (L3/T)

N Number of tanks in series

o Liquid phase pressure (H/L/TZ)

F Vector of model parameters

[ Pi, 3.14159°*"

Q Liquid flow rate (L3/T)

é Operating point for flow rate (LB/T)
rs R Recycle ratio (Fr/FO)

R Hydraulic radius (L)

R Hydraulic resistance (L/LB/T)

R Optimization evaluation response

RAS Return activated siudge

S Siope OF the energy iine
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SRT
SS
Ssv
SSVI
SV1

SWD
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NOMENCLATURE (continued)

Descriptior

Specific Carbonaeous Oxygen Uptake Rate (H—OZ/T/H—X)
Solids retention time, Sludge Age (T)

Suspended solids concentration (ﬁ/L3)

Stirred specific volume (L3/M)

Standard sludge volume irdex (L3/H)

Sludge volume index (L3/Hj

Side water depth (L)

Time (T)

Planning horizon (T)

Centroid of distribution, mean (T)

Velocity of flow (L/T)

Net downward velocity due to siudge'removal (L/T)
Step function = 6 if ©t<0 and ! if £30

Volume (La)

instartaneous veiocity (L/T)

Time averaged velecity (L/T)

Settling veiocity (L/T)

Volume of sludge in settler (L3)

Yelocity characteristic of turbulence level (L/T)
Velocity of disglaced fluid (L/T)

toke’s settiing velocity for a singie discrete oarticle
(L/m)

MLSS 30-minute settled volume (as a fraction)
Process measurements

] M s £ v ~ry A}
Yield goefficient (M-X/¥-B0D_ )
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NOMENCLATURE (continued)

Description

Solids concentration (H/La)

Spatial distance (L)

Matrix of measurements, observatiocns, etc.
Transpose of matrix X

Model states

Effiuent suspended solids (H/L)

Steady state effiuent soiids concentration (ﬁ/L3)
Mass of solids

Solids concentration in top element of sludge blanket
zone (M/L°)

Estimated solids3concentration fn top element of sludge
blanket zone (M/L”)

Solids concentration of waste stream (H/L3)
2
Sciids concentration in model elements M/L7)

Vertical distance (L)

-~

. - . Z
Differential area (L

)

Differential volume (L3)

Normalized time, tu/L

Effective interparticie oressure (H/L/TZ)
Variance

Pi, 3.14159°""

Buik density of liguid (H/L3)

Bulk density of solids (M/L3)
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APPENDIX B

COXPUTER PROGRAM LISTINGS

PROGRAM THICK!0

"Dynamic Model of Settler Thickening Dynamics"

"Recursive Algorithm for State/Parameter Estimation”
"Criginaily written in the CSMP Language: February 1984"
"Rewritten in the ACSL Language: October 29, 1984"
"ADVAMCED CONTINUOUS SIMULATION LANGUAGE™

"Mitchell and Gauthfer, Asscs., Inc."

"290 Baker Avenue"

"Concord, Mass. (1742"

"Robert D. Hill"

"¥isiting Assistant Professor"
"McMaster University"™
"Hamilton, Ontario, Canada"

INITIAL

"Dimension Variables"™
iNTeaeer LU
REAL Vv(19), A(19), XI(19), X{iS), DOX(15)
REAL XHI(19), XH(19), DXH(19), KEST(19)
V(i) Settler Slice Volumes, cu m"

"A(i) = Settler Slice Surface Areas, sq m"

"X(i) = Settler Slice Solids Concentrations, mg/1"
"XI(i} = Settler Slice Initial Conditions, mg/1"
"DX{i} = Derivetive of X({), mg/l/Rr"

"XH{i) = Zstimated Soiids Concentration, mg/i"
"XHI(i) = Initial Conditions of XH(i), mg/I"
"DXH(i) = Derivative of XH(i), mg/1/hr"

" Define Simuiation Time Constants, hrs"
CINTERVAL CINT=0.02
ALGORITHM 1ALG=5
MAXTERVAL MAXT=0.0!
MINTERVAL MINT=1.E-6
NSTEPS NSTP=i0
CONSTANT TSTOP=4.0

"Define Physical Constants”
CONSTANT PI=3.14159

”
Safing Initial Ve

CONSTANT NTIM
CONSTANT MLSS

Hhil O

v
<
=8
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"Read default values from data files"
CALL INITO! (V,A,XI,V0,B,XHI,VOH,BH,KEST,KVO,KB)
VOHI=VQH
BHI=BH

"Calculate Recycle Flow Rate"
PROCEDURAL (FR=FQ,T)
FR = 320.0
IND ¢ “OF PROCEDURAL"

"Write Parameter Values to OUTPUT and PRINT files"
0O 300 Lu=6,9,3
WRITE (LU,100) VvO0,B
100.. FORMAT (/1iX,’V0 = *,F16.8,/1X,’B = ‘,F16.8)
WRITE (LU,200) VOH,BH
200.. FORMAT (/1X,’VOH = *,F16.8,/1X,’BH = ",F16.8,///)
300.. CONTINUE

END $ "OF INITIAL®

DYNAMIC
DERIVATIVE

_"Calcuiate Soiids Cerivatives"
CALL XDER (X,DX,V,A,F0,FR,M SS,XE,V0,3)
CALL XHDER (X,XH,DXH,V,A,F0,FR,MLSS,XE,VOH,BH,KEST)
CALL PARDER (X,XH,DVGH,DBH,KV0,KB)

"Integrate tquations"
X = INTVC (DX,XI)
XH = INTVC (DXH,XHI)
VOH = INTEG (DVOH,VOHI)
BH = INTEG{DBH.BHI)

END § "CF DERIVATIVE"

"Calculate Influent Flow Rate™
PROCEDURAL FQ=T)
F0=640.C
if ((T.GE.1.0).AND.(T.LT.7.0)) FO=1280.0"
"FO = 950.0 + 315.0%SIN(Pi®T/2.0)"
END $ "OF PROCEDURAL"™

CALL OUT! (T,X,XH,VOH,BH)

"End Condition"
TERMRT (7.GE.TSTGF)

END $ "OF DYNAMIC"

END ¢ MOF DPROCRAM
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SUBROUTINE INITO! (V,A,XI,V0,B,XH1,VOH,BH,KEST,KV0,KB)

INTEGER I

REAL
REAL

OPEN
OPEN

READ

READ
READ
READ
READ

READ
READ
READ
READ

READ
READ
READ
READ

READ

READ
READ
READ
READ

READ
READ
READ
READ

READ

v(19), A(19), XI(13), VO, 2
XHI(19), VOH, BH, KEST(19), Kv0, KB

(UNIT=10, FILE="THICK10.INP’, STATUS='0LD’}
(UNIT=11, FILE="THICK10.0UT’, STATUS='NEW’)

(10,*) vo, B

(16,*) (v(I),I=1,5)

(10,%) (v(I),I=6,10)
(10,*) (v(1),I=11,15)
(10,*) (V(I),I=15,19)

{10,*) (A(1),I=1,5)

(10,*) (A(I),I1=6,10)
(10,*) (A(I),I=11,15)}
(10,*) (A(I),I=16,19)

(10,*) (Xi(1),I=1,5)

(10,7) (XI(l),1=6,10)
(10,*) (XI(I),I=11,15)
(101') (XI(l)vISIS'lg)

(1C,*) VOH,BH

(10,*} (XHI(I),I=1,5)

(101') (XHI(!)9E=6710)
(10,*) (XHi(I),I=11,15)
(10,*) (XHi({l),I=16,19)

(101‘) (KEST(Z)9i=i95)

(10,*) (KEST(I),I=6,10)
(10,*) (KEST(1),I=11,15)
(10,7} (KEST(I1),I1=16,19)

(10,*) KV0,KB

CLOSE (UMIT=10)

RETURN

END

SUBROUTINE XDER (X,DX,V,A,F0,FR,MLSS,XE,V0,B)

INTEGER I
REAL X{19),BX{i%),V(iS),A{iS),FC,FR,HLSS,XE,V0,B
REAL FLUXIN,VS(19),35(19)

FLUXIN = (FO+FR)®MI QS - £osxE
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DO 100 I=1,19
VS{1)=VOREXP(-B*X(1]))
IF (X(1).L7.2009.0) VS(i)=20.0
GS(I)=X(I)*VS(l)

100 CONTINUE

DX(1)=(FLUXIN=FR®X(1))/V(1) - A(1)*(AMINI(GS(1),GS(2)))/V(1)

DO 200 1=2,18
TEMP = A(I-1)®AMIN1(GS(I-1),GS(I)) - A(I)®AMINI(GS(1},GS(I+1))
OX(I)=FR®{X(1-1)=X(1))/V(1) + TEMP/V(I)

200 CONTINUE

DX(19)=FR*(X(18)-X(19))/V(19) + A(18)*G3S(19)/V{19)

RETURN
END

SUBROUTINE XHDER (X,XH,DXH,V,A,F0,FR,MLSS,XE,"0H,BH,KEST)

INTEGER 1

REAL X(19),0XH(19),V(19),A(19),F0,FR,MLSS,XE, VOH,BH
REAL XH(19), KEST(19)

REAL FLUXIN.VS(19),GS(19) -

FLUXIN = (FO+FR)*MLSS ~ FO®*XE

00 i00 1=1,19
VS(1)=VOH*EXP(-BH*XH(1))
IF (XH(I).LT.2000.0) VS(1)=20.0
GS(1)=XH{I)*VS{I)

100  CONTINUE

DXH(1)=(FLUXIN-FR®*XH(1))/V(1} =~ ACIYS(AMINI(GS(1),BS42)))/V{i) +
1 KEST{I)*(X(1}=XH(1})}

DO 200 1=2,!8

TEMP = A(I-1)®AMINI(GS(I-1),GS(1)) - A(T)SAMINI(GS(1},ES(I+1))

ORH{I)Y=FR* (XH(I-1)=XH(1))/V(I) + TEMP/V(I) + KEST(L)*(X(1)=XH(1))
200  CONTINUE

DXH(1S) = FRe(XH(18)=-XH(19))/V(19) + A(18)*GS{19)/V(19) +
I KEST(19)*/X(19)-XH(19))

RETURN
END
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SUBROUTINE PARDER (X,XH,DV0H,DBH,KV0,KB}

%EAL X(193, XH(19), DVOH, DBH, KV0, K8

DVOH = 0.0
DBH = C.0
00 100 I=1,19

IF (X(I).LT7.2000.0) GOTO 100
DVOH = DVOH + KVO* (X(I)~XH(I))
OBH = DBH + KB ®*(X(I)-XH(I))
GOTO 1000

CONTINUE

RETURN
END

SUBROUTINE OUT1 (T,X,XH,VOH,BH)

INTEGER I
REAL T, X{19), XH(19), VOH, BH

WRITE (11,*) T,VOH,BH

RETURN
END

247



248
PROGRAM OPTIMAL

"Dynamic Model of Reactor Hydraulics”

"with Prediction of Effluent Suspended Solids"”

"Optimizing Algorithm for Controlling Lift Station Output”
"Originally written in the CSMP Language: Septcmber 12, 1983"
"Rewritten in the ACSL Language: October 21, 1984%

"ADVANCED CONTINUOUS SIMULATION LANGUAGE"

"Mitchell and Gauthier, Assoc., Iinc."

"290 Baker Avenue"

"Concord, Mass. 01742"

"Robert D. Hill"

"Visiting Assistant Professor”
"McMaster University”

"Hami 1ton, Ontario, Canada"

INITIAL

" Define Simulation Time Constants, min"
CINTERVAL CINT=!.0
ALGORITHM !ALG=S
MAXTERVAL MAXT=!.0
MINTERVAL MINT=1.E-6
NSTEPS NSTP=100
CONSTANT TSTOP=1440.0

"Define Initial Conditions, ft"
CONSTANT HBS0=2.3133E-3, H10=6.8617E-2, H1A0=6.8579E-2
CONSTANT H20=6.8267E-2, H30=6.80775-2, H40=6.8039E-2
CONSTANT HCF0=6.3526E-2, HR10=6.9898E-2, HR20=6.8928E-2
CONSTANT HCL10=8.6773E-2, HCL20=8.6703E-2, HOUT0=0.94573
CONSTANT HWW0=5.0. XEQ=1,8%

"Define Physical Constants”
CONSTANT P1=3.14159, G=32.2

"Define Reactor Surface-Areas. sq ft"
COMSTANT ABARS=420.0, Al=3735.0, AlA=247G.2, 42=3300.0
CONSTANT A3=i847.0. A4=4500.0, ACF=7834.0, ACL!=280_0
CONSTANT ACL2=3120.0, AOUT=666.0, AR1=218G.0, AR2=923.0
COMSTANT AWW=508.0

"Define Resistance Constants For.Gates. Weirs, etc.”
CONSTANT NCF=665.0, NCL=350.0
CONSTANT K1=0.5, K1A=0,5, K2=0.5, K4=1.5
CONSTANT KCL1=0.5, KR1=1.0, KR2=0Q.

"Define Recycle Flow Rate at a Constant 50%"
CONSTANT R=0.5

"Define Other Constants"
CONSTANY Ci=5.0, Cz=4.0, C2=-0,032
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"Define Initial Values of Other Variables"
CONSTANT NTIME=0.0, DTIME=i5.0

"Read default values from data files"
"Pyut values in FORTRAN common areas"
CALL INITO!

END § "OF INITIAL™

DYNAMIC
DERIVATIVE

"Define Derivatives of all Reactor Water Levels"”

"Wet Well Level”
DHWW=(F IN-FQ) /AWW
HWW=INTEG (DHWW, HWWG)

"Bar Screen Area"™

PROCEDURAL (FBS=HBS)
[F (HBS.GT.0.0) FBS=60.0%3.33*(20.0-2.0*HBS)*HBS**1.5
IF (HBS.LE.0.3) FBS=0.0

END 6 "OF PROCEDURALT

DHBS=(F0-FBS) /ABARS

HBS=INTEG(DHBS,HBSO)

"Reactor #1©

Z1=HI-HIA

HIPRT=H1+46.33

A=2.0%(3.04+7.0/12.0Y*(HIPRT-39.5)
FI=SIGN(1.0,Z1)*60.0*A*SQRT(2.0*G/K1)*SQRT(ABS(Z1))

1 \ 1
H1={FBS-Fi+FR2} /Al
]
1=

a-

INTEG(DH1,H10)

" - - 1AT
Reactor #1A

71A=H1A-H2

"HIAPRT=H1A+46 33"
F1A=SIGN(1.0,Z1A)%60.0%2.0%9.0%SQRT(2.0°G/K1A)*SQRT(ABS(Z1A))
DHIA=(FI-FIA}/ALA

HIA=INTEG(OH1A,HIAQ)

"Reactor #2"

Z2=H2-H3

"H2PRT=H2+46.33"
F2=SIGN{1.0,22,%*63.0%2.0*12.255QR7(2.0*G/K2) *SQRT (ABS{Z2) )
DH2=(F1A-F2-FW)/A2

H2=INTEG(DHZ,H20)
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"Reactors #3 and #4"

“H3=H4, Therefore: DH3=GH4"
Z4=H4-HCF

"H3PRT=H3+46.33"
"H4PRT=44+46.33"
F4=SIGN(1.0,24)*60.0%9.62*SQRT(2.0*G/K4) *SQRT (ABS (Z4) )
F3=(A3%F4 + A4®{F2+FFF))/(A3+A4)
DH3=(F2+FFF-F3) /A3
DH4=(F3-F4) /A4

H3=INTEG(DH3,H30)
H4=INTEG(DH4,H40)

"Clarifier"

ZCF=HCF

PROCEDURAL (FCF=NCF,2CF)
IF (ZCF.GT.0.0) FCF=60.0"NCF*2.5%2CF**2.5
IF (ZCF.LE.D.0) FCF=0.0

END $ "OF PROCEDURALT

DHCF=(F4-FCF-FR) /ACF

HCF=INTEG(DHCF ,HCF0)

"Return Sludge Channel #1"
ZR1=HR]1-HR2
"ZR1PRT=HRI+46.33"
FRl:SIGN(l.0.ZR1)‘60.0'12.57'SQRT(2.0*G/KR1)'SQRT(ABS(ZRi))
DHR1=(FR-FR1)/AR!

HR1=INTEG({DKR! ,HR10;

"Return Sludge Channel #2"

ZR2=HR2-H}

"ZR2PRT=HR2+46.33"
FR2=SIGN(1.0,ZR2)*60.0*16.0*SQRT(2.0*G/KR2)*SQRT (ABS (ZR2) )
DHR2=(FRI1-FR2) /ADR?

HR2=INTEG{DHRZ,HR20)

"Inlet Te Chlorine Rasgin®

ZCLI=HCLi-HCL2

"ZC1PRT=HCL1+44, 0"
FCL::SIGN(l.S,ZCLi)’60.G’Z.G*S.G“SQRT(Z.O“G/KCL!)*SQRT(ABS(ZCL!))
DHCLI=(FCF-~FCL1)/ACL

HCLI=INTEG(DHCL1,.HCL1Q)

"Chlorine Basin"

ZCL2=KCL2
"ZC2PRT=HCL2+44,0"
FCL2=60,0%NCL#2 5701 Dse) 5
DHCL2=(FCL1-FCL2)/ACL2
HCL2=INTEG(DHCL2,HCL20)
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"Chlorine Basin Outiet"
ZOUT=HOUT
"ZOTPRT=HOUT+41.77"
FOUT=5G.0%2.5%7Z0UT**2.5
DHOUT=(FCL2-FOUT) JAOUT
HOUT=INTEG(DHOUT ,HCUTO)

"Effiluent suspended solids™
XESS = C1 + C2*FCF/92.82776
DXE = C3*(XE-XESS)*6J.0
¥E-INTEG(DXE,XEQ)
PRICEDURAL (XE=XE,XESS)

(F (XESS.GT.XE) XF=XESS
END $ "OF PROCEDURAL"

"Accumulate effluent sclids and flow™
XETOT=INTEG(FCF*XE,0.0)
FCFTOT=INTEG(FCF,0.0)

"Get 15 minute average effluent flow"
F15MIN=INTEG(FOUT,0.0)

"End condition”
TERMT (T.GE.TSTOP)

END $ "OF DERIVATIVE"

"Calculate average effluent sclids concentrstion”
PROCEDURAL (XEAVG=XETOT,FCFTCT)

XEAVG = 0.0

I (FCFTOT.GT.0.0) XEAVG=XETOT/FCFTOT
END $ "OF PROCEDURAL"

"Turn on whichever controller s desired.”
"Comment out the cthers”"

"Calculate Infiuent Flow From Lift Station™

" CALL ONOFF (FO,HWW)"™
"Pump Station Level Controller"
" CALL LEVEL (FO,HWW,T,NTIME DTIME)"

"Optimize Flow Rate From Wet Well™

CALL CPTIM (FO,FIN,T,NTISE,DTINKE,FI5HIN,nww,C1,C2,C3)

"Calcuiate Influent Flow Rate"
PROCEDURAL (FIN=T)
CALL INFLOW (FIN,T)
FIN=FIN®*92.82776
END § “OF PROCEDURAL"
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"Celiculate Recycle Fiow Rate"
PROCEDURAL (FR=FO,R)
FR=FO*R
FR=AMIN1(465.0,FR)
END $ "OF PROCEDURAL"

"Caicuiate Feed Forward (Step-Feed) Flow Rate"
PROCEDURAL (FFF=T)
FFF=0.0
END $ "OF PROCEDURAL"

"Calculate Waste Flow Rate"
PROCEDURAL (FW=T)
FW=0.0
END $ "OF PROCEDURAL"

END $ "OF DYNAMIC"

END $§ "OF PROGRAM

SUBROUTINE INITO!

INTEGER I, J
REAL F(1560)
COMMON /RTDATA/ F
DATA 4 /0/

OPEN (UNIT=10, FILE="SEPTOI83.1MN’, STATUS=‘OLD’)
100 READ (1G,*,ERR=200,END=200) (F(6*J+1),I=1,6)

= J+1

IF {{6°J+6).LE.1560) GOTO 100
200  CLOSE (UNIT=19)

RETURN

END

SUBROUTINE INFLOW (FIN,T)

INTEGER I
REAL FIN, T, F(1560)

COMMON /RTDATA/ T
I = 1+INT(T)

I = MINO (1560,1)
FIN=F (I}

RE TURN

END
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SUBROUTINE ONOFF (FO,HWW)

REAL FO,HWW

IF (HWW.LT.4.0) F0=0.0

IF ((HWW.GE.9.0).AND.(F0.LT.465.0)) F0=465.0
IF ((HWW.GE.11.0).AND.(F0.LT.930.0;) F0=930.0
IF (HWW.GE.13.0) F0=1395.0

RETURN
END

SUBROUTINE LEVEL (FO,HWW,T,NTIME,DTIME}
REAL FG,HWW,T,NTIME,DTINE
IF (T.LT.NTIME) GOTO 1000

IF (HWW.LT.4.0) F0=0
IF ((HWW.GE.4.0).AND. (HWW.LT.9.0).AND.(F0.GT.0.0)) F0=232.5

IF ((HWW.GE.9.0).AND. (HWW.LT.11.0)) THEN
IF (FO.LT.697.5) FO = 232.5 + 232.5* (HWW-6.0)
IF (FO.GT.465.0) FO0 = 697.5

ENDIF

IF ((HWW.GE.11.0).AND.(HWW.LT.13.0)) THEN
IF (FO.LT.1395.0) FO = 657.5 + 232.5%(HwWW-7.0)
If (F0.GT.930.0) FG = 1395.0

ENDIF

IF (HWW.GE.13.0) F0=1395.0

NTIME = NTIME + DTIME

CONTINUE

RETURN
END

SUBROUTINE OPTIM (FO,FIN,T.NTIME,DTIME,F ISMIN,HWW,C1,£2,C3)

INTEGER T, J, K, N, NIT, LU

REAL FO, FIN, T, NTIME, DVIME, FISMIN, HwW, Cl, C2, C3
REAL F(1560), FOLD(12), FNEW(8), OPT(8,11), Y(!1)

COMMON /RTDATA/ F

DATA N /4/, FOLD /2.54,2.73,2.95,2.97,8%0.0/
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219

C Use this section of code for tne "perfect” flow predictor

IF (T.£Q.0.0) GOTO 210
IF (T.LT.NTIME) GOTO 1000

J=N-1

00 200 1=1,J
FOLD(I)=FOLD(I+1)
FOLD(N)=F1SMIN*718.176E-6
CONTINUE

C and comment out the call to subroutine FLOWPR

(@]

c
C
c
ca220

400

VO OOOO0
N
(YAl
o

C3i0
C3z0
300

I = INT(T)

DO 220 J=1,4

FNEW(J)=0.0

DO 220 K=1,15
FNEW(J)=FNEW(J)+F (I1+15% (J-1}4K)/15.0

CALL FLOWPR (T,FOLD,FNEW)

DO 400 13194

CO 400 J=1,5

CPT(I,J)=FNEW(I) .

IF (1.EQ.J) OPT(I,J)=0PT(I,J)+1.0
IF {J.EQ.5) T{1,J)=0.0

CONTINUE

CALL EVAL (Hww,C1,C2,C3,FNEW,OPT(1,1),Y(1),N)
CALL EVAL (Hww,C1,C2,C3,FNEW,0PT(1,2),Y(2),N)
CALL EVAL (HWW.C1,C2,C3,FREw,0PT(1,3),Y(3),N)
CALL EVAL (HwWwW,C1,C2,C3,FNEW,CPT(1,4),Y(4),N)
CALL EVAL (HWW,C1,C2.C3,FNEW,0PT(!,5),Y(5),N)

60 270 Lu=9,9,3
WRITE (LU,250) (FOLD(I),I=1,N)
FORMAT (’1FOLD = “,8F9.4)
WRITE (LU,260) (FNEW{I),I=1,N)
FORMAT (” FNEW = “,8F9.4)

lalalln A YT N J
LUIN T L IYUG

N1TS=3
00 300 1=1,100
CALL SIMPLX (N,8,0PT,Y,NIT,H2,C1,02,C3,FNER)
DO 320 LU=9,9,3 _
WRITE (LU,310) (OPT(J,1),d=1,N),Y(1)
FORMAT (” *,4F10.5,F15.5)
CONTINUE
CONTINUE

FO=0PT(1,1)%52.82776
NTIME=NTIME+DTIHE

CAaEMERI_A A
DRI ) T T

CONTINUZ
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RETURN
END

SUBROUTINE AVGFLW (TIME,FAVG)

INTEGER |
REAL AO, A(6), B(6), TIME, FAVG, PI, TEMP

DATA P1 /3.14159/
CATA AJ.4 /2.540603, 0.132534, 0.301387, 0.220798,
-0.204561, 0.039848, 0.103949/
DATA B /-0.464522, -0.546182, 0.079117, g.i10810,
~06.127716, 0.060457/

FAVG = AQ

DO 100 I=1,6
TEMP = 2.0%I1*PI*TIME/1440.0

FAVG = FAVG + A(1)®COS(TEMP) + B(I)*SIN(TEMP)
CONTINUE

RETURN
END

SUBROUTINE FLOWPR (TIME,FOLD,FNEW)

INTEGER I
REAL FOLD(12), FNEW(8), TIME, FBAR(1Z)

00 10U i=i,i2

T = TIME + 15.0%(1-4)
IF (T.L7.0.0) T=T+24.0
CALL AVGFLW (7,FBAR(I))
CONTINUE

DO 200 1=1,8

CALL PRIS (FOLD(i).rBAR(i),FNEW(I))
FOLD(1+4)=FNEW( 1)

CONTINUE

RETURN
END

SUBROUTINE PRi5 (FOLD,FBAR.FNEW)

INTEGER |
REAL FOLT{4) ., FBAR(S},FNEN.C(4)+FC

CATA C /0.826506, 0.19454i. 0.053819, -0.0S641/
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FC = 0.0
DO 100 i=1,4
100 FC = FC + C(5-1)*(FOLD(1)-FBAR(I))
FNEW = FBAR(5) + FC
RETURN
END
SUBROUTINE EVAL (Hww,C1,C2,C3,FNEW,FOUT,ERROR,N)
IRTEGER N
REAL HWwW, Cl, C2, C3, ERROR
REAL FNEW(8), HOUT(8), FOUT(8)
DATA AREA /508.0/
ERROR = 0.0
DO 100 I=i,N
XE=C1+C2*FOUT(I])
100 ERROR=ERROR+ABS(FOUT(I)*XE)
DO 110 I=11N
Clig¢ IF (FOUT{i).LT.0.0) ERROR=ERROR+106.6
110 IF (FOUT(1).LT.0.0) ERROR=ERROR+10C0.0
H=HWW
DC 200 i=1,N
H = H+1392.4% (FNEW(I)-FOUT(1))/AREA
HOUT(1)=H
C TF (H.LT.5.0) ERROR=ERROR+100.0
IF (H.L7.5.0) £RROR-£2Q0R+1035.0 + 100.0%{5.0~r)
IF {(H.CT.10.0) ERROR=ERROR+1.6% (H~10.0)
IF (H.GT.12.0) ERROR=ERROR+100.0+100.0% (H~12.0)
200 CONTINUE
ERROR=-ERROR
RETURN
END
SUBROUTINE SIMPLX (N,ND,X,Y,NIT,HKW,C1,C2,C3,FNEH)
cccececceeccceccecceee
c

C Subroutine Name: <Cim.» - Simpiex uptimization

C

cccceeecceeecceecceecee

C
C Robert D. Hill
C Houston, Texas June 16-18, 1982
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CCccccecececcecececececece

PURPOSE: This program performs a SIMPLEX optimization.
The program attempts to maximize the response.
It returns control to the calling program after
each i{teration.
Expansions and contractions are considered as part
of each iteration.
The calling program determines end conditions.

C

C

C

C

Cc

(of

C

C

C

C

C ADAPTCO FROM: SIMPLEX OPTIMIZATION IN RESEARCH AND DEVELOPMENT
C Department of Chemistry

o University of Hcuston

C Houston, Texas 77004 U.S.A

C Lecturer: Dr. Stan Deming

C May l4-15, 1979

(o
C
C
C
o
C
c
C

LIMITATIONS: Presently limited to 25 factors.

VARIABLES: N - Number of factors.
ND ~ Row dimension of "X" in calling program.
X = Factor space. Each column corresponds
to one evaiuation (vertex).
Dimension to (N,N+3) or greater.
Y - Response from each vertex.
Number of {terstions.
Set to zero when subroutine first entered.
FNC - Name of function which evaluates response.

- 4
-
|

SUBROUTINE CALLS: SORT - Sort responses in decreasing order.
FNC - Function name which evaluates responses.

ABREVIATIONS: P - Centroid of remaining hyperface.
W -~ Worst vertex.
N = Next to worst vertcx (slways rejected next).

Not the same as the variapble "N".

R - Reflection vertex.

5 - Best vertex.

E - Expansion vertex.

CkR - Contraction vertex in reflecticn direction.

Cw - Contraction vertex in worst direction.
Cccceeececececececececececcee

c
C
c
C
C
c
c
C
c
c
c
C
c
c
C
c
c
c
c
C
c

INTEGER N, ND, NIT, I, J
REAL X{N2, 1}, Y(28), P(25), PW(25)
REAL FNEW(8). Hww, Ci, C2, C3

~
C —=—— if first iteration, sort inmitiai data
c



IF (NIT.EQ.0) CALL SORT (N+1,ND,X,Y)

C
C ———- Increment iteration counter
I
NIT = NIT + 1
c
C ——— Cailculate P and PW vectors
C
Q. 122 1=1,N
P(I) = 0.0
DO 110 J=1,N
110 P(1) = P(1) + X(1,J)
120 P(I) = P(1)/N
DO 120 I=I,N

130 PW(I) = P(I) = X(I,N+1)

c

C -——— Calculate reflection (R) vector
C

DO 140 I=1'N
140 X(I,N+2) = P(I) + PW(I)
C
C ————- Evaluate Response at R
C
CALL EVAL (HWW,C1,C2,C3,FNEW,X{1,N+2),Y(N+2},N)
C
C ~———- Decide whether to expand, contract, or keep reflection
c
IF (Y(N+2).GT.Y(1)) GOTC 30C
IF (Y(N+2).LT.Y(N)) GOTO 400
C
C - Keep R 3s new vertex
C
203 CO 210 i=i,n
210 X{(I,N) = X{T,N+2)
Y(N+1}) = Y(N)
Y(N) = Y{N+2)
CALL SORT (N,ND,X,Y:
RETURN
C
C - TTY an expansion.

----- Calculate expansion vector

[N @]

258
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300 DO 310 I=I,N
310 X(I.N+3) = X(I,N+2) + PW(i)

s reed

§
c b
C -———- Evaluate response at E
C

CALL EVAL (HHH.CI,CZ.C3,FNEH.X(1,N+3),Y(N+3),N)
o
C -——— If E<B, use R
C

IF (Y(N+3).LT.Y(1)) GOTO 200
C
C ———- Otherwise. keeg E
C
320 £O 330 I=1,N

X(I,N+1) = X(I.N)
330 X(I,N) = X{I.N+3)

Y{N+1: = YiND

Y(N) = Y(N+3)

CALL SORT (N,ND,X,Y)

. RETURN

C
C ——-—- Use a contraction.
C ———- If R<W, use CW
C
400 IF (Y(N+2).LT.Y(N+1}) GOTO 450
C
C ———— Ctherwise, use CR
C

DO 4:0 I=1 M
416 X{I,N+3) = P(1) + 0.5%PW(i)

AL

CALL EVAL (RwWW,Ci,C2,C3,FNEW,X(1,N+3),Y(N+3),N)

GOTO 320
c
C --—-- Use CW
c
456 00 480 i=1,N
460 X{I,N+3) = P(I) - G.5%Fw{i)

CALL EVAL (HWW,C!,C2,C3,FNEW,X(1,8+3),Y(N+3),N)
GOTC 320

END



SUBROUTINE SORT (N,ND,X,Y)

cccceeeeeccececcceececc

E Subroutine Name: SORT
gCCCCCCCCCCCCCCCCCCC

g Robert D. Hill

C June 16, 1982
ECCCCCCCCCCCCCCCCCCC

o

C

C

C

C

C VARIABLES: N - Number of factors.
C

C

C

C
CCcccceeccecececececccece
c

C

INTEGER N, ND, I, J; K
REAL X{ND,1), Y(28), T

DO 300 I=1,N-i
DO 200 J=1,N-1

IF (Y(J).GE.Y(J+1)) GOTO 200

T =Y(J)
Y(J) = Yig+1)
Y{Jd+1}y = T
DO 100 K=1,N
T = X{(K.J)
XK. = X(K,d+1)
X(K,J+l) =T
109 CONTINUE
200 CONTINUE
300 CONTINUE

RETURN
ENU

PURPOSE: Internal subroutine called only bv "SIMPLX".
Sort "Y" and columns of "X" in descending order.
Simple "bubble™ sort.

ND - Row dimension of "X" in calling program.
X - Factor space, Each cclumn is one vertex.
Y - Response vector.
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PROGRAM REACTOR

ROBERT D. HILL
DECEMBER 23, 1983

FIXED HR,MNT
»

INITIAL
*

CONSTANT
CONSTANT
CONSTANT
L

CONSTANT
CONSTANT
CONSTANT
*

Vl=785.0, V2=785.0.
v5=688.0, V6=382.0,
vV9=101.0, Vio=i01.0,

VRI=101.0, VR2=101.0,
VR4=101.0, VRS5=101.0,
VR7=191.0

INCON IX1=6867.0. 1X2=6674.0,
INCON IX5=6675.0, [X6=6709.9,
INCON IX9=6776.0, [X10=6790.0,
*

INCON IXRI1=11161.0, IXR2=11088
INCON IXR4=1!090.0, IXRS5=11079
INCON IXR7=10925.0

*

*

DYNAMIC

coocenninc
DY —

b b NS Y

o
«©

e

a4t

-

cn

V3=1032.0, Vv4=688.
V7=382.0, Vv8=101.0
vVil=101.0, VI2=10

VR3=101.0
VR6=191.0

1X3=6620.0, 1X4=6
IX7=6752.0, 1x8=6
IX11=6803.6, iX!

.0, IXR3=11085.0
.0, [I[XR6=11016.0

THIS PROGRAM CALCULATES SUSPENDED SOLIDS CONCENTRATIONS
IN THE REACTOR CONFIGURATION OF THE SAGEMCNT WWTF FOR
ARBITRARY FLOW INPUTS.

0

1.0

630.0
764.0
2=6818.0

PO R, FF, 7w, K0 XR, KXW, HX 1 0= NFUT (T1%E ,KEER)
it (KEeP.NE.i) GOTO 200
IF (TIME.EQ.0) GOTO 110

FO=AFG

FR=AFR

FFoAFE

FY=AFY

X0=6.0

XR=AXR

MXW=AX2

MX10=AX4 '

113 READ (5,120) HR,HNT,AX4,AXR,AXE,A
|2n

128 FORMAT (i14,13,F7.1,F8.1,2F7.3,F6.

NTIHE=HR+MNT/60.0

® CONVERT MGD TO CU M/HR
AFE=AFE®157.71
AFR=AFR*157.71

AFfF=

AFF®157 71

(TIBE.LT.NTIRE) GOTO 20¢

t£,AFR,AX2,A
71,76,

FE,
3,F

FW,AFF
F6.3)

261



262

* CONVERT GPM TO CU M/HR
AFW=AFW®*0.2271
IF (AFW.LT.1.0) AFW=0.0
* CALCULATE INFLUENT FLOW RATE FROM EFFLUENT AND WASTE
AFO=AFE+AFW
GOTO 106
200  CONTINUE
ENDPROCECURE
-*

* CALCULATE FLOWS
F1=FO0+FR-FF
F2=F1
F3=F2
Fa=F3-FwW
F5=F4
F6=F5+FF
F7=F6
F8=F7
F9=F8
F10=F9
F11=F10
Fl2=F11

-

* MASS BALANCES
BX1=((FO-FF ) *X0+FR*XRT-F1*Xi)/V1
DX2=(F1*X1-F2%X2)/V2
DX3=(F2*X2-F3*X3)/V3
DX4=(F3*X3-(F4+FW)*X4)/V4
DX5=(F4*X4-F5%X5)/V5
DX6=(F5*XS+FF*X0-F6*X6) /V6
DX7=(F6*X6-F7%X7) /V7
DXu=(F7*X7-FB*X8)/V8
CXS=({F3%"X8-F5°X9) /VS
DX10=(F9*X9-F 10*X10)/Vi0
DX11=(F10*X10-F11*X11)/VI}
CRizZ=(Fii®Xii-Fiz®Xi2)/vi2

CARI=FR* (XR-XR1J/VRi

DXR2=FR* (XR1-XR2) /VR2
DXR3=FR* {XR2~-XR3) /VR3
DXR4=FR* (XR3~-XR4) /VR4
DXR5=FR* (¥R4-XR5) /VR5
DXRe=F R* (XR5-XR6) /VR6
OXR7=FR* (XR6-XRT) /VR7

® INTEGRAL CALLS
X1=INTGRL (1X1,DX1)
X2=INTGRL (1X2,0X2)
K3=INTGRL{1X3,0X3)
X4=INTGRL (1X4,0X4)
XE=INTCGRL{IXE,ZX5)
X6=INTGRL (1X6,0X6)

RX7=INTGRL(IX7,0X7)



X8=INTGRL ( 1X8,CX8)
X9=INTGRL (1X9,DX9)
X10=INTGRL (IX10,DX10)
X11=INTGRL (IX11,DX11)
X12=INTGRL (1X12,0X12)

XRI=INTGRL (IXR1,DXR1)
XRZ=INTGRL (IXR2,DXR2)}
XR3=NTGRL (1XR3,DXR3)
XR4=INTGRL (IXR4,DXR4)
XR5=INTGRL (IXR5,DXR5)
XR6=INTGRL (IXR6,DXR6)
XR7=INTGRL (IXR7,LXR7)

MLSS2=(X4+X5) /2.0

TERMINAL

TiHER FINTIM=48.0. OUTDEL=0.10, PRDEL=1.0, DELMAX=0.008333333
PRTPLT FO,FR,FF,FW,X0,XR,MXM,MX10

QUTPUT X12(300¢.0,8090.0),MX10(3000.0,8000.0)

OUTPUT MLSS2(3000.0,8000.0),MXW(3000.0,8000.0)

OUTPUT X4(3000.0,8000.0),MXW(3000.0,8000.0)

OUTPUT X5(3000.0,8000.0),MXK{3000.2,8003.0)

PRIN X1,X2,X3,X4,X5,X6,X7,X8,X9,X10,X11,X12,...
XR1,XR2,XR3,XR4,XR5,XR6,XR7

END

INPUT
0 1 6446.5 10954.7 0.000 2.450 3.673 6385.9 0.6 0.000
0 2 6520.3 10928.1 0.000 2.47! 3.698 6350.8 0.6 0.000
0 3 6500.4 10946.9 0.000 2.470 3.641 6354.3 0.6 0.000
0 4 6496.5 10787.5 0.000 2.454 3.737 6396.9 0.6 G.000
0 5 €557.8 1088€.2 C.CCC 2.387 3.582 6375.1 0.6 §.000
C 6 6467.6 i0460.5 G.006 2.293 3.675 6370.3 0.6 0.000
0 7 6490.6 10693.0 0.00C 2.282 3.622 6507.8 0.6 0.009
0 8 6520.3 :0939.8 ©.000 2.250 3.635 6365.5 4.6 §.000
G S 6508.6 i094i.4 0.000 2.352 3.643 6274.6 0.6 0.000
0 10 6536.3 10954.7 0.000 2,362 2.579 §274.2 0.5 5.303C

2880 DATA POINTS (48 HOURS OF ONE MINUTE DATA)

47 59 6303.1 1147¢.6 32.2!3 1.5é9 2.
48 00 6269.5-:1394.5 3.108 1.599 2.
ENDINPUT
STCP

680 6345.7 .7 0
656 6375.4 0.6 0.000
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