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expanential decay function.

Imitial concentration at the start of Exponential
decar.
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function.
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liters per dayr.
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The saturation constant in terms of milligram of feed
substrate to milligram of volatile suspended solids
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The substrate utilization rate per aa? used in  the
McKinney substrate lTimiting madel.
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in the continuous reactor system.

The solids decay rate per dar of wviable solids
zimilar to the endogenous factor except only wviable

zolids are considered.
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solids.

The substrate equivalent of the endogenous factor
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maintain vital functions in the bicligical =solids
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The saturation condtant of & limiting exponential
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which the substrate utilization rate is halt of the

max imum =substrate utilization rate. Thizs iz also th
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point where the utilization of substrate is the most
efficient,

The substrate wutilization rate zpecific to wvizble
solids in units of milligram of substrate per
milligram of viable solids using the substrate per

dayv.
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The number of times 50 ml of mixed-liquor sclids i
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Consumption rate test,.

Cerrefation coefticient use in regression analrysis to
identify relaticnship between value of two different

factors.
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The correlation index. I= equivalent to the
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different variable in regreszion.

The concentration of BOD in milligrams per liter
which i= used in growth as an energy source when new
bioclogical soltids are produced.
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i
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clarifier.
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liter used in the growth of new solids.
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se effluent substrate a2z the controlling factor in
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CH&PTER I
INTRODUCTION

Im the realm of waste water treatment high guality
eftluent and efficient apération become prime goals.
Activated sludge systems a2t one time were viewed as the best
overall system because of the additional flexibility allowed
in changing the =olide concentration by recycling clarified
solids back into the reaction chamber. These systems,
however, have not been exempt from the difficulties of
meeting effluent requirements characteristic of the industry.
Feliciano (1) reported that a General Accounting Office
investigation in 1980 indicated that S0 to 73X of the
treatment plante investigated were in viclation of their
discharge permits and that deficiencies of design, =quipment,
overload, operation and maintenance were the chief causes.
It i= not uncommon for an activated sludge treatment plant to
have to make modi;ication in operation such as turning off
half of the aeration capacity of the plant to meet effluent
requirements because the plant was overdesigned or
underdesigned.

In order to properly design an activated sludge
treatment process bench scale tests must be conducted Ffor

several monthse and the data collected and analrzed to



I

determine the appropriate characteristics of the bioclogical

organi sms. These tests increase the design costs of a
treatment plant due to the extensive care required to operate
the bench scale units. The data from these testz generally

iz analyzed by one of the standard bickKinetic models +For
determination of the size of the reaction chamber. Judgement
errors such as wusing average values or an inappropriate
percentile of the data can occcur due to the characteristic
variability of the bench scale test data when an%lyzed using
various accepted models. Because of the cost and difficul ty
in understanding these concepts, many consultants brpass
these important bench =scale tests and take the risk of
improperly designing the treatment plant.

Reinvestigation into the biclogical activity of this
tyﬁe of process appears warranted to develop a better
understanding of the process and to identify potentials +or
less expensive methods of obtaining design data. An criginal

modification by the author of the oxwvgen consumption rat

Qo

test was used in this thesis to investigate the biclogical
activity of & bench <scale syvstem in order to determine
additional insight to the biological process and to
investigate the potential For obtaining design data  +from

oxygen consumption test analysis.



CHAPTER I1
LITERATURE REVIEW

In order to follow the determination in this
investigation an understanding of the basic Activated Sludge
models as well as microbial viability and microbial mortality
determination is important. A1l of the warious models arisze
out of assumptions made From the mass balance of the
microbial solids or the mass balance of the substrate. The
mass balance for microbial solids in a system is  that the
rate of change of solids is equal to the scolids leaving the
system through wasting or effluent flow and the accumulation
of =olids due to growth

Kt dts = = Vet - (F-VwoXe + net growth rate L2-12
where Xt equals vwolatile suspended solids concentration, VY is
the wvolume of the aeration chamber or reactor, Yw is the

volume of mix~liquor wasted each day from the reactor, F i

the +flow of Feed into the reactor and Xe iz the effluent

volatile suspended solids concentration leaving the swstem.

I
"+
n
-+
o
Py
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u

state the net change of zolids i= zero and the
Solids Retension Time (SRT) can be determined as the inverse
of the net growth rate.

SRT = WKL) (2-2)
(F=Vigd e + Lhgxxt




The SRT can be altered simply by changing the daily wvolums

waszted L) from the reactor. The net growth rate or inverse

(W

SRT can be converied to substrate utilization rate, iscussed
next, br dividing by the vield ratio of biocleogical mass
produce to substrate mass utilized 0¥,

The activated sludge models are most often discussed
from a substrate mass balance concept., At steadr state the
substrate entering the system <S5i) must match the substrate

utilized by the microorganizms plus the substrate leaving the

syetem (Sel.
F#£5i = Microbial Utilization + F%Se 1 2-33

The microbial utilization of substrate can be sxpressed as a
substrate utilization specific to microbial mass dSg/iXtxdt)
or as simply substrate utilization dEgsdt. In the Ffirst case
the substrate into the system equation would be:

F#5i = dog =t + FxSe (2-4:
¥itxdt

The second choice would be:

F#£5i = _dSg* + F=3e L2-30

dt
The wvarious moadels differ only in how they sxpress  this
substrat utilization term. One of the models expresses the
substrate wutilization term a= proporticonal to etfluent
substrate; other models express it as a Monod function of the

effluent substrate. Another model expresses the specifi

[
mn



substrate utilization as a Monod function of the ratic of
zubstrate mass into the svstem to the mass of microbial

solide in the s¥stem.
#. Kinetic Madels

The wvariocus models used in water treatment design +all
into three major ogroups depending upon how the substrate
utilization is expressed.

The Firaf group is the Kincannons/Stover (2 model. It is
unique in that it uses the ratio of substrate mass into the
srstem to mass of microbial solids (FESiA(Xt®S ) as the Keyw
control  factor acting on specitic substrate utilization
through & Monod relationship where the maximum substrate
utilization is Um and the substrate concentration of the mid

utilization point is Kb.

dSg = _UmtF#Si/CXEsU)) = 1 [2-5)
Xt*dt Kb + (F=Si A (xXt*U)) Kb (xXt=y + 1
Um (F*Si Um

In the determination of the Um and Kb constants, the egquation
is converted to its linear form by inverting the specific
substrate wutilized and the feed toc mass ratio. This linear
plot gives high correlation where R*2 is usually above 203,
The apprehensions with this model is that a)> the solids
concentration term is on both sides of the squation poszibly
inflating the R*2 term and b2 it »et remains asz an
unexplained empirical madel, The model has been used with

zyccess in solving operational problems. Such a case | that

Wi



of Daigger and group using it to increase the capacityr of
their plant (3).

An interesting similarity to this model, arises in  the
alternate theory proposed by SykKes (4>, Sykes discussed the
failings of the standard Kinetic theory in basing the
substrate wutilization rate on the effluegt substrate (Sel
when in fact the effluent substrate is actually microbial by-
product, He modi+ied the theory such that all the substrate
entering the reactor was used by the cell to produce the
solids, plus respiration and the effluent substrate as a cell

growth brvproduct
F#Si = Lw=Xt + F#Se + Resp (R=T)

He explained further that all the terms on the right s}de of
the equation were functions of growth or SRT with the
respiration term bringing;in the cell maintenance term. The
cell maintenance term is Jjust the specific solids decar rate
Kd converted to its substrate equivalent with the »ield
factor ©CEmaint = Ed/Y3). Since the cell maintenance was
included on the substrate balance it would not be included
in the determinafian of the yield term equation. The
determination of rield is determined from regressing the
inverse SRT wversus the feed toc mass ratioc or F#Si U=kt
Mote that the substrate term does not include the effluent
substrate (Se) because all of the feed is converted for cell

usage .
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dSg = Fx5i = Constant +_Kd (2-83
xtxdt Lext SRT ke
At steady =state this equation is simply the feed to mass

ratic times SRT times the wield factor which is equal to one.

Y{F®Si)SRT = 1 ' (2=-7)
(Uext)

The efFfluent concentration (Se? was identified as= a function

of the feed concentration (2i) and the yield ¥) factor

Se = constant*5Si*Y (2-107
Ta compare this model with the Kincannon/Stover model it is
necessary to get the terms in a similar +form. I+ the
effluent is moved to the left side of the substrate balance

equation (2-7) then it gives the following:
F(Si-Se) = UwxXt + Resp ¢2-11)

Dividing through by the mass of solids U=Xt gives:

F{Si-Se) = Lxxt + Becsp [2-122
Xt V%Xt Uzt

The right zide of the equation can be written as a function

of SRT as follows:

F{Si-Se) = constant{ 1 > + Kd (2-132
Lyt RET Y

In Sykes model, the SRT can be exchanged for the feed to mass

ratio with a yield term included which gives:



Figi—-Se » = {(Constant) (Y3 (F#*5i) + Kd C2-14)
Lleit ALY A Yy

This form cof the model is quite similar to the
Kincannon/Stover model with the Monod function simplifised to
a constant, as such it would be the linear portion of the
Kincannon/Stover model in a speciftic substrate wutilization
versus feed to mass ratio plot. Srkes further explained how
this model gives better modeling of data for high SET systems
but gives poorer prediction than the standard model for  Tow
SRT srstems. The advantages in the SykKe model would alzo be

& of the

1]

advantages in the Kincannon/Stover model becau
similar form.

The <cecond group of models includes the McKinney (3}
model which uses two possible rates conditional upon active
mass as the lTimiting factor or the substrate as the limiting
factor. In the first rate where mass is the Timiting factor,
the substrate utilization is simply & constant times the mass

concentration in the reactor.

deg = constant = Xt : (2-13)
dt

or
dSg/(xt*dt) = constant (2~16&)

McKinney indicated that most domestic activated sludge units
with recrcle srestems would be operating on substrate limiting

conditions, so McKinney s model would be identified by the



folloawing form, dependent Upon effluent substrate

concentration (Se.
dSg/dt=Kc%5e (2=-172

The Kewy point to notice with this model is that solids are
not a factor of the utilization rate. HMcKinney explains that
when the solids are recycled, the solids will be in excess
competing for the limiting substrate. Eventually at steady
stafe, the rate of synthesis will balance with the rate of
mortality producing a constant lewel of active bio-mass.
McKinney identified that the preferred operational range of
SRT was between 2 - 7 dars.

The last group of mood: s uses specitic substrate utili-
zation relacive to bioclogical solids which .z 2z ~dent upon
effluent substrate concentration through a2 Monod Function.
The LawrencesMocCarty (8) model and the Gaudy (F) model Fall
into this group. Both use effluent substrate as the chief
controlling factor. Even though Gaudy's meodel iz not
expressed as a substrate utilization rate it can be converted
to such with the biological mass to substrate mass »ield
factor (YD, The model in substrate wutilization form is
expreszsed as follows where Umax is the maximum substrate
utilization and Ks is the subtrate concentration of the mid
utilization point.

dSg = (Umax*Se) (Xt (2-19>
dt (ks + BSe)
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lWhen determining the constants, Umax and K=, in this model

the substrate utilization is converted to zpecific substrate

[}

o

utilization and then linearized by plotting- the inverse of
specific substrate utilizatgan and the inverszse of effulent
substrate. In order to reduce the inherent variability in
plotting this model, averages of data for each SRT is
plotted. If this is not done the correlation index of all
the déta pcint; may be as low or lower than 20, A special
case af this model is the Eckenfielder (28) model where the
specific substrate utilization is directly proportional to
the substrate effluent concentration without the Monod

relationship.
dSg/{Xt*dt) = constant*Se . (2-1%92

Generally when this model is used the bench scale test data
is run at the same SRT as the treatment plant is expected to
be operated at, so the constant would be approximately
correct for the plant operation.

This last group of models plus McKinner's model, which
use the effluent substrate concentration have recently fallen
under criticism because analysis of the effluent substrate
from activated sludge srstems rewveals that the effluent is
not the same material as the influ;nt substrate En the
reactar but cell by-products of the bacteria in the sy=z=tem
(P (10(113., &#s such it becomes questiconable that the
effluent concentration controls substrate utilization.

These three groups of models have an  analogy in
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hrdraulics that would clarify their differences. In
MckKinney s first model of limiting =solids tantrnlling, can be
compared to small water pipes being connected to a reservair.,
Since the pipes are =mall they would have a high friction
loss delivering a small amount of water independent of the
head in the reservoir. The pipes would be compared to the
biological solids in the model. McKinne»“s second moadel of
limiting substrate indicates that & larger size pipe would be
connected to the reservoir such that the level of water in
the reservoir determines the rate of flow. The head of water
in the reservoir would be similar to the substrate
concentration in biological growth.

The last group of models (LawrencesMcCarty and Gaudr?
using specific substrate utilization and the Monod function
of substrate, includes both of the analogies above plus a
transition state. Thisz can be compared to a series of pipes
with friction loses similar to a critical orifice connected to
& reservoir of varying water head. The rate of flow depends
both on how many pipes are connected and also the head of
water in the reservoir. As the head of water increases, the
rate of flow increases while the head of water iz below the
critical head of the orifice. @Ae the head of water increases
in the reservoir to the critical pressure of the critical
orifice the flow begins to approach a limiting flow rate
through the pipe. Once the Qater head has passed the
critical water head the flow rate will not change. The only

way to increase the flow rate ocnce the critical head is
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reached is to increase the number of pipes connected to  the
resevoir. I+ the number of pipes connected iz doubled then
the flow rate will double. This last group of models, thus
become equivalent to McKinner's Timiting solids model at high
concentrations of substrate. Howewver, at subcritical
concentrations the models are quite different from McKinney s
limiting substrate model since the solidse term is still
included. The Lawrence/McCarty and Gaudy models thus
maintain the concept of solids concentration limiting growth
whether the substrate concentration is critical or
subcritical.

Another hydraulic analogy which compares well with the
Svkes model and has some connection to the Kincannons/Stover
model, is where an excessive number of large diameter pipes
are cannected to the resevoir. The pipes are never Ffilled
completely because they_haue a greater capacity than the
reservoir. Thus the rate of flow in the pipes ocut of the
reservoir are independent of resistance or head but only
dependent wupon how fast water is delivered to the reservoir.
The capacity of the pipes thus relate toc the mass of the

biological <olids, and the Flow rate into the reservoir

1]

relates to the mass feed rate, Since the mass of solids i
in excess the only factor that determines the substrate
utilization is how fast the substrate mass flows into the
srstem. This concept Fits well it the +feed is highly
biocdegradable and quickly absorbed. This concept will be

discussed further in the results chapter where the
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KincannonsStaver model form will be deriwved using the

= & guide.

0

information from this study

B. Saolids Viability

aBnother criticism of the specific substrate utilization
models is the practice of using the volatile suspended salids
(WMS2)  concentration for the concentration of biclogical

solids. leddle and Jenkine (12) used cell aATF a

L0
D]
o]

indicator of wviability to identify that the wviability in
activated sludge was not equivalent to the Wes
concentration. However, they indicated at the typical
operating range of activated sludge syrstem this difference
was  small. Mel=zon and Lawrence (13D using ATP as  a
viability indicator, recommended that the W55 be divided up
inte three fractions including 1) viable microbial solids; 23
inert solids, and 3> nonviable biodegradable microbial
scolids. Benefield and Lawrence {14) using oxygen utilization

rates to determine viable solids investigated the effect of

sludge viability on the determination of Bio-kKinetic
coefficients and concluded that the microbial decay

coefficient <Kd) and the substrate wutilization rate were
significantly different when viability was included but that
the yield coefficient was not atffected. The wiability
determination was made by measuring the oxygen uptake in an
open respirometer where a2 sample of mix—ligquor was diluted
into an environment containing excess substrate. It was

allowed to come to its® maximum growth rate from which a2



zample was taken and again placed into an exXcess zubstrate
environment. This process was continued until the growth
rate of the mass stabilized at a maximum growth rate,. The
oxvgen utilization rate for & new sample from the reactor was
then measured in substrate rich environment and compared with
the oxwgen utilization of the maximum growth rate mass. The
ratio of the two oxvgen utilization rates was identiftied as
the wviability ratio of viable micro-organisms in the reactor.

Grady and Roper (135) approached the sclids viability by
developing a model which included a vwiability decay constant

=

w

{KY, along with the endogenous constant (Kdw) in a m

balance of wiable =olide at steady state.
0 = VwExy + (F-UwdXe - UxXuxl! + Kdusxusl! + Kexyst) (2-20>
Solving for utilization rate (U) gives:

U = Vwxxy + (F-UwiXe + K + Kdv (2-21)
Xyxi)

The sludge retention time (SRTY was substituted into the

equation to give:

U = 1 + K+ Kdw (2-22)
SET
B mass balance was aleo conducted on  the zuybstrate

concentration in the reactor to give:

F25i = thw#Se + (F - L

¥8e + UsHustloy {2-23)
Salving for viable solids tXv) gives:



Xy = __Y*F(Si - Se» (2-24)

WOL/SRT + KO+ Kdul

The nonviable zalids were determined from a mass balance

equation including a new decay term for nonviable =olids

CKd).

xn = Boxy L2-25)
((LABRTY + kdd

The total solids was determined as the sum of the wiable and

nonviable solids.

=

C
]
St

YEF(Si-Se) (175RT + Kd + H) (2-24&
VCL/7SRT + Kd) (1/78RT + Kdw + K

The viability wae the ratioc of viable to total =zolids.

viability = 1/8RT + Kd (2271
1/78RT + Kd + K

I+ the substrate balance equation is solved +or specific
substrate utilization, it gives the following equation as &

function of SRET.

FiSi=-Se) = {1/8RT + K + Kd)(1/Y){Xu /Xt L2=-28)
WXt

Substituting wiability for the Xu/Xt term gives:

FLSi-Se) = (1/78RT + Hdw + K) (15RT + Kd: (2-2%3
Lt {(175RT + Kd + K Y

I¥f KEd and Edw can be assumed to be almost equal then two
bracketed terms would cancel ocut giving:



Fig8i-8Sed = (1/Y2{1A8RT + Kd) {2-3200
Wit
Rearranging this equation gives the familiar esquation which
provides the vield (Y) and endogenecus term (Kd). In this
equation the endogeneous term is identified as only =&
nonviable solids decay term.

1 = ¥*F(Si-Se) - Kd £2-317
SET Vet

Since the decay rate of the wiable solid ¢(Kdv) iz not in this
final equation nor in the wiability equation, it mar be
possible to omit it from the mass balance equation. As Grady
and Roper solved Ffor the viability term they invoked
LawrencesMcCarty’s SRT definition several times. #s  such,
Grady and Roper‘s model is the Lawrence and McCarty’s model
with an additional complication of =soclids viability.

Grady and Roper concluded that viability was dependent
only upon sludge retension time (SRT? and the death rate of
viable cells (K) and the decay rate of nonviable cells (kdl.
The wiakle solide had no =ffect on wiability fonly its death
rate, K> at the steadyr state conditions and the effluent
substrate was controlled by the sludge retension time.

Blok (18) used two different respirometers, the Sapormat
and the open respirometer to determine the overall wviabilitw
of the bacteria from the point of view of respiration. He
concluded that at high SRT e the effluent ic polluted with

cell decay products which would have a slower uptake rate
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than the Feed substrate. e such the effluent would not

Y1)

wgree  with the standard model prediction for the effluent.

He alsc concluded that cell wiability relative to  ocxrgen
uptake was not the same as cell wiability from ATP method and
that =ome solide do take up substrate but are not wviable
relative to cell proliferation.

Walker aﬁd Davies (17» compared respiration rate and

viability of solids to celil plating. They concluded that the

respiration rate was much higher than the ce2ll wiability
would predict. As such  respiration was occurring in
nonviable cells not shown by céell plating technigues. Ther
indicated that maximum respiration rate was reached at one

dary SRT and at this point only viable cells would ke in  the
=  =d=ligquor solids,

Apparently the determination of wiability of the solids
in activated sludge should be conducted using reépiration as
the determining Ffactor rather than ATP or cell plating
techniques.

Huang, Cheng and Mueller (18) further substantiated the
use of oxygen uptake rates as an indicator of wviability by
conducting oxwygen uptake tests im a respirometer which was
started with a substrate concentration of 2800 mgs/L chemical
oxwgen demand and allowed to run for 30 hours from which the
maximum specific oxyrgen uptake rate was determined from &
Lineweaver-Burk double-reciprocal plat, They next assumed
that zero day SRT would be 100¥ viable and projected the

maximum sSpecific oxygen uptake rate for SRT to & maximum
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specific oxygen uptake rate to correspond to 100 wiability
Q

t zero day SRT. The wviability wazs then determined a2z the

i

ratio of the maximum specific oxygen uptake rate for each SRT
divided by the maximum value at zeroc dar SRT. A two dar SET

had a 54 viability, Ffour day had a 45% viability, eight dayr

had a 294 wiability and SRT = greater than eight darz were
approximately equal to 274 wviability., A plot of net specific
growth rate versus specific oxyrgen uptake rate was used while
discussing the wiability and has been included as Figure 1,

In thiz figure the oxygen uptake curve curves down more than

11

(1}

expected such that 1less <solids are produced +for =sm

specific oxyogen uptake rates.
C. Microbial Mortality Rates

Another factor that zshould be reviewed for recrcle

m

systems is the mortality-rate of microbial zolide. Marai

€18 discussed die-off Kinetices in stabilization ponds a

[}

following Chick’s law, where the rate of reduction in viable

concentration of microorganiems (Xv) iz first order

decreasing rate relative to the microorganisms concentration.

diu/dt = —K#xXu (2-322
This is also Known as a decreasing exponential rate. He
postulated that the decay constant was a factor of

temperature as is trpically used in waste treatment swystems
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K = (decay constant at 20 CH{1.12~(T-20> (2-330
where T is temperature in celsius. He continues in relating
how this rate is applied to single and series ponds  for

determining the microbial death rate for a2 particular pond

N

system,.

Mancini (202 di

1]

cus

[[1]

ed log concentration verszus fime
plote Ffor determining the mortality rate constant +from
populations of coliform with & number of mortality patterns.
Emphazis was placed on identiftying the appropriate linear
segment of the log plot of the data.

Polprasert and group (212 locoked at mortality as  an
exponential where the mortality rate was atfected not onlx by
temperature but also by Ph, dissolved oxygen, and nutrient
content in the pond. :

In all of these papers the mortality rate was viewed as
a decreasing exponential rates and that the temperature and

dizsolved oxygen in the mix—-liquor would be important to

control.



CHRPTER II1

GENERAL THEORY OF RESEARCH

Th

I

basic concept of this experiment centers in the
Monod (22) model of substrate uptake. Monod idemtitied that
substrate wuptalke by bacteria increases as the concentration
of the substrate increases up to & limiting point. Thi=s
means that uptake is first order or exponential up to 2 point
where a decreasing exponential rate begins to take over and
limit the uptake rate stabilizing it at a maximum rate. The
maximum rate of uptake and the exponential rate of uptake are
both  specific characteristice of the bacteria being tested.
In aerocbic bacteria, oxygen consumption parallels this
substrate wuptake because oxrgen is required as & terminsal
electron acceptor in the metabolism of the substrate. The
most efficient point on the Monod type uptake curve would be
the point where the exponential uptake ends and “the
decreasing exponential begins. Thiz i=z generally recognized
as where the uptake rate is one half of the maximum uptake.
gsctivated sludge units operating at Gptimum conditions would
have a steady state with oxygen uptake near this point.
Measuring oxyogen uptake preszents a problem because the

exponential portion of the uptake curve is more sensitive to

change due to =mall changes in substrate concentration. Thus
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the mixing which occurs in extracting the mixed-liquor <From
the reactor for running the oxygen consumption test could
etfect massive changes in results of traditional oxyaen

consumption tests in determining ocxrgen uptake rates. I+ the

uptake test could be forced to occur in the decre

By
i

ing
exponential  or the maximum uptake ranges then more reliable
data, le=ss influenced by the test itself, could be obtained
for characterizing the biological activity of the unit.

Blok ©1&) and Walker/Dawvies (17) used oxrgen uptake of
the biclogical solids in determining viability of the solids.
The samples were placed in a substrate rich sclution and the
oxrgen uptake measured in a respirometer. Their attempts
were directed to determine if the oxygen wviability was the
same as ATP or plate count division wviability in their
samples. They +Found that oxygen viability was higher than
either ~ATP or plate. count viabitlity measurements,

Thise study wuses the dissolved oxygen probe trpically

used in running Biological Oxwvgen Demand tests, to determine

viability. The dissolved oxr¥gen probe is more common than 2
respirometer in waste treatment svstems and also eazier to
operate, A test using this probe and standard BOD bottles

generally wused for running effluent quality tests would be
within the capability of most operating plants.

Grady and Roper (15 auggestgd that after wviability was
determined then the viability decay constant could be soluwed

for by graphing the wiability of the biclogical =olide and

L]

ma

m
¥

solving  th . balance equations applicable. However, if
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.tant is a unigque characteristic of the sludge
it would tend to be independent of the sludge retention time
and thus could be determined directly by measuring the
max imum oxw¥gen uptake as it died out, The viability of the

golids could then be determined From the mass balance

hd
mn
]
o
m

equations, The mass balance rate equation of viabl
indicates that the wiable rate of growth will equal the decar

rate plus the wasting rate of viable zolids.
Uy = K + Lt (3-13

The mass of this viable growth must also equal the mass of

- the net growth of the reactor.
UuxXy = Un*xt La=22

The endogenous term (Kd) has been omitted Ffor simplicity
purposes since including it would give the =same wiabilitw

equation as OGrady and Roper derived,. The net speciftic

m

growth rate (U iz equal to the wasting rate from th

reactor (Yw/y at steady state. Therefore, the equation for

w

viable =olids concentration ie obtained by solving for viable

solids (Xw) after substituing equation (2-1) into (321

wy o= Uwso po¥t = 1 1 2 ¥t (232
o+ L/t ) (K=E(WAMWY + 1 D

The SRT could be substitued for YWy in this equation to

give:

y Xt PRC Il




The wolatile suspended solides (¥t and the ESRT are generally
available from plant operation data or from bench scale unit

reactors, Bench =scale reactors because of their =mall size
produce limited mixed-liquor solids which adds an  additional
restraint on a test to determine the decay rate of oxwrgen
viability of solids. The direction of this work waz to
develop an oxygen consumption test using equipment readily
available to moset plant ocperatione that could be wused in

determining the oxygen wiability decar constant of the

bBiclogical =sclids.
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Inmitial teste were conducted adding concentr
feed to the oxrgen consumption test in an attempt to reach
the maximum uptake. The maximum uptake was never reached
because the magnesium sulfate =alt in the Ffeed at high
concentrations started to exhibit inhibitive characterizstics.
Glucoze was also used but slight inhibition was also evident
at high concentrations. Because of the limited mixed-1iquor
available from the bench scale units it was determined that a
series of oxygen consumption testsz would have to be conducted

by removing geometrically increasing wolumes of the mixed-

liquor Ffrom the oxygen consumption bottle after running each
test, replacing it with concentrated glucose sclution and
running the oxrgen consumption test  again. The oxrgen
consumption " tests exhibited an exponential decrease in

consumption rate, appearing much like that due to inhibition,
beginning midway in the exponential decreasing rate range.

Howewer, the decrease was not due to inhibition but  the



withdrawal of the mixed-ligquor solids. The maximum point of

consumption obtained, thus, was the intersection of the

oxrgen consumption rate and the mixed-liguor withdrawal
curue. This relative maximum oxroen consumption rate would
not be the actual maximum consumption rate but would be

simply & better

1]

et Sfraction of it which mayr give

s

characterization of the biological activity of the activated
sludge unit =since it would not be affected by either the test
itself or the inhibition characteristice of the feed.

The oxwvgen consumption rate could alsc be conducted on
mixed-liguor isolated +From the bench scale unit and the
max imum rate used to identify the lossz in wiability of oxrgen
consumption as= the bacteria die out, I+ the test is
conducted over a several day period then the cell death rate
could be determined +from the decrease in the Ry GQER
consumption rate over time.

Results from this modified oxrgen consumption test could
be wused to determine which Kinetic model i= appropriate.
The traditional models of Gaudy and LawrencesMcCarthy assume
that the mixed-liquor solids are homogenecus in biclogical
makeup and hawe a2 unique maximum substrate utilization rate
or growth rate., This maximum substrate utilization rate iz
determined by plotting the linearized version of the Monod
equation and identifying the maximum substrate wutilization
rate as the inverse of the intercept on the wertical axis.
In =uch a model, the effluent concentration of substrate

would be reduced simply by increasing the mixed-1liguor
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concentration of biclogical solids. I+ theze modelszs wer
the modified oxwgen consumption test on a high SRT szystem

would w»ield a greater maximum than on & lTow SRT  swstem due

Ll

simply to the grester concentration of bacteria in the
reactor. The ocxygen consumption test however would yield the
same maximum rate independent of SRT if McKinnex'=s effluent

substrate model were appropriate.



CHAPTER IV

MATERIALES AMND METHODS

A. Continuous Flow Reactor Unit

The configuration of the bench scale unite used in this

investigation i

m

shown  in Figure 2. These units were
internal recycle with an adjustable baffle to sceparate the
reactor from the clarifier. The baffle was used to adiust
the recycle of the mixed-liquor between the reactor and the
clarifier each dary by first mixing the unit then inserting
the baffle and closing it completely =o the =solids in the
clarifier =zide could settle. ~After sewveral minutes  of

settling the height of the settled mass was noted and the

~+

batfle gradually opened fto allow recycle and some miking o

the claritier solids. The baffle was adjusted =so the mas

[1]]
(1]
1]}

height inm the clarifier showed neither an increasing nor
decreasing trend from the settled state.

The reactor chamber was mixed by aeration from  fwo
fritted diffusers located in each reactor at approximately
one half inch up from the bottom and approximatelx one  inch

ctor chamber.

w

diagonally from the outside corners of the re

In order to maintain proper mixing the air Fflow was

et
between 2.5 - 2 liters per minute. The volumes of the

continuous reactor units are as follows:



Total Yolume Reactor Chamber Claritfier
Feactor | 4.3& liters . 2.92 liters 1.44 liters
Reactor 2 4,47 2.84 1.81
Reactor 3 4.7 2.85 1.85

The reactor was controlled at a selected SRT by wasting the

required volume of mixed-liquor from the reactor

o
w

calculated in the Following SRT equation solwed For  the
volume wasted, Yw is the volume wasted in liters per day, Y
ie the wvolume of the reactor in 1liters, ¥t is the
concentration of volatile suspended solids in the reactor, F
iz the feed flow rate in liters per day, ¥e is the volatile
suspended solids in the effluent and SRT is the sludge

retension time in days.

ki
WUy = SRT - Fxe C4-11
Xt = Xe

All  concentrations and the flow were measured prior to
wasting of the mixed-liguor.

For this study, reactor 1 was operated at SETz of 0.7,
1, 1.5, 2 and 20 dars. Reactor 2 was operated at 2, 7 and ?
day SRTs aﬁd reactor 3 was operated at S and 13 day SRT=.

The s¥nthetic <feed +ed to the reactore has the
composition of carbon and salts asz shown in Table 1. The
salts and carbon sclutions were mixed double strength and fed
from separate bottles not being mixed until right before

entering the reactor. The two feed bottles for a2 reactor

L d
[n]}

were pneumatically driven by a rotating hose pump set
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Figure 2. Continucus Flow Reactor Unit
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TABLE I

SYMTHETIC FEED COMPOSITION

Carbon Mix Concentration
pocetic Acid 0.113 mls1
Eth+1 Alcohol 0.1132 ml.s
Ethrlene Glyrcol 0.113 ml.sl
Phenol n.0042 mlA
Glucose 0.1132 mge 1
Glutamic Acid fplus 2.2 mgsl KOH2 0.113 mge |

Salt Mix Concentration
Aammonium Chloride 142 mgs ]
Fhosphoric Acid g.01% mil.1
Magnesium Sulfate, MgS04.FHZ0 20 mg. ]
Manganese Sulfate, MnS04.H20 = meg.
Calcium Chloride, CaCl2 = mge 1
Ferric Chloride, FellZ.s8HZ20 0.4 me

Ly
[am )



deliver five milliliters per minute to each unit.

B. Analytical Procedures

Modiftied Oxvgen Consumption Test

The technique of determining the oxrgen consumption rate
was the <same as in Standard Methods ©22), where a direct
reading OH e probe i= used. The concentration of
dizsolved oxrgen was recorded every half minute and the
gxwgen consumption rate determined from the slope of the
dissoclved oxrgen versus time plot. A strip chart recorder
was connected to the oxywgen probe for these tests and the
slope was easily extracted from the strip chart recording.

The <series of tests conducted on one zample withdrawn
from the reactor were as follows. & 200 ml sample was
withdraw +from the reactor after mixing. After aerating
the sample, it Qas plaéed in a 300 ml BOD bottle and the
oxrgen consumption recording takKen. Mext 10 ml of mixed-

liquor was removed from the BOD bottle for wvolatile =solids

determination and the volume replaced with 10 ml of glucose
solution of 34.1&8 grams per liter. This was again asrated
and the oxygen consumption test again recorded. 10 ml  of

mixed-liquor was again removed from the BOD bottle, replaced
by the glucose solution, and the test conducted. This
procedure  was repeated two more times. The next volume
withdrawn out of the BOD bottle was 30 ml, replaced by the

glucose scolution. The oxygen consumption test conducted and



sl
ra

volatile solids conducted on the 30 ml aliquot. The next two

volumes withdrawn were &0 ml and 120 ml after which oxrgen

consumption texts were conducted. Volatile solids were also
completed on the 120 ml aliquot. The maximum of the oxrgen
consumption test was determined as the largest oxwrgen

consumption rate recorded +or each sample run.

Determination of Decay bv Oxvgen Consumption

The decar of oxr¥gen consumption was measured by remonving
a sample of mixed-liquor solids from the continuous reactor,
placing it in & batch reactor and allowing it to aeserate for
the selected darys of decay. After which the Modified
Consumption test was conducted. Mo fteed was added to the
batch reactors during the decay period.

The reactors operating at five, six and seven dar SRT =
did not produce enough mixed-liquor sclide in one day to
allow &all decay testz to be conducted on the <came sample.
Theretore samples were removed from the reactor on
consecutive dars until sufficient samples were obtained Ffor
the desired number of tests. The Modified Oxygen Consumption
Tez=t was then conducted after each selected period of decay
days had elasped from the time the sample waszs taken. The
reactors of 15 and 20 day SRT = did not produce sufficient
mixed-1iquor solids to allow even one Modified Oxroen
Consumption test without disturbing the steady state of the
reactor. Therefore all mixed-liquor solids were sacrificed

to allow sufficient volume of mixed-liquor solids to run the
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oxygen decar tests, fhe reactors operating at three and
less day SRT s produced sufficient mixed-liquor solids so the
sample could be split to allow the various selected oxygen
decay tests to be rumn on the mixed-ligquor solids of one
sampling period. In this case the mixed-liquor sample was
taken, <split into several separate batch reactors and then
the Modified Oxygen Consumption test conducted on each after

the desired days of decar had passed. # zero decayr day

]

corresponds to the Modified Oxygen Consumption test being
conducted right after the sample was taken from the
continuous reactor where no decay time was allowed. A three
da» decar time corresponds toc the sample being removed Ffrom
the continuous reactor, placed in a batch reactor for three
day duration and then the Modified Oxvgen Consumption test
being conducted. Sampling from the reactor for all thesze
test was not conducted until the reactor was perceived to be
operating at steadr-state or veryr near steady—state

conditions.

Volatile Suspended Solids

The technique for determining the wvolatile suspended

solids is in Standard Methods (23) where a 103 C drying oven
iz wused and a muffle furnace. The filter paper was glass
fiber of 4.5 um pore size, The wvarious mixed-liquor

solutions were filtered using a vacuum pump, dried in the 103

C drying oven, weighed and then incinerated in the muffle
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furnace. After cooling it was weighed and the u
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suspended solids determined as the difference of the fwo

we ight

1]

[Tx]

Biclogical Oxvgen Demand For Five Davese (BODS)

The test used to identify» the substrate concentration in
coxvgen demand equivalents was the Biological Qxwygen Demand

for five days test method as in Standard Methods (22). & 200

ml  standard BOD bottle was used with an Qrion direct reading
oxygen probe to measure the dissolved oxygen concentration.
The substrate concentration oxyrgen equivalent was determined
as the difterence between the oxygen concentration of the

sample in  the bhottle at the start of the Five dar

[1}]

of

incubation and at the end of the five dars.



CHAPTER W

RESULTS

A. Reactor Data

te Faed

R

Figure 2 though 12, shows the reactor zubstr;
rate iF), zolids concentration (XL and effluent
concentration (Xe) plotted over time as an indication of the
steady state of the reactors. The 0.9 day SRT reactor was
the only reactor which decreased rapidly in zolids
concentration. In Figure 3, the solids concentration in the
reactor decreased rapidly causing the system to fail within
three dars. Steady state was not achieved because the
wasting rate was greater ihan the growth rate of the solids.
Figure 4 containing the one day SRT had an irratic solids
concentration which was difficult to cantrol, The salids
concgntraticn in the reactor =seemed to have a crclic

characteristic of high and low concentrations on alternating

dars, The effluent scolides increased to 12 mosl with the
larger increases being one day delarved from the increases in
the reactor solids. Effluent solids can reach 30 mgsl in

practice so 13 mg/l is still within expected concentrations.
The effluent =solide concentration is proportionally more

yariable than reactor solide concentration as shown for z2ll
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SRT= in Figures 2 through 12. Even though the effluent
solids concentrations varied, this wariability was well below
the 320 mgs! concentration except for the seven day SRET
s¥=tem. On the sixteenth day of the seven dar SRT system the

effluent pipe to the reactor was clogoed and then released

causing & wvery high effluent concentration. The =effluent
concentration was considered in the wasting rate so the
effect was compensated by the wasting volume,

y 7y 2, 7 and 12 demonstrate the horizontal

.

Figures 5,
characteristic of reactor solids at steady state conditions.
Figures 7 and 12 of 2 day and 20 dar SRT have the greatest
variablility of reactor solids of this group of conditions
with a few concentrations abowve the rest. The variability of
the =olids in these two situations can best be attributed to
the difficulty of sampling these solids which had larger
flock particle than the other systems.

The flow rate of these syetems shown in Figure 32 through
12, indicates wariability that is more a characteriztic of
the <short sampling period of leses than two minutes. Since
the <feed was driven by the pumping of air into closed +eed
bottles, wvariations should be expected due to small changes
in barometric pressure over a short period of time or a s=mall
change in temperature. Since the pumps were pumping in a set
volume of air into the closed bottles a daily feed rate was
much closer to 7.2 liters than the figures indicate.

Figuresz 2 and 11, +Five and fifteen dary SRTs were
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completed in the 2.83 liter reactor. The +teed sy¥stem For
this reactor was much more difficult to control with the feed
variability increasing as shown from Figure 8 and then 11 to
the point that the srstem had tc‘bé shut down. The other two
reactors were run by one pump that had a more consistent fesd
flow rate,

The data wused in the various model regressicons are
shown in Table II and include the substrate influent and
effluent concentrations, the wasted volume per dar, ths feed
flow rate per day, the volume of the reactor and the sludge
retention time for each operational setting. The wvolatile
suspended solids (Xt) increase as the SRT increases while the
wasting per dar (Yw) decreases. The complete data for the
continuous reactors is included in Appendix A.

In order to summarize the operational data into =

manageable fashion simple linear regression was used to

i

identify how the operation data fits the wvaricus Kinetic
models., The <slopes, intercepts, correlation index and
calculated constants for éach kinetic model is shown in Table
III. The KincannonsStover model was the only model which had

a high correlation index near one. The LawrencesMcCarty

DO}

"model has & low slope which produces a Ks factor of 2132,
Since the effluent substrate concentration was below this
concentration in the operational data the bacteria should be

operating at a low substrate utilization over the range of

the operational data. In Table III, the FKincannon/Stover



TAHBLE II

OPERATIOMAL DATA USED IM KIMETIC MODELS

[xx]

DaTE Si Se xt He LAy F
MO<DesvR MBSL MGAL MGASL MGSL LeDaY LA/DAaY

2/4/88 217 1.7 S840 4 1.72 4.8 2
2711 457 4 200 ¢ 1.71 4.0
1/718-,85 237 11 1040 7 1.42 7.2
1721 351 1.4 &80 4 1.43 &.0
1723 348 2.6 700 4 1.43 7.2
1728 423 4.8 248 12 1.32% &.&
130 353 4.2 1040 10 1.41 &.72
2.1 201 3.2 840 10 1.27 ?.07
2749 374 1.7 400 2 1.44 &.72
12,3024 357 1.4 1280 2 7?27 7.2 2
151,85 219 i 1580 4 P37 &.48
172 207 2.8 1240 1 748 7.92
1-7 332 1.4 1000 2 . 740 7.58
172 322 1.2 1340 2 235 ?.29
1711 229 1.a 1750 2 . 743 TF2
1714 327 2.4 14540 7 P23 a1
1715 321 4.1 1080 7 . 720 2.88
12-22-,24 244 2.2 1&20 & .323 7.2 2.
12730 375 1.3 1500 0 .370 10.08
1,185 212 1 2140 3 S72 S.7&
173 222 2.7 2140 Q 57 7.2

177 353 1.2 1840 4 . 349 ?.348
179 35& 1.7 1280 4 551 10.03
1711 238 1.9 1720 1 =T} 2.44
114 442 3.3 2720 g LS55 5.74
1714 344 7.d 1720 14 . 543 4,32
1718 2464 4.0 1560 = S34 7.38
1721 341 1.7 1880 2 543 4.2
1173784 244 1.1 23830 = . 382 2.28 2.
1174 257 2.2 2420 12 . 388 8.484
1172 2232 2.9 2380 (=] . 382 g.z28
1271 0& 5.8 2320 7 . 388 7.2
1274 270 2.7 2120 7 333 &.48
1274 329 2.4 2020 17 . 357 &.48
12718 242 1.4 2100 7 383 772
12,20 237 2.7 2150 3 . 378 2.484
12,22 232 1.9 2140 1 405 7.2
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THBLE I (Continued:)
DaTE Si Sa pol ¥ Lha F L SRET
MO DR MGESL MGAL MGAL MGAL LA/Day LoDay L Days
1712-°25 204 2.1 1140 4 274 7.2 2.24 ?
1.2 38& 1.8 2020 S 204 &.0
1723 244 2.7 2040 & . 278 7.2
128 277 3.5 2020 7 L2784 &8
1730 327 2.5 27e0 7 L3202 &8.72
271 278 2.8 2220 7 298 ?.07
274 215 1.7 2430 1 215 &,.72
278 213 1.0 2000 4 212 4,20
1723785 284 2.3 1740 S 172 7.2 2.25 15
128 430 2.9 2240 7 178 &.482
130 344 7.7 2920 13 L1432 &.12
2.1 2&2 S.1 27940 12 141 12.24
279 351 2.7 3700 0 L1700 11.52
274 205 7 3720 14 173 3.4
2711 444 2.2 4420 11 177 3.7&
1173735 244 i S7sl S L1327 23.28 2.%2 =0
12718 317 3.7 &7&0 3 1432 7.2 -
12720 274 2.8 7200 S 141 3.44
12730 384 1.3 240 1 145 7.2
1.-1/85 311 4 &280 7 129 &.438




i
THBLE T11
REGRESSION RESULTS OF KIMETIC MODELS
AMD YIELD AMD ENMDOGEMOUS FACTORS
MODELS SLOPE INTERCEPT CORRELATION STaMDaRD
INDEX R~2 ERROR
Kincannon/Staver 1.012 -0.0022 0.99%2 0.025&
Un = infinite Kb Um = 1.0132
LawrencesMcCarty 0.0&855 2.0887 0.00004 2.29%2
Unax = 0.33 Ke = 212.4
McKinner, S¢ model -12.,18 247.54 D.0115 222.32
Km = —-12.18
McKinnew, Xt model 0.005% 7RE.F3 0.0017 222.42

constant = 0.005%

Yield and Endogencous Factor

Y = 0.442 Kd = 0.0072
Correlation Index (R~2) = 0.&704
Standard Error = 0.0952




model had the highest correlation index near one with a slope

of 1.0123 and an intercept of -0.0082, This produces 2 Um

¥ (]

which should be infinite and a Kb/Um which would be a
constant near one. The other modelzs all  had wery low
correlation indexes indicating 1little correlation. The
regression for Yield oY) and Endogencus (Hd) factors are also
listed with a correlation index of &74. The Yield factor

equaling 0.44 and the Kd factor equal to 02.01.,
B. UOxygen Consumption

The complete oxygen consumption test data with the test
dates is included in Table IV, This table contains the oxyogen
consumption rate used to determine the maximum oxrgen
consumption rate and also data used to determine the oxvgen
decay rate. Under each SRT condition tested the row of
ox¥aen consumption rates is preceded by the decar dars. A
zero decay day correspondes to the oxwvgen consumption test
being conducted on mixed-liquor solid just sampled from the
continuous reactor unit, & one day decary indicates the
solids were sampled from the continuous reactor and placed in
a2 batch reactor for one day and then the oxrgen consumption
test being conducted, The columns indicate the glucose

concentration in the test bottle for esach oxygen consumption

ol

determination. A Se concentration of glucose means that no
glucose wxes added to the test bottle and the oxwrgen

consumption test conducted on undiluted mixzed-ligquor =solid
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TABLE IW

COMPLETE OxXYGEM COMSUMPTION DATA

XY EEN COMSUMPTION MG-LAsMIM. FOR GLUCOSE COMC.
DECAY Se 1200 2400 2300 &200 120040 22000
Day'sS MGEAL MGAL MG L MG L MG L MG L MG L

SRT 7 DYy, 12712784

o .32 .55 .57 .37 .54 .47 27

X MGAL 2500 2100 1440

1 .28 .41 43 .45 X cis .25

= MG 2240 2020 1540

2 .15 .17 A7 12 A7 A7 it

X MGsL 1700 1420 1220

17 .10 1t 11 .11 12 11 a7

¥ MGSL 1700 1420 1440
SRT 7 DAy, 1271724

0 .54 .5& .57 A1 R 51 RpCjcs

¥ MGESL 2420 2140 1440

i .23 .28 <40 .45 45 .40 D

¥ MGsL 2140 2020 1520

4 .25 .27 .20 21 .21 27 .17

X MGAL 2040 1740 13240

7 .17 .19 .21 22 .21 .18 i

¥ MGAL igeln 1300 1440
SRT 7 DaYy, 115232-24

g .33 .42 .47 .54 .35 dE .22

¥ MGAL 2440 2040 1400

1 .22 .27 .21 .37 .41 .35 .22

¥ MGsL 2220 2040 1400

2 .27 .21 .27 .34 « 34 .33 .20

¥ MGsL 2100 1840 1500

2 .28 .21 .32 .22 .33 .20 .17

X MGAL 2000 1820 1440
SRT 2 DAY, 1715785

0 .40 .38 37 .59 .57 3E 21

X MGAL 1200 12&0 1z00

1 .24 .2% .21 .32 .33 .28 .12

X MGAL 1080 - 1020 1240

7 W10 .13 L0 .15 L8 132 07

¥ MGsL 220 230 Fan

10 .05 .0% .10 07 .10 .08 LO0d

- ¥ MG/L 740 720 1120
SRT 2 DAY, 114783

0 .34 .352 LS32 .51 .33 30 .17

¥ MGAL 1180 1020 1120

1 .2 .32 .24 .35 .22 P27 .12

» MGAL 1000 1120 1140

2 .19 .22 .23 .25 25 .21 11

¥ MGAL 220 1130 1200

11 .05 .09 .11 11 11 L7 04

¥ MBsL 1340 1240 1220



TABLE IY (Continuedd

i
(V)]

QY GEN COMNSUMPTION MG LsMIM. FOR GLUCOSE COMC.

DECAY Se 1200 2400 3500 4200 12000 22000

DaY's MG/L MGAL MG L MG L MGAL MG/l MG-L
SET 3 DAY, 1/7/85

o .84 .59 .39 .09 37 .47 .23

X MGAL 1400 1400 1z00

1 .17 .25 .37 41 ciy 24 -y

x MGsL 1240 1240 1&20

2 .ig .22 .25 27 .25 .22 13

¥ MGsL 10&0 1000 1420

& .17 .20 .22 .24 .22 .21 .13

X MGSL 1200 1220 1020
SRT 7 DAY, 25714783

0 .58 .&5 .58 71 -4 .58 .28

#* MGAL azz20 2800 2780

1 .12 .41 .44 .48 .48 .42 27

¥ MGsL 2730 2820 2400

4 .23 .35 .38 a1 . 39 . 35 23

¥ MGsL 2140 2040 2820

& .18 .21 23 .25 .23 .23 A5

X MGsL 2300 2930 1820
SRT @ DAY, 2714783

0 .57 .45 87 .72 P By .37

X MGAL 23240 28&0 2700

1 .3& .49 48 .02 Ol 45 2%

X MG/L 28210 2380 2300

4 .19 .28 .27 .28 .27 22 A&

¥ MG/L 2140 2240 1520

11 .09 .12 .14 .14 .13 12 07

X MGsL 1440 1720 1240
SRT @ DAY, 2711785

a .5 .71 73 72 JET o7 .33

®x MGsL 2340 2540 2240

1 .54 &3 &7 . 58 .58 33

¥ MGsL 22800 2480 17&0

4 .20 .29 27 .20 .27 23 W15

X MG/L 2040 1740 1300

11 .07 11 .11 12 12 .11 07

X MG/L 1580 1700 1400
SRT % DAY, 27485

g .59 &7 AT -y &3 .33 .27

¥ MGsL 23520 2340 1941

1 .41 .51 O3 <33 .52 .44 22

¥ MG/L 2330 2130 1280

2 .28 .37 .40 .41 .37 <23 21

X MG/L 2340 2020 1740

& .14 .21 .21 .22 .21 1s A1

X MGSL 1840 1740 12440



TABLE IV (Continued?

OxYGEN CONSUMPTION MGSLA/MIN. FOR GLUCOSE COMC.

DECAY Se 1200 2400 2500 &2010 13000 22000

DAYS MGAL MGAL MG L MG/L MGSL MGAL ME<L
SRT 20 D&Yy, 172785

g .52 .51 .48 .47 43 38 23

X MGAL &440 S080 4420

SRET 20 DAY, 12725754

o0 .33 .91 .93 03 = 4 .32

X MGSL &820 &&00 3480
SRT 2 DAY, 2/°4-835

o0 .29 .47 47 48 45 $ 2 .11

¥ MGSL -1t 720 700

2 .13 37 37 A .37 28 07

¥ MGAL &70 ‘ 70 S00

4 17 .15 1& dé -] 13 -

X MGsL 4&0 410 S10
SRT 2 DAY, 1/31/83

o0 .43 .47 . 47 . 47 .45 . 37 .12

X MGAL 820 840 i0oo

1 .12 .41 .41 .41 .28 .20 0%

x MGSL 240 720 1020

2 W15 .25 27 28 .24 .21 13

®x MGAL 7&0 220 240

4 .10 .12 13 132 A2 11 05

X MGAL 440 =00 540

8 .05 .07 .08 .07 .08 07 .02

*x MGAL 520 260 =00
SRT 2 DAY, 1728785

g .37 .5é =] o2 .50 41 . 24

X MG/L 240 320 200

1 .29 .28 .37 .37 .35 .20 A7

¥ MGSL 440 7&0 240

4 .13 .20 .17 20 17 17 07

x MGSL 440 =20 &80

’ & .05 .12 13 13 13 12 A7

X MGSL 540 820 =S80



n

TABLE IV <(Continued)

OxYGEM COMSUMPTION MGALsMIN. FOR GLUCOSE COMC.
DECAY Se 1200 2400 3500 &800 12000 22000
DaYS MG~ L MGAL MG L MG/ L MG/L MEAL MEL
SRT 1.5 DAY, 2715785
o .20 .21 « 30 .21 .29 29 ik
» MGAL 6320 550 4320
1 .11 .25 27 22 24 22 By
X MGSL S20 S20 3a0
2 .07 .1& A7 17 17 14 07
* MGsL 450 420 Sa0
I .04 .10 11 .11 .11 07 OS5
X MGEAL 330 ' 420
SRT 1.9 DAY, 2711785
o a0 .82 A2 &1 57 .47 .22
X MGsL 730 7?0 &70
1 .21 .44 .43 43 42 35 132
x MGsL 740 &20 &350
SRT 1 DAY, 2/18/83
o0 .49 .51 S0 .51 A& .29 22
X MG/L &10 S20 =70
7 .09 .13 .14 .13 13 11 AT
X MG/L 320 324 - 293
? .0s .09 07 A0 10 0% .03
* MGsL 240 240 250
SRT 0.9 DAY, 2/22-85
o .26 .20 19 17 ) 132 07
* MG/L 200 2 200 187
' 1 .02 .10 11 12 12 .08 0E
X MGAL 140 130 143
2 .03 .09 09 0 W10 .09 08 08
* MGsL 120 \ 160 130
S .02 .04 07 07 07 08 04
A MGASL 120 127 134
SRT S DAY, 1721783
0 .45 .49 AT .71 ET 54 23
®» MGAL 2040 1840 1400
1 .35 .42 L4& A& .43 .28 12
X MGAL 2120 1740 1700
4 .28 .35 .27 .38 <33 29 A7
¥ MGAL 1880 1840 1750
14 .05 .11 .13 .13 13 .11 oz
¥ MGESL 1440 1280 1520
SRT S D&Y, 11185
o0 .47 .55 .37 ] S5 .48 »21
* MGsL 1800 1720 1400
2 .32 .41 42 43 .41 .35 .12
X MGSL - 2120 1880 1720
4 13 .24 .30 . 3& 33 27 .17

® MGsL 1880 17320 1500

N



TaBLE IV fContinued?

N
[

Dy GEM COMSUMPTION MG/ LAMIM.

FOR GLUCOSE COMC.

DECAY Se 1200 2400 2500 &200 12000 22000
DAaYS MGSL MGAL MGAL MG/L MGESL MGEAL ME L
SRT 5 DAY, 173785
g .22 .42 44 T .43 24 17
® MGAL 2220 1920 1400
1 .27 .2z 325 34 P 34 21 A7
®» MGsL 2040 1300 1700
2 .21 .27 .28 .21 25 25 A5
X MBAL 1920 135&0 1320
g2 .09 .15 .14 13 .14 12 07
X MGEAL 1340 1500 1230
SRT 15 DAY, 2715785
o0 &1 &7 58 .71 &7 -3 27
X MGAL 28480 2520 2440
1 .27 .32 37 - &2 o3 <35
X MGAL 43240 &080 4200
2 .22 .43 43 .49 .47 47 .33
* MAL =200 5780 4100
3 .22 .25 .20 27 28 27 17
* MG/L 4500 4220 3320
SRT 15 DAY, 2715785
0 .44 .58 .40 -1 -3 37 . 28
x MGsL 4120 2800 2540
1 .28 .48 « 37 -3 &0 .54 el
X MG/L 4300 4500 4240
2 .37 .45 : .47 .47 o2 4% .23
* MGSL 4200 4200 S100
S .21 .22 .23 25 25 .22 17
X MG/L 4440 43200 4440
SRT 1| DAY, 2/718/385
AFTER WASTING.44 .22 .28 24 .23 12 02
X MG/L 240 200 245
SRT 10 DAY VEGETODA TYPE SOLIDS, 114785
o0 .P& 1.07 1.08 1.09 1.03 .33 .91
¥, MGAL 2420 3140 1220
1 .42 .57 A1 &2 &2 53 .34
X MG/L 2320 2200 2000
2 .35 .48 .37 .59 .58 «4E . 28
» MGAL 2120 2940 2200
SRT 20 DaYy, 12/25/24, FEED MIXTURE USED IMSTERD OF GLUCDSE
0 .33 .24 R 07 02 .05 .03
X MGsL 4740 5840 . 2300
SRT 7 DAY, 12751484, FEED MIXTURE USED IMSTEAD OF GLUCOSE
1 .12 .79 .30 .15 .11 .05 .02
X MGAL 2130 1220 220
3 &3 .59 .27 .13 02 .03 03
x MGEAL 2000 17040 1020
4 .41 .38 25 .14 .07 .04 .02
X MGEAL 2220 1740 240



THBLE IV fContinued)

n

D GEM COMSUMPTION MGAL/sMIM. FOR GLUCDOSE COMNC.

DECAY Se 1200 24010 2300 £200 12000 22000
DaYs MGsL MGAL MG L MG L MG/L MG L MG L
SRT 20 D&Y, 14185, SOLIDS DILUTED ABOUT OME HALF

o .17 .17 .18 . 20 20 A5 11

¥ MGsL 246460 2540 1240
i .02 .0% .11 .11 .11 11 07

® MEAL 2480 2540 1220
4 .02 .04 03 05 .03 032 01

MGl 3000 2420 2030
S .05 .0& 02 07 07 JOs& 04

* MGsL 2580 2820 2080




on
o

ot

[

=53

m
11

either directly from the continuous reactor as in the

zero decay dars or on the undiluted mixed-ligquor solid from

[u]

the batch reactors after decay dare have been allowed t
pass. Generally all oxrgen consumption rates decreased as
the decay dare increased. The oxy¥gen consumpticn rate would
tend to increase with the glucose concentration increase up
to a point then decrease as the glucose concentration further
increased. This decrease was expected since the mixed-ligquor

solids had to be removed as the glucose soclution was added.

"
i

The <=olids concentration for the decay rate test was le

then the sample initial solids concentration and decreased as
the decayr days increase within each SRT set of data. Such

should be expected as endogenous respiration would brealk down
the solids in the batch Eeactor. The endogenecus Factor
since it is an exponential decay factor can be checked
quickly by dividing the =olid concentration for a large decay
day test by the solids concentration of the initial sample,
then taking the natural log of the dividend and dividing by
the number of decar days. For example, the seven day ESRT
data with a sclids concentration of 1700mgsL atter 17 dare of

decay and 2500mgsL at the initial sample time would give:
In¢1700/2500) = —-,384& C5-1)
-.3885°17 = -, 0227 day {S5-2)

This doesn't agrees with the endogenecus Ffactor (Kd) of
0.0072 obtained in Table III, however, this test was not

designed to test for the sndogenous factor and wouldn’t  have



the accuracy of the endogenous factor regression. Since the

1]
m

[fx]

calcultated endogenous walue is within an order of magnitude
of the regressed endogenous constant that is probably the
best agreement that can be expected,

Several sets of data at the end of this table were not
used in thiszs analrsis because of different technigues used in
conducting the tests. The last 20 day SRT set was not used
because the mixed-liguor solids sampled from the continuous
reactor was diluted to about haltd concentration sampled. The

day and 20 day SRT setz of data were not uszed because

“J

next
the reactor feed mixture was used instead of glucose and it
wase discovered that the magnesium sulfate sclids in the Feed
at the high test concentration caused an inhibition of oxyrgen
cansumption. The 10 day ERT beggiatoca type solids data was
not used because the biclogical solids were not of the same
appearance and characteristics asz the rest of the data and
the initial oxygen consumption tests indicated that the
oxFgen consumed was much higher than was needed for

utilization of thes feed to the reactors. The SRT of one dayr

;]

atter wasting data set was not used in the analysis because
it was conducted on mixed-liquor sclids taken +from the
reactor about one hour after wasting when the solids
concentration in the continucous reactor would bBe at  its
lowest concentration. Altl the other zero decay day tfests
were conducted on mixzed-liquor solids taken from the
continuous reactor prior to wasting of the solide when the

solids concentration would be at its highest concentration.



The oxrgen consumption rate of the one day SRT for zero decar

dars increase after & few additions of glucose and then
decrease. The oxygen consumption rate +or the cne day ESRT
after wasting decreased with each additien of glucoze

zolution., Thiz would indicate that the solids in the reactor

after wasting altered their ocxygen consumption rate to the
maximum rate due to the smaller concentration of saolids in
the reactor while using the same amount of Ffeed into  the
resctor. The solid accumulated during a day of growth  so

there is an excess of scolids when the cxygen consumption test
is conducted prior to wasting.

The data in Table IV has been rearranged for discussion in
Tables & through X. Table Y lists the oxygen consumption

t  dat

te

m
1)

v for  the tests rum on the day the sample was

extracted from the reactor. The table lists the SRT the

L d

reactor was operated at, the solids concentration of fth
sample when it was extracted from the reactor and the varicus
oxrgen consumption rates from zeroc glucose added djust
extracted from the reactor? to a glucocse concentration of
22,000 mgsl in the test bottle.

The oxygen consumption data from Table Y was corrected
for the sclids withdrawn from the test bottle during the fest

s showrn in Table VI, The correction factor used to obtain

Py

the corrected oxygen consumption rate is listed at the top of
the table above the oxygen consumption data. The carrection
factor was determined from calculating the serial remouval of

the mixed-liguor soclids from the test bottle. For exampie,



TRELE W

DYGEM COMSUMPTION BY SRT &MD BY GLUCOSE COMCEMTRATION

DXYGEM COMSUMPTION MGAL/sMIM, FOR SLUCOSE COMC.
SRT SOLIDS Se 1200 2400 2500 &300 13000 22000

DAaYs  MGAL MGEAL MG/ L MG L MG/ L MG/ L MG L MG L
7 200 .24 L 20 .17 .17 18 .13 07

1 s10 .4% .51 .50 .51 . 34 L3237 .22

1.5 4200 .20 .31 .20 .31 JEF .29 L7

1.5 30 &0 .82 .52 -3 - 37 .47 .23

2 Je0 .29 .47 e .48 45 » 3 .11

2 820 .42 .49 49 49 45 37 12

2 820 .42 .49 .49 .49 « 45 .37 12

2 ?80  .5¥ .34 .95 .33 .50 .41 « 2&

3 1200 .40 .S58 .57 » 5P =y & 21

2 1120 .54 .53 .32 a1 <48 .40 .17

3 1400 .84 .59 =y 37 Ty 47 23

S 2040 .&3 W47 - .71 ET . Sd .22

5 1200 .47 .55 37 38 LS5 A8 .21

b 2280 .39 .42 g - .43 .38 17

7 2500 .32 .55 57 37 a4 .47 .25

7 2420 .54 .S58 57 -3 61 .51 L33

7 24£0 .23 .43 .47 .54 35 a& .28

2 3220 .98 .&85 . 68 a7l 57 .38 .32

? 3240 .57 L&D AT 72 AT 57 .37

? 2340 .57 .71 73 72 2 &9 .57 .33

? 2520 .99 &7 ¥4 -y LE3 O3 My

15 2840 a1l &7 S« 68 .71 ¥ .61 . 3%
15 4120 .44 .38 « &0 .85 .45 =Ty .32
20 s440 .53 .35l 48 .47 .43 .34 23
20 &8z20 .55 .51 .33 =1 .31 .47 42
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TaBLE WI

CORRECTED OXY¥3EM COMSUMPTION FOR SOLIDS BY SRT
AMD GLUCOSE COMCENTRATION

OxyGEM COMSUMPTION MGAL-MIM. FOR GLUCOSE COMC.
SRT SOLIDS Se 1200 2400 2500 &200 12000 22000
DAaYs MGASL  MGAL MG/ L MG L MGl MGAL MGSL - MGSL

Correction

tfactor 1.00 1.02 1.07 1.11 1.22 1.54 2.34
.7 200 .28 .21 .20 .19 . 20 20 .12
1 &10 .49 .33 .04 =1 57 <50 .38
1.5 &30 .20 .32 .32 . 34 .38 37 23
1.5 30 .40 .84 . 5E -3 .70 72 .59
2 sl .29 .49 .30 .53 Bt » S5 28
2 820 .43 .51 .52 .54 .35 =y .21
2 gz20 .42 .51 .32 .34 M=t S7 .21
2 ?a0 .57 .38 .59 .57 LE2 Sl -y
3 1200 .00 .40 -3 5T .70 1 .54
2 180 .54 .53 =g =1 .57 A2 .44
3 1400 &4 (&1 &3 L&D s 72 LS
b 2040 .45 .71 .74 sy .20 .83 .59
3 1800 .47 .57 3! &G A2 74 =T
] 2220 .39 .44 .47 » 91 .33 =tal . 44
7 2500 .52 .57 &1 X EE 7L .7
7 2420 .54 .38 &3 . 68 M= M= .83
7 2440 .33 .44 .30 &0 52 71 T2
? 3220 .58 .&7 “L. 72 s .35 .29 77
? 2280 LS7 L &7 74 .20 « 85 ! P
? 2340 .39 .73 .78 20 .35 .88 =
? 2320 .57 .47 72 .74 T .82 .7
15 2240 L4 -4 72 77 .32 . 74 1.00
13 4120 .44 .&0 A5G .72 .20 .28 BT
20 &£440 .52 .53 .51 32 33 33 =y
20 48320 .55 .52 57 .57 &3 ra=] 1.08
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the 0.1% mgslsmin. ox¥g

L

n consumption rate for 0.% day SRET

would be corrected by a factor of 1.07 because 10 ml ocut of

W

200 ml of solide soclution was removed for  the 1200 mgsl
glucose concentration test and another 10 ml of the 300 ml of
solids soluticon was removed +for the 2400 mgsl glucose
concentration test, This squals

(300 - 10y % (200 - 10 = 0,924 (5-322
200 200

Ly

or  ?3% of the solids concentration remaining in  the test
bottlie., Inverting this number produces 1.07 which will bBring
the oxwgen consumption rate up to the level as if no solids
had been removed.

Figures 132 and 14 are characteristic plots of the oxygen
consumption rate data. Figure 12 is a plot of the ourgen
consumption rate data for the first nine day SRT set  and
Figure 14 is the same éata corrected for =olids removed.
Figure 14 plot has the resemblance of the Monod type of
curve characteristic of this data. The maximum OxX¥gen
consumption rate in the uncorrected Figure 13 occurs around
the 32500 mgfi glucose concentration while the maximum in the
corrected for solids, Figure 14, occurs at the highest
glucose concentration of 22000 mg/l. This characteristic of
the wuncorrected maximum occurring near 3500mgs1  and  the
carrectea max i mum occurring near the highest glucose
concentration is consistent in all the SRT data eucept for
the s=smallest SRT of 0.9 davs. The 0.7 dar SRT oxrgen

consumpticon rate data bag o oo, fferent type of consumption
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curue. Figure 13 shows the uncorrected and Figure 14 shows

the corrected consumption rates. The 0.9 day SRET reactor w

e

1

operating at its maximum consumption rate when extracted from

the reactor and showed no increase as glucoze was added.

The maximum oxvgen consumption rates and the initial
consumption rates for  each SRT are given in Table WII.
Table WII alsoc contains the ratio of the initial oxrgen

(n]
-+
o
[w R

consumption rate to the maximum and alszoc to the corre
max imum oxygen consumption rates from the tests., It appears
from these ratios that the initial oxyvgen consumption rate is
generally above half the maximum oxygen consumption rate,
and the over all average of the initial to corrected maximum
ie 0.71 and the initial to maximum is 0.38,. The ratio did

not decrease rapidly as the SRT and sclids (Xt) increased a

1]

most Monod type Kinetic models would predict.
Table WIII contains the initial day test as well as

results of oxygen consumption rate for the warious dars of

decay for each SRT condition. Table IX containes the same data

corrected +for solids withdrawn in the oxwvgen consumpticn

test. fAs  the glucocse concentration increases the oxygen
consumption increases and then decreases again at the high
glucose concentrations. The oxwvgen consumption rates

decrease as the decay dars increase as would be expected.
The larger decay day oxygen consumption rate rows of data
show the least amount of change as the glucose concentration
increases indicating few wiable solids remaining. The

max imum ox¥gen consumption rate for each row of Table WIII
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TABELE WII
MAxIMUMS ablD IMITIAL OXYGEM COMSUMPTION
BY SRET
SRET CORRECTED MAx IMUM IMITIAL IMITIAL INITIAL
Dey's Makx, CONS. CONS. CONES. DIV, BY DI, BY
MGALAMIN MGALAMIN MG/LAsMIM  CORR MaX Mex
.7 25 26 26 i.00 1.00
1 . &0 .51 4P .82 LFE
1.5 .37 31 20 .54 &5
1.3 72 A2 &0 232 .77
2 .35 .48 pciy .71 21
2 37 .49 .43 =1 B3
2 .57 .47 X = 28
2 &7 =Ty - .85 .00
3 a7 S S0 .25 1.00
2 A2 .54 .54 BT 1.00
3 B A4 - . 8% 1.00
= .83 71 &3 7B P2
b .74 . SE .47 &4 21
= » 53 s .39 71 .85
7 e .37 32 .70 71
7 .25 51 .54 &4 .87
7 T2 35 «33 «AE 50
? . P7 .71 .58 . &0 22
b 93 e 97 &0 77
7 .22 73 57 &7 21
? .82 Y4 5P 72 .32
15 1.00 .71 61 &1 =
15 .7 55 .44 .45 &2
20 =1y 53 .52 .70 1.00
20 1.08 kel .55 =) 1.90
TOTAL 17.85 21.%7
AVERAGE sl 238
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TABLE WIII

Qv GEM COMNSUMPTION DECAY
WITHIM SRT

O GEM COMSUMPTION MGALAMIN. FOR GLUCOSE CONC.
SET DECAY Se 1200 2400 3300 &a00 132000 22000
DaYsS DAYS MGAL MGAL MGAL MG L MG MG L N: g

L

.|

.7 o .28 .20 17 .17 18 .13 .07
1 .02 .10 .11 .12 .12 .08 L0

3 .02 .09 0% .10 07 08 08

3 .02 .0& .07 .07 .07 0& .04

1 0 .49 .51 .50 .91 A& . 3% 22
Joo.09 .13 .14 13 132 .11 .07

7 .0& .07 0% .10 .10 0% L0

1.5 o .20 .21 .20 » 21 27 .24 0%
1 .11 .25 27 .28 s 2& 22 0%

3 .07 .18 A7 A7 A7 .14 07

T .04 .10 .11 11 11 0% 05

1.3 g .80 &2 B2 .61 37 .47 23
1 .31 .44 .45 .45 42 25 .12

2 o .3% .47 47 . 48 .45 2& 11
2 .13 .39 .37 .41 .37 .28 .07

4 .19 .13 -.1a L& 1a 13 08

2 g .42 .49 47 .49 A5 .37 .12
1 .12 .41 <41 .41 .38 <20 0%

2 .15 .25 27 28 » 24 .21 .12

4 .21 .31 .37 iy cry .20 .11

2 g .43 .4% 4% .47 .45 .37 12
i .29 .28 .39 A0 « 33 29 12

4 .10 .12 .13 13 .13 11 05

2 .05 .07 08 .07 .08 a7 02

2 o .57 .36 .95 Lol .50 .91 .28
i .22 .28 .27 .37 .23 . 20 17

4 .15 .20 .17 .20 .19 .17 O

4 .03 .12 .13 13 13 12 L7

3 o0 .50 .S58 57 .39 .57 448 .21
1 .24 .29 .31 .32 .33 .28 .12

7 o.10 .13 10 .15 .15 .13 .07

i0 .05 .0% .10 09 .10 .08 04



TaBLE VIITD fContinued?

QN GEM COMSUMPTION MG/LsMIM., FOR GLUCOSE COMC.
SRT DECAY Se 1200 2400 2300 &3040 13000 22000
DS DAYsS MGAL MGASL S MGAL MG/ L MGEAL MG L MG L

2 o .94 .53 .53 .51 48 » 40 17
1 .2% .22 . 34 <35 . 3 . 27 2

2 .17 .23 .23 .25 23 21 .11

11 .05 .0% .11 .11 .11 09 LO&

= o .44 .59 =1 .37 57 .47 .23
1 .17 .35 . 37 <41 27 « 3& AT

2 .12 .22 .25 .27 .23 22 13

4 W1¥Y .20 .22 « 24 .23 21 .13

S 0 .&3 &7 AP .71 3] S4 23
1 .25 .42 4 & 3 43 .38 .12

4 .28 .35 Ry .38 33 2% .17

14 .05 .11 .13 .13 .12 .11 az

= o .47 .55 o7 .58 =] .48 .21
2 .32 .41 42 43 41 .35 .12

4 .13 .34 .35 36 L33 27 .17

b a0 .22 .42 .44 1) . 432 .36 17
1t .27 .33 .35 38 . 2& .31 17

2 .21 .27 28 21 .25 . 25 .15

8 .07 .13 .14 .13 .14 12 L7

7 o .52 .33 .57 =Ty .54 .47 .27
1 .24 .41 .43 45 .43 . 3% . 25

g .15 .17 A7 .17 1% A7 .11

17 .10 .11 11 11 .12 .11 .07

7 g .54 .3& .07 &1 $&1 )| cic
1 .23 .38 .40 .43 .43 40 .24

4 .25 .27 .20 .31 21 .27 .y

7 .17 .17 .21 .22 21 .18 13

7 g .22 .43 .47 « 94 =t ey .28
.32 .27 .31 . 37 .41 L35 .22

2 .27 .21 .27 24 . DA .32 <20

3 .28 .31 .32 .32 » 33 .30 17

? a0 .32 &5 58 .71 AT .58 a2
1 .18 .41 g .48 .48 . 432 .27

4 22 .35 .38 .41 37 . 35 .25

& .15 .21 .23 25 25 £ 23 1S
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TeBLE VIII (Continued)

DX YGEM CONSUMPTION MGALsMIM., FOR GLUCDSE CONC.,
SRT DECAY Se 1200 2400 2300 4300 12000 22000
DAYS  DaYSs MG/ L MGAL MG L MG L MG L MG-L MGESL

o e et e e e e s e st e e e e o s

? Q .57 .&5 . 57 72 AT . 5% .37
1 .35 .45 .48 .02 .51 45 27
4 19 25 .27 . 28 27 .22 .1a
11 .y .12 14 14 13 12 07
7 g .5 .7 Mrac F2 A7 =y .33
1 .54 .45 A7 . &8 o8 .35
4 .20 2% 27 .30 .27 23 .15
i1 .07 .11 .11 .12 12 .11 07
d 0 .59 .&7 - 57 483 O3 27
I .41 .51 O3 55 D2 44 .22
2 .28 .37 .40 41 37 .35 21
& W14 21 .21 .23 .21 A7 11
15 0 .s1 &7 .48 w7l JET a1 i
1 .37 .33 =Ty &4 62 .53 .35
2 .32 .43 .42 47 - .47 .47 .33
3 .23 .29 « 23 . 27 P28 2 iy
135 0 .44 .58 . &0 53 « &5 .37 . 38
1 .38 .48 =y -3 &0 . Sig 2
2 .27 .45 =47 .47 .52 . 47 332
5 .21 .22 .23 .25 23 .22 A7
20 a0 .32 .51 48 . 47 .43 28 .23

20 g .55 .51 .53 .53 .51 .47 42
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THBLE IX

CORRECTED OQXYGEM CONSUMPTION DECAY
WITHIN SRT

OXYGEN CONSUMPTION MGA/L/MIM. FOR GLUCOSE COMC.

SRT  DECAY  Se 1200 2400 2500 4800 12000 22000

DAYS DAYS  MB/L MG/L  MBAL MGAL MG./L MGAL MG/L
Correction

factor 1.00 1.02  1.07 1.1i 1.23 1.54 2,54

.5 D .24 .21 .20 .19 .20 .20 .12

i .02 .10 12 13 .15 Y- .15

3 .02 .09 10 11 11 .12 15

5 .03 .04 .07 .08 .09 .09 .01

1 0 .49 .52 .54 .Sé .57 &0 Sé

7 .09 .13 .15 .14 6 A7 .12

.04 .09 .10 11 12 14 12

1.5 o .20 .32 .32 .34 .34 .37 .23

1 .11 .28 .29 .31 .32 .24 .23

3 .07 17 .18 T .21 .22 .18

5 .04 .10 12 12 .14 14 .13

1.5 0 .40 .44 Y .48 .70 .7 .59

1 .31 .44 .48 .50 .52 .54 .23

2 0 .39 .49  .sS0 .53 .55 .55 .28

2 .12 .40 .42 .45 .4é .42 23

4 .19 .1é A7 18 .20 .20 .15

2 o .42 .51 .52 .54 .55 57 .21

1 .12 .42 .44 .45 .47 .46 .23

3 .15 .24 .29 .29 .30 .32 23

4 .21 .3z .40 .43 .46 .44 .28

2 o0 .43 .51 .52 .54 .55 .57 .21

{ .29 .3% .40 .41 .43 Y. .44

4 .5 .21 .20 .22 .22 Y .23

& .05 .12 .14 .14 14 . 1e

2 n .57 .S@ 57 .57 52 .43 &7

1 .2¢ .39 .40 .41 .43 L4 .44

4 .15 .21 .20 .22 .23 .28 .23

& .05 .12 .14 .14 6 .18 .18

3 0 .40 .40 &1 &5 .70 71 .54

1 .24 .30 .33 .35 .41 .43 .32

7 .0 .12 11 17 .18 .20 .18

10 .05 .0% 1 10 12 12 .10



TeBLE I (Continued:

QY GEM COMSUMPTION MGAL -MIM. FOR GLUCOSE COMC.
SRET DECAY Se 1200 2400 3500 &800 132000 22000
DS Lays  MGsL MGAL MGAL MGAL MG/L MG L MG

3 0 .54 .55 .57 .54 .59 52 .44
1 .29 .34 .36 . 3% .41 .42 .31
3 .19 .24 .25 .28 .31 .32 .28
11 .05 .0¢ 12 W12 .14 14 15
3 0 .64 .81 .63 55 .70 .7 .59
1 W17 .26 .42 .45 48 .55 .49
3 .18 .24 .27 .30 .31 .34 .33
& W17 .21 .24 .27 .28 .32 L33
5 0 &5 .71 74 .7 .80 .83 .59
1 .25 .44 4% .51 .53 .53 .21
4 .28 .38 .40 .42 .43 .45 .34
14 .05 .11 .14 .14 Y A7 .13
5 0 .47 .57 61 &4 .68 .74 .54
2 .32 .42 .45 .48 .50 .54 -
4 .13 .35 .37 .40 .41 .45 . 44
5 0 .29 .44 .47 .51 .53 .55 .44
1 .27 .34 .37 .40 .44 .48 .44
2 .21 .28 .30 .34 .37 .38 .38
8 .09 .18 ..15 .17 W17 .18 .18
7 0 .52 .57 L6 i ChE 72 .74
1 .26 .42 .44 .50 .53 .80 . 54
2 .15 .18 .18 .21 .23 .28 .28
17 .10 .ti .12 .12 W15 W17 .18
7 0 .54 .52 LE3 .48 7S .78 .35
1 .23 .39 .43 .50 .55 L2 A7
4 .25 .28 .32 .34 .38 .42 .47
7 .17 .20 .22 .24 .24 .28 .33
7 0 .32 .44 .50 . &0 L &8 L7l .7
1 .32 .28 .33 .43 .50 .54 .54
2 .27 .32 .21 .38 .44 .51 -3
2 .26 .32 .34 .35 .41 L4 .49
% 0 .58 .&7 .73 LTF .25 .89 LF7
1 .18 .42 .47 .53 .57 -y A7
4 .23 .36 .41 .45 .48 .54 54
& .15 .22 .25 .22 .31 .35 .38



TaBLE Ix {(Continued?

QY GENM COMSUMPTION MG-L-MIM. FOR GLUCOSE COMC.
SRT DECAY Se 1200 2400 2500 &800 12000 22000
Days  DaYsSs MG L MGAL MG~ L MG/ L MG/ L MG L MEAL

? 0 .57 .47 .79 .30 .25 71 e
1 .38 .47 51 =15 P &3 &9 74

4 1% 27 . 27 .21 .33 24 41

0 S S 15 .13 1& .12 .18

? ¢ .5 .73 = 20 85 23 .35
1 .54 .&7 .72 .24 .37 .70

4 .20 .30 .31 .33 .33 .35 .38

i1 .07 .11 12 .13 15 A7 .18

? 0 .57 .&% .72 74 s .22 74
1 .41 .33 57 &1 &4 58 CSE

2 .23 .38 43 .43 43 . 54 . 34

& W14 22 22 .25 24 27 .28

15 0 &1 .é&7 . 73 7P .22 74 1.00
1 .37 .55 P &1 .71 FE .22 20

2 .22 .44 « 51 o4 S0 72 .83

S .23 .24 27 .30 .32 42 .47

1S o0 .44 &0 54 P2 .20 .28 . P
1 .28 .50 61 .48 .79 22 T2

2 .37 .47 -« 90 .04 44 g .85

T .21 .23 .25 . 28 « 21 .35 .49

20 g .33 .33 .51 .92 .53 .35 .59
20 0 .55 .52 =y . 5% &3 79 .08
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and Table IX were identified and placed in Table ¥ under the
headings "MAX. OxXYGEW COMSUMPTION" and "COR. Ma., OXYREN
COMS. " It is from these maximums that the wuncorrected and
cofrected oxvgen decay constants were determined as discussed

next.
Z. Development of Decayr Constants

Since the oxygen consumption decay is & decreasing
exponential, the decay constant can be found by linearizing
the negative exponential decayr equation as follows, where Co
is the oxygen consumption rate +or ‘day zera, Cdd is the
cxygen consumption rate for & selected day dd and the decar

constant K.
Cdd = CoxExp(-K=dd> (S-4>
In¢Cdd/Co) = —-K#*dd (S5-3)

The decay constant K i= the magnitude of the slope of the

regression line of the natural log of the ratioco of the
oxygen consumption rate to the initial consumption rate

versus the decay dars.

In Table X, the maximum oxr¥gen consumption rate for each
decay day was divided by the zero day maximum. This result
ie listed under the column labelled "STAMDARDIXED BY IMNITIAL"
and "CORRECTED STANDARDIZED BY IMITIAL." The zero data ratio
was omitted since it would alwars be equal to umity and in

statistical analvsis should be removed so as not to bias

regression results. A zimple statistical parallel in the



TAHBLE X

STANDERDIZED MAXIMUM OXYGEW COMNSUMPTION BY
INITIAL OxXYGEM CONSUMPTIOM

SRT DECAY MAX. OXYGEN STAND . COR. MAX, STAND.
DAY DAY  CONSUMPTION BY INITIAL OXYBEM CONS. BY INITIAL
MG/L/MIN. MG/L/MIN.

D.? O .26 .24
1 12 .44 15 .58
3 .10 .38 15 .58
5 07 .27 0% .35

1 0 .51 : .60
7 .14 .27 .18 .30
? .10 .20 .14 23

1.5 0 .31 .27
1 .28 .90 .24 52
3 17 .55 .22 .59
S .11 .35 .14 .32

1.5 0 .62 .72
.45 .73 .54 .75

2 0 .48 .55
2 .41 .85 e .24
4 14 .32 .20 =y

2 0 .49 .57
1 .41 .24 .47 .82
3 27 .55 .33 .52
4 .39 .80 ¥ .21

2 0 .49 .57
1 .40 .82 Y .81
4 13 .27 .26 .46
4 .08 16 18 .32

2 0 57 .87
1 28 47 46 e
4 20 as .26 39
& .13 23 12 27

c 0 .50 .71
1 .32 .55 .43 L&l
7 15 .25 .20 .28
10 10 17 12 17



T&BLE X (COMTIMUED

SRT DECAY M&X. OXYGEM STAND . M. Oy GEM STAND.
D&Y DAY  CONSUMPTION  BY INITIAL CONSUMPTIOM By IMITIAL
MG/L/MIN. ME/LAMIN.
3 0 54 &2
1 .35 &5 42 .48
3 25 44 .32 .52
11 11 .20 .15 .24
3 0 .64 .72
1 .41 .44 .55 LT
3 .27 .42 .34 .47
é .24 .38 .33 4
S 0 .71 .83
1 44 &5 .58 .70
4 .38 .54 .45 .54
14 13 12 .18 .22
s 0 .58 .74
2 .42 .74 .54 .72
4 .36 .62 .45 &1
5 0 L46 .55
1 .36 | .78 .48 87
2 .31 &7 .38 &P
8 .15 _ .33 .18 33
7 D 57 .74
1 .45 .79 &4 84
2 AP .32 .28 .28
17 12 .21 .18 .24
7 0 &1 .85
1 .45 .7 &7 7P
4 .21 .51 .49 .79
7 .22 .36 .33 .39
7 0 55 72
1 .41 .75 .Sé .73
2 34 . &5 .51 .71
3 .33 .50 .49 .48
P 0 .71 SPT
1 .48 .48 &9 .71
4 .41 .58 .64 L
& .25 .35 .38 .39



T&BLE ¥ CCOMNTIMUED?

SRT DECAY Max, OxXY5EEN STAMND . MEx . OxVGEM STekD .
Dy DAYy COMSUMPTION BY IMITIAL COMSUMPTIONW BY IMITIAL
MGALAMIN. MGALAMIN.
? a .72 75
1 .32 2 7d ]
4 .22 .37 431 .43
i1 .14 .19 .18 17
7 0 2 22
1 L83 .73 PO 1.02
4 .20 .41 .33 .42
11 .12 14 12 . 20
7 0 G .22
i .95 .32 53 23
2 41 .51 .24 =)
& .23 . 34 2v 35
1S 0 7l 1.00
1 &4 0 .70 20
2 .49 &9 .85 25
=] 27 22 .47 42
15 0 &S  PT
i &1 74 72 LPE
3 32 .20 .35 .28
3 25 .22 .37 .51
20 0 .43 .33

20 0 .32 1.08




average and standard dewviation calculation cam help to
gxzplain why these unity data points should be excliuded. hen
the average of 18 data points is taken the average wvalue
essentially contains one tenth of esach data point ot

information which totals to what is called one degree of

freedom of the 10 degrees of freedom of the 10 data points.
lWhen =5 standard deviation is calculated this average is
subitracted From each data pdint pricr  to sgquaring  and
Summing. This subtracts one tenth of ifs o intormation
fram each dat; point prior to squaring which . sves only nins
degrees of fresdom of information in the standard deviation
calculation. Therefore the sum of the squares is divided b
cne less  than the number of data points used in the

calculation. In the decay constant regression if the maximum

oxvgen consumption for each zero day ie included in the
regression there would be x variability around the intercept
{zero day)» and around the slope (decar constanty. Since

this study is interested mainly in the decay constant then
dividing each maximum oxygen consumption by its zero day
max imum forces each slope to begin at the same intercept of
one, removing the variability of the intercept ferm. By
dividing by the zero day maximum the information in that zero
dar wvalue is divided intc the rest of the data points. In
logarithme division becomes substraction and the log of the

initial maximum being substracted from all the rest of the

1]

logs. IF a!l the unity values are left in the regression,

the regression intercept would be errconecusly forced to  be



one by all the unity values which contain no information., By
removing the unity wvalues the regreszsion will be onlw
anal¥zing the slope variability and the degrees of freedom of
information remaining after excluding the unity terms will be
appropriate for the slope variability determination.

The plot of the natural log of the oxwygen maximum divided
by the initial maximum on the vertical axis and the decayr

dare on the horizontal axis i

n

shown in Figure 17. The line

from this plot has an intercept less than the Ind{l?» = 0, but

has the expected negative slope for decay. Table I contain
results From regression of the natural lag of this
standardized ratio versus the day of decayr. The correlation

index (R*2) was 72% indicating good correlation of the data.
The <slope of -0.12572 has units of 11/dars and as such
corresponds to an average time of decar of 7.5 dars. The
regression of the naturaL log of the corrected standardized
rates shown in Figure 18 has a slope of -0.117S5 with =&
correlation index of ?74. This siope corresponds to 2.51 day
average time of decar. These two éuerages differ by 74 with
the corrected data producing the larger average time of
decay. When data of eleven days and older is deleted from the
zet the correlation index for the natural log of the
standardized oxvgen consumption remains the same while the
correlation index of the corrected set of data decreases 1to
574 as shown in Table XI. The intercept term of the

uncorrected zet changes from -0.24 to -0.12 while the
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TaBLE X1

REGRESSION OF DECAY CONSTaMNT

DAaTa SET SLOPE INTERCEFT CORRELATION STaMbaRD
IMDEXx, R*2 ERROR

NATURAL LOG

OF STaMDrRRDIZED

O GEN

COMNSUMPTION =0.1257 ~.2444 0.7280 0.2703

MNATURAL LOG

OF STemMDaRDIZED

CORRECTED DxYGEMN

COMSUMPT I ON ~0.1175 =0.1435 0.7702 0.2257

DATe SETS WITH DATa CORRESPONDING TO ELEVEM DAYS ~ND OLDER
DELETED FROM REGRESSION

MNeTURaSL LOG

OF STaANDaRDIZED

QXY GEM

CONSUMPTIOMN -0.1438 -0.1304 0.7325 0.2382

MATURAL LOG

OF STANDARDIZED

CORRECTED QXYGEN

COMSUMPTIONM -0.1234 ~0.130% 0.374& 0.27482




02 CONSUMPTION)

LN(STAND.

CORRECTED DECAY FACTOR

[xx}

0.2
O--—D—-—-——————-——— ——— — —— —— —— -
8
~0.2 -\g b 8
~
-0.4 = B\"" &
e NG
-0.6 7 6 ©°
o
-0.8 - a
[}
-1 - s g ®
Q
T . \
-1.4 A a a o q
-1.6 8
_ ]
-1.8
_2 -
-2.2 Y T v T T T T T T T T Y T T Y
0 2 4 6 8 10 12 14 16
DECAY DAYS
Figure 12. Decay Constant Regreszion &l11 Data Corrected




[xw)
o

corrected set of data changes Ffrom -0.17 to -0.15. These
two plots can be seen in Figure 1% and 20. Ideally the log
of the zero day standardized data of one would be zero. The

regression intercept, however, was less than zero indicating

W

the zero day oxygen maximum consumption was greater than what
the decay data predicts. The zero dar solids test was
conducted on solids withdrawn from the continuous reactor.
A fraction of these solids would still be in the growth stage
utilizing the <feed that was entering the reactor priocr to
sampling. If the decay days from the inverted slope were 7.7
day» then one day out of this 7.7 dars of solids would =till
be in biological growth. (The decay davs would be like a
zludge retension time of only wviable =olids.)> Biclogical
growth or cell division ie very demanding on energy and
oxygen consumption because one cell becomes two in cell
division. The zero day decar oxygen consumption would
essentially have one extra day oxrygen consumption not
predicted trom the rest of the test results, IFf this one day
equivalent of oxygen consumpticon were subtracted +from the
zero day oxwygen consumption then the best regression equation
could be found as the intercept best matching this new zerd
day oxrgen consumption which excludes the growth. The slaope

of each regression is the inverted decay davs which is the

[ ]

zame asz one decay day divided by the decar dars (K = 1/ decayr

dared. Subtracting the slope from one would give the

fraction of oxrgen consumption sxcluding & one day fraction
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ot oxwrgen consumption. Taking the natural log of this term
should give & number equal to the intercept of the
regression. Table XII 1lists these calculations for each of
the decar constant regression. In Table I  the calculation
trom the slope which best predicts the intercept is the decayr

constant -0.1324 for the corrected data zet excluding dat

il

areater than or equal to eleven decay day because it has the
.imalleet percent difference from the calculated intercept
from the slope.

A comment on the effect of the substrate in the
continuous reactor on the decay rate is appropriate here, to
point out some differences between the decay of viability in
the batch reactors and the action occurring in a continucus
reactor. The decay factor, L = ,13/day, found in the baich
reactors for greater than one day decay would correspond to a
predominance of solids viability decay. The decar recognized
in the +first day of decay was much higher due to  the fact
that a continuous reactor has substrate being introduced into
it all the time which caused the initial oxyrgen consumption
to be inordinately too high. I+ the substrate etfect,
identified here as Km, is recognized to be at least as large
as the decay effect, K, then when analrzing the continucous
reactor data the expected decay constant should be the
summation of both factors, Em + K, instead of only the decayr
factor. Becausze of this complication the sguation {(2-4) for

viable salids will need too be corrected For continuous



THBLE XII

Zero Dav Intercept Calculations

Slope Magni- Fraction IniFraction) Actusal % Difterent
tude Calc. for Inter- from Calc.
Zero Day cept

A1l data points included
Mot corrected

0.1257 0.5742 -0.1243 -0.,.2444 22
Corrected
0.117% 0.8225 -0.1250 -0.01455 22

e —— " ——— o — ——— - —— T — T ——— T —— (o " —— = T T A — ) i T _— —— A G Tt a0 e o e B 24 o S

Eleven day and older decay data excluded
Mot corrected
0.1438 0.83&2 -0.178% -0.1204 27

Corrected
0.1234 0.28&6& -0.1432 -0.150% b




AT i ) Xt [5~4&]
({EmMm + K)®3RT + 1>
Becausze the batch reactor for the first day of decaw iz a

discontinuation +rom the continuous reactor, the appropriate
vwalue for the Em factor iz hard to ascertain from batch data
but appears to be as large as the decay constant.

A statistical Factorial desian, Table XIII, was
constructed to test i+ the corrected and noncorrected decar

constants were equivalent and to test if the decayr constant

was independent of the SRT of the resctors. An analysis  of

variance (AaMOUAY, Table XIV, summarizes these results. The
hypothesies that the corrected and noncorrected decar rates
were equal was rejected at the 9854 confidence Tewvel
indicating that the data should be corrected Ffor solids
removial, The hypothesii}that the decar rate was independent
of SRT was rejected when all the data was compared together
with an F ratio of 2.43. When the SRTs were szeparated intao
group & of 3, 7, and ? day SRTs and group B of less than 2,
2, and 15 day SRTs, the hypothesis of independence could not
be rejected within the groups. The among ogroups test
contrasts the two groups with the rejected hrpothesis
indicating that the two group were different from =ach cother.
Thizs indicates that the 3, 7, and ? dar 3SRT decay constants

are essentially the same and the less than 2, 2, and 15 dar

D

SRT decar constants are essentially the same. NE indicated

in Table XIIl, the 2, ¥, and % day‘SET data came +rom the



THELE =111

STETISTICAL

FAaCTORIaL DEZSIGM

71

DECAY COMSTaMNT, K

SET HOT CORRECTED

CORRECTED

TOTaL:

Group A

from 2,34 11t

10
[y}
0
m
-+
[a)
=4

ror

o.130s

0.0727

o.1201
p.ii11&

= da 0.0vze
0.1&75

LPodaw n.1232z2

1.5 daw 0.23581

2 dar 0.2202
o.z214a0

—

L
D
- om
b
i m
]
L

|
0
—t

o.1402
o.0931

0.117&

0.0&8248

g.0ioz
0.1&87

D L]

-}
td

[t I
«
s
0
S

]

1.&271
0.&271

0.4374




TABLE XIU

M

AMOVE TABLE OF STATISTICAL

FaCTORIAL DESIGN

SOURCE
OF WaRIATION

DEGREES F
OF FREEDOM SAUSRES

ME&M F F o5
SQUARE  RaATIO TEST

Sroup A
SRT 2, 7, &9
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Error
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A
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2.824 liter reactor while the 2 dav and less SRT data came

from the 2.92 liter reactor. The 13 day SET reactor was

13}

tarted with seed from the 2.92 liter reactor. Apparently
these two graupé developed biclogical zolids of different
predominance of bacteria with different decay rates.

The decar constant selected as best from these analrses
was the slope of the natural log of the standardized oxygen

consumption rate corrected where the eleven dar or oclder data

41}

has been deleted has a slope of -0.13 which corresponds to
7.7 day¥ average time of death for the biclogical organisms
relative to oxy¥gen consumption. The corrected rate was
selected because statistically the rates are not squal  and
intuitively the corrected rate would be more characteristic
of the maximum oxygen consumption. This was born ocut by the
calculation of what the intercept should be if the growth
continuing +from the reactor fesed were removed and then
compared to the intercept as in Table XII. The coarrected
rate has less correlation apparently because the accumulated
error from the szerial removal of sclids during the oxygen
consumption rate test which would be much greater for the
higher glucose tests.

Using this decay constant of K. = 0.13- day, and assigning

e

zera to the Em term, the viable solids can be calculated
using equation (5-4). This equation needs fo be corrected
because the <eolids in the reactors near one day SRT  are
operating in  the continuous reactor at their maximum rate.

This corresponds to all solids being viable as Walker and
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Davies Ffound and alsoc agrees with the 0.9 dav SRT  ouxvgen

consumption data. Since the decay dars a reactor

n
-+
[}
2

w
-1
1]

ane
day less than the ZRT, the wviakle =sclide eguation should be
corrected by substracting one day from the SRT, as +Follows
with km assigned egual to zero.

Huo= 0 1 PEEE LE=T

CEm+b 2 (SPT-10 + 12

The mized-liguor =soclids wiabilities calculated for

various SRT conditions using this eguation are shown in Table
AV bhen the zolids concentration corresponding to each SRT
taken Sfrom Table YW iz multiplied by the viability rﬁ Table
¥, the wiable solids concentrations increase to the 1400
mgs'1  concentration when it reaches five dav ERT and then
remainsg 1n that range of concentration for the higher SRTE as
showrn in Table XU,

hen the tnitial cxvgen consumption is diwvided br the
wiablie solids  as shown in Table ¥V, this specific oxrgen
uptake rate decreaszes guickly for small 2RTs but the decrease
for SRT: abowve five davs iz s=mall as compared with the lTarge
increases  in the wolatile suspended solids  oxtl, When
conzidering wvariability of biclogical data the specific
oxwgen  uptake could even be considered as a2 constant abowe
fiwve davy SRT dues to the =mall change as SRT  increaszes. <
plot of this specific oxwgen uptake relative to wiable solids
sz shown in Figure 21, demonststes that the decrease in

specific oxrgen uptake for SRTs less than five davs iz of a
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decreasing exponential character but the specific ourgen

[Tn]
13

uptake for SRETs grester than five dars seems to deviate Ffrom
this trend and become constant. Also in Figure 21, the
max imum specific oxygen uptake has been plotted. The maximum
specific oxygen uptake curve and the specific oxwgen uptake
curve at one day SRT are the same but as the SRT increases
the two curves gseparate with the specific oxwvgen uptake curwve
yalues at about half the value of the maximum curwve, The
maximum curve decreases exponentially as the ZRT  increases
from one day. One would expect the maximum curve to remain
fairly constant and not decrease as the SRT increased. The
decay constant was determined from the decaying solids while
the inmitial and maximum oxyogen consumption were from samples
removed from the continuous reactor. As such, other factors
relative to the continuous reactor characteristics could be
confusing the results in the oxygen uptake determinations.
This maximum oxrgen uptake using the decar constant and the
maximum oxygen uptake using wolatile suspended solids hasz
been plotted in Figure 22 to show that the volatile suspended
solids produces a maximum uptake curve which decreases faster

than the curve corrected for wiability indicating that the

use of wvolatile suspended solide with out correcticon  for
viability is less characteristic of the viable fraction of
biclogical solids in the reactor than the concentration of

zolids corrected using the decar constant,.
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. Yiability of Mixed-1igquor VYolatile Suspended Sciids

In the results section concerning oxy¥gen consumptian
testz, & decay rate of K = 0,13/dar and an equation equating
viable solids to volatile suspended solids was developed from
salids decaring in batch reactors where Km equal zero and

{SRT-1) equals the decay dars.

Xu = Xt/7CKm+KY*(SRT-12 + 1) L5=72

The rate of decar of the zero to one day decar was larger
than the rest of the decay curwve. Thi=s high rate was
attributed to the first day of decar starting ocut with fthe

ame mix®x that was in the continuous reactor which included

m

feed which would be used for growth. The rest of the decay
darys would not have this feed available due to it being used
up in the first day of the batch reactor. Since the value of
thie substrate factor, Km, would be difficult to verity in a
batch reactor the walue of zero was assigned to Em in
calculating the specific oxvgen uptake using viable solids.

From the oxygen consumption rates for the 0.% SRT it
‘was apparent that the solide were operating at their maximum
oxygen consumption so the viable equation was corrected by
subtracting one dar from the SRT. This decayr of wiable
solids can be expressed in a rate eguation relative to viable
salids.

_d® = Kw [
Huxdt
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Substituting equation (3-7) for viable sclids gives a rate
equation relative to volatile suspended solids.
= ku -

Xi=dt LAZERT-12+1

Using the solids viability equation (S5-7) viable =solids

=

were calculated and the specific oxygen uptake relative to

viable scolids was determined For the initial X yYQen
consumption and the maximum oxygen consumption. Both the

Ma | mum Sﬁecific coxyoen uptake and the initial oxygen uptake
decreased as the SRT increased with the initial oxrgen data
points being located just above hal+f of the maximum rate +for
the high SRT conditione and then becoming equal to the
maxzimum rate as the SRT approached cne. This indicated that
using only the decay constant of 0.13 in the wviable =olids
equation, the maximum oxygen uptake rate decreased with an
increase of SRT instead of being constant. #As such it
becomes necessary to determine the substrate term, Km from
the continuous reactor data.

Since the initial oxrgen consumpticon rate in Takle WII
was about 70X of the maximum oxrgen consumption rate and the
viable solide concentration in Table ¥\ appears to be fairly

constant for SRTs of five and greater, & constant specific

substrate utilization relative to wviable solids can be
assumed for these large SRT=, as follows where Kuv iz the
specific substrate wutilization rate relative to wviable

zolids.,
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ds = Kw (E-100
wuxdt

-~
)

Moving the wiable solids term to the right side of the
equation and =substituting equation (S5-4) Ffar the viable
solidse then moving the Xt term back to the le+t s[de af the

equation gives the following:

ds = Kwv Xt (S-1113

dt (LEm+KY%(SRT-13+12

dS = Kuv i (3-12>
Xt=dt CCKm+K) %0SRT~10+12

Inverting this equation gives a linearized form relative to
SRT-1. Regressing the SRT-1 term is somewhat ackward so the
minus one from the SRT was placed into the intercept term as

follows:

Xtxdt = (Em+KI*(SRT-1) + 1 (S-132)
ds Ku ‘ K

Xt=dt = (Km+K3I*SRT + 1 - (Km+kD) {S-141
ds Kw K Ku

Xt®dt = slope*SRT + Intercept (S5-15)

where the slope equals (Em+K) /Ky and the intercept equals

172 - slope. This equation was regressed using continuous
reactor data producing a slope of 0.21 and an  intercept of
0.72 with a correlaticong index of 40X as shown in Table XVI.

Solwing for My gives 0.97 and Em equals 0,17 where K equszl

IJOIBI



kv = 1s0Intercept + =lope) = 15¢,.72+,31) = ,97 (S-14)
Em = Kv#slope - K = ,?7%.31 - .12 = ,17 (S5=171

In equation (5-10) the HKv term indicates the ratic of viable
id

=l

3

m

asse to substrate mass necesszary to utilize the

=

ince Kv is equal to 0,77, then it takes about

7]

substrat

Mm
X

one milligram of vwiable solids to utilized one milligram of

substrate, Expresssd in equation form, the mass of subsz- | ~:

m

plus  the mass of wviable solids produces  the new wviable

solids, (1+¥)#xv, where the difference in mass iz used

L

=

energqyr of growth.
Img 5 + Img ¥v = {{+¥)mg ¥v + Energyr of Growth LS-121

If 7.2 liters/day of feed at 225 mg/1 is fed toc a three liter
reactor, then fhere only needs to be 7830 mgfi. of wiable
solids in the reactor to utilize all of the substrate. The
wasting rate would have to be very high to waste ocut encough
viable solids to cause a solias limiting condition.

The walues of the constants can now be substituted into
equation (5-13), Kv can be divided into the variocus constants

and the Em and K term separated as follows:

Xtxdt = (LI1F+.132%(SRT-1) + 1 (S—-1%2
ds PT JFY
Xtxdt = ,IB2C(SRT-1) + 13(3RT-1)> + 1.03 CI=-200
ds
dg = 1 L3-212

Xtxdt L2LCSRT=10+ 1,03
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dS  approx. equal to 1 (5-22)
¥t=dt L2IISRT-10+1
The first term Tarlor series expansion of the

gxponential function is Expi{z) =1 + z. The same exponential

inverted or in decreasing exponential form is:

Expi{-z) = 1/ 01+z) (5-23)

Both equations (5-22) and (5-9) can be expressed asz an

exponential as follows.

dS = Exp(-.21{3RT-1)) [5-24)
Wt*dt

d¥_ = Ku*Exp(-.12{(SRT-1)) (S=-252
Xtxdt

These two equations should be related by an observed »ield

term (Yo} as follows.

dx = Yo#dS (S5-2£2
Xt#*dt ¥t=dt

Solving for the observed »vield term gives:

Yo = des(Xtzadt) = g (S-272

dS/ X txdto ds
One would think that by Jjust dividing equation (5-25) by (S-
24y would give the yield term, this is incorrect since for

values greater than one the observed rield is above one or

produces more mass of solids than the mass used in substrate

utilized. Figure 22 can be used to illustrate the problem



inherent in negative exponentials. Diagram t2) of Figure 23
shows the two typical curwves that correspond to  the two
decresasing exponential Ffunctions in this study, where the
initial substrate level would be greater thamn the =alids
initial level, Diagram (b illustrates the problem when the
negative exponentials are divided by each other. The recult
is the relationship of the sloped of each exponential, not
the whole function. This shows the substrate curve below the
solids curvé‘ with a decreasing rate much faster than the
salidse curwve,. The wvalue of dividing these two negative
exponential produces & value greater than two which is  way
out of line for a vield factor. The vield factor is  the
relationship of the curves to each other not just the slopes.
If the exponentials are changed from negative to positive
exponentials then dividing one exponential by the other is
zimitar to comparing one curve to the other as  shown in
diagram <¢c) of Figure 23, where the common point on  the
diagram is the point where their initial starting points  are
zera. Recognizing this difficulty in working with negative
exponentixls the observed rield term can be determined by
changing the signs on the exponentials and then dividing the
substrate function into the scolids funciton. (The Ew term was
assigned equal to one to make the explaination easier at this
point., Why it is equal to one will be discuszssed after the

-

chzerved yield equation is developed.?
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d¥ = dX/(xXtedty = Expi.13
dS  dS-(dt®dt)  Exp(.31¢

SRT-133 = Exp(-.18(SRT-13) (S-22)
o

Yo = di/dS = Exp{-.180(3RT-132 (S=-2%1

This soclution can be related back to using the Tarlor series
equations (S5-9?) and (5-22) in determing the cobserved »ield
term. Since the Tayvlor series expansion has the same problem
in division as the negative exponential, the terms should not
be inverted in determining the observed wield but the regular
Tavlor zeries expansion should be used as follows.

Yo = disxtedt) = L13C5RT-12 + 1 CS-202
dS/Oxtxdt) SRLOSRET-12) + |

In equation (3-30) the positive exponential expansion wa

n

uzed instead of the negative expansion for each term similar
to wusing the positive exponential in equation (S5S-28). The
observed »ield has been tabulated in Table XWI using both the
exponential equation (5-29) and the Tarlor series expansion
equation (3-30) for various SRTs. The Tarlor series equation
decreases from one at SRT equal to one to a limiting observed
¥ield of 0.42, which is characteristic of actual data. If
the exponential is considered to be the appropriate function
the relationship of viable soclidse and wolatile suspended

solids anmnd +their effect on the exponential rate must be

recaognized. The exponential egquation decreases from cne at
one day SRT to the 0.44 walue at a SRT of 5.5 darvs. For
larger SRTs the walue continues to decrease. As shown  in

Pl

Table XY the wiable solids become +airly constant for  SRT



1o7

values above 5.5 dars. I+ the wiable solids are constant
then the concentration of volatile suspended solides becomes
independent of the wiable soclids. The wviable solids are in
excess =0 the wasting rate has no effect on the wiable solids
concentration. The major Ffactor controlling the wviable
solide concentration is the decay rate which was Found by

batch =tudie

[11]

to be equal fto 0.137davr. Since the srstem i=

at teady state then the growth rate of new wviable solids

"

would be equal to the death rate of viable solids. Since the

feed rate into the reactor is controlled at a constant rate

then the whole sy¥stem attains constant rates and
concentrations in wiable zolids. The rate equation +or

salids (S-%?» with Kv equal to one

d¥ = i (S5-312
Xt=dt LAZSRT-1) + 1

becomes for viable solids:
g = 0.13/day (S-322

¥i=dt

The rate equation for substrate
ds = i L3-33
Xitxdt LBIISET-13+1

becomes +or wviable solids:

dS = .21 °day £5-34)

X
-+
k3
[x§
+
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The observed wield

Yo

two equations

dxsixuadty = .

1ow

i=s:

SS(HvEdE D .
Yo = KATKm+ED)
Thus

the RT

ol

obzserved wield for all

1]

equal to equaticn (35-2&).

The Kvw term can now be discussed,

top of the right side of the equation

Yo = L13(SRT-12

Ln

o

over dars would be

b¥ inserting it on the

CS=-300.,

+ 12 g

Ku i
C.31CSRT-113

The walue of

values of ZRT of one and then a very 1

the 3SRT equals one then

=,
=

I¥ the ZRT is very large then

times 0.42. Since the true

cperational data regression then

equation is approximately equal

of one the Uy approximately equals one

Kv iz

approximately equal to one,

approximately equal to cne.

Ly %Yo 1%1

Since

one the SRT equal to one becomes

Tt

o+

all

D
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the equations together.

for 2ZRT= below 3.5 dars

Kv can be checked by locokKing at

the observed yield equals kv
the observed wield
vield
it appears that Ev for

to one.

and the obserwved

most of the data for thiszs analrsis was for SRETs
extrapolated term
The major concepts

and above one dayr

+ 17

the extrems

arge value for SRT. IF

value,

equals K

was 0.44 From the

Therefore at

=

fequation S-17),

wield

is

wn
|

(Y}
Loy
r

abowe
which
involued
that the
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. wiable solids concentration limits growth. As A reactor is
ocperated at SRTs of one or below other factors could become
the predominant mechanism contrelling rather than soclids
limiting. Howewver, Jfor this study the derived equaticons
appear sufficient to analyse the data cbtained.

B lookKing at equation ©3-21) the various components of
the substrate utilization can be identified.

¥tedt = 128(SRT-1) + ,13CERT-1> + 1.03 (5-213
ds

The .18 and .13 total as the substrate utilization rate, the
.12 iz the solids rate of production, and the .18 is the rate
of energy used in metabolism which prod;ces the »ield factor.
The 1.02 term is the maximum term which produces the effect
of solids limiting for small SRTs and thus is closely related
to the wasting rate.

The significance of equation (5-3&8) is that Knowing the
vield and the slope +or equation (5-13) the wiabkle =solids
decay rate, K, can be calculated without running all the
batch teste if the continuous reactors are run at 2 wide
variety of SRTs including those above 7.7 dars. Conversely,

it the decar r

e

te, K, is known, continuous reactor data for
only & few SRT= need to be run to predict over a wide range

SRT=. Substituting 0.13 divided by the wield .44 for the

D
-+
o)

slope in equation (S-13) gives the following equation.

ds s Ky
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Using the 0.21 decayr constant, viable solids for variou

n

SRT=z were calculated in Table XUII. The wiable solids
concentration +for  the larger SRT was at a3 concentration of
?00mgsL, several hundred mgs/L below the viable concentration
calculated in Table XU, The concentration of viable solids
concentrations for the one, two zand three day SRT s werse also
much clcser. The maximum specific oxygen uptake and the
initial specific oxygen uptakes are plotted in Figure 24
along with the maximum specific oxygen uptakes relative to
the wolatile suspended solidse concentration. The maximum
rates +for the volatile suspended solids decreased quickly in
t th

Figure 22, as the 3SRT increases b max imum rate for the

c
L1

viable <solides calculated with the 02.31 decay constant
maintain & high horizontal profile in Figure 24, The initial
oxrgen uptake again approaches the half maximum rate for high

SRT"s and becomes equal to the maximum uptake rats it

P
(1]

approaches an SRT of one dar. The oxygen uptake calculated

uszing the 0.21 decay constant is more in agreement to  what

should be expected in specific wuptake rates, where the
max imum specific oxygen uptake should remain constant. The
viable solids concentration in Table XVWII for an SRT of one
day and abowve are all quite close together in wvalue, Thisz

indicates that looking at specific oxygen uptake from the
substrate point of view (using the rate walue of .21/dav) the
utilization is essentially uninhibited for SRTs above 3.2

dars.
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E. Ewaluation of Kinetic Modelszs

I+ =a linear regression is attempted substituting the
viable sclids calculated with 0.31/day constant for the
yolatile suspended solids in McKinner s limiting solids model
very little correlation would be attained because all the
data points are ezsentially the same with little variation in

viable soclids. Without at least three distinct data points

regression is useless, Substitution into the
LawrenceMcCarty Model would alsoc cause a decreacze in
correlation because the dS/7(Xt=dt) would become more

constant. This indicates that viable sclids are not limiting
substrate utilization,

The 0.13/day decay rate inverted to 7.7 day

(11}

provides additional information about controlling continuous
reactors. Where the SRT is controlled above 7.7 days, the
viable solids decay rate will determine the substrate
utilization adding more stabilitr, also indicating that
viable solids are not limiting substrate utilization.

It the reactor is operating at the 7.7 day SRT
addition&l wvariability will be introduced to the system
because it will be swithing back and forth between tftwo
aifferent controlling factors, wasting and decay. Below 7.7
dars and above 3.2 dars the substrate will not be inhibited
in wuptake but the wasting rate is large enocugh to cause a

wasting of the wviable =solids before they complete their



TaBLE XVII
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(X

YIABLE SOLIDS AND UPTAKE USING K = 0.31
SELECTED 3RT
SRT xT UIABLE INITIAL INITIAL ME . M,
SOLIDS DY GEM OXYGEM OXYGEM QXY GEM
Kt CONSUMP. UPTAKE CONSUMP. UPTAEKE

L21CSRT-1)+1
0.7 200 200 28 0.0013 24 0.00130
1 410 &10 .47 0.00020 &0 n.o00%8
2 7&0 80 39 0.000&7 33 0.000%75
2 1200 741 « 60 a.00021 .71 0.000%s&
b 2040 711 &5 0.00071 .83 0.000%1
7 25010 874 52 0.0003? 73 0.00035
? 3220 P25 .38 0.000&82 P7 0.00105
13 282a0 723 61 0.00024 1.00 g.0013s
20 &440 P25 .93 0.000%7 .57 0.000&3




1.37
1.2+
1.1
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0.84
0.7
0.61
0.5
0.4
0.3

0.2+

02 UPTAKE RATE, 0.0001 MG/MG/MIN.

0.1

0.91.

Figure 24.

SRT, DAYS

Ourgen uptake and maximum ocxrgen uptake using
decay constant K = 0.31 to determine viable
solids.

20



growth crcles, thus, limiting soclids production but not
substrate utilization.

I+ 7.2 Liter per day of feed at a concentration of 3235
mgsSl ie fed to a 2 liter reactor then the zame concentration
of wiable solids, 720 mgsl, is recognized as necessary to
metabolized all the +eed each day. In Table XVWII, the wiable
salids concentration is 741 mgs1 at the three dar 2ZRT, so V40
mas1 should bBe attained just above three days. The net
effect of the 0.31 slope in calculating the wiable =olids
indicates that only a fraction of the wviable solids Jjust
coming out of cell division would be necessary in the nexnt
round of growth. The viable solids for the seven dar SRT
condition in Table XVI is= 8374 mg/l. The viable =olids in
Tabkle XW Ffor viability using only a decay factor is 1404
mgs1. Therefore only 6624 of the total wviable capacity
(3741404 = .82) is being used. Such explains why the
initial ox¥gen uptake is just above hai+ of the maximum
ox¥gen uptake rate and that the wviable =solids are not
limiting substrate utilization.

In cperation of reactors additional variability would be
introduced into the swestem if the SRT is below 2.2 dars
because the viable solids concentration will be wasted ocut at
such a high rate that the remaining solids will be
insufficient to handle all the substrate Feed and will
continually attempt to attain a concentration sufficient fo
handle all the substrate entering the reactor. This suggests

that the lowezt officient

Q0

peration SRT would be 2.2 dars or
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1-°(Em + K> davs.

The equation (5-29) can be further analrzed relative to

]

the Kincannon/Stover mode | and the vKes mode | by

i

substituting for SRT  the equivalent SRT from Sykes (2-9)

equation.

SRT = Xt®U/(Y#F%Si) (S5-40)
Xixdt = (K D CKEs)y o+ 1 - K (S-41)
ds (Y®T)(F%5i) Kv ¥

This substitution is appropriate szince the effluent substrate

hazs been identified as cell by-product and not the Ffeed
substrate. The equation (5-41) is essentially the same as
the KincannonsStover equation where the zlope term

KA(Y*#Y) would be equal to Kbs/Um and the intercept term (1./Ku
- KSY) would be equal to 1./Um. When the SRT equals one, the

feed to mass ratio in equation (5-41) would be equal to 2.27.

FxSi = i 1 = 2.27 (S-42
Xty SRT({Y) 1{.44)

At this 2.27  feed to mass ratio all of the solids in  the
reactor would be viable, thus the decay constant would be
equal to zero, eliminating the mass to feed term leaving only
the intercept of 1/Kv. At this point a horizanta]- constant
substrate utilization line would appear =]y the
Kincannon/Stover linear plot which would intersect the
vertical axis at the 1/Kv value. A special case of the
Kincannon/Stover model is where the intercept term is zero

{indicating no maximum uptake limit). This is th

]

]

w

ame e

)



Sy¥ke’'s model where the substrate utilized iz egual to  the

substrate available.
ds=isdt = F=Si (5-43

lhen this equation is put\ in the specific substrate

utilization Form and inverted fto match the EincannonsStouver

model form, & slope of unity and zero intercept is produced.

Atsdt = I=cxt=lty (3~49)
ds (F®5i)

The wunity slope can be expressed using the variocus constants
of growth and death such that the death and wasting rates

equal the growth rates.

1 = Em+K+ihs (S—-45
Ku #%
Substituting these constants for the unity slope term
produces an equatiaon that can be compared to the
Kincannon/Stover model to identify what causes the intercept
term to become zero.
Atxdt = (EmtR+WasAty it (S—440
ds { Kuxy 2 {F*35i2
®ixdt = CKEm+RY Oty o+ (U0 OB RV {5-471
ds Kusy {F#5i} CKu=YYIF%5i)

The wasting rate has been separated in the squation fto leave
the same slope constants on the first term on the right =ide

of  the equation as the KincannonsStover model would have,.

The right most term iz the term corresponding to the



intercept term in the KincannonsStover model. In this
equation the intercept term i= a function of the feed to mass

ratioc. Ae such if & regression is conducted of inverse

substrate utilization versus the inverted feed to mass ratio

the intercept term cannot be identified because it changes
with the feed to mass ratic. Such would cccur  when  the
viable solids are in excess of that which is needed to
utilize the <feed substrate and if the reactor can increase
its wiable =solids concentration when the feed rate is
increased. In essence, the solids concentration in  the

reactor changes until at steady state the volume wasted will
remove  the mass of solids produced. 1¥ the wasting rate is
lese than the decay rate then viable solids decar controls
the concentration of wiable =olids in the reactor. Ifr the
wasting rate is greater than the decar rate then the wviable
zolids are controlled by the wasting rate. In either caszse
the wiable solids will begin to be in excess just above the
one day SRT. The point where the wasting rate equals  the

decay rate is where the SRT i= 7.7 dars and the feed to ma

[}

=

ratic is 0.30.

The regression of the continuous reactor operational
data using the inverse specific substrate versus mass to feed
ratio as shown in Table III produced a2 slope of 1.01 and an
intercept of 00,0023 with a correlation index of almost 1003,
Since the slope is near one and the intercept is near zero.
The continous reactor would be using all the substrate
available ¥

adin Thisz certainly iz not in

3 ]

[/
o
o ad
0
-
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contradiction to the fact that the constituents of the feed
in Table I are highly bicdegradable,
The information supplied by the HincannonsStover model

linearized regression =lope and intercept can be summarized

az shown in Table XWVIII. It the slope is one and the
intercept is zero then the continuous reactor is operating on
a substrate available mechanism. If the intercept is greater

than zero and the slope is horizontal or zero then the

continuous reactor is operating at its maximum substrate
utilization rate. If the intercept is greater than zero and
the =lope is less than one then the continuous reactor is

cperating with a 1limiting wviable =solids concentration

controlling.

F. Formatted Procedure for Determining

the Viable Solids Decay Factor

In previous sections of thiz chapter, it was determined
that the corrected oxv¥gen consumption data produced the
better wviability decar constant. This indicates that the
ox¥gen consumption rates in the Modified Oxygen Consumption
test should be corrected for the solids withdrawn during the
test, Also, the smaller glucose concentraticons for  the
Modified Oxwrgen Consumption test are therefore unnecessary
and introduce additional systemic error of techniqug into the
resultant determination of the decay rate. In this =section
the Moditied Oxrgen Consumption test iz presented with =&

constant S50 ml volume of zolids to be withdrawn zafter sach



b
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THELE =UITI

IMTERFPRETATION OF THE KIMCAMEHOMSSTIVER MODEL

KIMCANMOMSSTOVER MODEL MECHAMISM COMTROLLIMG
SLOPE INTERCEPT

Eb = 1.0 1 =210.0 Excess wviable solids, substrate
Um Um availability controlling

zubstrate utilization.

Eb < 1.0 1 0.0 Viable =oclids Timiting
Um Um substrate utilization.
Kb = 0.0 1 > 0.0 Wiable sclids so small that the
Lm Um biclogical solids are operating

at their maxzimum substrate
utilization rate.
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cxwgen rate reading and replaced with glucose solution prior
to the subsequent oxwgen rate determination.

A

n

In corder to obtain sufficient data for analy¥zsis at lea

three additional oxwvgen rate determinations plus the inmitial
oxygen rate reading should be made atter allowing the scolids
to decay prior to each rate determination. The decay dars

selected for this procedure were 0, 1, 2, 4 and, i+ desired,

o0

decay dars, as shown in Table XIX.

I+ is =suggested that at least three different SET
conditions be used so differences in decay rate caused by the
change in predominance of the bioclogical scolids can  be

identitied if necessary. The 5SRTs <suggested in thi

"

procedure are 32, 3, and ¥ dars.

The solids correction factor ic determined <from the
fractional wvolume remaining atter the 30 ml of mixed-liquear
are removed +from the BOD test bottle divided inte 300 ml
total volume. Each additional 50 m! removal of mixed-1iguor
valume will alsc need to be corrected by this correction
factor. #r2 such the correction factor for each test can be
cbtained by raising the 300 ml divided by 250 ﬁl gquantity to
the power corresponding to the number of consecutive S0 mi

wi thdrawn.

olide correction = (32002500 n [5-232)

o

where n = number of timees S0 ml has been withdrawn

The correction +actor Ffor sach test iz listed in Table #Ix

ranging from 1.00 for no correction to 2.07 for the highest



TaBLE XIX

DECAY RATE DETERMIMATION

Z = GLUCOSE COMNC. OF STOCK S0L.

l’\

40,000 MGEL»

p.000C 0.1a87C 0.305C 0.421C 0.S5isC
DEC&aY Solids Correction Factor
SET DeaY'sS 1.000 1.2090 1.440 1.728 2.07 COR. M&ax
OXYGEM COMSUMPTION RATE
= 1}
i
2
4
2
3 0
1
2
4
2
? a
1
2
4
2
DECAY STANDARDIZED MaTURAL LOG OF
SRT Davy'S COR . Max DIVIDE BY ZERD Max STaMD . Max.
3 Q. mmmmmmmeem—————— | e m— e
1
2z
4
s
] 2 eeeememee—ce—————— e ————
1
2
4
o]
7 e
1
2
4
8
0.1&47C = S0C/200 1.2 = 2007250
0.205C = (SO0CYC250) + 30C 1.44 = (30020300

.20
{200 C300) 200 (25032500
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correctian.,

Each new glucose concentration is determined by +first
correcting the glucose concentration in the test bottle +For
the 50 ml of volume withdrawn and then adding S0 ml  of

glucose =stock solution to the 300 ml test bottle to obtain

the resulftant concentration of glucose after the first S0 ml

of 40,000 mgs'l glucose stock has been added will be:

The glucocse concentration after adding the zecond S0 ml  of

e
-

Y]
)]
]
by
l'.__-.l
'}
o

40,000 mgs1 qlucose stock solution will be

multiple of glucose in the test bottle plus (307200::40,000

mgs1 added from stock totaling:
(250200248870 + 050200040 ,000 = 12,225 mosl (S-250

Each consecutiuve lucose concentration will need to  be

i

corrected For the 30 ml withdrawn and for S0 ml  of glucose
stock solution  added. The procedure Jform in Table XHIX
expresses each concentration as a fraction of the glucose
stock concentration where C represents the glucose stock
concentration. Four glucose stock additions are indicated in

the Fform on Table xIX corresponding to D.1&87C to 0.512C

-t
-+
Dad

where 0,512=40,000 mgs1 equals 21000 mgsl of glucose
ig Ffound that the glucose concentration will not encompass

the maximum oxygen consumption rate range, the glucose stock

1t

ncentration can be increase nd the =zame fracticons can be

[x}
0

used without recalculation. Howewer, i+ the 30 ml wvolume iz
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changed then the constants on the form will need to be
recalculated.

The procedure for filling out the form is as follows:

1. & sample volume of 1200 mosL is taken from the three day
SRT reactor and 300ml iz placed into each of three batch

reactaor.

2. The remaining 200 ml is immediately aerated by placing

it in & 300 m! BOD bottle with a stirring rod and the oxyrgen

probe  placed in it. The mixture iz mixed by the magnetic
stirring rod over a magnetic stirrer. The oxygen consumption
test is conducted recording the oxwvgen concentration ewvery

hal¥ minute. The consumption rate should stabilize after one

and & half minutes, Oxrgen concentration readings can be
taken for three or Ffour more minutes, noting both
concentration and time. The oxygen consumption rate is

determined as the change in oxygen concentration divided by

the time between the concentration change.

3. The ox»gen consumption rate is corrected for solids by
multipl¥ing by the appropriate sclids correction factor. The
first undiluted reading is multiplied by 1.00 and recorded on
the form wunder the column with the 1.00 solids correction

factor and in the row of zero decay days.

4., 30 ml of mixed-liquor is removed from the test bottle and

S0m!  of glucose stock sclution is added. The contents

[y
e
M

nw
]

aerated and the oxygen consumption test completsd again



M
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instep 2 and 3. The second rate will hbe correct

(]

=
multiplying by 1.20 and the results placed under the column
of 1.20 =solids correction and in the zero decay row. The
rest of the row up to and including the 2.07 correction
factor by removing S0 ﬁl, adding S0 ml of glucose stock
soclution, determining the oxygen consumption rate and then
correcting this rate by the soclids correction factor above

each column. .

S. The one decar day determination is determined one dav
after placing the samples in the batch reactor. The test
procedure in steps 2 through 4 would be completed on one of

the 200 ml wolumes in a batch reactor.

& The test for the two decay day and four decay day would
be completed after wasting two davs from the initial sampling
and four dares for esach and then conducting the tests in steps

2 through 4 on each 200 ml.

7. For each SRT condition the test conducted would include
steps 1 through & using the zamples of mixed-ligquor from the

appropriate SRT condition.

2. After determining all corrected oxrgen rates, the maximum
corrected oxwgen rate for each row is placed in  the column

"COR. MaX" by selecting the maximum rate in that row,.

?. After a1l maximum corrected rates are determined the
rates can be standardized by dividing each rate within a SRT

condition by the corrected oxygen consumption rate at  zer

m
o



decar dars. This result is placed wunder the column
"STAMDARDIZED DIVIDE BY ZERO MaX" for decay dar one  through

four dars.

1a. The natural log of gach of these standardized rat i

1]
11}
]

o

taken and placed in coclumn labeled "MATURAL LOG OF STaAMD,

M, "
i1, Simple linear regression would next be conducted by

regressing the natural log of the standardized rate Y anis)
versus the decay dars (X axis) for each. The decay constant

iz the absolute walue of the slope produced in the regression
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DISCUSSION

determined +from batch decay tests and a 0.21 day substrate

rmined from continuous reactor data.
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The difference of these two rates, 0.18day, was =h

a metabolizm rate which can be converted to the obserwed

]

¥

vield., Thus the 0,13/da» and the wield terms are unigus
characteristice of the bioclogical =olids which can be related
to the 0.31/day substrate utilization rate. The 0.135day
rate can be used at steady state to identify the wiable
salids in the reactor while the 0.21/day rate can be used to
identifty the wiable solids being used in each dar of growth

which is generally a fraction of the viable solids available.

Since vwviable =solid

i

re in excess of that reguired, wviabls

P

solids would not be Timiting the growth of wiable solids.
This information on wiability of =zolids can be wused to

develop effective strategies in treatment plant operations.

For example, most kKinetic models which ignore wiabkility
suggest that the increase of solids concentration in =
reactor can be used to fine tume and maintain effluent

trate mazs Fflow rate increazes.

N}

quality when the influent sub
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The wiabality information, howewver, sugg
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n

a Fraction of the viable =solids ar ing uzed in substrate

w
T
1

]
1
o

utilization, that most influent excursions can be handled b

the reactor without massive chan

n

e= in concentration of

i

z=olids in the reactor. I¥f the wariability of influent i

_,.
m
3

extensive then consideration in design of the reactor srst
should be dictated by the variability of the influent Ffeed

mass. The vwiability capacity of the bioclogical sclids should

]
I
[n]
s

be & determining factor in the choice of number and si
reactors designed to meet the influent wvariability. Thus
viability information tends to discourage short term changes
in sclids concentration in the reactor but suggests  the
viability should be considered for proper design of system.
The (KEm + K) factor can be used to predict wvolatile
suspended solids concentration required in high SRT =

z¥vstem Ffor a new SRT if the wolatile suspended =solids are

Known +for an initial SRT condition of the rsactor. Faor
example if 1200mgsL are in & three dar reactor, the
concentration of volatile suspended saolids in & 15 day SRT
reactor would be:

1200mg/L €.31¢15-1) + 1) = 3954 mg L (4-1)

CL.210 3-1) + 1)

This prediction works best for SRT =z above 1-0KEm+E) davs.
SRT s smaller than this, are affected by the wasting in the
reactor and as & result have a2 zmaller wiable =sclid and
volatile suspended saclids concentration. I+ the
concentration of soclids for the reactor are not known  theyr

can be predicted from the mass feed rate into the reactor.



The viable solids used in substrate utilization must be equal
to the mase of substrate feed to the reactor. Since volatile
suspended solids is related to the viable solids used in the
reactor through the <(Km + K) constant, the volatile suspended
solids «can be determined by the following equation using =

constant of 0.31/day and a three dar SRT.

¥t = FSis((Em+KI»*(5RT - 13 + 1) Ca=20

For a +feed concentration of 225mg L and a teed rate of 7.2

L/day and a reactor volume of 3L, the concentration in the
reactor for a three day SRT would be 1284 mg-sL. This
calculation will work best for SRT"'s greater than 1/0Km + KD

dars where the effects of wasting on the sclids conc

ntration

4

can be ignored. This information suggests that solids

concentration in a reactor is determined by the wiable solids

used in the reactor rather than just the wasting rate.

U]

In systems where viable solids are in excesz, there |

a
possibility that only the viable soclids most recently coming

out of growth will have the greater witality and ability to

wrestle substrate from the older viable solids. The overall
geffect of this is a weaker sy¥stem which would be more
susceptible to competition by bulking microorganisms. A

-+
s

P
possible  technique to maintain a greater viability o
viable =olids in the reactor, would be to mix the =solids
recycled from the clarifier with the influent substrate just
before returning the solids to the reactor. This would allow

the older wiable salids in the recycle to begin substrate
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utilization in & fairly noncompetitive environment prior to
entrance to the reactor. The overall effect would be less
disparity between the wiability of the wiable solids and an
overall stronger reactor less influenced by competitive

microorganisms.

The oxvgen decay constant, K, of 0.1237dav, indicate

i

N

that For high SRT systems the fraction of nonviable solids

—~

would become large. It is also recognized that high SR
biclogical =sclids settle fastér than low SRT solids. Most
sludge =settling equations ignore the viability and nonviable
fractions, only wusing phrsical and chemical equations to
predict settling rates. klhere the wiability fraction of the
biclogical solids can be readily determined, the effect of
the nonviable or viable fraction could be quantified in
settling thus improving the prediction rate of settling
equations.

Another factor that was not considered part of this
study that might be correlated with the decar rate, K, is the
source of effluent substrate, Se. Since the effluent of high
SRT ev=tems ~ is recognized not to be the same as the feed,
there is the possibility that the effluent substrate is
produced as the wiable organism decar and lose their
viability, or a waste product of growth. In a continuous
reactor at steady state the decay rate and the growth rate

are equivalent, as such, determining if the effluent

substrate is either a cell production by-product or a decay

product iz very diftficult., Gaudy and Backly (24) in studring
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biocdegradability of the residual COD, collected effluent

CO0 datza from a2 reactor which was Fed continuously bBut closed

to eftluent flow =5 the system accumulated what was fed and
what grew. The mized-liquor substrate concentration 1 the
reactor, which in continpuous reactors s considered
gquivalent fto the effluent substrate, increased at a fast

rezte until about fifty dars had past and then remained fa:rlv

conztant or increased at a wery =low rate much below what was

predictec. Faudy wused these resultsz as an indicatien that
the effluent substrate was much more biocdegradable than bhzs
geEneratl been assumed of effluent substrats. Thiz drastic

chanoe in zubstate accumulation may also be used to ndicate
whether the effluent is a5 brproduct of growth or wizsbiiite
deca -, I+ the ef+fluent =substrate 12 a cell byvproduct of

growtn  then it should continue to accumulate at 2 constant

rate. I+ it iz a rezult of cell decay then it would
accumulate at a geomstric rate as=  the wiable solid

sccumulated until the viable mass was large enough so  that
the wiable decar rate egqualed the growth rate. @At this point
the decav would be constant, not increasing with increasing
zolids and would become 2 much slower rate drastically 1ower
than the initial increase. Gaudy s data seems to indicate
the effluent substrate 1= possibly related more to wiability
decay rather than a bvproduct of growth.

gnother factor not encompassed in this study, which
might me affected by non-wviabkility and wiabilitw, iz the

zolids decay Factor, hRd. Generally when this factor is



a2

appiied the solids are assumsd to be homogeneous and the Kd
tfactor iz explained to be the result of the microorganisms
using more substrate than expected for growth st substrate
Timiting conditions, Thus fewer solids are produced because
more substrate s burned to produce a maintenance lewvel of

not homogenecus, the Ed factor

T
=
(11
o |
1)
.1
3
4l
-+
-
M
[}
fu
[w R
mn
[
pt
M

ag an actual mass decav of olid
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nonwiable =olids. Az szuch the decar of solids would increase

with the increase of non—viable solids at high SRT s and not

iy th the vwolatile suspended =olids or total solids
concentration, In 2 plot of net growth rate (1/SRET» wersus
the specific substrate utilization (FiSi-Sed (xt=2), the Kd
tactor  is determined as the magnitude of the negative walue

where the best fit line intersects the wertical axis. I+ the

211 a factor of non-viable solidse then the best

n}
~+
c

kd iz =&

fit linme should not be straight but curve down as  the

specific substrate utilization approaches zerc. This trpe of
down curwe  was  apparent  in the net growth rate wversus

pecific oxwygen uptake rate plot  that Huang, Cheng and

Mueller ©18) Found when using oxvgen uptake to determine

]

wigbility of solids, suggesting that the Kd factor may be a

-

nonviable solids decar rate, as shown in Figure 1.
In this study the feed substrate was highly biclogically
complex, then the KEm

degradabie. I¥ the Feed i

lin]
"
3
)
=3
o

metabolism rate would need to be larger to aid the breakdown
of the complex feed, causing the wield to decrease., There is

a possibility that for very complex feeds that the Em factor



b
(X}
[y}

could become so large producing a very =mall vield such that

[}

the bicleogical microorganisms produced could not maintain =
viable fraction. The solids in such a system would decrease
until it failed. If a toxic feed were used the decay factor,
K, would increase shortening the length of time to decay such
that the wviable fraction would die ocut before it could be
replaced. PBoth factors cause failure of the system and would
be  hard to diffehentiate by standard techniques even though
they affect different factorse in the sryrstem. Using the
viability information by determining the wield and the {(Km +
Ky constant from equation (S-14) and finally the Em rate from
equation ¢5-3&» toxicity and complex feed can be analrzed
individual l». The toxicity could also be gquantified as the
change in rate of the decay rate. The complexity of the feed
could alsoc be quantified relative to the Km rate change or
the change in »ield. Relative to complex waste, it these
rates are understood, it would be possible to determine how
much of & simpler feed waste would need to be added to =a
complex Feed so that the mixture would be able to produce
sufficient viable sclids =0 it would not fail.

Toxic feeds which Kill cut the organisms at a high rate
could als=o be designed for by using & two stage reactor,
where the First =stage would use a simple feed source to

produce  the wiable solids at a sufficient rate zo that when

fed into the second reactor the ftoxic materiadl .02 mot Kild
out  all the wiable corganismsz before it waz assz=imilated.
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CH&PTER WII
COMCLUSION

The results of this investigation support the folicwing
conclusions:

1. The oxrgen decay rate, K, determined using th

[

Modified Oxrgen Consumpticon test on biclogical =solids  from

continuous reactors isolated in batch reactors, i

1]

2 unigue
characteristic of the bioclogical solids in the continuous
reactors independent of SRT. The oxwgen decay rate, however,
would be expected +to change if a change of predominance

occurs in the reactor.

[u}
[n]
(1}
I
[ g
o
o~
(1]
O
or
i

2. The Qxrgen Decay rate can be uszed t

o
-
as
s
T
w
i
]
3
L]
i

concentration of viable sclids in the reactor

had sufficient time to Jlose their viabilty, wusing the
following squaticon:

Xy = XKt A0 MK #(ERT-10+13 {5=-7
where the Em is sgual to zeroc and K is the owwygen decayr rate.

These calculations are most accurate for SRTs greater  than

W

17K days where the wasting rate has a small effect on  the
concentration of viable =zolids.

= The Observed Yield was found to correspond to  an

-+

ubstrate utilized

[11]

energy metaboliam rate, Km, related to the

-t
ol
o



e
0
Cr.

as energyr for growth of new biclogical sclids, The =quation

for this reltationship was as follows:

Yo = K{SRT—-12 + 1 {7-12
CKm+RKICSRT-1) + 1

with the K substituted for the .13-/day and (Km+K>» substituted
for the .31/day walues in squation (S5-30),

4. The decay rate, K, and the energy metabolism rate,
Km, summed was equal fto the rate at which the substrate was
taken up by the viable solids referred to as a rate of
substrate utilzation in terms of SRT.

3. The rate of substrate utilization, (Km+K), was used
to calculate the Fraction of wviable solids involved in
substrate utilization, wusing equation (3-7), indicating that
the wiable solids were not a limiting factor of substrate
utiltization.

&, The specific substrate utilization rate derived in a
form containing the SRT was converted to the same form as the
KincannonsStover model which allowed interpretation of the
model depending upon the walge of the constant in the model.

7. lWhen conducting the Moditied Oxwvgen Consumption test
the oxwgen consumption rate should be corrected +or the
solids withdrawn during the test before selecting the maximum

oxygen consumption rate.
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SUGGESTIONES FOR FUTURE STUDY

Based won the +indings of this study, the Following
suggestions are recommended +for futher jnueatigation to
better clarifv the characteristices of the biological action
ooourring in ti ted sludge systems.

1. Evzaluation of toxic and complex +feeds to ‘quantify
there effects on the decs» rzate, K, and the energyr metabolism
rate, FEm, should be most useful in classifring toxic and
complex substrates.

2. Tests to clarify i¥ the endogenous rate, Hd, is
sctuslly & nonviable =zolids decay rate would make it possible
o more accurately ewaluate the Kinetics cocurring  in
activated sludge srsfems.

2. Testz cspeciticall designed to identitv if the
=ffluent s=substrate arises from the viable decar of wviable
zolids ar az & bvproduct of growth metabolism would Ffuther

clarit+ the mechanisms

olid

in

goccurring

in the growth of hbiological

[a ]
=]
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TABLE XX

CONTIMUOUS UNIT OPERATIONAL DaATA
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DATE
MO~ DesYR

F

L#DaY

xt

MG L

SEVEMN DAY SRT REACTOR, VOLUME OF 2.846 LITERS

11715784
11714
11717
1718
11719
11720
11721
11722
11,22
11724
11725
11726
11727
11728
11728
117320
1251
1272
1273
1274
1275
1278
1277
1278
1279
12710
12-11
12,12
12712
12714
12715
12714
1217
12718
12-51¢
12720
12721
12722
12722
12724

=
12725

12524

&.48
&.84
&.84
&.0

&.48
&.48
7.92
8.44
&.48
&.48
7.2

7.2

&.84
g.28
7.72
&.84
7.2

&.48
&.48
&.48
&.48
6.48
&.48
4.48

B0 RO

L5 N B A I v s Lt st I o[ B B B BN |

PRONRN OGN D

w

2180
2240
2400
22&0
2240
2180
2240
2220
2480
2240
2120
2300
2220
2280
24240
2140
2320
2100
2240
2180
2120
2020
2240
2280
2220
2280
2360
2200
2200
2140
2180
188e0
2140
2100
2060
2180
21 &0
2140
2440
2420
2220

2320

e

1
1

[y

—

1]

[y
WMWY ONYNNNNWONOQOO N0

—

-

-
N oo

1
1

223.30

1

-
oSO oo N

MGAL

?

z

4

2

2

1

U

L/DaY

gi

MG/ L

Se
MGAL

. 383
. 371
371
. 294
« 395
« 359
. 282
. 383
. 394
. 357
. 280
. 294
. 397
377
. 349
. 389
. 388
. 288
376
. 382
. 383
« 357
. 384
395
. 384
. 382
. 386
. 371
. 387
371
. 371

. 381
. 383
. 384

.378
. 40%
. 405
. 385
. 380
.40%
.40%

20&

290

329



TABLE XX (Continued)
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DATE F Xt Xe Vw Si
MO~ DASYR L/DaY MG/ L MG L L/ DAY MG/L

e e e s s e st e S s S S e S e G S e S S G S S S S S S S S e St S S SV s S S S S S S S .08 s S S S S e s e
S R S R N N S R R N NN N ==

THREE DAY SRT REACTOR, VOLUME OF 2.86 LITERS

12727785 7.92 2020 é . 723
12728 &.0 3440 0 P53
12/°29 &6.84 2220 S . 941
12720 7.2 1220 i . P29 257
12721 P.12 1340 q . 929
1-,17858 &.48 19en q . 739 319
172 &.91 1400 7 723
172 7.2 1280 1 . 948 307
174 &.91 1420 4 . 937
173 i0.08e 8s0 0 . P83
17a 7.2 740 0 . P32
1.7 7.39& 1000 2 . 240 332
1/8 4.0 2100 1 . 951
179 .29 1240 3 . P35 aze
1710 5.51 700 0 . P52
1-11 7.92 17&0 2 . 245 229
1712 é.48 880 S P22
1713 é.48 1220 7 . 721
1714 7.96 14640 7 925 327
1715 g.0s8 1020 0 . 793
1714 &.12 1080 7 920 321
1717 8.04 1140 =1 922
MINE D&Y SRT REACTOR, VOLUME OF 2.86 LITERS
1718 72 1140 4 . 294 204
14519 4.32 1340 S . 303
1-20 &.8 1280 2 302
1721 é.0 2080 S . 304 ey
1722 &.96 1920 ) 297
1-22 7.2 2060 & . 298 344
1724 &.0 2200 10 292
1/25 6.48 2520 11 291
1726 S.4 2400 7 203
1727 &.4¢8 2420 =] . 305
1722 &.& 2020 7 2948 376
1729 &.24 2440 q .308
1720 &.72 2780 7 302 329
1321 7.36 27380 q . 207
2,1 ?.07 2820 7 276 298
272 4.08 2420 13 . 297
273 S.04 23200 @ 299
2749 &.72 2480 1 . 315 315
273 S.04 2&40 1 316
258 4.8 2000 q 312 212
277 &. P4 2340 1 315



TABLE XX (Continued>
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DATE
MO~ DAY R L

NINE D&Y SRT «CO
278
2,9
2710
2-11
2,12
2,13
2714
2715
2718
2,17
2s18
2719
2,20
2721
2,22

TWENTY D&Y SRT R
11-3/84
1174
11/5
1174
117
1178
1179
11710
11711
11712
117123
11714
11713
11/71&
11517
11718
11719
11720
11,21
11722
11723
11724
11725
117264
11727
11728
11729
11730

F Xt Xe
/DAY MG/L MG/ L
NT >
&.798 3400 1
4.0 2440 4
2.64 3000 4
&.0 2880 8
&.0 2660 ]
S.79 2280 4
&.0 2840 22
7.76 2980 g
7.06 220 4
7.2 3520 S
7.2 2500 4
7.2 24640 3
7.2 2420 4
7.2 2740 10
7.2 2140 17
EACTOR, WOLUME OF 2.92
8.28 S76l =]
&.7 =400 2
7.63 &700 4
2.64 S200 =]
6.91 6000 4
g8.28 o100 é
&.48 6100 S
&.48 o320 =]
&.48 S020 14
7.2 2840 ?
7.58 o560 8
.84 5840 =]
6.48 S380 &
&.84 S&40 14
&.849 S&60 18
&.0 S840 10
&.48 5940 10
&.48 Sé40 10
7.92 S820 7
g2.84 &100 10
&.48 &840 ?
&.48 &&80 11
7.2 6440 10
7.2 &8sl 10
6.84 73540 =]
2.28 &320 &
7.2 4440 16
&.48 7000 10

Uw
L/ DAY

Si
MG/L

347

Se
MG/L

o T o S S S s e o e St S o s o S s o S s o S o S s s S



TABLE XX (Continued)
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DATE

MO DAsYR

F

L/DaY

Xt

MG/ L

Xe
MG~ L

Vw

L/DaY

Si

MG/L

Se
MGAL

TWENTY DAY

1271
12-°2
1272
12749
1275
1278
127
1278
1279
12410
12711
12712
12712
12714
12715
12714
12717
12718
12719
12720
12721
12722
12722
12724
12725
12728
12,27
12728
127°2%
12720
12721
1185
172

173

TWO D&Y SRT REACTO

1./18/85
1719
1./20
1/21
1,22
1/23
1/24
1725

17286

SRT (CONT)

a2

4.48
&.48
6.48
&.48
&.48
&.48
6.48
7.2

4.48
.76
4.32

Lo T B Bt BN N BN |
LAV IR t NN B I VI VN Y )
[ I N

28]
o
)

[N
[V %
[a1]

=l

o @

P

EPROMNMNOCOND MYk~ MNOONPNNMNE

o~ QN

tJ

6.8

LI GO RN T N R O RS R B I A LN T RN TS I
Q0

VOLUME OF 2.9

1040
fe0
440
&80
220
200
a8l
s20
440

—

e b
e\, RO, OREDN P00 N OO 0O 00N

—

4

2
7
1
4
4
4
14
12
e

LITERS
1.42
1.46
1.43
1.42
1.44
1.43
1.25
1.34
1.3%

281

3848

311

277

251

248

6.6

&.8

LS Y

11



TABLE XX (Continued)
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DATE F
MO/ DASYR L/DaAY

Si

MG/L

Se
MG/L

TWO DAY SRT (CONT)

1727 £.48
1728 .6

1729 &.24
17320 &.72
1721 7.9
271 ?.07
2/ 2 4.08
253 S.049
274 6.72

ONE &aND A HALF DAY SRT REACTOR, VOLUME OF 2.92 LITERS

275788 5.04
278 4.8
2,7 &. P&
2/, &.96
2s,9 6.0
2-10 S.64
2711 &.0
2-12 &.0
2,13 S.73
2,14 &.0
2518 778

ONE DAY SRT REACTOR, VOLUME OF 2.9

2716585 7.96
2517 7.2
2718 7.2
2719 7.2
E.I’..ZG 7 2

D. DAY SRT REAC

L)

."f'

NrU'ﬂ

21
2

rJfJ

FIVE DAY SRT REACTOR,

12722784 7.92
12-23 2.84
12724 7.2

2725 7.92
12726 7.92
12727 .92
12728 4.0

Xt Xe Vw
MG/ L MG/L L/DaY
&60 18 1.22
248 12 1.3%9
280 8 1.42
1080 10 1.41
280 12 1.38
240 i0 1.37
700 4 1.45
740 é 1.43
&00 2 1.44
800 4 1.93
S80 4 1.93
400 g 1.95
640 i 1.94
6480 S 1.92
220 i 1.94
200 7 1.91
760 12 1.88
760 12 1.89
220 3 1.93
580 8 1.87

2 LITERS
380 2 2.920
Sé0 2 2.91
Sio S 2.88
720 é 2.88
S20 12 2.81
VOLUME 2.92 LITERS
320 10 3.1
120 Q
VOLUME OF 2. 85 LITERS
1420 L5923
1820 11 501
3720 0 570
2400 ) 559
1520 0 T3]
3200 0 570
3140 0 . 970

217

244

N0
k)

~J
R



TaABLE XX (Continued
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DATE F Xt Xe Ui
MO/ DAY R L/DAY  MB/L  MG/L  L/DAY
FIVE DAY SRT (CONT)

12/29 2.0 1440 2 .558
1230 10.08 1500 0 .570
12731 10.08 2420 4 .554
1/1/85 5.76 2140 3 .57
1/2 7.2 2440 4 .559
1/2 7.2 2140 0 .570
1/4 7.2 1760 3 559
1/5 10.03 1580 3 551
1/6 .44 1740 0 .570
1/7 9.36 1660 4 .549
1/8 4.32 1660 2 .5E5
1/9 10.03 1980 4 .551
1./10 4.32 2020 0 .570
111 g.64 1780 1 545
1/12 &.48 1760 9 .540
113 7.2 2040 2 543
114 5.76 2720 8 555
1/15 9.26 1980 é .543
1718 4.32 1980 14 .543
1/17 g8.64 2220 g . 541
1/18 7.56 1560 8 .534
1/1% 2.6 1820 4 .563
1./20 10.8 1740 2 .558
1/21 4.8 1220 3 563
122 &.48 1740 9 .539
FIFTEEN DAY SRT REACTOR, VOLUME OF 2.85 LITERS
1/23/85 7.2 1940 S 172
1/24 4.7 2300 9 172
1./25 4.7 2080 1 .188
1,28 3.6 2160 7 179
1/27 7.2 2760 8 170
1/28 .48 3240 7 176
1,29 &.48 3360 é 179
130 .12 2920 12 143
1/31 10.08 3360 14 149
2/1 12.24 2960 12 .141
2,2 5.76 3180 4 .183
2/3 7.2 3220 3 .182
2/4 11.52 3900 0 190
2/5 &.0 4320 1 189
2/¢ 3.6 2920 14 178
2/7 7.2 3620 17 157
2/8 7.2 2540 12 168
2/9 5.76 4100 10 176

Si Se
MGAL MG/L
275 1.3
2132 i
222 2.7
253 1.8
256 1.9
228 1.2
442 3.3
244 7.4
244 4
2341 1.7
38& 2.8
450 2.9
344 7.7
262 &.1
351 2.7
205 7



TABLE XX (Continued?

DATE F Xt
MO DASYR Lo DAY MG/ L
FIFTEEN DAY SRT (CONT?

2710 4.68 3720
2711 .76 4420
2/12 &.95 4380
2712 2.45 4500
2,14 4.8 4820
2,15 7.06& 4420

Xe
MG/L

@
11
14
11
16
14

U Si Se

L/DAY MG/L MG/L

. e
177 444 3.8
.170
177
B g

168 4.6
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TABLE XXI

SIMPLE LINEAR REGRESSION OF THE LINEARIZED
KINCANNON/STOVER MODEL

NQO. X UaLUE Y VALUE NO. X VALUE Y VALUE
Xt®/Frs5i Xt®UW/F/(Si~Se)

1 0.852 0.859% 46 5.149 5.193
2 1.113 1.119 47 10.175 10.414
2 0.6%97 0.700 48 2.749 2.770
4 0.920 0.930 49 1.904 1.937
S 1.205 1.321 20 3.736 3.81¢é
é 0.883 0.8%97 =3 3.167 2.184
7 1.049 1.057 S2 1.989 2.004
8 0.943 0.947 53 ?.099 ?.218
@ i.814 1.902 54 6.157 &.178

10 1.572 1.592 95 ?.551 ?.649%
11 1.897 1.913 Sé 7.813 7.910

12 2.775 2.795 S7 7.6%94 7.724
12 1.265 1.270

14 1.13% 1.145 57 = N

15 1.482 1.4964 174.8 = SUM OF X

16 2.18¢ 2.207 176.6 = SUM OF Y
17 1.4249 1.430 807.1 = SUM OF X*2

18 3.273 3.290 825.3 = SUM OF Y*2
19 2.228 2.262 816.1 = SUM OF X=Y

20 2.797 2.881 3.086 = X MEAN

21 2.038 3.061 2.098 = Y MEAN

22 2.487 2.487 1.013 = SLOPE

23 1.580 1.58e% -0.0083 = INTERCEPT

24 1.432 1.43% 0.99994 = R

25 3.816 2.842 0.99987 = R*2

2& 4.971 4.995 0.02561 = SD

27 1.131 1.135 0.000&8 = STAND VAR

28 2.3e9 2.411

29 3.405 2.624

20 2.992 3.028

21 2.217 2.228

32 2.710 2.738

22 2.21¢8 2.34%9

24 2.012 2.070

35 2.88¢ 2.728

3& 2.117 3.144

27 2.114 3.127

a8 5.711 S.729

2% 2.351 3.36%

40 3.004 3.033

41 3.5%s 2.824

42 2.210 2.331

42 2,365 2.384

44 2.989% 2.581

45 1.490 1.500
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TABLE XXII

SIMPLE LINEAR REGRESSION OF THE LINEARIZED
LAWRENCE/MCCCARTY MODEL

MO, X VAaLUE Y VaLUE NO. X ValLUE Y VALUE
1/5e Xt®J/FA(Si—-8e)

1 0.230 0.85% 44 0.282 S.193
2 0.588 1.119 47 0.143 10.414
] 0.588 0.700 48 0.370 2.770
4 0.213 0.930 49 0.164 1.937
= 0.238 1.301 o0 0.130 3.81&
é 0.147 0.897 =31 0.400 2.184
7 0.385 1.057 =V 0.357 2.004
8 0.714 0.947 93 0.250 2.218
? g.071 1.902 o4 0.7&% &.178
10 0.244 1.593 55 0.357 ?.649
11 0.3285 1.913 Sé 0.25& 7.910
12 0.&625 2.79S 57 1.000 7.724
12 0.7&% 1.270

14 0.&25 1.148 57 = N

15 0.257 1.49& 23.44 = SUM OF X
16 0.333 2,207 176.6 = SUM OF Y
17 0.714 1.420 14.27 = SUM OF X~2
18 0.5388 3.2%0 g225.3 = SUM OF y~2
1¢ 0.250 2.282 78.9% = SUM OF X=Y

20 0.135 3.881 0.445 = X MEAN

21 0.303 2.081 3.098 = Y MEAN

22 0.526 2.4e7 0.0655 = SLOPE

23 0.526& 1.589 23.0&87 = INTERCEPT

24 0.556 1.43¢% 0.00671 = R

25 2.370 2.8&2 0.000044 = R"~2

2& 1.000 4,993 2.24923 = SD

2 0.7&% 1.135 S5.05905 = STAND UaR

28 0.455 2.410

29 0.526 2.634

20 0.3435 2.028

31 0.58235 2.228

32 0.2%4 2.738

ICIC] 0.370 3.34%9

34 0.172 3.070

35 0.400 2.728

3& 0.435 3.144

av 0.90% 3.127

3g 1.000 5.729

29 0.588 3.34%

40 0.357 2.032

41 0.400 2.4624

42 0.286& 2.331

432 0.270 2.384

44 0.35s 2.3581

435 0.47& 1.500
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TABLE XKXIII

SIMPLE LINEAR REGRESSIOM OF THE MCKINNEY
EFFLUENT SUBSTRATE MODEL

NQO. X VAaLUE Y UaLUE NO. X VAaLUE Y UALUE
Se F(Si-Se)rV

i 4 ¢20.8 44 2.8 28%9.7
2 1.7 S518.3 47 7 37&6.4
ic 1.7 g854.8 48 2.7 1407.%9
4 3.2 ?25.1 49 é.1 1528.5
S 4.2 202.7 S0 7.7 785.1
S 6.8 ?45.2 o1 z2.5 1017.5
7 2.6 851.7 o2 2.8 ?&8.1
8 1.4 718.4 53 4. 481.3
2 11 557.3 54 1.2 ?48.46
10 4.1 &78.1 =} 2.8 808.4
i1 2.4 257.5 S5é 3.9 854.7
i2 1.4 629 .7 57 1 745.8
12 1.2 1055.5

14 1.4 873.4 57 = N

1S 2.2 842.4 172 = SUM OF X

16 3 716.0 45214.8 = SUM OF Y
17 1.4 8935.2 732.22 = SUM OF X~2
18 1.7 S571.5 40220513 = SUM OF Y2
19 4 489.7 134858.4 = SUM OF X=#Y

20 7.4 S510.2 3.017 = X MEAN

21 2.2 888.7 210.2 = Y MEAN

22 1.9 715.8 -12.180 = SLOPE

23 1.9 1244.2 847.54 = INTERCEPT

24 1.8 1153.4 -0.10724 = R

25 2.7 554.0 0.01150 = R"~2

2& 1 428.5 222.324 = §D

27 1.2 1221.7 49428.2 = STAND VAR

28 2.2 &71.%9

29 1.9 594.4

20 2.9 713.3

31 1.& 242,68

a2 2.4 737 .7

32 2.7 &50.9

34 5.8 792.7

23 2.9 428.4

2& 2.2 749 .7

a7 i.1 7a1.1

a8 1 523.46

29 1.7 736&.1

40 2.8 ?29.8

41 2.5 TE&7 .2

42 3.5 864.5

43 2.7 844.3

44 1.8 80&.0

45 2.1 F&0.0
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TABLE XXIV
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SIMPLE LINEAR REGRESSION OF THE MCKINNEY
LIMITING SOLIDS MODEL

X VALUE
Xt

Y VALUE
F/(gSi-8e)/ V

200
380
&00
gal
1040

848

200

&80
1040
1080
1440
1740
1340
1000
1260
1580
1280
1880
1540
1980
2720
1780
1980
1660
2140
2140
1500
1620
2180
2180
2100
2020
2180
2320
23220
2420
2380
3000
2420
2820
2720
2020
2080
2080
1140

629.7
1055.5
873.4
842.4
716.0
895.2
S71.5
68%9.7
510.2
gee.7?
715.8
1246.2
1153.4
954.0
428.5
1321.7
671.9
594.4
713.3
P42. &
737.7
&50.9
735.7
&38.4
7ERLT
7&1 .1
923.6
73&.1
P29.8
TET .2
86&.5
8e4d.2
80s.0
750.0

X UalLUE

57
1323748
46214.8
4.5E+08
40220513
1.1E+08
2246.5
g10.8
0.005%
79&.93
0.04153
0.00172
223.421
49917.0

Y UalUE

1407.9
1528.5
7é0.1
1017.5
Fé8.1
681.3
?48.6&
808.4
854.7
745.8

N

SuM
SuM
SuM

oF
OF
OF 2
SUM OF Y~2
SUM OF XxY
X MEAN

Y MEaN
SLOPE
INTERCEPT
R

R~2

sD

STAND VAR

>
>
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TABLE XXV

SIMPLE LINEAR REGRESSIONM OF THE YIELD
AND ENDOGENOUS TERMS

MNO. X VALUE Y VALUE NO. X VaLUE Y VYaLUE
F(5i-Ses/ XT/V 1/78RT
1 1.1&4 0.867 44 0.193 0.067
2 0.894 0.887 47 0.096 0.087
3 1.428 0.5 48 0.381 0.0&7
4 1.074 0.5 4% 0.51¢ 0.0&7
o 0.757 0.5 a0 0.262 0.0&67
& 1.11S 0.5 S1 0.314 0.0&7
7 0.94¢& 0.5 52 0.499 0.087
g 1.056 0.5 a2 0.10¢8 0.05
¢ 0.52s 0.5 S4 0.162 0.05
10 0.628 0.333 S5 0.104 0.05
11 0.3522 0.233 Sé 0.126 0.05
12 0.358 0.333 S7 0.129 0.05
12 0.788 0.332
14 0.873 0.332 57 = N
15 0.8669 0D.332 27.96 = SUM OF X
1& 0.452 0.333 12.59 = SUM OF Y
17 0.699 0.332 18.52 = SUM OF XxX~2
18 0.304 0.200 4.2%94 = sUM OF Y2
12 0.442 0.200 £.382 = SUM OF X=xY
20 0.2358 0.200 0.484 = X MEAN
21 0.227 0.200 0.220 = Y MEAN
22 0.402 0.200 0.4420 = SLOPE
22 0.&829 0.200 0.0072 = INTERCEPT
24 0.695 0.200 0.81876 = R
25 0.25% 0.200 0.670348 = R~2
24 0.200 0.200 0.09521 = &D
27 0.881 0.200 0.00920&6 = STAND UaR
28 0.415 0.200
29 0.275 0.142
30 0.330 0.143
31 0.44% 0.1432
32 0.385 0.143
32 0.29% 0.142
34 0.326 0.143
335 0.268 0.142
26 0.318 0.143
27 0.320 0.143
28 0.175 0.111
39 Q.297 a0.111
40 0.330 0.111
41 0.274 0.111
42 0.429 0.111
42 0.420 a.111
44 0.388 0.111

45 0.867 0.111
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